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EFFECTOFDIVERGENCEANGLEONTHEINTmN&LPERFORMANCE

CHARACTERISTICSOFSEVERALCONICAL

CONVERGENT-DIVERGENTNOZZLES

ByFredW. Steffen,H. GeorgeIWull,andRalphF. Schmiedlin

q sUMM&RY

E Expertientswereconductedon conicalconvergent-divergentnozzles
havingincludeddivergenceanglesfrom70 20’to 50°and~ans ionratios
from1.39to 3.81overa widerangeofnozzlepressureratioswithcold. flow,todeterndnetheeffectofdivergenceangleontheinternalperform-.&
snceofthenozzles.

w
Thrust coefficientsat designpressureratiosdecreasedfrom0.973

at a divergenceangleof 7°10’to0.930ata divergenceangleof50°.
Similartrendswerenotedatpressureratiosslightlylessthanand
~eaterthandesign.

At pressureratioswhereseparationoccurredwithtithenozzle,h-
provedperfomancewaseffectedbyincreasingthedivergenceangle.

At anygivendivergenceangle,a changein.expansionratiohadneg-
ligibleeffectonnozzleperformanceatdes~ pressureratio.

..” ...,Z.*.-.t+.,**;>li
Althoughdivergenceangleandexpansionratiowerefoundtohaveno ,.,U,*~~

effectonnozzleflowcoefficientat chokedpressureratios}thepress~~
ratiorequiredto chokethenozzleticreasedwithan increaseindiverg-
ence angle.

INTRODUCTION

Theselectionofa convergent-divergent
tionathighnozzlepressureratiosrequires
expansionratioanddivergence.mgle.Fora

m a shorthigh-divergencenozzlewouldhavelowweightandlowcooling-

.*.,

exhaustnozzle-forwpera- .
considerationofboththe
particulsxexpansionratio,

*

/
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surfacearea.As showninreference1, suchnozzleswouldalsopromote
flowseparationatlownozzlepressureratios,thusrelievingoverexpan- m
sionlosses.Ontheotherhsnd,reference1 alsoindicatesthatbetter
performanceatpressureratiosclosetotheisentropicdesignvalueis
providedby long,low-divergencenozzles.

Somedataontheeffectofdivergenceangleonnozzleperformsmce —
arepresentedh reference2, buttherangeofdivergenceanglescovered
wasextremelysmall(0°to 7°10’)andno significanteffectswere
observed.Thedataofreference1 alsodonotpermittheeffectsof gdivergenceangletobe isolatedbecauseeachdivergenceanglewasasso- 8.ciatedwitha differentexpansionratio.

Thepurposesoftheinvestigationreportedhereinareto determine
theisolatedeffectofdivergenceangleonnozzleinternalperformance
andthevariationofnozzleinternklperfoma.nceovera tiderangeof
divergenceangles.Datafornozzlesofapproximatelyequalthroatsize
whichvaryindivergenceanglefrom7°10’to 50°andinexpansionratio
from1.39to 3.81areincludedinthereport.Allnozzleswererunwith
coldflowovera rangeofnozzlepressureratiosfromweU belowdesign
to aboutdesignorgreater. ./

.-

APPARMYUSANDINSTRUMENl!ATIOll ‘#

Nozzles

Nozzlesof sixdifferentdivergenceangles,namely7°10’,11°50’,
24°,30°,36°,and50°wereinvestigated.Detailsofthenozzlesare
showninfigure1,andinthefollowingtable:

Nozzle
divergence.
angles

7°10’

11° 50’
24°

30°

36°

50°.

Nozzleexpansionratios
+=

----

----

----

1.69

1.69

1.69

----

----

1.69

---

---

---

1.8

1.8

---

2.65

2.65

2.65

----

----

2.651’---------------
3.81

*
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Thenozzleshavingdivergenceanglesof 7°10’,U.”50’,~d 24°were
~ at ~ansion ratiosof1.39,1.69”and2.65.The30°and36°nozzles
wererunatan expansionratioof!1.8only,whereasthe50°nozzlewas
runat expansionratiosof1.69,2.65,and3.81.

