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EFFECTOFHJJID-SYSTEMPARAMWEW ONSTARTING

ByRichardP.J.&ebs

AERONAUTICS

FLOWINA LIQUIDROCKET

An analysiswasmadetodeterminetheeffectof configurationparam-
etersandvalvearea-timeoperatingrelationsonthespeedofresponseof
theltquidflowandthesuppressedsuctionheadof thepumpina rocket
motor.Theconfigurationstudiedconsistedof tank,pump,combustion

. chamber,valves>andlines,includinga bypasslinewitha valvearound
thepu~.

Theresultsshowthatthearea-timerelationof themain-flowvalve
hada mostimportanteffecton thesuppressionheadaswellas on the
speedofresponse.Fora givenchangein volumeflowandgivenvalve

y operatingtime}themaximumsuppressionheadwasminimizedby a flowin-
g creasewhichwaslinearwithtime.Themaximumsuppressionheadvaried

directlywiththelengthof thesuctionlinetotaepumpandinversely
withtheareaof thelineandtheoperatingtimeof themain-flowvalve.
Friction,changesintankhead,or changesinthelengthoflinefrom& thepumptotherocketchamberhadlittleeffecton thespeedof response
or thesuppressionhead.

“?

Ina rocketit is
firingaspossible.A

INTRODUCTION

desirableto generatefullthrustas soonafter
rapidthrustdevelopmentsavesonfuelduringthe

thrustbuildupperiodandeasestheguidanceproblembyprovidingfull
thrustbeforetherockethasdepartedappreciablyfromitslaunching
position.

Althougha rapidthrustbuildupisdesirablefortheforegoing
reasons,therateofchangeof thrustislimitedby severalconsiderations.
Amongthesearethemaintenanceofcouibusti.onintherocketchamberand
theonsetofcavitationinthefuelor oxidantpumps.

Thepumpcavitationproblemisparticularlyserious.,Bothquantity
.

flowanddeliveredheadcanbe seriouslyreducedby cavitation.Although
cavitationcanoccuranyplace,inthepumpwherethelocalpressurefalls
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belowthevaporpressure,thepumpinletismostsusceptible.Forthis
reasonthepressuredropfromthepropellanttanktothepumpinlet,
accompanyinga largeflowaccelerationatstarting,andreferredtoasthe “
suppressionhead,isofparticularinterest.Thisreportis concerned
chieflywiththedevelopmentandmagnitudeof thesuppressionhead.

Factorsotherthanthereductionofthelocalstaticpressurebelow
thevaporpressuremayhavesomebeari~on thepumpperformance.For
example,thelengthoftimethatthislocalpressuredepressionprevails
maydeterminehowseriouslypumpperformanceisaffected.If thedepres- &
sionismomentary,theeffectonperformancemaybe negligible.On the Pa
otherhand,evena momentarylossofsuctionheadmayso embarrassthe
pumpthatitwillrequireconsiderabletimetorecover.Thedeleterious
effectsofprolongedcavitationarewellknown.Suddenchangesinpump
flowmayslsochangethepumpcharacteristics.Themagnitudeofthese .
transienteffectsshouldbe determinedexperimentallyandisbeyondthe
scopeofthisanalysis.

Thepresentanalysisdeterminesthepertinentpressuresandquantity
flowsas a functionof timeinacompleterocketconfiguration.The
effectofvalveoperating-timecharacteristics,changesinsuction-line
length,andotherparameterswasinvestigated.Althoughtheconfiguration
chosenisnotintendedasoptimum,itservesto illustratequantitatively
someofthedifficultiesinvolvedinrapidthrustdevelopmentandthe
effectsofvariouscontributingparameters.

Theresultswereobtainedasnumericalsolutionsofa setofsimul-
taneousnonlineardifferentialequations.Thesolutionswerecarried
outona drum-storagedigitalcomputer.

CONI?IGURATIONANDFW!TGEOFVARIABLES

Theconfigurationtobe studiedinthisreportisillustratedin
figure1. It isrepresentativeofeitherthefuelor oxidantsystemin
a liquidbipropellantrocket.Thissystem,whileinnowaytobe con-
sideredoptimum,hasmanyof theelementstobe foundinanyliquid-
rocket-propellantsystemandisrepresentativeofa systemusedina
missile.Figure1 showsa tankconnectedthrougha line,hereinafter
referredtoas the‘fsuctionline$”to theinletsideofa centrifugal
yump, Thedischargeof thepumpisconnectedthrougha valvetothe
rocketchamber,anda bypasswitha valveisconnectedaroundthepump..
Theflowintotherocketchamberwillbe calledthe“mainflow”;andthe
flowthroughthebypass,the“bypassflow.”Thedrivemechanismforthe
pumpwasnotconsideredinthisconfiguration,andthepumpwasassumed
tooperateat constantrotationalspeed. ● -



NACATN 4034 3
.

