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SUMMARY

theinternalperformancecharacteristicsof shortAn evaluationof
nozzlesdesignedby themethodof characteristicswasobtainedovera
rangeofnozzlepressureratiosfrom1.5to 22.

Thebasicnozzleusedin thisinvestigationwastheshortestnozzle
thatcouldbedesignedlythemethodofcharacteristicstodischargethe
flowaxiallyata nozzlepressureratioof15. Thepeakthrustcoeffi-
cientofthisnozzlewas0.976,whichoccurredatthedesignpressure
ratioof15. Portionsofthedivergentsectionofthebasicnozzlewere
cutoff,reducingthedivergent-sectionlengthto one-thirdofthedesign
value,withnoeffectonthepeakthrustcoefficient.Thepeakthrust
coefficientdid,however,occuratpressureratioslowerthandesign
becauseofa reductionintheexpansionratio.At thedesignpressure
ratioof 15,a 70percentreductioninthedivergent-sectionlength
causeda dropofapproximately1 percentinthethrustcoefficientbelow
thatofthebasicnozzle.Thenozzlecontourbasedona characteristics
solutiongavehigherthrustcoefficientsthana conicalnozzleofthe
samelength.

Abruptinletsectionspermittedreductioninnozzlelengthwithout
reducingthethrustcoefficient.Theonlyeffectanabruptinlethad
onthenozzleperformancewastoreducetheflowcoefficient.

INTRODUCTION

In additiontohavinga highthrustcoefficient,theexhaustnozzle
ofa jetpropulsionsystemshouldalwaysbe as shortaspossibleto
minimizeweightandcoolingsurface.Severalmethodsforreducingthe
divergent-sectionlengthhavebeeninvestigatedpreviously.Thesemethods
includedincreaseddivergenceangleofa conicalnozzle(ref.l),
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underexpansion(ref.2),and
(ref.2). Itwasfoundthat

~ NACARM E56D27a

arbitrarilycontoureddivergentsections
whenthelengthofthedivergentsection

ofa conicalnozzlewasdecreasedby increasingthedivergenceangle,
thethrustcoefficientdecreased.Forexample,an increaseinthedi-
vergenceanglefrom7°to500decreasedthepeakthrustcoefficientfrom
approximately0.97to0.93.Moderateunderexpansionreducedthelength
ofthedivergentsectionwithoutcausingseriousperformancelosses.
Fora givenlength,thearbitrarydivergent-sectioncontourshadlower
peakthrustcoefficientsthansimpleconicaldivergentsections.

Anotherapproachtotheproblemofreducingthedivergent-section
lengthwouldbeto studytheperformancetrendsofshortnozzleswith
contoursbasedona characteristicsolution.Thereis littlechangein
cross-sectionalareaalongthelatterpartofthedivergentsectionof
a nozzledesignedby themethodofcharacteristics.A largepartofthe
divergent sectioncould,therefore,be cut offwithoutseriouslyaffecting
thenozzle-expansionratio.Thisinvestigationwasconductedto (1)de-
terminetheperformancecharacteristicsofa shortnozzledesigmedby
themethodofcharacteristics,and(2)determinewhetherthisbasic-
nozzlecontourtillprovidea higherthrustcoefficientthana conical
nozzleofequivalentlengthwhenthebasicnozzleis shortenedby cut-
tingoffpartofthedivergentsection.

Thebasicnozzleusedforthisinvestigationwasdesignedbythe
methodofcharacteristicsfora pressureratioof15. Theratioof
divergent-sectionlengthtothroatdiameter,Zd/d,wasvariedfromthe
basicdesignvalue of 2.65to0.79by cuttingoffpartsofthedivergent
section.Theratioofinletsectionlengthtothroatdiameter2in/d
ofthenozzleinletwasvariedfroma valueof1.4to 0.4. Thesenozzles
wereinvestigatedovera rangeofnozzlepressureratiosfrom1.5to
22.

