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RESEARCHMEMORANDUM

PERFORMANCECHARACTERISTICSCIFSEVERALT-as OFAXIALLY

SYMMETRICNOSEINLETSAT MACHNUM8ER3.85

By JsmesF. ComorsandRichsrdR. Woollett

suMMARY

An experimentalinvestigationwasconductedata Mach“&r.iberof 3.85
todeterminethediffusercharacteristicsofa seriesof conventional
axiallysymmetricnoseinletsmountedona 5-inchrsmjetintheLewis
2-by 2-footsupersonicwindtunnel.Performanceevaluationsof single-
cone,double-cone,andisentropicdiffusersweremadein termsoftotal-

k pressurerecoveryandmassflowfora rangeof anglesofattackfrom0°
to10°;inaddition,cowlpressuredistributionswereobtainedat zero
-e ofattack.

s
At zeroangleofattackthesingle-cone,double-cone,andisentropic

diffusersyieldedtotal-pressurerecoveriesof 0.32,0.44,and0.57with
correspondingsupercriticalmass-flowratiosof0.995,0.94,and0.905,
respectively.A maximumtotal-pressurerecoveryof0.625,corresponding
to a kinetic-energyefficiencyof 95percent,wasobtainedwithan
isentropicinletutilizingboundary-layerremova3througha permeable
wallcenterbody.Improvementsin inletperformsmcewererealizedwith
theapplicationoftiproughnesstoreduceboundary-layerseparationon
boththe2-coneandtheisentrapicinletsandalsowiththeapplication
of suctiontomodifya localflowseparationoccurringimmediatelydown-
streamofa sharpturnonthel-cone(low-anglecowl)inlet.Noneof
theinlets(allofwhichweredesignedforconical-shockinterception
withthecowllip)etibitedanystablerangeof subcriticaloperation.

Basedon specificfuelconsumptionorrangeconsiderationsforhypo-
theticalram-jetengines,a cqarison ofthevariousinletsat zero
angleofattackshowedthatthel-cone(low-anglecowl),the2-cone(tip
roughness),andthetsentropic(withminimumadditivedragbasedonthe ‘“
assumptionof supersonicflowspiUage)inletswerecompetitivewithone
another.However,useofthehigherrecoveryinletstoproducea given

m amountofthrustminusdragwouldresultin smallerenginesizes.

.
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INTRODUCTION

A comprehensivesurveyof theliteraturewasmadetoascertainthe
currentstatusof existingdiffuserdataoverthesupersonicspeed
range.ForMachnumbersbelowapproximately3.1,itwasfoundthat
ratherextensiveresearchondiffuserpressukerecoveryandmass-flow
characteristicshadbeenconductedandthatdiffuserscapableofyielding
peaktotal-pressurerecoveriescorrespondingtokinetic-energyefficien-
ciesof 95percentappearedtobe fairlyrepresentativeof theupper
limitofperformance.At Machnunibersgreaterthan3.1,however,only
Mnitedinletdataappearedavailable.

Sincefromthestandpointofmissileapplicationthereexistscon-
siderableinterestinthehigherMachnumberreage,an experimentaldif-
fuserprogrsmwasundertakenata Machnumberof3.85attheNACALewis
laboratory.Thepurposeoftheinvestigationwas (1)to experimentally
evaluatetheperformancecharacteristicsof severalconventionalaxially
symnetricnoseinletsofthesingle-andmultiple-oblique-shockvsxiety,
(2)to exploreanypossiblegainsinperformancewhichmaybe obtained
by controllingormodifyingtheboundarylay@rsencounteredalongthe
compressionsurfaces,and(3)to indicatean over-allperformancecom-
parisonofthevariousspecificinletconfigurationsthatweretobe
studied.

Accordingly,cold-flowexperimentswere.conductedona seriesof
inletsmountedona 5-inchramjet. Thesediffuserconfigurationscog-
sistedbasicallyofaxiallysymmetricinletshating(1)a singleconical
compressionsurfacewithno internalcontraction,(2)a singleconical
compressionsurfacewitha variableinternalcontraction,(3)twuconical
compressionsurfaceswiththemaximumallowableinternalcontraction,and
(4)a continuouslycurving(isentropic) compressionsurfacewithno
internalcontraction.Inorderto investigatetheeffectivenessof sev-
eralboundary-layercontrolschemes,provisionswereincorporatedinthe
designstopermittheapplicationofeitherlocalor distributed-11
suctionon thediffusercenterbodies.Performancecharacteristicsin
termsoftotal-pressurerecoveryandmassflowwereobtainedata Mach
numberof3.85overa rsmgeofanglesofattackfrom0° to 10°;cowl
pressuredistributionswereobtainedat zero-angleof attack.Prelimi-
~ forcemeasurementsobtained~th a strain-gagebalancesystemessen-
tiallyverifiedtheorderofmagnitudeof theestimateddragswhichare
presentedherein;however,enoughexperimentalscatterexistedintheforce
datatoprecludetheirpresentationin thisfirstreport.Someofthe
datareportedhereinhavealsobeenincludedin
reportonhighMachnumberdiffusers(reference