Thebypasssystemhastheadvantageofpermittingthepumpto operate
. nearitsdesignpointthroughoutthevalveoperatingtransient.Ifthe

bypassflowdecreasesataboutthesamerateas themainflowincreases,
thepumpflowremainsaboutconstant;and,withconstantrotationalspeed
assumed,operationof thepumpnearitsdesignpointisassured.Througho-
ut thisreportthepumpisassumedtobe sobypassedthatthepumpflow
isnearlyconstant.

Theassumedpumpcharacteristics,typicalof currentrocketpumps,
areshowninfigure2 foroneoperatingspeed.Inthenumericalanalysis
a straightlinewasusedtorepresentthepumpcharacteristicsinregion
1;an ellipse,inregion2;anda straightline,inregion3. Detailsof
thepu~ equationsaregivenfnappendixB,andsymbolsaredefinedin
appendixA. Formostof thecalculationsmadein thisreport,thepump
operationwaslimitedtoregions1 and2,wheretheheadvariedfrom
160Qto 1376feet.

Inordertodeterminetheeffectof changesinvariousphysicalquan-
ti titleswithinthesystemontheresponsetimeof themainflowandonthe
3 pumpsuppressionhead,eachofthefollowingquantitieswasvariedin-
A dividuallyovertheentirerange indicated,whiletheremainingquantities
& wereheldat theirnominalvalue:

.

.

L

Quantity Nominal Range

Suction-linelength,ft 5 2.5to 10
Suction-linediam.,in. z, 1.5to 3
Main-linefrictionfactor 0.025 0.0125to0.05
Valveoperatingtime,sec 0.1 0.lto0.2
Pump-torocket-linelength,ft Xl 15 to30
Tankhead,ft 96 16to 176

Thesenominalvalues,togetherwitha maximumvolumeflowof0.4
cubicfootpersecond,arerepresentativeofeitherthefuelor oxidant
systemina 15,000-poundrocket.Duringtheentireinvestigationthe
Dypasslinewaskeptconstantata lengthof 10feet,a diameterof2
inches,anda frictionfactorof0.025.

Severalmain-flowvalves,eachwitha differenttimehistoryofoper-
ation,werestudiedinthisanalysis.Whilethenominalvalveoperating
timeof0.1secondisconsiderablysmallerthantheoperatingtimesbeing
usedcurrently,itprobablyiscompatiblewiththefastestflowresponses
whichcanbe toleratedwithinthelimitsimposedby structuralandcombus-
tionconsiderations.A singlebypassvalvewasusedthroughouttheanay-
sis,becausethetimehistoryof thebypassflowmayhaveconsiderable*
latitudebeforeithasmorethana secondaryeffecton eitherthemain
flowor thesuppressionhead.

●
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Priortothevalveoperatingtransientfisufficientflow(about10
percentofmaximum)wasentertngthethrustchambertomaintaincombustion.
Thefuel-oxidantratiowassuchas toestablishratedtemperatureinthe
chamber,andthisratioandtemperatureweremaintainedthroughoutthe
valveoperatingtransient.E!ecausethemainflowwassmallat thebegin-
ningof thetransient,mostofthepumpflotiwentthroughthebypass.At
zerotimethemainvalvebegantoopen,andthebypassvalvebeganto
close.Valuesof themain,bypass,andpu~—flows~thedifferencein
headbetweenthetankandthesuctionsideof thepump(suppressionhead),
andthepressureupstreamof therocketinjectorwerecomputedasfunctions
of timeduringthevalveoperationanduntilsteady-stateoperatingcondi-
tionshadbeenestablished.

ANALYSISANDRESULTS

Theequationsdescribingtheflowintherocketsystemweredeveloped
by equatingthepressuredropina lineto-theforcerequiredtoaccelerate
a massoffluidplustheforcedissipatedinthelinefriction.Thecom-
pressibilityofthefluid,theresilienceof theline,andthedeadtiti““”
inthecombustionchamberwerenotconsidered.Thedetailedassumptions
andcompletederivationsaregiveninappendixC.

