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lI~e?a~t by i & m  aahrt+ &a very 

t;frmo no &tqg1e p w  ed&e for w M &  

ismpn~ats *ah ham \laan a d  for samy 

B r i m  ie 3rm arg%t@ ab $ha t& ~ l a m l y  o m ?  dm(~r 

ewe hram been mar&, swoaesdbUy. ExqmrAemre 4;Bat 12 &a 
hpo&bB.e b prm%ut a3jb pxmbltm maraa a* %ha atart; of a d $ha% 

the fhme af %Is pagar a orjit2ud dfsnafzedm af saw doieilpr coneapt@, dnra 

f M d e ~ d Y c l o t f r y 3 t t h e b a & n a b s  . 31t w i l l  Bo that 
order to aaailre a% a mahdmb3.e 

?!hema dSrnedaae wiU a3m behaw -ah mw am 80* p B  Mly uad-4 

rand wMah mjiel mmamh w e  &iotald h a e % d s  %.a order t o  enbmm 

z?d.hMut~ro 



ia of eguhal bporQmce for the cm.mem of a a\pm mk&ono Taking into 
aaoo~znt that thew turbopeps have t o  operate a% ahapt s?a&s camiderab3,y 

%n exueas of those known for comercIt& a-wlicat%oxia beoatma they hme %o 

supply Ugh pre-e with a mhbaaw o f  we%@$ end emelope, and that 2% 1s 

d e b l o  t~ ndnirdrn auxitlfesg mema (mch as .It& premI.amM.on legstcmnasp 

bearing lube q~tms, *a), it b-SI char tbak pumping or~logceniu flatds 

Aa a tR%ff%dt 4 mmpletePy new task. 

It is the 3uz31oare of the folbadq diw?aa&one t o  dm4 mm on them 
praIblmD0 

Xhe IqdhwX- ddm 02 the fluid p a s a w  of E.Rantpa baa bema wader abtQ 

for mamy yearso A large am7u1t of erpexPeftee wall a e m a t a d  tm3 u~ed to 

rdim tk.e andg-ticil mthods. Them am, !'towever, magor meas wMch as- 
tbgailrB eryogmic puqw for mcirei: enginera * my co=1~g!id pump* The 

edepst way ta illustm,trs these p.mbf.6165 i e  by amldw which ~peratiag ~on~I3- 

3- i n g o d  tm the % ~ B o r n p  of a m e t  e%-fae d e w  S$~XX%. stet@ 

stat@, Shut off ma restart %XI 0Z'bite 'be FaqtdJ?a@n% t o  st& the eX&gbB 

xAtb3.n two t o  d m  ecemds enttaila tth contzmb problem 0% wh.ie!vb%g e. gradam% 

thmst ?X&l&pe   dual thsust b~3lBuy, d.n&dzes a&m~hral prab%e!~ wPW 

the valhdele mil eases the pump catrftsrtio~n 9mb1e.n. Other mechanAcal pmb1wm 

d w  the tmsiat an2 steady atate pesfdd are b e p a  ads1 f ~ d s ,  p m s m  

md tempernfawe emiromma% $ 0 ~  the mtating saPila@ so$bfiyw~Accp amxd t@aape* 

g r a d i a t s  %a the houaw with their inbrmt effiwt om. stmm and 

8fbratPozm. 

3&ng m a i n  stage aperation a mmoth and szrlbly operating pmp be, B @ a b d ,  

Flow amilletbns at gtlnap hlst and dischmge m e  of major eoncera - aa?ec%dly 
for pmps gene*.ting h3.h dimharm pressure, combined with tahf.mm tank 

pmnmm.s tha* le bow 7P31e r-9 oscillation r i t  thc inlet d' -OF comarn 

for the *PogpW problem$ memwM%lq panip d iaehn~~q  p x % i s m  %&llat%em e m  

a problem with respect %O the stmcW~S inP&grieo v%braMo~ Revel, m d  



evontuall3f even cdmbustion b t a b i l i t y ,  which may Be trlggsred by the flow 

o ~ l ~ c ? ~ o ] o b  tran@tted through the feed a$etem to the t h t  chornbero 

The tbird araa w h i c h  say influeace csyogmSc punr;? d e d p  is the mquiremn% 
to restart the en&e in orbit, TMao meording to the plmned ~~~ glgf 
be required at  any tiare1 a few sgoondra, or up to many BWps af%er the vehicla 