Allnozzleshad13-inch-dismeterMets, 50°conicalconvergent
sections,7-inch-radiuscircular-arcthroatcontours,andconicaldiver-
gentsections.Withtheexceptionof the30°nozzlewhichhada 7.16-
tich-diameterthroat,allnozzleshadapproximately6-inch-dismeter
throats.

bstaUation

Theinstallationofthenozzlesh thetestrigisshowninfigure
2. Thenozzleswerefastenedtothemountingpipewhichwasinturn
attachedto a bedplatefreelysuspendedfromfourflexuxerods. ‘I’he
entireasseniblywasinstalledwithina plenwnchamberconnectedon one .
endtothelaboratoryhigh-pressureairsupplyandontheotherendto
thelaboratoryaltitudeexhaustsystem.Pressuredifferenceacrossthe
nozzleandmountingpipewasmaintainedby labyr3nthsealsaroundthe
mountingpipe.‘A ventlinebetweenthetwolabyrinthsealsandtheple-
numchaiberdecreasedthepressuredifferentialacrossthe“secondlaby-
rinthsealandpreventeddynamicpressuresfromactingontheoutsideof
thediffusersection.Forcesactingonthenozzleandmounthgpipe,
bothexternalandinternal,weretransmittedfranthebedplatethrough
a flexure-platesupportedbellcrankandlinkageto a balsmcedair-
pressurediaphragmforce-measurhgcell.

Instrmnentation

Pressuresandtemperaturesweremeasuredatvariousstationsas
showninfigure2. Pressuresobtainedfromtotal-pressurerakesand
wallstatictapsat stations1 and2 wereusedinthecomputationof
inletmcmentumandairflow,respectively.Total-pressureandtotal-
temperaturerakeswereinstalledat stationn to determinenozzle-inlet
conditions.Plemunchaniberstaticpressureandthestaticpress-eact-
= ontheoutsideofthebeMmouthMet wereobtainedfromtapsloc%ated
alongtheoutersurfacesofthenozzleandthenozzlemount= pipe. fi-
sidewallstatictapsfromnozzlethroattonozzleexitwereusedto
measurepressuredistributionsinthedivergentsectionsofthenozzles.

PRocEm
Performancedataforallnozzleswereobtainedovera rsmgeof

pressureratiosfromwelJbelowdesignto aboutdesignor greater.



4 .MCARM E54H25

Pressure-ratiovariationwasobtainedby variationofexhaustpressure
whileinletpressureendweightflowwereheldapproximatelyconstant;
inletpressureswereabout35and25poundspersquareinchehsolutefor
the6-and7.16-inch-throat-diameternozzles,respectively.

Unheateddryairata temperatureofabout60°F, shownM refer-
ence1 tobe sufficientto el~ate condensationshock,wasusedfor
theentireinvestigation.Syuibolsandmethodsof calculationaregiven
inappendixesA andB, respectively.

RESULTSANDDISCUSSION

TypicalPerformanceCharacteristics

Thrustperformanceofallthenozzlesinvestigatedasa functionof
nozzlepressmeratioisshowninfigure3. Datafornozzleshaving
equalexpansionratiosbutdifferentdivergence&m@es are~resentedin
eachpartofthefigure.Forallnozzlesotherthanthe50 nozzle,peak
thrustcoefficientoccursat thedesignpressureratio,whichisdefined
astheone-tiensionalisentropicpressureratiocorrespondingotothe a
givenexpansionratio.Thepeakthrustcoefficientsofthe50 nozzles
appearintherangeofnozzlepressureratiosfrom2 to 3.

#

EffectsofDivergenceAngleonThrustCoefficientat

PressureRatiosClosetoDesignandAbove

Fromfigure3,parts(b)snd(d)particularly,itcanbe seenthat
thethrustcoefficient,atpressureratiosclosetothedesignvalueand
above,decreaseswithan increaseindivergences.ngle.Thiseffectis
clearlyindicatedinfigure4, a crossplotoffigure3,whichpresents
thrustcoefficientatdesignpressureratioagainstdivergenceangle.
At designpressureratio,thethrustcoefficientdecreasedfromabout
0.973ata divergenceangleof70 101to 0.930ata divergenceangleof
50°. Dataforpressureratiosslightlylessthanorgreaterthandesign
pre~sureratiowouldshowa similartrend.

A theoretical.curvenotingthevariationofthrustcoefficientwith
divergenceangleisalsoincludedinfigure4. Theequation

CT=*+ Cos$cT(f====)wasusedto calculatethepointsonthecurve.