EffectofValveResistance-TimeHistoryonPuuQ

SuppressionHeadandFlowResponseTime

Inorderto analyzetheeffectthatthetimevariationofthemain-
valveresistancehasonthepu~ suppressionheadandtheflowresponse
time,referenceismadetotwoequationsforthesystemwhichdescribe
thetimederivativeofthemainflowandthepumpsuppressionhead.
TheseequationsaretakenfromappendixC:

LB+Ld+Le*

[

fa(L8+Ld +Le)
Qa= Ahp+hl-

@a 1+Rc+Ra &-W&
2@a< (1)

hl -hS=&&

where Rc and Ra aretheresistance

(2)

oftheinjectorandtheresistance

.

.

A

r

of themainvalve,respectively.(Symbols””aredefinedinappendixA.)
Theresistanceof themainvalve,of course,varieswithtime”.Resistance
isusedinthisreportas theratioof thechangeinheadacrossthe
elementtothesquareof thevolumeflowthroughit.

.-—

*
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It isapparentfromequation(1)thatthe
. flowvalveresistanceRa maybe an iqportant

5

timehistoryof themain-
factordeterminingthe

magnitudeof therateof changeof themainflow..Accordingly,theeffect
ofseveraltheoreticalvalvesontherateof changeofflowandthesup-
pressionheadwasstudied.Allthesevalveswerefast-actingwithan
assumedoperatingtime,inmostcases,of0.1second;thetimerateof
changeofareawasalwayszeroorpositive.

Minimumobtainablesuppressionhead.- Forthevaluesof theparam-
etersusedinmostof thisanalysis(f= 0.025,La = 5 ft,Da = 2 in.,
andmaximumflow= 0.4cuf’t/see),thesecondtermon therightsideof
equation(2)issmallcomparedwiththeterminvolving~. Accordingly,
thesup~ressionheadisalmostproportionalto thqrateof changeof’fluw,
andthesuppressionheadwillbe a minimumwhen ~ isa minimum.

Thechangeinthemainflow,~ infigure3, canbe expressedas
thetimeintegralof therateof changeofflowwiththelimitsbetween
O and Atv: -

Atv

JQa=
/

& dt
o

. Inorderto satisfytheforegoingequationand
smalla maximumvalueaspossibleinthevalve

ia=~=Constant
v

at thesametimehave
operatinginterval,

as

(3)

Becauseof theinertiaof thefluid,thevalueof & at theendof
thevalveopera~ingtimewillbe somewhatlessthanthefinalvalue.In
ordertofind & and A& equations(1)and(3)mustbe solvedsimul-
taneouslyfor & and & at theendof thevalveoperatingtimewhen
Ra hasreacheditsfinalvalue.

As an example,considera typicalconfiguration

La =5ft &=O.04 cu ft/secat

Da = 0.1667ft Ld+Le=30ft

fa= 0.025 Aa = 0.0218sq ft

hl = 96ft ~ = 1600ft

where

to=



6 NAC!ATN 4034 .
.

At destgnconditions,

~ = 0.4cuft/sec

h8= 1152ft :

Ah~= 288ft

Referringtoequation(1),

L8+Ld +&=498
&a .

—

.

~c .& 288—=—=1800
@ 0.16

and

fa(Ls+Ld + Le)
+ Rc = 1971

2@a!& -.

Also,

-1

Withthe”jjrecedingresults,equation(1)becomes
.

49.8& = 1696- (1971+Ra)<- 2880~ (4) —

Theinitialandfinalvaluesof thevalveresistanceRa canbe computed
fromequation(4)by setting& = O and .% = 0.04and0.4,respectively.

(Ra)initial= 985,000

(Ra)final= 1428

Asmentionedpreviously, equation (4)withRa= 1428andequation
(3)w+th Atv= 0.1and(&)initial= 0.04canbe solvedsimultaneously
for ~ and ~ at thetimethevalveisfullyopen.Thefollowing
values were obtained:

●

r

& = 0.37cuft/sec
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attheendof
.

thevalveoperation,and

~= 3.3cuft/sec2

Substitutionof thesevaluesinequation(2)

L~
—= 7.12
&a

and

faLs
—= 24.5
2gDaA~

givesa suppressionheadofabout27feetat

with

theqndof thevalveoper-
atingtime.Becausetherateof changeofflow & isconstant,and
thefirsttermon therightsideofequation(2)is thecontrollingterm,
thesuppressionheadisapproximatelyequal to 27 feetduringtheentire
valveoperatingtimeifthemainflowisas showninfigure3. Thisis
tbesmallestvalueof themsximumsuppressionheadwhichcanbe expected
withthisconfigurationandanyvalvewhichhasan operatingtimeof 0.1
second.Becausethe’flowshowninfigure3 givesthesmalI@stvalueof
meximumsuppressionhead,itwillhereinafterbe referredtoas the

. “idealflow.”