~ E V S  b e ~ a  placed inta o r b i b  pmblam erriaiag fYom this wnd9tion is c~rrsr~ 
by tb f e a n p a a e  dllc10;Tibueion thmugb~t  tha twbpmp. aeUable rest& 
reyhiie a pxrbper1.y teaprara~onditf40ed puaab, and sgrmta; hour am^?^ abr t l l l g  

& 8 ~  the en&m haa ehutdoom ond %he vehiole placed into orbit, the 

heat efom3d In the Ozbine w i l l  seek back into the pmqo The lgquid in the 

garap wi l l  vapofize E ~ C I  rn the iie:u;ad an the Siilet duct d a a  s ~ o w ~  be 

conodFted to vapor. Af'ter numy ham of maat* in erbit, tb turbo- 

all. havs same averam tempemfare mound soh the eetuol tcmpersturar 

oscillatea~, beinr: Mcher while p ~ d n g  thou@ the sun, being l o w  a l e  

passing through the ehF+dou of the earth. Cala?ilatioas, which are natumllly 

highly dependent upn the aswsptions made, show that cond%tioxar sltsilrtx. 

to that illuatraW in =@re 1 ctin be exgwted. I'm this w t ~  can wnclude 
that efter a certr- t h e  ir, orblt, no =quid hydrogen or ox.qjm dl1 be 

%he punpa 6r inlet @ps. Rest&* under tham conditions, therefore@ 

r e d m e  special grocedure~ d t h  rapcia1 contmXaO problbm can bs 

meed aomwhat b-y etrlecting the r%@t ~ ~ ~ t a r i d s ,  using h t e M  rmd external 

inmlation and uncopnentio?lal st& sstynceeso 

A s  can bsr seen from t h i e  brief diacuse%one reat- a p a p  fed e w e  i a  

a -3 cmplex and difficat2t a-1-a :flW the of this ?apere 1:owov@r0 

onQ those restart 3roblem w&ll be dirrmzsmd which %nfluenecr the turbopumrp 

desiga. 

FIm 2 shows two posoible bpcller designso both of whiofa nee& the prllow 
manee ~ o ~ s s ~  by the engine, such as flowrate and pump head riseo Xn Z'i@xm 2a, 



tan 0peka-f8fied impeller is shown; memwkileo in Figure 2b a shzwuded b p e l L e z l  

ia wed. E'or the design of 2Y@am 2a, a flow wefflciant at _bump ililct 

($ = 8 ) oi 3,3 nu selected; meemmila. in ~ b ,  6 - 0 1  n, ch0.c. 

Conssquent2y0 the esbbnti~l features which dfstlnguish the toro deaigae 

are the pump inlet flow eoefflci& and the shx(aud4g or ?mdmuded i m p l a a r e  

The slxpsrtrlop design for moket sngZne application i s  the one shaom in Figtam 2bo 

The mason bmms clew if we d g e e  the oondltfom under wUaB fhg pump 

Barr to ~pemtOe Pwq* c-a flufdr, to gsesmrtts nrakes the control1 
sf the elearssce betweat impeller snd hdag very d%fiY.curlto sdnw houaing 

dsblea2iosr~s oemr as a ftmMon of iaternel. pnmerrxrss, the .bapmam @ff-t 

be* aupsmsed.  A controlled clemwe, howemre i a  bedrabla fiam the 

efficienay and perfomance repeatability point of vltm f r o m  gasp ta m a  

A shroud aWids these Wflcula;iea ahce no c2080Xy conthol3ed hpeI3.e 

 biti id^ t o  hbld the clc~'@81~bs fa mWre8a ilouawtng detractlo= aad 

btefonktioxm due to p~asmre and temperakun, b e m e  Zss;s impartant and htnre 

~f the shrouded SmpcUer is the reduotion of t&a d a l  thmsto a ieaturs 

e q o c i d l y  ioportnnt for b e a a  operating in LOX or in 3uch b e a m  

c-t wltbtd hi& arid loads ,and hie apegds tat the seme tuea Fba tb 

reliability ,wSnt of dew a &mud& hpe13.m H b  adPcntarge that bpe'llm 

rabbing against the hnwing $8 avo%ded aomp3kstel&, wMoh bs 8 necerssarg 

Bealga reqaimment orhea LQX is being 

T2rg second feature of impolceanae is the eelmtion 0% a U w  p a p  M e t  now 
adY%aia% (ltt3f-o 1 8nd 2)a Pn order to u ~ d ~ e t a a d  the e f f ~ t  of the 