a preUminary
1).
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SYMBOLS

4 Thefollowingsynibolsareusedinthisreport:

A

AmaX

CD,C

f CD,E

CP

DC

%

%

* m3

b

Po

P3

Px

l+)

%

RL

Sfc

a

r
.

7K,E.

.

localflowarea,sqft

maximumfrentalareaof engine,sqft

cowlpressure-dragcoefficient,DC/&

externsl-dragcoefficient,I@/q*

static-pressurecoefficient,2(PX- PoMToMo2

cowl~ressuredrag,lb

totalexternaldrag,lb

free-streamMachnuuiber

mass-flowratethroughengine,slugs/see

mass-flowratethrougha free-stream-tubeareaequaltomaximum
captureareaofinlet,slugsjsec

free-streamtotalpressure,lb/sqft

diffuser-exittotalpressure,lb/sqft

localstaticpressure,lb/sqft

free-streamstaticpressure,l.b/sqft

free-streamdynamicpressure(7y~2/2),lb/sqft

cowllipradius,ft

engineradius,ft

specificfuelconsumption,lb fuel/(lbthrust)

angleofattack,deg

ratioof specificheats

kineticenergyefficiencydefined
ableafterdiffusiontokinetic

rr~l

as ratioofkineticenergy
energyinthefreestream,

3

avail-

I)&Po T
1-

(T-1;M2 Zj -
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APPARATUSANDPROCEDURE

NACARME52115

TheexperimentalinvestigationwasconductedintheNACALewis
2-by 2-footsupersonicwindtunnelat a Machnumberof3.85andata
simulatedpressurealtitudeof108,000feet. Thetunnelairwasmain-

0 + 5°F andata dew-pointtemperaturetainedata temperatureof 200
of -15°I 10°F. Basedon the- diameterof theengine(5inches),
thetestReynoldsnumberwasapproximately429,000.

●

Thebasicmodelandsupportsystemarerepresentedschematicallyin
figurel(a)andphotographicallyinfigurel(b).As illustrated,the
5-inchram-jetenginewasstingmountedto thetunnelsupportsystemand
wasequippedwitha variable-exitplugwhichwasutilizedtovarythe
inletbackpressure.Inordertoprotidea meansofapplyingsuctionto
theboundarylayeralongthecompressionsurfaces,thecenterbodyof the
rsmjetwasventedtothefree-streamstaticpressurethroughthreehol-
lowsupportstruts.Provisionswerealsoavailableforcollectingand
measuringthebledoffmassflowthroughtheuseofa manifoldandrota-
meterarrsmgement.Thetunnelstrutpermittedanangle-of-attackvari-

—

atlononthemodelofapproximatelyIl.”measuredfromthezeroangle-of-
--

attackcondition.At thefrontendofthemodel,inletconfigurations, r
consistingof interchsmgeablespikesandcowls,wereinstalled. —

Designdetailsof thevariousinletsarepresentedintable1,in w
thedrawingsoffigurel(c),andinthephotographsoffigurel(d).The
l-coneinlethada vertexangleof60°,whichapproximatedtheoptimum
diffusionangleonthebasisoftheoretical.shocklosses.No internal
contractionwasemployedandthecowllipwaslocatedsoasto just
intercepttheconicalshock.Theinternalpassagewasdesignedforan
arbitrarygradtiturningof theflowbacktowardtheaxialdirection
withthecowllipinitiallyarrangedinthedirectionoftheflowimme-
diatelybehindtheconicalshock.

A variationoftheabovediffuserwasthel-cone(low-anglecowl)
inlet,whichwasdesignedto representan extremecaseby employinga
sharprapidturningoftheflowinordertoobtaina nearminimumpro-
Jectedfrontalareaandtherebya lowpressuredragonthecowl.With
thisdesign,then,a strongcompressionwavewouldoriginateinternally
at thecowllip. Subsequentresultsnecessitatedtheapplicationof
localsuctionthrou@a doublerowof staggeredl/8-inch-diameterholes
locatedimmediatelydownstreamofthesharpturn.Theconevertexangle
wasagain60°anda slightinternalcontractionexistedasa resultof
thecylindricalinternalsurfaceofthecowl.