Theidealfl~ just describedisnotphysicallyrealizable.The
-1 discontinuityin & at t = O requiresa discontinuityin Ra at the

sametime.Referencetoequation(1)or (4)ind~catesthatfor t < 0
therequiredvalue?or Ra isdeterminedwith & = O. Fora timejust
greaterthanzero,& hassomevalueotherthanzero(3.3intheexample
given),andtheequationsrequirea valueof Ra lessthanthatcomputed
for t <0. Intheexamplecited,thisstepchange,in Ra at t = O
isonlyabout10percentof theinitialvalue.However,iftheheadloss
duetotheaccelerationof thefluidwerelargerwithrespecttotheover
headsinvolvedinequation(1)or (4),thena largerstepchangein Ra
wouldbe requiredtorealizetheidealflowandminimumsuppressionhead.

Maximumobtainablesuppressionhead.- Thelargestsuppressionhead
whichcouldbe encounteredwiththisconfigurationisobtainedby using
a mainvalvewhoseresistancejumpsinstantaneouslyfromtheinitialto
thefinalvalue.At an initialvalueof ~ = 0.04cubicfootpersecond,
thevalveresistanceRa ischangedfrom985,000toa finalvalueof
1428.By substitutingtheinitial.& andthefinalRa inequation(l},●

themaximumvalueof & isfoundtobe 31.6cubicfeetpersecond
squared.Substitutionof thisvalueof & inequation(2)givesa

.
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maximumsu~pressionheadof about225feet.Therelationbetweenthe
mainflowandtimewhena stepvalveisusedisshowninfigure4.

Flowrefi~onsetime.- Theflowresponsetime,similartotheresponse
timeusedto describethetime-voltagechangeona condenserbeing
chargedthrougha resistorfroma constantsource,is,by definition,the
timerequiredfor63percentofthetotalflowchangetooccur.Forthe
stepvalve(fig.4),forexample,theflowresponsetimeisa littlemore
than0.01second.

Twovalvesthathavesteyfunctionsfor_theirareachangecouldcom-
pletelyencompassthevalveresistance-timedomainforallvalveshaving
operatingtimesof0.1second.Thefirstofthesevalvesimmediately
changesfromitsinitialtofinalvalueofresistance.Sucha valvewill
givequickresponse,t_ime(0.01see,fig.5)buta largesuppressionhead.
Theothervalvewaitsuntiltheveryendofthevalveoperatingtimeand
thenopensinstantaneously.Thisvalvegivesa veryslowresponsetime
(0.llsec)andhasthesarnelargesuppressionhead. !l?helinearflow
(constantrateof changeof ~ duringthe._yalveoperation)isalsoshown
infigure5. Itgivesa responsetimeof0:069secondanda suppression
headof27feet.

Thus,flowresponsetimesbetween0.01and0.11secondcantheoret-
icallybe obtainedwithvalveshavingoperatingtimesof0.1second.In
ordertoobtainthesmallestvalueofmaximumsuppressionwitheachspeed
offlowresponse,certainrestrictionsareputontheflow.Forexaqple,
iftheflowresponsetimeis lessthanthatoftheidealflow,as indicated
bypointB infigure6,thesmallestvalueofmaximumsuppressionhead
willoccurwhen.t.heflowincreaseslinearlywithtimefrompointA to
pointB. Iftheresponsetimefortheflowexceedsthat–fortheideal,
suchas atC,thentheflowmustincreaselinearlyfrompointC tothe

A..

timeof theendof valveoperation,pointD, inordertoobtainthe
smallestvalueofmaximumsuppressionheadwiththisflowresponsetime.
Thevariationof theflowwithtimefromBto E andfromA toC hasno
effectonthemaximumvalueof thesuppress-ionheadso long as therate
of changeofflowfromB toE doesnotexceedthatfromA toB; or so
longas therateof changeofflowfromA toC doesnotexceedthatfrom
C toD. Theseconclusionsarevalfdas longas theheadlossdueto
frictioninthesuctionlineissmallcomparedwiththatduetothe
accelerationoftheflow.