f low aoefficient an rruotion perfoxmance rn have ta go back ta the b d o  

%hmrjr PdhSoh rcslatm suction uar%onnanae to  the flow coeff%c%eat 

5 tb ratao of ~cha~m h b  fa t ip  d i a m k r  and fl the now m~rneoirnt LB. 
1Mgrm, 3 &wrp this relakbmhlp grcapMocibl~ro 



Up to a cerb3.a f3m coeflfident the e q w b m t &  reaults Rgree very well with 

tha thearstierrl predictbn. % w m r l  the theorjr does ria- with the experf- 
insntnl rssulta when the f l o w  coeff"icien% becornea too mall. 'Phe ramon fa the 

blootrage effeut due te ghpiaal blade thickness whsah, w h e n  the blade mgle 
beaomea too flato reatricta the flow passage aws tm moh, Under tbs8 

circranafmcea the obtaimble suctLan penfoxwaxwe wlll even dateriaratso Sono 

agstrsratic tests imrest4fothg the effect of blade geemew bn suction perfow 
mwe h m  veflfied %bee th~amt ica l  predietbmo Ngtiarcb 4 shows aa an 

example the re:ulta of rruah a test series. The obtainable ce.vitatloz~ xnxmber, 

v e W m  i a  &awn aa a f'imctfon of the Incidence angle uhlch i s  the dUf01pbnce 

between flow sngla and blade Tha flow coefifdent a d  the blade angle 

are sham as p-tere Bs oen be se* a &d of straight lines is .*~n~bmted 
by %ha iweatigatsd inducer family wNch descx%bes completely the perfommce 

of the iadwer type etudfed and which allom to select the faow c~ef f ic iat  

and W e t  blade a s  for a given peqUaremnto It msuek howemre be emphasized 
that the plot obtained fkaa %his test a s r i ~ s  ia only good for the Lrdtwsr 

deatilp b~ebtigateda k diff8rEtnt deaiga for inamcs w i #  s diff8r0at ! l B t U b ~  

O f  blades will shift the grid to the right if mre blades or to the left if 

lees blader are amado 'l\hia shift is agaSn nadnly oaraaddl bjr the blockage generated 

by the pbgaiaal dimemions of the bladeeb The facto however, remains tba.. ths 

portion of the graph in which 'khe llnor of constant flow coefficfen0 and constanf 

blade a l e  are stntight* indicate the range fd which auction ptwbosslance is 

not diwtrsd b . the physical bbckage sf the blades6 Xb the bl- effe& 

i m p a i r s  ~clot%on pe-fonaanee, the etrahght lines representing aonettmt flow 

eoeifloient md canet,mt blade angle become mmed shi f t ing  %he flow coaifideata 
to  higher eavitation riun~bem (am Figum 4). E'rom the p p h  it om be seen tha* 

the aslaatec! fjloidssrce mgle, that 5s the mle w h i c h  i a  PO& by the b l a b  

angle sad the themreticdl flow dirrscctlon at  the inlet, has the large& influences 

oa obteirrrible suction petrf'onuatw, FOF a11 pmeticd pwpoaecs, a flow coeffi- 
cia* of # = O o l  wIU r e d t  i n  9 good f~otllon .seflormpl~cg~ The %ne%dorncs 

angle ahau'b be ~elgcted t o  stbout bo$ tfmea tbae blade an$la, the bide a?xgXe 

being measured n o w  t n  the axis o f  mtstios ttn arei in  l3gmamnt 



.%turning to 2 it i e  n o w  evident why, far m k e t  engine appll~ation~the 

dedgn shorn in 5%- 2b should be selected. 