APPARJWUS.ANDINSTR~ION

NozzleConfigurations

Thedivergentsectionofthebasicnozzleusedinthisinvestigation
wasdesignedby themethcdof characteristics.Ithadtheshortest2d/d
consistentwithuniformexitflowat a pressureratioof 15. (Allsymbols
aredefinedinappendixA.) A sketchofthenozzleisshowninfigurel(a).
A sharpcorneratthethroatofthenozzleenabledthedivergentsection
tobe shorterthana “characteristics”nozzlewitha continuouscontour
atthethroatsection.Thisnozzlewillbereferredtohereinasthe .
sharp-throatcharacteristicsnozzle. A descriptionofthedesignpro-
cedureandthecoordinatesofthedivergentsectionsregiveninrefer-
ence3. The 2d/d ofthedivergentsectionis 2.65.Thelengthofthe -
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divergentsectionwasdecreasedtovaluesof 7d/d of1.98,1.3,and
0.79by cuttingoffvariouslengthsofthedivergentsection(fig.l(a)).

Twoinletsectionswith 2in/d equalto 1.4and0.4wereinvesti-
gated.Sketchesoftheseinletsareshowninfigurel(b).

Installation

Thenozzleswereinstalledina testchamber,whichwasconnected
tothelaboratorycompressed-airandaltitude-exhaustfacilities,as
showninfigure2. Thenozzleswereboltedtoa mountingpipe,which
wasfreelysuspendedby fourflexurerodsconnectedtothebedplate.
Pressureforcesactingonthenozzleandmountingpipe,bothexternally
andinternally,weretransmittedfromthebedplatethrougha flexure-
plate-supportedbellcrankandlinkageto a balanced-air-pressuredia-
phragmforce-measuringcell.Pressuredifferencesacrossthenozzleand
mountingpipeweremaintainedby labyrinthsealsaroundthemounting
pipe,whichsepsratedthenozzle-inletairfromtheexhaust.Thespace
betweenthetwolabyrinthsealswasventedtothetestchamber.This
decreasedthepressuredifferentialacrossthesecondlabyrinthandpre-
venteda pressuregradientontheoutsideofthediffusersectiondue
toanairblastfromthelabyrinthseal.

. Instrumentation

Pressuresandtemperaturesweremeasuredatvariousstations(fig.
2). Total-andwall-static-pressuremeasurementsat station1 were
usedto computeinletmomentum,andtotal-andstatic-pressuremeasure-
ments(streamandwallstatic)at station2 wereusedto computeair
flow.Totalpressureandtemperatureweremeasuredatthenozzleinlet
(station3). Ambientexhaustpressurewasprovidedat stationO,and
a static-pressuresurveywasmadeontheoutsidewalIlsofthebel.lmouth
inlet.Wallstaticpressuresweremeasuredalongthedivergentsection
ofeachofthenozzles.

PROCEDURE

Performancedataforeach
ofnozzlepressureratiosata
ratiowasvariedfromabout1.5to
obtainablewiththeairsupplyand

configurationwereobtainedovera range
constantairflow. Thenozzlepressure

approximately22,whichwas-thelimit
exhausterfacilities.
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Thethrustcoefficientwascalculatedlydividing
thrustby theidealthrust.Theactualjetthrustwas
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theactualjet
computedfrom

theforcemeasuredby thebalanced-air-pressurediaphragmandfrompres-
sureandtemperaturemeasurementsmadethroughoutthesetup.Theideal
jetthrustwasdeftiedas theproductofthemeasuredmassflowand
theisentropicjetvelocity,whichwasbasedonthenozzlepressure
ratioandthenozzle-inlettemperature.Themethodsof calculationused
inthisreportareshowninappendixB.

RESULTSANDDISCUSSION

GeneralPerformanceCharacteristics

Theperformancecharacteristicsobtainedwiththesharp-throat
characteristicsnozzle,whichwasdesignedfora nozzlepressureratio
of15,areshowninfigure3. Nozzlethrustcoefficientisplotted
againstnozzlepressureratio.Thepeakthrustcoefficient,whichoc-
curredatthedesignpressureratio,was0.976.