Calculationsweremadeto determinethesmallestmaximumsuppression
headsobtainableforeachof a rangeofflowresponsetimes.Theresults
areplottedas thesolidcurveinfigure7. Thiscurveindicatesthe
minimumpenaltyinsuppressionheadresultingfroma valvewhichopens
slowerorfasterthanthatvalvewhichgivesan idealflow.Actuallyj
thecurveisfortheoptimumvalvemovementforeachresponsetime.Any
othervalvetimehistory-willresultina pointon figure7 somewhere

.

.

.-i

-
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abovethesolidcurve.Thedottedlineata maximumsuppressionheadof
d 225feetindicatestheupperboundaryforthesuppressionhead.All

valveswouldyielda combinationofresponsetimeandmaximumsuppression
headwithintheareaboundedby thedottedlineandthesolidcurve.

Inconnectionwithfigure7,a numberofflowsolutionswereobtained
withwidelyvaryingvalveresistance-timehistories(fig.8). Thesemain-
valveresistancesweregeneratedfromsimplemathematicalfunctionswhich
arelistedintableI. Theresultingvaluesofmaximumsuppressionhead
andflowresponsetimeareplottedinfigure7. Thenumeralsbesideeach
datapointcorrespondto theresistancesshownonfigure8;andtheflow
andarearelationsshowmonfigure9. Althougha widevarietyof valve
resistancesisrepresented,thepointsgenerallyfollowtheoptimumcurve.

Forallthevalvesinthepresentanalysis,thetheoreticalvalve
flowareaisquitesmall(lessthan0.03sqftat thefull-openposition)
comparedwiththeareaof thepipeinwhichit islocated.Forsucha
valvetheheadlossacrossthevalveisgiventoa firsta~roximationby
theformulaforlossduetosuddenexpansion(ref.l):

By definition,
●

-1

“%-d%
AhRa=—g

Substitutingequation(6)inequation(5)gives

‘a=*(*-*s

or

(5)

(6)

(7)

Equation(7]givesthea~roximatevalveareaas a functionofthepipe
areaandthevalveresistance.Figure9 showstheapproximatemain-valve-
areavariationandthemain-flowvariationexpressed-
maximumsreaandflow,respectively,foreachof the
variationsoffigure8.

d
Thebypass-valveresistancevariation(fig.10)

theprecedingseriesof solutions.Thechiefeffect.

asratiosof the
valveresistance

wasnotalteredin
ofthebypassvalve
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istocontrolthevolumeflowthroughthepgmp. Ifthebypassvalve
closesa~proximatelyas themainvalveoyens,theflowttioughthepuq
willnotfluctuateappreciably.Unlessthefluctuationissufficientto
changeAhp,thereisno effecton thesuppressionhead.

Detailsofsuppressionheadandsystemflows.- Twomain-flowvalves
withoperatingtimesof0.1secondthatgave.lowvaluesofmaximumsup-
pressionheadarevalves6 and1 (fig.9). Themainflow,bypassflow,
pumpflow,andsuppressionheadthatresultfromuseof’main-flowvalve
6 andthebypassvalveareshowninfigure11asfunctionsof time.The
flowrequiredforminimumsuppressionheadhasbeencopiedfromfigure5
andisshownasa dashedcurve.Themainflowwiththevalveundercoii-
siderationapproximatesthisidealflow. It isslowerinstartingand
thereforehastoacceleratethroughthemidpor%ionof thevalveoperating
time.

Thesuppressionheadaccuratelyreflectsthesloyeof themain-flow
curve.Thesuppressionheadisinitiallylowwheretheflowcurveis
relativelyflat.At about0.025second,theslopeoftheflowcurveis
equaltothatof theideal-flowcukve,andthesuppressionheadisabout -
27feet.Theslopeoftheflowcurveincreases,reachingitsmaximum
valueatabout0.05second.Thesuppressionheadreachesitsmaximum
valueof.about38.4feetat thesametime.As thevalvecontinuesto
open,theslopeof theflowcurvedecreasesandsodoesthesuppression
head. Thefinalvalueofthesuppressionheadisthatduetotheline
friction.