THO types of wtoady forcca are, of aoncernr The low fmquency pump i n l e t  

flow oscflletioar and the high b"requency plrmp dischcxrge f low srsaIhlatSone Law 
ftequency fnlet flow osdllationa of varying strength are alwags gemorated when 

w a r  suction perfomme fnduoers are -a These amtillation8 arcs a fbefion 
of' indue* g%ramtry* inlet i l a w  c<)nditiolas, sach as p ~ e a m m ~ ~  a d  fslepmturcso 

and the pmpertiea of tbs Uquid to be pumpedo my can, tbrefore9 beeom 
s ~ f i c m t  at 4n~t  pofnt M n g  the flight, whenever remmnce conditiono m 

Jumt ri@ t o  amplify W a  eff'ecto Xf the ~~ of the flow oscil3aUon8 
for i n a t m e  tunes with the natural frequency of the atructum auoh an smpSi- 

ficatiorr cran be dangerma for a manned flighto This problsm w a s  not ~800@sgd 

until ectuat fflghts were undertdcen, in the cmmse of whfch difficulties 

sqeamdb jeopardiaing the purposa of the flighto Ae a c01~8mue~, ooasiderable 

moearch efforts w e r e  initheed %n both ereas: 1) 5'0 widmatand the phtumnm 

and, 2) to i i a d  m e a m  to rsdtlce the indwer ge118rated omillationso spite 

of these ef'forts, no eomplete und91p~tanding of thia problem exists aa yeta 
Weither the causa, of there low frequancy unsteady forcea geneeated In a oa+f- 

tathag indwer, nos t h d r  effect on the vehicle itself  al.e fully explained* 

Hanever, fram oBaervatioga mads d -  water tunnel te~rta it can Bs aaid that 

the iahenmtu *~a.t-s&y phexwmon of av5tatfon is the basic mamn for them 

unsfsc~Q fomse  'Cotn~idsrable effort war, expended to find an inchrder design 

w h i o h  rsinzm.izes thee osoillutionso No reliable cure was found end this field 

l a  oHU. wide open for research wodco Basically, t h e  investigations shows8 that 
q attempt to avoid the low frequency flow oecilla.tiona resulted in a reducMora 

of obtdmble eruction ~ o n a ~ s a  The baeic bshatrior of a oonventional inducer 

l a  illtaatrated in 3 3 g w e  5 ths?ough 7, BlMdh show the teat results obtained from 

two Andueera A and 18, Xn the d e w  of induoer A a higher iaoidenee angle wne~ 

wed than %n the m e  of the iarducer B. As can be staen flw theere test senrltesp 



an oscflfaBon seduction is experfancd with lower incidence angles a d  with 

f low coeifieients h4~hes Wrran c$eedm blow co~ffioient. Figure 5 and 6 depietle 

&UO %&?# ~ & d i d a t l z t ~  ~ O P  C W & E % ~  0% tk! %U€3 bhk?~~ i%~sd@&So 

l o  SbUd$** fkllDt tJRB FBUQ of G Q S ~  I~gaSth OBQP blrtdd ~aCiXi& b 

A b w  e o ~ d ~ t y ~  tor instwe 8 lo w ~ t ~ l l  pmduce violant flow a e a m r m  
bemum %he cav%%y may nat wllapes inaide the blade pmeed~e wmleu, dl aperaMw 

fncmaaling the e o l i d i ~  6 4x1 loS h 2 w 2 l l  ~~c&.cQ the vi~lewe 
of k b  d d , ~ ~ c e  amriderably - %ha, blew will bb~05e mom &ableo % alactll- 
aMma, howmare rass stfll theme 

z6 The aarplttudea of the Plow oslcillatiorre increase avp1oximately Xinear u$th 
incmsaing fnduaer t ip  speede 

yo now coefficients low8x than des&p tend to facrclnee tb a~oia3Ation mplU- 

tude becauae tho incidence angle i a  increasing (Figure 7)* 

40 From Zndclcei. to  inducer ~o repeatebls h n B  cauld be de-ted with ohmgbg 

NPSRa 

An Islddft%ona1 difficulty to understand, explain and predict ib k k  pbenomemn 

tha1 adores from the faot that conc~usione baaed on eqedmatal. pmgrw using 

water as the test  f l u i d  w i l l  alter when cryogenic f luids are being ptampdb Z t  fe 