—

—

A combinationofbothexternalandinternalcompressionwasusedon
thel-cone(variableinternalcontraction)inlet.

.
Ondesignposition,

theshockfromthetipofthe40°conejust
theinternalcontractionwassuchthatfrom
ationsthestreamMachnumberwouldthenbe

interceptedthecowllipand
unidimensiondflowconsider- .
reducedto1.40atthethroat.

.
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In ordernottoexceedthestartinglimitation(reference2),provisions
wereincorporatedin thedesigntomovetheconeforwardandthereby
reducetheinternalcontraction.Oncetheshockwasswallowed,thecone
wasthenretractedtowardsthedesignposition.

Anotherconfiguration,designatedthe.2-coneinlet,employedtwo
conicalsurfacestogeneratethedesiredcompressionwaves.Theshocks,
emanatingfromthe40°initialconeangleandthe70°secondarycone
angle,weredesignedtointerceptthecowllip. hternelly,theflow
passagesweredesignedforthemaximumallowableinternalcontraction
ratio,correspondingtoan est~ted averageentranceMachnuniber.
Laterexperimentalrefinementsinvolvedtheuseoftip.rou~ess b the
formofa l/2-inchbandof (ntier60)Carborundumgritandalsothe
applicationoflocalsuctionthrougha doublerowof staggeredl/8-inch-
diameterholeslocatedjustupstresmoftheJuncturebetweenthetwo
conicalsurfaces.

Theisentropicinletwhichtheoreticallyemployedan infinitenum-
berofveryweakcompressionwaveswasdesignedby themethodof char-
acteristics(reference3). Theresultingconfigurationconsistedofa
centerspikewitha continuouslycurvingsurfacetogeneratethedesired
compressionwiththefocalpointofthecharacteristicslocatedat the
cowllipandwitha finalMch numberoftheflowequalto1.5atthe
diffuserentrance.An initial.coneangleof16°wasarbitrarily
selected.Therewasno internalcontractionandthecowllipwas
designedtoreceivetheinternalflowinitiald.yinthestresmdirection
withtheresultthattheexternalangleof thecowllipexceededthe
detachmentanglecorrespondingtothefree-streamWch nmber. 13xperi-
mentswerealsotie onthisinletwiththeuseoftiproughness(a
l/2-inchbandofnuniber60 Carborundumgrit).Anothervariationofthe
isentropicinletincludedtheuseofa porouscenterspikefabricated
outof sinteredbronze.Therelationsgiveninreference4 wereusedto
determinean orderofmagnitudeof thesuctionthatmightbe required
on sucha configuration.Then,porosityandwallthlclmesswerecalcu-
latedwiththeuseof sintered-bronzecalibrationchartsgivenina com-
mercialcatslog.However,theporosityoftheactualmodelwasnot
experimentallyverified.Afterpreliminaryexpertients,itwasfound
thatbetterresultswereobtainedaftertheporoussectiondownstream
thethroathadbeensesLedoffwithlacquer.Thistechniqueappe=ed
givebettercontroloftheboundarylayeron theupstreamcompression
surface.Inlatertestsatpositivesnglesofattackjtheeffectof
sealingofftheporesontheentirelowerhalfofthespikewasalso
stutied.

of
to

Internalareadistributionsalongtheaxisofthediffuser,measured
fromtheplaneofthecowlliptotheconstsnt-areasectionatthedif-
fuseroutlet,arepresentedfortheoriginal
figurel(e).As shown,themaJorportionof

TT’ om=

inletconfigurationsin”
thesubsonicordivergent -
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.
passage(startingat theO-station)wascommonto elltheinletsandwas
designedtoyieldanapproximate50-conical-areaexpansion.Thecurves
showingtheareavariationsforwardofthissectionforthedifferent
inletswerethenfairedintothecommoncurve.Internalcontractionwas
incorporatedinboththel-cone(low-snglecowl)andthe2-coneinlets.

Pressureinstrumentationconsistedofa total-andstatic-pressure
rake(fig.l(f))locatedatthediffuserexitandthreelongitudinal
rows(top,side,andbottom)ofwallstaticslocatedoneachinletcowl
formeasuringexternalpressuredistributions.Thetotalpressuresat
thediffuserexitwereobtainedby anareaweightingofthepitot-rake
pressures.Frommeasurementsofthesonicdischargeareaandthestatic
pressureattherake,mass-flowrateswerecomputedwiththeassumption
of one-dimensionalflow. Cowlpressuredragswereobtainedfrominte-
grationsoftheexternalpressuredistributions.

