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STJMMARY

Somemeasurementsoftheeffects,ofrocket-motoroperationonbase
pressurewereobtainedincidentalto otherresearchon somebodiesin
freeflight.Thesedataarepresentedand.qualitativelyanalyzed.The
srdysisindicatesthatjeteffectsondragareof sufficientimportance. to deserveconsiderationinthedesignof jet-motornozzles,especially‘+:.
foraircraftandmissileswherethethrustanddrag~e ofthesameorder

●
ofmagnitude.Sincethedatawereobtainedticidentallyduringresearch
forotherpurposes,theyarenotsystematicenoughforgeneraldesign
use. Thedataindicate,however;thata large,wide-angleunderexpanded
jet(jet-exitpressuregreaterthanatmospheric)willcausea decrease
inthesuctionthatexistsonthebasesnnulusaroundthejetexit,
whereasan overexpandedjetmayincreasethesuctionontheannulus.
Thedataalsoindicatethatincreasingthenozzledivergenceangleorthe
nozzlesizerelativetothebasswilltendto decreasethebasesuction.
Thebase-pressurechangesinducedby thejetshould%econsideredin the
structuraldesignoftheouterbodyskinontherearpartoffuselages
containingjets.

INTRODUCTION

Theuseof jetandrocketmotorshasresultedh an interestinthe
effectsof theoperationofsuchpowerplantsontheexternal&ag of the
bodiesinwhich”theyarehoused.Thesepowereffectson dragmaybe
roughlydividedintotwoparts:one,theaspiratingandblockingeffects
ofthejetwhichmightmodifytheboundarylayerandthusthefriction.
andpressuredragonthesidesofthebody;andtheother,theeffectsof
thejetonthepressureor suctionthatexistsontheannulusatthebase

. 1



2 NACARM L50118

ofthebodybetweenthejetnozzleandthebodyedge. References1
.

and2 presentsomedataontheeffectsof jetsonbodysidepressure
anddrag.Few-data,however,areavailab16-ontheeffectsof jetson ●

bodybasepressure.-

Somepowereffectson
obtainedonrocket-powered
suchdatawereobtainedin
and4. Inorderto obtain
onbasepressure,boththe

.

basepress~eha~ebeennotedinmeasurements
modelsflownforotherpur~oses;forexsmple,
theinvestigationsreportedinreferences3 —

somepreliminaryinsightintothejeteffects
IIpower-onll and llpower-offl~portionsofthese

pressurerecordswereevaluated.Someofthesedataarepresentedand
discussedherein.“Thediscussiondealswiththeobservedjeteffects

—

onbasepressure,withtheeffectsonroc,ket-motorthrustof changesin
nozzledesignwhichareshownto affectthebasepressure,andwith
structuralaspectsof jet-inducedchangesinbasepressure. .,

—

SYMBOLS

Someofthesymbolsandtermsusedinthefollowingpagesare
definedgraphicallyinfigure1. .

M Machnumber,V/c
.

P atmosphericstaticpressure,poundspersquareinch,absolute a _-

%
pressuremeasmedinmodelbasechamber betweenrocketnozzle
andmodelskin,poundspersqtie inch,absolute

‘j estimatedrocket-nozzleexitstaticpressure,poundsper
squareinch,absolute

9 —

Pc rocket-chamberpressure,poundspersquareinch,absolute .—

v velocityofmodel ..-
-.

c velocityof sound —

q Qmmi.cpressure . ,-

Y specificheatratio

a nozzle-divergencehalfangle,degrees —

Ae rocket-nozzleexitarea,squareinches . —

1 .
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‘t rocket-nozzlethroatarea,square

3

inches

% outsidediameterofmodelbase,inches

Dj diameterofrocket-nozzleexit,inches

D dismeter

x longitudinaldistancefromfuselagenoseto stationonbody

L lengthofbody

F thrustofrocketmotor,pounds

thrustcoefficient
()

F
~

nozzle-divergencecorrection

expansionratio (Ael%)

to thrust

MODELSANDFLIGRT‘ZESTS

Themodelsforwhichdataarehereinpresentedwerefin-stabilized
bodiesofrevolution.Thecoordinatesforthebodiesaregivenin
tableI. Theexternalshapesofthemodelsareshowninfigure2 and
detailsofthebaseconfigurationsareshownh figure3. Thepropulsion
unitsusedforeachmodelareshownintableII.

.