well kaawn that suation performance of a given induoer chaageo oonsiderably with 

fiu%d properties (~abereme Pigtares 3 m24) becaascs the ahape and size of tb 

cad* ia a Aazction of these propertieeo Sinae low fmquthq oscillatians are 
also a fbnct%oxt of the cavity dee, it ie, elear? that; ohEGngrlng ' p ~ ~ ~ e s  w i l l  

iailueme the l o w  f b q u ~ y  oscirlrtloneo Thie is alao an area in whS& mere 

rssearch is needed* 

Ths rreaoa type of wmteady eOrees e&saced in high pwnaure pumps mre the 

gr~lag dim- asszilLstionas Sine@ pressure requirenenta far  rouka% 





the pump, Mowewers the, ampMtrsde ie a fbction of the lscal etratic pressure and 

the operatiqg coadbtioratpo Xn other #ords, the raplitudgs decxabase end increaw 
vdth the static p m a ~  urr- the amplitub rimmumd 19 #3 volute ~a lPeferenceo 

F@irm 11 and 12 illuatra%e am an exmq3.e the a ~ p l i h d m ~  found dupiag %ham te&e 

aka tats Lacat%om at and bo It is interesting to note that the arapfa-ea fandl 

for thg d[- paat (Ittgurs M) are consideably maller t b n  the oneus fm th~ 

con&(BemMaas (Rgure 121, wMch underrUnes the ilaportm~ c& a 

gorract purnp 5rapbUer dedgto If ~ ~ ~ ~ S P I C B ,  Mhirmm, that fn deai@zrjg s 

pump, am amqgment hrm %e ?M selea%ed *ah gyaMmteeu a low atstic preps- 
in the mi clanvironment aud in a l l  locations in wfilah g&s ~scept ib3e fa fetim 

rtre i B & d I e d a  Tht3 1- UZdt 09 this IBtti~ti~ PCffb- $8 set By the v r  
pm- atnee it is not dedxeble t o  gempato chsvitsting d i t i o n s  them 

sreaso Satmarfnslzlg it  am be said that ir: o d l e ~ :  4m rsB,wm the tmplihdleer of 

the l n h e ~ t ~  pmamk prunp diduarge osojlllatfone )Ihs h g d r a ~ c  deefgpr 

of the impeller should be based on the following recroa~nen.do%iom~: 

lo Use only moderate b l a b  l o d b g ~ ,  avdd addies in the blade pam~ges 

2 a  Avoid remumnee p-m b di~~harm pips apt- 

3e Amid wave relhgiorcaenC 

In %Us chapter ee#~1,8~aobm%cel problems, will be discvl~asd whluh are \miwe 
icar cwyqpdc pmp design because they mi oaused by the f lu ids  to be The 

&scuasign dfl be lWt& %o LOX-RP1 ombd IBX-&R2 sysfcana arinee they saw the met 

jhmportarat for rrpace fl$&tae 

Mtrrfinn Seal Am-t 

Bmre 13 sixam a bearing ~ n d  seal mmmgemat of a XDX pump11 fa tMs case the 

is aepaatad iRom the U I X  pump by ca sa i l  ao tkf it aay be 1tibrl- 

cat& by a mparate lubrPeaMon lPko mral pmhwp t m d r 9 8 ~  OI t~ 



r n Z ~ 7 ; b g  (A a& C) a%& ~"siZad% riding &@dl (B) w M &  i s  purged in ox-der t o  W ~ U P Q  

m f e  apesation ~ v e n  if alas mtatjtae: esah fnf2so .& a coacsaqumae, a qaos  can- 

atnB 01e~amaaa) wa%ml dh?IBr~8a%k%ma,, &oh a LOX 

&a@@ mbbixig b @ t w m  the rote.tiqg and s%.~ltf~onmy p a ~ h  BUB b ah&% tl&mMw& 