Completepressuredatawererecordedovera
positionsat anglesofattackfrom0°to10°.

RESUITSANDDISCUSSION

—

wide’rangeofexit-plug

Inthefollowingdiscussion,thedesignationofthel-cone,the
2-cone,andtheisentropicinletswi12refertotheconfigurationsas s
originallydesignedandasdescribedearlier.Unlessotherwisespeci-
fied,thedesignationl-cone(low-anglecowl)inletwillincludetheuse
of suctionholesdownstreamofthethroatonthepreviouslydescribed
inletconfiguration.Othermodificationstotheoriginaldesigns(such
as theuse oftiproughness,theapplicationof suction,theuseofan
extendedorretractedcowl,etc.)willslwaysbe includedparenthetictiy
inthedesignationoftheparticularinlets.

PerformanceofI-ConeInlets

Diffusercharacteristicsofthel-coneinletarepresentedinfig-, ure2(a)forseveralanglesofattack.At zeroangleof attacka maxi-
mumtotal-pressurerecoveryP~Po of0.315(comparedtoa theoretical
shock-lossvalueof0.36)wasattainedwitha correspondingsuyercriti-
calmass-flowratioof0.95.By extendingthecowl1/16inchforward
of itsdesignposition,thesupercriticalmass-flowratiom3/~x was
increasedtonearly1.00withtheconicalshockfromthetipappearing
fromscblierenobservationsto fallinsidethediffuser.Withthis
increaseinmassflowthemaximumrecoveryvalueremainedunchanged.
Becausethisdiffuserdefinitelyappearedto capturethemaximumfree-
stresmtubeofair,thel-cone(extendedcowl)inletprovidedthesole
expertientalcheckontheaccuracyofthemass-flowcalculations.The

.

r
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factthatthesupercriticalmass-flowratiofellsoclosetounity
(0.993)mayhavebeensomewhatfortuitous,however,sincelatertestson
otherconfigurationswiththeconicalshockinsidethecowlshowedmass-
flowratios2 to 3 percentlessthan1.00.No calibrationor correction
factorwasemployedinthepresentmass-flowco~utations.As theangle
ofattackoftheinletwasincreasedto 9°,bothpr’essurerecoveryand
massflowwerefoundtodecrease.At allattitudes,itwasobserved
thattherewasno stablesubcriticaloperationandthat “buzz”orpulsing

N flowoccurredimmediatelyuponexpulsionofthediffusershock.

E A modificationaimedatachietinga low-dragcowlwasincorporated
inthedesifpofthel-cone(low-anglecowl)inlet.Theperformance
characteristicsof thisdiffuserareshowninfigure2(b). Initial
experimentsat zeroangleofattackindicateda detachedshockwave
aheadofthecowllipandboundary-layerseparationalongtheconesur-
facewitha resultantlow-pressurerecoveryanda largeamountofflow
spillage,as shownb thefigure.Failureofthediffuserto swallow
theshockwasattributedto a localflowseparationoccurringimmediately
downstreamofthesharpturnonthecenterbcdy.Sucha separationcould
presumablybe causedby an adversepressuregradientinthedivergent

. passagedownstreamofthethroatandcouldresultinan internalcon-
tractionoftheflowin excessof theKantrowd_tz-Donaldsonlimiting
value(reference2}. To overcomethisstartingdifficulty,suctionwas

. a~liedthrougha doublerowof circularholesjustdownstreamof the
sharpturn. (Theuseof suctiontoreduceflowseparationnearthedif-
fuser.throatwasqualitativelydemonstratedin reference5). As indi-
catedby thedata,thediffusershockwasswzild.owedandat zeroangleof
attackthefollowingresultswereobtained:msximumtotal-pressure
recoveryof0.32,a criticaltotal-pressurerecoveryof0.30,anda
supercritfcalmass-fluwratioof0.925.Measurementsof thebleedflow
duringsupercriticsloperationshowedthatapproximately1 percentof
themaximumcapturemassflow ~ wasrequiredinthesuctionprocess.
An attemptto increasethesupercriticalmass-flowratioby extending
thecowl1/32inchforwardof itsdesignpositionagainresultedina
detachedshockattheentranceofthediffuser.Angle-of-attackper- ,
formancetithsuctionisalsoincludedinfigure2(b).