Thepertinentdesignvariablescoveredby thepresentmodelsare:
(1)jet-exitpressure,(2)nozzleexpansionangle,and(3)ratioofmodel
basediameterto nozzle-exitdiameter.

ThemodelswereflownattheLangleyPilotlessAircraftResearch
Station,WallopsIsland,Va. Allmodelswerelaunchedatelevation
anglesvaryingfrom600to 7S0,thustheirflightpathsduringpowered
flightandduringthehighMachnumber(M>0.8)glidingflightwerevery
nesrlystraightlines.

Thevelocityineachcasewasmeasuredby mesnsof a CW Douder
radar“velocimeter.”
toMachnumberandto
NACAmodifiedSCR-584
thetti offiring.

Atmosphericdatanecess-~forconverting”~elocity
.

providestaticpressureswereobtainedfromthe
radartrackingunitandby radiosondesreleasedat

●
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Thepressuresexistingintheannularchamberatthebaseofthe
m

modelweremeasuredandtransmittedtothe.groundbymeansof ?tandard ..__ -
NACAtelemeterinstrumentation. e

.— .
TheIipower-on”valuesof ~ presentedina subsequentsectionof” ““ ‘“.

this paperarethosemeasuredduringthesustainer-poweredportionof .
theflight.The“power-offt’valuesof ~ arethosemeasuredd~ing.
glidingflightcorrectedby useofthefoilowingequationto theatmos-
phericconditionsprevailingduringpoweredfl.ightatthesameMach
numberforthesamemodel.

pb(power-off)=
Pb-p
—(gliding

.-

flight)Xq(poweredflight)+ p(poweredflight)
.-..

DETERMINATIONOF JET-EXITPRESSURE‘

Valuesof jet-exitpressvewererequiredforanalyzing.andckls- —
cussingtheobservedeffectsof jetoperationonbasepressure.Since
no valuesof jet-exitpressureweremeasuredinthese-tests,itwas
necess~ to calculatevaluesof pi fromchamber-pressure-timehistories
thatwereestimatedforeachflight-test.Experience-overa,numberof
yearsofstatic&d flighttestingshowsthatforall..supposedlyiden-
ticalrocketsthatareproducedundercarefullycontrolledconditions,
thechamber-pressure-timehistories,ofrocketfiringsarereproducible
andarea functionof initialpowdertemperatureonly.Theburningtime
ofeachmotorwasobtainedfromtelemetereddata,andthechamber-
pressure-timehistoryfortherocketmotorusedinflightwasfittedto
the’burningtime. Thethermodynamicpropertiesofthe.exhaustgases
wereobtainedfroma knowledgeofthepropel@ntcornpositidnforeach
rocketused. Thenozzlegeometryforeachrocketwasknownandthejet
pressureswerecalcdatedfromthefollowingrelationshipwhichalso
appearsinreference5:

.

y+l

~zG=J
Ae )y+l—aA.

.

-..

. . .——

...-
9

().1

P’J

Pc
.

“
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.
Sincethearearatio /

Ae~ andtheratioof specificheatsdonot “
changefora spectiicrocket,theexitpressureis a functionof chamberd pressureonly:

‘j = f(Pc)

Thisrelationshipisnotvalidwhentheexhaustgasesdonotcontinue
tofillthenozzle,thatfs, when jet sew=tion t~es Place”

.

Investigationsreportedinreferences5 to 7 indicatethatin static
teststhejetpressureatwhichseparationoccursis pr~ily dependent
on atmosphericpressweandchamberPress~ead isrelatively~dePen@en~ ‘..
ofprope~antcompositionsgastemperat~e~specificheatratfo~tot~
expansionratio,andnozzledivergenceangle.Thesestatictestsshow
thatseparationinthenozzleoccurswhenthejet-exitpressureapproaches
hO percentof atmosphericpress~ealthoughtheseparationpressure
decreasesslightlywithin~reasesin chamberpressure.Infreeflight
separationprobablyoccurredat a pressurebetween40 percentof atmos-
phericpressureand40 percentofpower-onbasepressure.As a con-
servativeprocedure,howeveryitwasassumedforthepresentanalysis

—

thatisentropicoverexpansichinthenozzlewaspossibledownto pres-
suresofO..!latmosphericpressfie.