Itwouldbedesirabletoreducethelengthofthesharp-throat
characteristicsnozzleandstillmaintainhighperformance.Becauseof
thecontourofthesharp-throatcharacteristicsnozzle,thereis little
changein cross-sectionalareaalongthelatterpartofthedivergent
section.Therefore,a portionofthedivergentsectioncouldbecut
offwithoutseriouslyaffectingthenozzleexpansionratio.

Theeffectofreducingthedivergent-sectionlengthofthesharp-
throatcharacteristicsnozzleonthrustcoefficientis showninfigure
4. A reductionin 2d/d to 1.98hadnomeasurableeffectonnozzle
performanceexceptattheverylowpressureratios.Reductionsin 2#d
tovaluesof1.3and0.79showedno effectonthemagnitudeofthe
peakthrustcoefficient.Forthesevaluesof 2d/d thepeakthrust
coefficientdid,however,occuratpressureratioslowerthandesign
becauseofthereductioninnozzleexpansionratio.At thedesignpres-
sureratioof15,however,a 70percentreductioninthedivergence
sectionlength(2d/d=0.79)causedonlya 1 percentdecreaseinthrust
coefficientbelowthatofthebasicnozzle.

‘~
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ComparisonofSharp-ThroatCharacteristicsNozzles

withConicalNozzles

A comparisonofthesharp-throatcharacteristicsnozzlewiththe
optimumthat&anbe obtainedwitha conicalnozzleis showninfigure
5. Thenozzlethrustcoefficientisplottedas a functionofthediver-
gentsection2#d fora nozzlepressureratioof 15. Thesharp-throat
characteristics-nozzlecurveisa cross-plotfromfigure4. Thecurve
fortheconicalnozzleswasmadeup ofa locusofpointsfortheoptimum
performanceofnozzleshavingdivergenceanglesrangingfrom7°to 50b.
At 10%7valuesof 2d/d orhighdivergenceangles,thebestperformance
wasobtainedwhentheconicalnozzleweremoderatelyunderexpanded.The
sharp-throatcharacteristicsnozzlegivesa higherthrustcoefficient
thana conicalnozzleofthesamelength(fig.5). Forexample,at an
2d/d of1.5thethrustcoefficientofthesharp-throatcharacteristics

nozzleisabout1 percentagepointhigherthsma conicalnozzle.

As showninfigure5 thethrustcoefficientofthesharp-throat
characteristicsnozzledropsoffwhen 2~d is 1.5andbelow.Itmight
be expectedthathighervaluesofthethrustcoefficientcouldbeob-
tainedattheselowvaluesof 2d/d by designingtheb=ic nozzlefor
a pressureratiohigherthan15andthencuttingitback. Thenozzle
wouldthenhavea higherexpansionratiofora given Zd/d andthe
underexpansionlosseswouldbe decreased.Thisconditionis illustrated
inthefollowingsketch:

Throat

u.
:s
al

E

I

Therewill,however,be a limittothisprocedurebecauseas thebasic
designpressureratioincreases,thedischargeangleat theexitwill
increasefora given Id/d. ‘lhethrustcoefficientwillthenbecome
adverselyaffectedby thedischargeangleaspreviouslyobservedwith
conicalnozzles.
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EffectofInlet-SectionLengthonNozzlePerformance

Itwasfoundthatrelativelyabruptnozzle-inletsectionscouldbe
usedwithoutaffectingthenozzlethrustcoefficient.Thisisillus-
tratedinfigure6,wherethrustcoefficientisplottedasa function
ofnozzlepressureratioforthetwoinletsectionsthatwereinvesti-
gated.Theseinletsections-hadvaluesof 2in/dof 1.4and0.4. The
inletsections,whichareshowninfigurel(b),wereinterchangeable
withthedivergentsectionshowninfigurel(a).

Theonlyeffectthattheabruptinlethadonnozzleperformancewas
toreducetheair-fluwparameter‘a_@/~h5 ‘rem0“336‘o0“332as ‘hem
infigure7. These valuesofair-flowpsrameterweretypicalforthe
othernozzlespresentedherein.Thereductionintheair-flowparameter
wascausedby a 1 percentdecreasein effectivethroatareadueto a
highrateof contractionaheadofthethroat.As showninreference2,
abruptinletsectionshadthesameeffectontheperformanceof simple
conicalnozzles.