Anotherconfiguration,thel-cone(variableinternalcontraction)
inlet,wasdesignedforbothexternalandinternalcompression.As will
be shownin subsequentphotographs,boundsry-layerseparation,dueto
pressurefeedback,occurredintheconvergentpassageandalongthecone
surfaceupstreamoftheentranceofthediffuser.Theapplicationof
suctionlocallyon thecompressionsurfaceservedto changethesepara-
tionpatternandtopermittheattainmentoflargervaluesofgeometric
contractionratiothanintheno-suctioncase.However,thediffuser
performancedatashowedno advantageforeitherarrsmgement,bothwith
andwithoutsuctiona msximumtotal-pressurerecoveryof0.25was

. obtainedat zeroangleofattackwitha correspondingmass-fluwratioof
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a~roximately0.3. Theuseofa porous-wallcenterbodytoprovidea dis-
tributedsuctionalsogavesimilarresultsto thatobtainedintheno-
suctioncase.Thus,onthisparticularvariable-geometryarrangement,
theattainmentoflargeamountsof internalcompressionwaspreventedby
a separationoftheb,oundarylayerintheconvergentpassageandno
improvementindiffuserperformancecouldbeobtainedbytheadditionof
eitherlocalordistributedsuction.

“n

Theeffectsofangleofattackontheperformanceofthel-cone
inletsaresummarizedinfigure3. Ingeneral,thecurves,showingthe
decreaseofmaxhnumpressurerecoveryandsupercritlcalmass-flowratio
withangleofattackforboththel-coneandthel-cone(low-anglecowl)
inlets,arequitesimilarwitheachhavingapproximatelythesameslope
althoughlocatedondifferentlevels.Overthe100-angle-of-attackrange
thetotal-pressurerecoveryofthel-cone(low-anglecowl)inletwas
slightlyhigher(2percent)andthesupercriticalmass-flowratio2.5to
6 percentlowerthancorrespondingvaluesofthel-coneinlet.

---

Schlierenphotographsoftheshock-wavepatternsobtainedwiththe
l-coneinletsat zeroand9° anglesofattackarepresentedinfigure4.

.

Onthel-coneinlet(fig.4(a))theconical.shockfromthetipvery .
nearlyinterceptedthecowllipat zeroangleofattack.At 9°angleof
attack,increasedspillageisindicatedby thetipshockbeinglocated

—

aheadofthecowllip. At thesametimetheboundarylayerwasobserved ““ ‘–
towashtowardtheleewardsideoftheconeandthuspr~ucea thickening
oftheboundarylayeronthetopwithsomethinningonthebottomdueto
bdy cross-floweffects.Forthel-cone(low-anglecowl)inletwithno
suction(fig.A(b)),a detachedshockstoodaheadofthecowlwith
boundary-layerthickeningupstreamthereof..Withtheapplicationof
suctionthediffusershockwasswallowedandtheconicalshockfromthe
tipnearlyinterceptedthecowllip. At 9°angleofattacka detached
shockwasformedatthelowerlip,otherwisethepatternwassimilarto
thatofthel-coneinlet.Theshock-wavepatternsobtainedwiththe
l-cone(variableinternalcontraction)Met arepresentedinfigure4(c).
Thephotographsontheleftandontherightshowtheshockconfigura-
tionsobtainedwiththeconeattheminimum(stableflow)tipprojection
forno suctionandforlocalsuction,respective. Withno suctio%a
well.definedseparationoftheboundarylayeroccurredjustaheadofthe
inlet.with10IXILsuctiononthecone,theflowappe~edto seParateat
a muchsteeperanglewithemaccompanyingstrongershocksystem.For
values oftipprojectionsmallerthantheprecedingminimums,theinlet
flowpatternwascharacterizedbyhigh-frequencyoscillationsof the
flow,as evidencedby theblurredpatterninthecenterphotographof
figuxe4(c).

—

.
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.
Performsmceof 2-ConeInlets

9

a Theperformanceofthe2-coneinletispresentedinfigure5(a),
wheretotal-pressurerecoveryP#PO isagainplottedasa functionof
mass-flowratiom~~. At zeroangleofattacka maximumtotal-
pressuxerecoveryof0.41(comparedtoa theoreticalshock-lossvalue
of 0.61)wasobtainedwitha correspondingmass-flowratioof0.855.As
willbe illustratedinlaterphotographs,theboundarylayerwasobserved
to separateandeffectivelybridgethejunctureof thetwoconicalcom-
pressionsurfaces.Thisparticulardiffuserwasfoundto exhibita
ratherunusualvariationof supercriticalmass-fluwratiowithangleof
attack.Withincreasingangleofattackthesuercriticalmass-flow

%ratioincreasedtoa maximumat approximately4 andthendecreasedwith
furtherincreasesinangleofattack.Thisvsxiationisassociatedwith
theboundary-layerbridgingatthebreakbetween.thetwocones.Appar-
entlyatthesmalleranglesofattack(ac4°)thekmndsrylayerwas
favorablymodifiedby thebodycrossflowsothatthegainresulting
fromthewipingactionontheboundarylayerat thebottommorethanoff-
settheeffectof increasedbridgingatthetop. At 9°angleofattack
a hysteresisloopinthecurvewasencountered.At thisattitude,sub-