Anothermain-flowvalveresistancewhichgavea lowsuppressionhead
isthatplottedinfigure9(a)(valve1). Initially,theresistanceof’
valve1 decreasesmuchmorerapidlythantheresistanceofvalve6
(fig.8),andtheflowrespondsmorequickly(figs.9(a)and(f),
respectively). As a result,thesuppressionheadbuildsuprapidlyto”
a valueofabout7 feetin0.001second(fig.12). Thisisa favorable
tendencysince,ashasbeenshownpreviously,thesuppressionheadfor
thelinearflowwouldimmediatelytakeona valueof27feetandremain
at thatvalueduringthevalveoperation.Themaximumsuppressionhead
withvalve1 was34.5feet,thelowestvalueobtainedwithanyvalve
investigated.

Effectof totalvalveoperatingtime.- An additionalcalculation
wasmadeinwhichthetotalvalveoperatingtimeforboththemainvalve
andthebypassvalvewasincreasedto0.15second.Thevariationof
main-valveresistancewithtimewassimilartothatshownforvalve1
infigure8 exceptthatthetimewasmultipliedby 1.5;thebypassre-
sistancewassimilartothatshowninfigure10withthetimescale
multipliedby 1.5. Inananalogousmanner,a calculationwasmadefora
totalvalveoperatingtimeof0.2second.

.

—

—

:-_

-.
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Themainflowforeachofthecalculationsisshowninfigure13.

Thecorrespondingsuppressionheadsereshowninfigure14. Asthe
valveoperatingthe isextendedfrom0.10to 0.20second,therateof
changeofflowisreduced.Theresponsetimeisincreasedfromabout
0.074secondwiththeO.10-secondvalveto 0.143secondwiththe0.20-
secondvalve.Thecorrespondingmaximumsuppressionheadsare34 and19
feet. Ifthemaximumsuppressionheadisplottedagainsttheinverse
responsetime,ashasbeendoneinfigure15,theresultis a straight
line.

Theeffectof

IHfectofConfigurationParameters

variousparametersotherthan Ra ontheflowand
thesuppressionheadwasinvestigated.Themain-valveconfigurationof
figure9(a)wasusedthroughoutthefollowingportionsoftheanal~is.

.
IA@h of suctionline---Theeffectofchangesint~elengthof

s thesuctionline lines,fig.1)wasinvestigated.Suction-line
:& lengthsof 2.5,5.0,and10.0feetwereused. Theeffectofthese
N changes(~ = 2.5and 10.0) onthemainflow & wasveryslight(fig.

16(a)).

Thesuppressionheadforeachsuction-linelengthisshowninfigure
16(b)asa functionoftime. Thegeneralshapeofthethreecurvesin. figure16(b)issimilar.Increasingthelengthof thesuctionlinemagni-
fiestheeffectofchangesintheflowderivative.

.
Themaximumsuppressionheadisshownas a functionof suction-line

len@h infigure17. Equation(2)indicatesthatthemaximumsuppression
headisdirectlyproportionalto suction-~nelengthifthemaximumvalues
of & and & remainthesame.

Effectoftankhead.- Itshouldbe pointedoutthatsuchsuppression
headsasareindicatedinfigures16(b)and17wil.lberealizedonlyM
thelocalpressureatthepumpinlethasremainedabovethevayorpres-
sureoftheliquidbeingpumped.~ thisconditionisnotmet,then
cavitationwilltakeplaceinthepump. Cavitationchangesthepmnp
characteristics,suchasflowcapacityandhead. Thereis m provision
intheanalysisfora cavitatingpump,andtheresults are invalidonce
cavitationsetsin. Incasethes~pressionheadisgreaterthanthe
tankhead,cavitationobviouslywillrenderthepresentresultsinvalid
unlessthetankheadis increased.Changingthetankhead,however,has
littleeffectoneitherthefloworthesuppressionhead. An increase
intankheadfrom96 to 176feetchangesthesetwoquantitieslessthan

● 3.5percent.Thesmalleffectof changesintankheadontheflowand
maximumsuppressionheadisattributedtothefactthatthepxqp headis
largecomparedwiththetankhead.

f
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Areaof suctionline.- Thesameconfigurationwitha,’5-footsuction
linewasusedto investigatetheeffectofsuction-1.itteareaonthemsxL-
mumsuppressionhead. Suctionlineswithdismetersof1.5,2,and3 ●

incheswereused. Themaximumsup~ression.headisplottedagainstthe
inversesuction-lineareaInfigure18. Therelationbetweenthetwois

verynearlylinear.Hereagain,thisresult.followsonlyinsystemsin
whichthetotalresistancetothemainflow-“comeschteflyfromresistances
downstreamofthepump.