Ifanyradialvariationofvelocityor densityatthenozzleexitis

neglected,the term
+@+ Cos3

isa~rox-tely equalto theratio

oftheaxial.componentofthedischargemomentumtothetotaldischarge
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momentum.Ihorderto adjusttheleveloftthetheoreticalcurvetothe
leveloftheexperimentaldata,itwasassumedthata nozzlehavinga
completelyaxialdischargewouldhavea thrustcoefficientof0.975.
Theagreementbetweentheexperimentaldataandthetheoreticalcurveis
good.

At a givendivergenceangle,thevariationinthrustcoefficient
withexpansionratioatdesignpressureratiowassmall.,eventhough
changesinwettedsreaofthedivergentsectionwerelarge.Forexample,
changingtheexp~ion ratioofthe7010’nozzlefrom1.39to 2.65re-
sultedina 317percentincreaseinthewettedareaofthedivergentsec-
tionwithouteffectinganysignificantchangeinthrustcoefficient.

Someindicationofthevariationh thrustperformancewithdiver-
genceangleatpressureratiosaroundandabovedesigncanbe determined
fromtheinternalwallpressuredistributionsinthedivergentsections
ofthenozzles.Thesepressuredistributionssreshownh figure5.
Deviationsofthewallpressuresfromtheone-dhnensionalisentropic-
pressuredistributionarecausedby three-dimensionalexpansionsandcom-
pressions.Theareaunderthesecurvesisindicativeoftheamountof
thrustprovidedbythedivergentsectionsofthenozzles,thegreater
theareathegreaterthethrust.Valuesofthrustcoefficientscalcu-
latedfrompressuredistributionsh thedivergentsectionsofthenoz-
zlesareshowninfigure6. Forthecalculations,itwasassumedthat
allthenozzlesrepresentedinfigure5 wereoperatedatan expansion
ratioof1.8andata nozzlepressmeratioof 8.9,thedesignpressure
ratiocorrespondingtothee~ansionratio.A curveof thrustcoeffi-
cientobtainedfranforcemeasurementsisalsoshownh figure6.
Thrustcoefficientscalculatedfrompressuresshowa decreasewithan
ticreaseindivergenceanglesimilarto thatobtainedfromforce
measurements.

EffectofDivergenceAngleonOverexpandedPerformance

Franthedatainfigure3,particularlyparts(c)and(d),itcan
be seenthatat lownozzlepressureratios,whereseparationoccurs,
nozzlethrizstperformanceisimprovedby an increaseindivergenceangle.
Thiseffectisshowninfigure7,a crossplotofdatafromnozzlesof
variousdesignpressureratios(expansionratios),alloperatingata
nozzlepressureratioof 2. Increasingthedivergenceangleimproves
nozzleperformsmceby influencingtheoverexpsmdedflowto experiencea
shockandto separatefrcmthenozzlewalJsat,locationsprogressively
closertothethroat,thusdecreasingtheareaacteduponby lower-than-
ambientpressures.Movementof theshock,andthusseparationpoint,
towardsthethroatofthenozzlewithincreasingdivergenceangleis
indicatedinfigure8 by a tnicalpressuredistributioncurve.Data
arepresentedfornozzleshavingvariousdivergencesinglesandan ex-
pansionrat~oof 2.65operatingat a pressureratioof4.
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Aftertheflowseparatedfromthenozzlewalls,itwasobservedto
becomeessentiallyaxial.Thus,forthe50°nozzle,whichpeaksat noz-
zlepressureratiosfromabout2 to 3,theseparatedaxialflowprovided -

k_

a greaterP* oftheideallyavailablemom@ntumintheaxialdirection
thandidtheattachednonaxialflowat designpressureratio.

EffectofDivergenceAngleonNozzleAir-FlowCharacteristics

Weight-flowparWneter(correctedweightflowperunitthroatarea, ~
lb/(sec)(sqin.))atpressureratioswheretheflowwaschokedwas un-

8affectedby eithernozzledivergenceangleorexpansionratio,as shown
infigure9. A highdivergenceangledoes,however,causethenozzleto “-
chokeathigherpressureratios.Nozzleshavingdivergenceanglesof
24°or greatergenerallychokedata pressureratioof1.8,whilethe
otherswerealrea~-chokedat a pressureratioof1.2.