●

criticaloperationoftheinletwascharacterizedby large-scalesepara-
tionoftheflowfromtheupperhalfof thecone.T!hecorresponMngflow

. patternappearedtobe nearlysteadyalthougha slightlyblurredshock
wasobservedintheschlierenphotograph.In ordertoresetconditions
forsupercriticaloperation,itwasnecessarytoreducethediffuser
backpressureconsiderablybelowthecriticalvalue,therebyestablish-
ingthehysteresisloop.At theloweranglesof attackonfigure5(a),
theinletexhibitedtheusualsubcriticalbuzzcharacteristics.

Onfigure5(b)theperf~rmancecharacteristicsof the2-cone
(extendedcowl)inlet.arepresentedforseveralanglesofattack.A
maximumtotal-pressurerecoveryof 0.435witha correspondingmass-flaw
ratioof 0.91wasrealizedat zeroangleofattack.Becauseoftheadded
cowlextension(1/16inch),theincreaseinpressurerecoveryisattrib-
uted-totheresultantslightincreasein internalcontractionabovethat

of the2-coneinlet(fig.5(a)).At anglesofattackof 3°and~“, the
flowseparatedonthetophalfoftheconeduringsubcriticaloperation
andcouldnotbe reattachedexceptby decreasingtheangleofattack
witha reducedinletbackpressure“andthenresettingthedesireda.
At 9°angleofattackthistypeof separationpatternpersistedunder
allinletoperatingconditions.

Roughnesswasappliedtothetipof the2-coneinletinanattempt
toartificiallyinducetransitiontoa turbulentboundarylayer.The
performanceofthe2-cone(tiproughness)inletisgiveninfigure5(c)
forseveralanglesofattack.A msximumtotal-pressurerecoveryof0.445.
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wasobtainedwitha supercriticalmass-fluwratioof0.94at zeroangle
ofattack.As wilLbe shownin subsequentschlierenphotographs,the
boundary-layerbridgingat thejunctureof thetwoconicalsurfaceswas
markedlyreduced.TheimprovementinMet performancewastheresult-
of simulatingan effectivechangeinReynoldsnuuiberby theadditionof
tiproughnessdesignedtapromoteprematue..transition.Inaddition,
theunusualmass-flowvariationwithangleofattackpreviouslydescribed
forthe2-coneand2-cone(extendedcowl)inletswaseliminated.130th
total-pressurerecoveryandmass-flwq~tiodecreasedwithincreasing

angleof attackup toapproximately~-, abovewhichtheflowseparated
fromtheupperhalfof the-cone.

Theeffectofangleofattackontheperformsmceof thevarious
2-coneinletsaresummarizedinfigure6. The2-cone(tiproughness)
inletavoidedtheunusualmass-flowvariationassociatedwithboundary-
layerbridgingatthebreakandyieldedthebestperformanceofthethree

1°diffusersforanglesofattackq to ~ , wherethediscontinuity

occurredinthecurvesbecauseofflowseparation.Foroperationover
theentirerange,the2-coneinletwastheonlyonethatdidnotincur
thediscontinuitydueto separation.

Anotherconfigurationthatwasinvestigatedwasthe2-cone(suc-
tion)inlet,whichemployedsuctionlocallyjustupstresmofthejuncture
betweenthetwoconicalsurfacestopreventlocalseparation.No data
arepresentedforthisinletsinceit canbe simplystatedthatsimilar
resultswereobtainedaswiththe2-cone(tiproughness}inlet(fig.6]
butwiththerangeofangle-of-attackoperationwithoutflowseparation
increasedto slightlylessthanXl”.

.

●

.

Typicalschlierenphotographsof’theflowpatternsobtainedwith
the2-coneinletsarepresentedinfigure7 forzeroand9°anglesof
attack.Withthe2-coneinlet(fig.7(a))extensiveboundary-leyer
bridgingcanbe obse~edatthejunctureofthetwoconesat zeroangle
ofattack.Withtheinletat 9°,therewasa pronouncedthinningofthe
boundsry-1.ayerbridgeon thebottomwithincreasedthicknessonthetop.
Theeffectoftiproughnessontheboundaryleyerat zerosingleofattack
is clearlyillustratedinfigure7(b],whereit canbe seenthatthe
boundary-layerbridginghadbeenvirtuallyeliminated.At 9°angleof
attacktheflowhadcompletelyseparatedfromtheupperhalfof the
cone.Thispatternwastypicalof thosepreviouslydescribedashaving
flowseparationonthetopofthecone.Witheachof the2-coneinlets
at 9°angleof attack,a detachedshockwasformedaheadof thecowllip
onthebottom.
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Performanceof IsentropicInlets