RESULTSANDDISCUSSION

Observedfiessures

Thepertinentdataarepresentedinfigures4 to 7 asplotsof
pdessureandMachnumberagainsttimemeasuredfromthetistantof
firingofthesustaineror internalrocket.It shouldbe notedthatthe
valuesof ~(power-off)presentedwerenotmeasuredatthetimesshown,
but,aspreviouslystated,srevaluesmeasuredduringglidingflight
correctedto theatmosphericconditionsexistingduringpoweredflight
atthesameMachnumber.

It-canbe seenfromfigures4 to 7 thatoperationoftherockets
hada markedeffectonthemodelbasepressure.FormodelsA andB,
duringthet5meatwhichtherocketjetswereunderexpanded(exitpres-
suregreaterthanatmospheric)themodelbasepressureswereincreased
fromthepower-offvalue,whereasd~fng thetimeatwhichtherocket
jetswereoverexpandedthemodelbasepressurestendedto decrease.
FormodelsC andD theeffectswereoppositetothoseformodelsA and
B,thatis,theunderexpandedjetgenerallydecreasedthebasepres-
suresfromthepower-offvalues.In orderto discoverwhethersome
patternexistedintheeffectsnoted,thedataweresummarizedandare -.
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presentedinfigure8 intheformofratiosof jetpressureandof
power-inducedchangeinbasepressureto atmosphericstaticpressure
(fig.8(a))andto power-offbasepressure(fig.8(b)).Becauseofthe
previouslynoteduncertaintyinestimatingthepressurestowhichthe
jetmsyexpandwithoutsep=ating,onlytheportionsofdatapertaining
tounderexpandedjetsareshown.Thepower-offbasepiessurewaschosen
as thereferenceforuseinfigure8 inorderto eliminate,at least
approximately,theeffectsonbasepressureof suchvariablesasfins
anddetailshapeofthebow aheadofthebase.Bothfigure8(a)and
figure8(b)indicatethatingeneralthetirectionmd magnitudeof ...
changeinbasepressurecausedby thejetdependonthe.jetpressure,
thenozzledivergenceangle,and,to someextent,ontheratioofbase
diametertonozzle-exitdiameter.A comparisonof.thecdataformodelsA-3”
andB indicatesthatincreasingjetpressure.increasesthechangein
basepressure.ComparingthedataformodelsA-1,2,.~d3 indicates
thatincreasingthenozzledivergenc~angle.ticreasesthebasepressure. ,
ComparingthedataformodelsA-1,A-2,C,andD indic=testhatdecreases
intheratioofbasediametertonozzle-exitdiameteralsotendtomake_ __,_
thebasepressuremorepositive. —.

A qualitativeexplanationoftheseeffectsis showninfigure9.
Oneprimsryeffectofa jetis,throughviscousforcesandturbulent
mixingatthejetbounda?y,toentrainairandprovidean aspirating
effect.Thisaspirationwouldtendto drawmoreairaroundandthus
increasetheexpansionaroundcornerA,figure9(a).Thisincreased
expansionwouldreducethebasepressure.As indicatedby thestudy
reported.inreference8 increasesin jetmomentumorthrustloading
shouldtend.toincreasetheaspiratingeffectandthusreducethebase
pressure.Thejetmightalsotendto actasa solidbodyandprovide
blockingeffectssimilartothosenotedforsupportstingsinwind-
tunneltestsreportedinreference9. Inadditionto theviscousand ...-
blockingeffectsthejetwouldalsosffectthebasepre>surethrough
inertiaforces.Foranunderexpandedjet,figure9(b)j_theexpansion
ofthejetat thenozzleexit,cornerB,wouldprovideinertiaforces
tendingtomovethestreamlineturningaroundcornerA outward,reduce
itsexpansion,andthusincreasethebasepressure.”Decreasesinthe
ratioofbasediameterto jetdiameter,increasesinnozzledivergence
angle,andincreasesin jetpressure(whichwouldincreasethe}urning
aroundcornerB)wouldalltendtomaketheinertiaeffects,figure9(b)j
overshadowtheviscouseffectsjfigure9(ta).Increases-inthejet
pressurealsowouldmeanhigherthrustloadingfora givenrocketmotor;
thisincreaseinmomentum,itisbelieved,wouldtendto increasethe
inertiaforcesandincreasethebasepressurewhichisoppositetothe ,
effectofincreased,thrustloadingpreviouslystatedfortheviscous
forces.ForanoverexpandedjettheflowwouldshockatcornerB,the
jetwouldcontractratherthanexpand,andtheinertiaforceswould
tendtobe reduced.Althoughtheinertiaforceswouldbe lessforthe

.

a

. .-.
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*
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.