Frictionfactor.- Thesameconfigurationwasusedto studytheeffect
offrictionfactor.Thefrictionfactorinthesuctionlinewasdoubled
andhalvedfromitsnominalvalueof 0.025.Changesinthesuppression t
headwerelessthan0.2of1 percent.Theseresultsindicatethat,for [
theconfigurationconsidered,frictioninthesuctionEne wasof negli-
gibleimportance.

Length of linefrompumptorocketchmiber.- In somerocketsthe
combustionchaniberiscooledbypasstngliquidpropellantthrougha coil
wrappedaround%hechamber.Thelengthofthiscoilisdetermin&d,in
part,by theamountofcoolingrequfied.~incethiscoilis inseries
withthelinefromthep~ totherocket“c@iber,itmayhavesomeeffect
ontheflowresponsetimeandonthemaximumsu~ressionhead. The
magnitudeofthiseffectwasstudiedbyreducingthepump-to-chaniberiine
froma nominalvalueof 30feetto 15feet....No otherpartofthecon-
figurationwaschanged.Themainflowand-thesuppressionheadforthese

.—

twopump-to-chaniber-linelengthsareshown-~sfunc}ionsoftimein -*
figure19.

.. .-

Figure19showsthatshorteningthel@e decreasedtheresponsetime -
by lessthan0.002second.AccompanyingthissmgLlldecreaseinrespogse
timewasanincreaseinmaximumsuppressiou<headofapproximately2.5
feet.

CONCLUSIONS

An analysishasbeenmadeof a possiblerocketfuelor oxidantsystem
duringthestartingtransientwhilethevalvesarechangingarea.From
thisanalysis,thefollowingconclusionsmaybe drawnregardingthis
system:

1.Thetimehistoryofthevalveresistancesis importantindeter-
miningnotonlythespeedofresponseoftheflow,butalsothemaximum
suppressionheadonthesuctionsideofthepump.

.-

2.A domainexistsintheresponse-time- maximum-strppression-head
planewhichencompassesthebehaviorofallmain-flowvalveswitha ftied “
operatingtimeanda zeroorpositiverateof changeof””srea.Several
valveswereinvestigatedwithpetiormanceswhichfellnearthefavorable
bordersofthisdomain.

.V
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3.Fora givenflowchangeandvalveoperatingtime,themaximum
suppressionheadisdirectlyproportionaltothelengthofthesuction.
lineto thepumpandnearlyinverselyproportionaltothemea ofthe
suctionlineandthetotalvalveoperatingtime.

4.Frictionintheline,changesinthetankhead,andchangesin
thelengthof linebetweenthepumpandtherocketchamberhadlittle
effectontheflowor thesuppressionheadas longas cavitationwas
avoided.

a
b’
d

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,June11,1957
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valvesrea,sq ft

parametersusedto

linediameter,ft

frictionfactor

constant

APPENDIXA

SYMBO19

describevalveresistance

accelerationduetogravity,32.2ft/sec2

head,ft

changeinhead,

linelength,ft

pressure,lb/sq

ft

ft

quantityflow,cuft~sec

changein & duringtotalvalveo~eratingtime

resistance,ratioofchangeinheadacrosselement
it,sec2/ft5Vohmleflowthrough

the, sec

totalvalveoperating

velocity;ft/sec

weightflow,lb/see

density,lb/tuft

Sribscripts:

a mainlineor”valve

NACATN 4034

.

.

to squsreof

time,sec
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m

b
.

c

d

e

max

P

s

1

3

4

5

6

● 7

8
-,

bypasslineorvalve

injector

fromplmlp

frommain

maximum

Pw

dischsrgetomain

valveto injector

suctionline

tank

p~ inlet

pumpoutlet

main-valveinlet

main-valveoutlet

injector,highpressure

rocketchauiber

valve
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AFTENDIXB

PUMPE@JATIONS

Ina typicalliquidpump,theme&hmmuhead
quantityflowless*banmaximumisproportional
rotationalspeedti2. Themaximumflow &
isproportionalto thefirstpowerofthespeed

.- —
.