SUMMARYOFRESULTS
Theinternalperformancecharacteristicsofa convergent-divergent

nozzlethatwasdesignedby themethodofcharacteristicswereobtained
overa rangeofnozzlepressureratiosfrom1.5to 22. Ithadthe
shortestdivergentsectionthatwasconsistentwithuniformexitflow
at a pressureratioof 15.

Thisnozzlehada peakthrustcoefficientof0.976,whichoccurred
at thedesignpressureratio.Thelengthofthedivergentsectionwas
reducedfromthedesignvalueof2.65to 0.79by cuttingoffportions
ofthedivergentsection.Thishadno effectonthemagnitudeofthe
peakthrustcoefficient.Thepeakthrustcoefficientfortheshorter
lengthsoccurredatpressureratiosbelowthedesignvalueof15because
ofa reductionin expansionratio.At a pressureratioof15a 70per-
centreductioninthedivergent-sectionlengthcausedonlyabouta 1
percentdecreaseinthethrustcoefficientbelowthatofthebasicnoz-
zle. Thecontourgivenby thecharacteristicssolutionprovidedhigher
thrustcoefficientsfora givenlengththana simpleconicaldivergent
section.

Abrupt-inletapproachsectionspermittedreductioninnozzlelength
withoutdecreasingthrustcoefficient.Theonlyeffecttheabruptinlet
hadonnozzleperformancewasa slightreductionintheflowcoefficient.

LewisFlightPropulsionLaboratory .
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,May9, 1956
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SYMBOLS
insidearea,sqft

pipeareaunderlabyrinthseal,
-

throatarea,sqft

thrustcoefficient

throatdiameter,ft

thrust,lb

balanced-air-pressure-diaphragm

Sqft

reading,lb

accelerationduetogravity,32.17ft/sec2

lengthof divergentsection,ft
I

lengthofinletsection,ft

totalpressure,lb/sqft

staticpressure,lb[sqft

integratedstaticpressure
to station2, lb/sqft

actingonoutsideofbellmouthinlet

gasconstant,53.35

totaltemperature

velocity,ftjsec

airflow,lb/see

ft-lb/(lb)(OR)forair

correctedair-flowparsmeter,(lb/see)/sqin.

ratioof specificheats

ratiooftotalpressureatnozzleitiletto absolutepressureat
NACAstandardsea-levelconditions
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e ratiooftotaltemperatureatnozzleinletto absolutetempera-
tureatNACAstandardsea-levelconditions b

Subscripts:

e exit

i ideal

J jet

o exhaustormbient

1 bell.mouthinlet

2 diffuserinlet

3 nozzleinlet

‘-”%w=--d-
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APPENDIXB

METHODSOFCALWLWTION

Airflo~i.- Thenozzleairflowwascalculatedas

\ [) -](7y-l y-l
P2A2 &y ‘2Y 27wa,2= ~ —

3 Y-l g ~

where y wasassumedtobe 1.4.

Thrust. - Thejetthrustwasdefinedas

W2
‘j =

_%ve+Ae~ _po]
e

andwascalculatedfromtheequation

w
1?

j
A+AL&-po)-Fd‘*vl+pl%-%ml

Theideallyavailablejetthrust,whichwasbasedonmeasuredmass
flow,wascalculatedas

[r)_

y-l

2Ry o=
Fi=Wa,2 —---&3 l-~gT-

Thrustcoefficient.- Thethrustcoefficientis
oftheactualto idealjetthrust

Fj
cT=~

i
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Nozzlepressureratio,l?/p~

Figure3. - Performanceof sharp-throat“characteristics”nozzle
designedforpressureratioof 15. Ratioofdivergentsection
lengthtothroatdiameter,2d/d,2.65;expansionratio)Ae/~h~
2.45.
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a nozzl.n-preeeure ratio of 1.5.
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Figure 6. - Effect of long and short inlet on,nozzle performance.
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Figure i’.- IWfect of nozzle-inlet section on air-flow parameter of sharp-
throat “characteristics”nozzle.