.

.
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overexpandedjet,ticreasesin jetpressure,nozzledivergenceangle,
or jetsizewouldstilltend,asfortheunderexpandedjet,toincrease
thebasepressure.

NozzleDesignProcedures

Determinationofrocketperformancerequiredforamyspecific
missileorairplaneisa complexprocedtie.In generalpractice,this
procedureis carriedoutneglecttiganyeffectstherocketjetmayhave
ontheaerodynamiccharacteristicsoftheairplaneormissile.Herein,
it isassumedthattherequiredmotorperformanceandchamberpressure
havebeenestablishedandthepropellantcombinationhasbeenchosen.
Sincethejetcharacteristicsaredeterminedby thenozzledesign,the
effectsofnozzledesignparametersonthrustarediscussed.

Thethrustproduced@ a rocketis givenby thefollowingequation:

F= kCNAtPc

ThevalueX is a nozzledivergencecorrectionwhichaccountsforthe
lossin
because
w:

thrustthatresultsfro~a radialvelocitycomponentthatexists
thewholejetisnotparallelto thethrustaxis,sndis given

x = 1/2(1+ Cosa)

valuesof x as a functionofnozzledivergencehalfangle a sre
giveninfigure10.

Easeoffabricationusuallyrequiresthatthesupersoniceffuser
sectionofthenozzlebe a conicalshapedespitedivergencelosses.In
ordertokeepnozzleweightto somepracticalvalue,nozzledivergence
halfanglesareusuallylargerthan9°. Foranyspecificmotor-missile
combination,optimummotorperformance,excludingallothereffects,
maybe determinedby ananalysisofthrustandnozzleweightas a function
ofnozzlehalfangle.Nozzledivergencehalfanglesarelimitedto
about380as jetseparationoccurseveninunderexpandednozzlesat
angleslargerthanthis.
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Thevalue CN,thethrustcoefficient,wascomputedfromthe
followingequationwhichappearsinreference~:

.

CN =

()AeValuesofthrustcoefficientasa functionofarearatio
PC

q ‘d
pressureratio ~ areshowninfigure11forvaluesof y of1.2and

1.3. Valuesof y fortheexhaustgasesoftherocketsysedwere1.219
and1.26asshownintableII.

Thetotalimpulsedeliveredbya rocketisdeterminedbythe
averagethrustcoefficient.Sincethrustcoefficientisa functionof
free-streamstaticpressurewhichmayvaryalongtheflightpath,opti-
mumtotalimpulsemaybe determinedbyan analysisoftheaveragethrust
c~efficientas a functionofarearatioand of thevariationinfree- -
streamstaticpressurealongtheflightpath.Ingeneral,forlong-range
missileswithhighlaunchingangles,600to 90°,thisresultsin.a
nozzlethatisoverexpandedforsea-levelconditionsand~derexpan~ed
athighaltitudes.

Thepreviouslynotedeffectsofthenozzle.designvariableson
basepressure(orbasedrag)maybe summarizedasfollows:Basedrag
probab~willbe decreasedby increasesinnozzledivergenceangle,j
pressure,andjetsize.As an exampleof theconsiderationofthe
effectsofnozzledesignonboththrustanddrag,a brief,analysiswa
madeof theeffectof varyingonlythenozzledivergenceangle.

iet

is

ThedatausedwerethoseformodelsA-1orA-2 andA-3,figure8. ‘
Theincreaseinnozzledivergencehalfanglebya factorofthree
increasedthethrustingchangeinbasepressureconsiderablyduringthe
timethatthejetwasunderexpanded.Sincebothmodelshadthesame
throatarea,chamberpressure,expansionratio(Ael%)~andtherefore
thesamepressureratio(pc~.),theywouldbothhavethesamethrust

#coefficientandallthevarialesintheequationfor thrustwouldbe
equalexceptfor k, thenozzledivergencecorrection.Thefactthat
modelsA-1orA-2andA-3hadnozzledivergencehalfanglesof 9°and
30°,respectively,meanta netthrustlowerformodelA-3W 6 percent
orabout102pourids.Thethrustingincrementinthepressuresonthe

1

—

a“

—

. .