Thediffusercharacteristicsoftheisentropicinletarepresented
forseveral@es ofattackinfigure8(a).At zeroangleof attick,
a maximumtotal-pressurerecoveryof0.57(ccmrparedwitha theoretical
shock-lossvalueof0.93)wasobtainedwitha correspondingsupercriti-
calmass-flowratioof 0.905.At thesametimeschlierenobservations
revealeda separationof thelaminarboundarylayeralongthecompres-
sionsurfacewithsubsequentreattachmentof theflow. Bothpressure
recoveryandmass-flowratiowerefoundto decreasewithincreasing
angleofattack.However,atan angleofattackof 9°a largesepara-
tionoftheflowwasobservedon theupperhalfof thespike.Overthe
angle-of-attackrangeinvestigated,therewasno evidenceofanystable
subcriticaloperation.

.
Inan attempttoartificiallyinducetransitionto a turbulent

boundarylayerwhichwouldbe moreresistanttoflowseparation,tip
roughnesswasagainemployedontheaboveinlet.Theresultsobtained
withthisisentropic(tiproughness)inletaregiveninfigure8(b)for
severalanglesofattack.A maximumtotal-pressurerecmeryof0.615

. wasobtainedat zeroangleofattackwitha sqercriticalmass-flow
ratioof0.87. In general,thecurvesshowtheusualdecreasingvalues
ofmaximumpressurerecoveryandsupercriticalmass-flowratiowith

. increasingangleofattack.At 9.1°angleofattacksomeoscillationof
theshockpatternwasobservedto occuronthetophalfof thespike.

Anotherconfigurationwhichemployeda distributedsuctionthrough
a permeablecenterbodywallwasdesignedtoavoidanyseparationofthe
boundarylayerdueto theinfluenceofthestrongadversepressure
gradients.Theresultsobtainedwiththisisentropic(porous,retracted
cowl)inletarepresentedforzeroangleofattackinfigure8(c). The
maximumtotal-pressurerecoveryof0.625,correspondingto a kinetic-
ener~ efficiency~.E. of 95.2percent,wasthehighestobtainedin
thepresentinvestigationandwasobtainedwitha supercriticalmass-
flowratioof0.82.Themaximumamountofmassflowremovedthrough
theporousspikewasapproximately1.5to 2 percentof themassflow
enteringthediffuser.

Inpreliminaryexperimentswiththisconfigurationat angleof
attack,itappearedthattheeffectof suctionontheboundarylayer
alongtheupperhalfof thespikehadbeengreatlyreducedfromthat
observedat zeroangleofattack.Therefore,inanattempttomaintain
a concentratedsuctionontheupperhalfofthespike,wheretheextent
ofanyflowseparationwouldbe thegreatestatpositiveanglesof
attack,thelowerhalfoftheporousspikewassealedoffwithlacquer..
Theperformancecharacteristicsofthisisentropic(halfporous,
retractedcowl)inletarepresentedinfigure8(c).At zeroangleof

. attacka maximumtotal-pressurerecoveryof0.58wasobtainedwitha
●
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supercriticalmass-flawratioof0.83.Therewasno evidenceofflm
.

separationovertheentireangle-of-attackrange.In eachcase,there
wasno stablesubcriticaloperation. s

Withthedifferencein supercriticalmass-flowratiosat zeroangle
ofattackbetween0.905fortheisentropicinletand0.83fortheisen-
tropic(halfporous,retractedcowl)inlet,itwasdifficulttoweigh
thecontributionof suctionto theincreased@e-of-attackrangereal-
izedwiththehalf-porousconfiguration.Thereforethecowlontie

~isentropicinletwassimilar~retracted(1/32inch todeliberately
incw additionalflowspillageat a = OO. Thediffuserc-acteristics
of theisentropic(retractedcowl)inletareshowninfigure8(d).A
maximumpressurerecoveryof 0.56wasobtainedat a = O witha super-
criticalmass-flowratioof0.82.As illustrated,no separationwas
encounteredwithin.the90-angle-of-attackrange.Apparently,this
increasedrangeofangle-of-attackoperationwithoutseparationonthe
upperhalfofthespikewasassociatedwiththedecreaseinthe a = 0°
mass-flowratioratherthemwiththeapplication.ofsuctionas onthe
half-porousconfiguration.However,thehigherlevelofpressurerecov-
ery,obtainedovertheentireangle-of-attackrangewiththeisentropic
(halJ?porous,retractedcowl)inletwhencomparedwiththeisentropic
(retractedcowl)id.et,seemedtowarrantthepresentationofthisper-
formancedata.