Thevaluesoftheflowcoefficientsat chokedconditions(theratios
ofthemeasuredvaluesoftheflowparsmeter-toitstheoreticalvalue,
0.344lb/(sec)(sqin.})wereveryhigh;a meanvalue ofthedataindi-
catesflowcoefficientscloseto 1.000. d

SUMMARYOFRESUIZS x_

Conicalconvergent-divergentnozzleshavimgdivergenceanglesfrom
7°10’to 50°ad expemsionratiosfrmn1.39to 3.81wererunovera wide
rangeofnozzlepressureratiosto determinethevariationofnozzlein-
ternalperformancewithdivergenceangle. -

At designpressureratio,thethrustcoefficientdecreasedfrom
0.973at a divergencesagleof70 10’to 0.930ata divergenceangleof
500. At pressureratiosabovedesignandslightlylessthandesign,
nozzlethrustcoefficientalsodecreasedwithu increaseindivergence
angle.

.—Fora nozzlehavinga givenexpansionratioandpressureratio,
andoperatingwithseparatedflow,theseparationpointoccurredcloser
to thethroatforthehighanglenozzles,thusrelievingoverexpansion
losses.‘l?herefore,,atpressureratiosconsiderablybelowdesign,nozzle
performance@roved withan increaseindivergenceangle.

A-ta givendivergenceangle,thrustcoefficientatdesignpressure
ratiowasrelativelyunaffectedby changesinexpansionratiowithinthe
rangeofexpansionratiosanddivergenceanglesinvestigated.

Peakthrustcoefficientsforallnozzlesexceptthosehavinga 50°
b

divergenceangleoccurredat thedesignpressurecorrespondingtothe
*
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givenexpansionratio.The
sureratiosbetweenabout2

7

50°nozzles,however,peakedatnozzlepres-
snd3 apparentlybecauseofalmostcomplete

separationatthesepressureratios.

Flowcoefficientsatpressureratiossufficientto chokethenozzles
wereunaffectedby eitherdivergenceangleor expsnsionratio,and
appearedtobe verycloseto 1.000.Thepressureratiorequiredto choke
thenozzlesincreasedwithan increaseindivergenceangle.

w+
F LewisFlightPropulsionLaboratory

NationalAdvisoryComnitteefor
Cleveland,Ohio,September

Aeronautics
10,1954
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APPENDIXA

SYMBOLS
Thefoil.owtngsymbolsareusedinthisreport:

area,sqft,(sqin.tifig.9)

effectivepipeareaunderlabyrinthseals,sqft

thrustcoefficient -

thrust,lb

resultantforceonthrustcell(bslsnced-air-pressure-diaphragn
force),lb

accelerationdueto gravity,32.174ft/sec2

totalpressure,lb/sqft

staticpressure,lb/sqft

gasconstant,53.3

total.temperature,

velocity,ft/sec

measuredairflow,

ft lb/(lb)(%)

%

.,

lb/see

nozzledivergencesngle

ratioof specificheats,1.4

“ratiooftotalpressureatnozzleinlettoabsolutepressureat
NACAstandardsea-levelconditions

ratiooftotaltemperatureatnozzleimletto absolutetempera-
tureatNICAst&dardsea-levelconditions

Subscripts:

bm outsideofbellmouthWet

e nozzleexit

.

—

—

#

●
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i ideal
.

J jet

n nozzleinlet

t nozzlethroat

w1+ w wall
s

x axial

o exhaustorambient

1 mounting

~ 2 a+ flow

pipeinletstation

measuringstation

9
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APPENDIXB

Airflow.- Thenozzleairflowwascalculatedas

with T assumedtobe 1.4.

Thrust. - Thejetthrustwasdefinedas

andwascalculatedby theequation

WaVl
‘d = Pl,#l +y - %mAl+AZ(% ‘Po) ‘Fd

*

—

.

—

.- —*—

u

whereFd w obtainedfrcnnbalanced-air-pressure-diaphra~measure-
ments.Theideallyavailablejetthrust,whichwasbasedonmeasured
massflow,wascalculatedas

Thrustcoefficient.- Thethrustcoefficientisdefinedasthe
ratiooftheactualtotheidealjetthrust:

FJ
CT.T

i

—wmF%mmIJH3a
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