k“
.-

4

.—-.
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.
baseannulusformodelsA-1orA-2andA-3,respectively,areabout1.7
aznd6.7 poundspersqusreinch,absolute(6.5 and25.9 poundsthrust)

w andthusaremuchsmallerthan6 percentofthenetthrust.Thus,for .
thiscasea lossineffectivethrustresultedfromincreasingthenozzle
divergencehalfangle.This,however,maynotalwaysbe thecase.For
modelsinwhichthetotaldragisnesrlyequalto thethrustthepres-
suredragor thrustingpressuresonthebasewillbe sn appreciableper-
centageofthenetthrust,perhapsmakingitpossibleto increasethe
effectivethrustwithan increasein divergenceangle.Hereagainit
shouldbebroughtto thereader’sattentionthatthepowereffectsonly
onbasepressuresarediscussedhereinandthatthereareothereffects
of thejetsuchasthoseshowninreferences1 and2 ontheside-pressure
drag.

Effectof BaseWessureon Structures

Insomecasestheouterskinattheresrofbodiescontainingjet
motorsmustbe designedonthebasisofthepressure’sexistingin the
chamberbetweenthejetnozzleandtheouterskin. Ifthesepressures
areassumedequalto thepower-offvaluesofbasepressure,theymay
be inerror.Forinstance,if oneassumesthatthefuselagesidepres-

. sureis atmospheric,figureb(a)indicatescollapsingpressuresoverthe
rearfuselageskinof 3,6, or 9 poundspersquareinchsdependingo-n
whetherthedesignconditionchos”enis theunderexpandedjet,no jet

& (power-off),ortheoverexpandedjet.

CONCLUDINGREMARKS .

Heretoforetheaerodynamicdesignof jet-poweredmissilesandair-
crsfthasbeenconsideredindependentlyofthevariablesinvolvedwithin
thejetnozzleandthebaseofthebodies.However,thedataherein
indicatethatthesev~iablesshouldnotbeneglected.

Theeffectsof a jeton thedragof a missileor aircraftare
dependentonthenozzleshape,jetpressure,andratioofbasearea
to jet-exitarea. Inthedesignofrocketnozzlestheeffectsof such
rocketdesignparametersaspressureratios,srearatios,nozzlediver;
genceangles,andatmosphericconditionsalongtheflightpathof the
missileonboththrustandetiernaldragshouldbe considered.It is
particularlyimportantthatthepowereffectsofthejetonbodydrag
be consideredinthedesignof aircraftandmissileswherethethrust
anddragsreofthesameorderofmagnitude.Forthesecases,small

● changes in basedragandthrustcouldhaveappreciableeffectsonrange
andover-allperformance.
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*. —

designofthefuselageskini.nareasventedto
indicatedthatbothpower-onandpower-offbase

pressuresshouldbe consideredbecauseoftfierelatively-greatpossible u
differencesinthesepressures.

LangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

LangleyAirForceBase,Va.

.
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TABLEI ,

FUSELAGECOORDINATES
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9

Station
DiameterDfi

x/L ModelsA, B I ModelC ModelD

o 0 0 0
.1 .0246 ;02&j .0417
.2 .0447 .0667
.3 .0605 .0608 .0832
.4 .0719 .0723 .0927
●5 .0793 .0800 .0981
.6 .0819 .0832 .1000

.0803 .0821 .0975
:1 .0744 .0767 .0888
.9 .0642 .0669 90795
1.0 .0497 .0533 ,0700

&izi&!Eiii?Y.....}.-.-.“.
:...

.—
. .

. .

,

.
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TABIEII

Suetainer lbtor

Hedel Averagethruet Ebostermeter Reference
Specificheat

Nozzlehalf angle
loadlngratio’

VF=”
ratioof

(deg) exhauetgae

()

-E. lb8/eqiq.

(Y) % a~rege’

-1, A-2 Modified 3.25’ Nk. 7 9. 1.219 26o 6. 2$lnoh ML Eeacon 3

A-3 HodMiad 3.2sMc. 7 30 1.219 245 6.2$inch ML Deacon 3

B 6.254noh NIL Ikacon 30 1.26 195 None 3

c Mxlified2.25Mk. 11 10 1.219 111o >inch HVAR lightweight -

D Standard3.2S W. 7 9 1.219 260 .%inchHVARlightweight 4

I
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(a) ModelA-l,9° nozzle.

Figurek.-Base-pressuredataforModelA.
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