%,DMXProducedatsme
to the scyare of thepump
delivered at zerohead
mN. At anygivenrota- $

tional.speed,thepumpheadvuteswiththe-quantityflowas =hownin
— f-m

figure2. —

Forthisanal~isthedependenceofpumpheadonflowhasbeen
dividedintothreeregions,andeachregionhasbeendescribedby a dif-
ferentalgebraicrelation.Inregion1 the_headisindependentofthe
flowandequaltothenominal,ormaxhnun,headdevelopedby thepumpat –
a givenrotationalspeed:

~.d

Inthesecondregionthedependencewasapproximatedby anellipse
withthema~oraxisa portionofthemaximumflowandtheminoraxisa
portionofthenominal- head:

Majoraxis:

(1-p -E)*= (l-p -c)nti

Minoraxis:

Thp,msx= WN2

Theexplicite~ressionforthe

Whentheflowexceeds(1-

pmp head,inregion2, is

~mj.z
e)-, thepmp headfallsoffprecipi-

touslyfroma valueof Tc@ to zeroovera changeinflowequalto
e~ax. A linearfallinheadhasbeenassumedoverthissmallflowrange,
sothat,inregion3,

--

Foranyflowgreaterthan ~, thepumpheadwasassumedequalto zero. ‘_
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*

Thefollowingvaluesofparameterswereusedinthisreport:
.

a= 2.56x10-6 N = 25,000

B = 0.8 6 = 0.005

17

,T= 0.14 III= 25xIJ3-6

.
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APmNDrxc

DIFIWWNTIALEQUATIONSCl?MUTION

Withan incompressibleflowassumedthrougha pipeof constantarea,
thepressuredrop 4 reqyiredto acceleratethefluidagainstthefric-
tionforceina pipeoflengthL is

& = PIJdv + fpv2L
g dt 2gD

or

where

&= $4
Intermsof volumeflow Q = vA,equation(Cl)becomes

(cl)

where & denotesaqdt.

Thelossinheadacrosstheinsectorandthevalveswasassumed
proportionaltothesqpsreofthevolumeflow:

(C2) .

.-

where R istheresistance

Thetemperatureinthe
throatwasassumedchoked.
weightflowisproportional

& = RQ2 (C3)

oftheelement.

rocketchaniberwas assumedconstant, andthe
Forchokedflow at constant temperature, the
to the ch-er pressure:

pe ~he
w=—=—GG

But w = pvA= PQjtherefore,

h8
QG -=—

sothat ~ is proportional to Q.

(C4]
“

.
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Withtheseassumptions,andby referencetofigure1,thefollowing
. equationswerewrittenfortheconfiguration:Betweenthetankandthe

suctionsideofthepump,thedro~inhead h~ - h3 istheresultofthe
accelerationofthef19wandthefrictioninthelinetotheflow:

.-
(2)

Inthebypasscircuitthehead
headdueto flowacceleration,
valve: ..

acrossthepumpisequalto thelossin
friction,andtheresistanceofthebypass

% ‘h.-~=(!+’’%ikk++(C!5)

Theheadatthedischargesideofthepmp isequaltothesumofthe
headintherocketchmber,theheadacrossthemainvalveandtheinjec-
tor,andtheheadlostinacceleratingtheflowandinfrictioninthe
llnefromthepump‘cotherocketchaiber:

[ %%kL.’h4=G&+(Ra +&)&+ &+ (C6)

Thelastrelationrequiredequatesthepumpvolumeflowtothesumofthe
mainflowandthebypassflow:

~=Qa+Gb (C7)

where~a and ~ are functionsoftime,and hp isa functionof ~
asgiveninay~endixB. Fromtheseequationsitfollowsthat

Ls+~+q.
Qa=Ahp+hl-

[

‘a@s ‘~+~)
da 1+Rc+Ra &

2gDaA: ‘G% (q

(C8)

(C9)h7=~&+G~

Equtions(C7), (1),and (C8)weresolvedsimultaneouslywiththeaidof
therelationsinappendixB. Eqwtions(2)and(C9)weresolvedforthe
suppressionheadonthesuctionsideofthepumpandforthepressurein
therocketchsaiber,respectively.
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TABLEI. - MATHEMATICALEXPRESSIONS

DESCRIBINGMAIN-VAIWERESISTANCE

CHANGESW3?I’HTIME

Talve

1

2

3

4

5

6

Resistance

c2eclt

cl -1-c#

1

1
c1+ Czt

Whe variationofthe
bypassresistance~
withtimehadthesame
formasthatforvalve
7.

.

.
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Bypass
valve

Tank

1

s Suctionline

3
b

d

5
%) ( Maincontrol

6

e

7

b

.

valve

Figure1.- Schematicdiagramofrocketconfiguration.
(Lettersrefertolinesandnumeralstojunctionsof
linesandsystemelements.)

.
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Figure3.-Relationbetweenvolumeflowandtime
forideal flow.
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Figure4.- TLmehistoryofmainflowwithstepvalve.
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