exp2@dmo f fF  f ~ m m ~ ,  61 U X  Xta,,%xaias$& be&ng ]I@I?BI$& a ~ X B ) S @  

ble %a the 2sspeZXer $o wed a d  t2m BEMI p t e b a g ~  f s  fX81BltdXl 

of aihf ra beark%, .%he QI%~~CRI q@& and $qeller cLsmmca pmbfma msdd& 

t mhmcaer Bw mlhbi91e af W 

?he &&BB, ccmetap% de[absld.beit abve is only 905aJibl.e if bearF~s  can be om3 

wh9ch are 4.ttbxicated wi.Bih the g m p % l h t w  %3 be plrarped, ThAs b e  been es%abX%sh%Q 

and gxpexb~)n*dy vexd,fled %or rnmy mars, (~efemnoe 61, A 1Patigurs 

W e  of ten  how^ is ~ & t i a f a e b q  for m&~pt eagS,~e useo '60 ra&eve a p t i m  

gerfomance, mm$ct fite of ime. rwes ma the shaft & outer races ern the 

pmctioe to pxavide a ti&% flt of 9I.w m%~%hqg rme 
1% altm ma% bas 8cedEm mmwt *Bert the ~CKIEP tmpwature dimMma of t b a  

bstturjiaga rJlDd Mtta wt3.Z be m-dwabw a.ltam3 a% cspettb~g cslla8d&Iogl% %%%ah 



is sn irrrgorYt~~t conEePderatPon wbn mterAale of &Lf"feriq t h e m 1  expmdoae 

are ~ n a t d r  Smamrisiw it C R ~  be srafd *hat punping erppzxkc Plrabds becornea 

lees camgEear if baring@ a m  bdng wed m c h  ZuBlaostatd wA%h these 

flMd.de, The da-3~ is fkm to mlmt seal mr 
dM &o wercae rcs4mrdl-c (B%ffteuP.&2seo U ~ o r ~ t e 1 y 0  P I R ) ~ F ~  

wm wri,~d.~d # ~ t &  wx OF m2 -t dm* M& 1-as a . Et &a, therefire, esamp;%al that the &a1 thmi3t i r s  oonfmlBdo 
dk cde&m&m%iga of the tf;tntat 3.8 mXaf2agl.y e m b  ?2m 

xwmlt, ~~p 5s ful1 of lanoergerintles, .& exact pr&Aatfaa far &E 
az-nem 

and cea~%tetioh eta., make it bpsra2ble t o  p r a c t  &a af iaf .  thrratst acmmteXye 
%amfore, i t  i a  rtmomdd h wit@ t? ee2f-cmpenaaM.xq bdsnea pt~ton. 
figure ~5 (a lsna b) ~ r n  m h o l m a t ~ ~ l ~ p  b;wo ematonly a a ~ i v a t a ~ ~  

OF closing the mntlsal 0Mice8a For exmaple, wh8la the sha;Fe mass t o  

the right, the pzwmm on eke right sib ~f $he 'ba%ms pjlstcm xkUI herens@ 

tentling to mshre P t  +a fte, arkgirika prsltAons Sm& zs syatelcr mlievea 

the bear- fhm the h a d  a l l  operating oondii;iamr 

5 M  and -tar% 09 a twbopap ia a diifiaalic pmb1ea. It is nalzwdly 

xra problem kt' mcl$fq propallanh can bs ~ ~ 1 p p U d  8;t puts? We%. 3wb a 

s l e ~ ~ ~ t ;  ~ m e r ,  emtd.1~ eornpxec d 3 i m - y  ~lhgaf rsnd pmrs&zakicun 

spt- whk& are tmd&&miUe. TQ wdem$e3lhd WDX b%hr, the mdLowing 

ew?p~aci.Ly of the pump daring ChalX do= m y  be etla,cuaesdo 9M.s capacity is 

lb5tesi by thrir f~pomgpmexating pmaaaec mdnu in %he h&eer, cwsed by 

boeh andtat- and bJblfng during the oklU40m perla& *As ~S.w 

a etrong baht t&w =curs inside the 

atdon the sa$g of'vapw~9;hon arqudrs the, rate, of heat fmm&ie~ to &he 

LiqxSdi, The vapor is, a8 course, pm$luas& % 4t  the &pboe ~ f '  &C flm 

pmb€ibI.~ dAs%bO% 0% d U@E.kd %KC!, fbmn 
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