S’wma%Ycurvesillustratingtherelativeperformanceoftheisen-
tropicinletsovertheangle-of-attackrangearepresentedinfigure9.
In general,alltheisentropicinletsetibiteda largerrateof
decreaseinpressurerecoverywithincreasingangleof attackthan
eitherthel-coneor 2-coneinlets;however,theisentropicinlets.were
stillsuperiorintermsofpressurerecoveryforanglesof attackupto
approximately6°. As evidencedby theisentropic(Mlf-porous,
retractedcowl)andtheisentropic(retractedcowl]inlets,italso
appearedthat,by acceptinga decreaseinthe a = 0°mass-flawratio,
thermge ofangle-of-attackoperationwithoutflowseparationcouldbe
extendedto largerangles.

Typicalsclilierenphotographsoftheinletshock-wavepatternsare
presentedforzeroandapproximately9°anglesofattackinfigure10.
At zeroangleofattack,thickboun@-layer bridgingwasobservedon
thesolidisentroplcspikeswithsmoothtipsinfigures10(a)and10(d).
Withthea plicationofroughness(fig.10(b})ordistributedsuction

T(fig.1O(C) thethicknessoftheobservedboundarylayerwasmarkedly
reduced.Similarobservationsweremadeintwo-dimensionalisentrapic
inletstudies(reference6). Thisobservedpatternofboundmy-layer
bridgingisregardedasa separationofthelsminarboundarylayer
followedby reattachment.Theactionoftheroughnessinavoidingsuch
separationwaspresumablyto triggerem initiallyturbulentboundsry
layer.Alltheisentropicinletsappearedtohavea detachedshockat

—

.

.

—

● �

✎✿
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thecowllipandsomeattendantflowspillage.At 9°angleofattack
flowsenaratedontheumer halfofthespikeforboththeisentropic

13

the

inlet(~ig.10(a)}and%~eisentropic(tiproughness)inlet(fig.10(b)).
Withall.theinletsa largebowwave’stoodaheadofthecowlonthelower
hslfofthespikeand,justupstreamofthis,theenvelopeof compression
wavesformeda curvedshockpattern.

EXIT!TCTAL-PRESSUREPROFILES

Total-pressuredistributionsat thediffuserexitduringcritical
engineoperationarepresentedinfigure11forthel-cone(low-angle
cowl),the2-cone,andtheisentropicinletsat severalsnglesofattack.
Alltheinletsetibitedflatanduniformprofilesat zero@e of
attack.At positivesinglesofattackalltheinletsindicatedsomeflow
separationinthelowerquadrantwiththesoleexceptionoftheisen-
tropicinletat a = 3°,whichforsomeunknownreasonindicatedJust
theoppositewithseparationoccurringinthetopquadrant.Theisen-
tropicinletat u = 9°wasoperatingwithan inletshockpatternshow-
ingseparationoftheflowfromtheupperhalfofthespikeand,corre-
spondingly,theprofileappearsflatandindicativeofextensiveflow
separation.As expected,higherlocaldischargevelocitiesgenerally
occuxredwiththelargeranglesofattackas indicatedby thedifferen-
tialbetweenthelocaltotalpressureandtheuniformstaticpressure—
acrosstheduct.

SUECFUTICALBUZZOBSZKWWIONS

Exceptfortheinletsthathadflowseparation
ofattack,sll.theinletsreportedhereinindicated

at
no

thehigherangles
stablesubcriti-

caloperationwithbuzzorpulsingfluwbeinginitiatedimmediatelyupon
expulsionoftheterminalshock.To illustratethevariationof inlet
flowpatternoccurringduringsucha buzzcondition,sequencesof
selectedhigh-speedschlierenphotographsarepresentedinfigures12
and13 forthel-cone(low--e cowl]andthei.sentropicinlets,
respectively,atbothzerosndpositiveanglesof attack.Thepictures
weretakenatapproximately3000frsmespersecondsadtheorderofmag-
nitudeofthepulsefrequencyis indicatedinthecaptionsonthefigure.
Ingeneral,at zeroangleof attackthepulsingseemedtooccurina
symmetricalfashionwhileat angleofattackthepatternmm quitedif-
ferentbetweentopandbottom.At positivesingles,thenormalshock
firstappearedtomoveoutonthetopofthespikeandseparatetheflow
outto thetipuntila conealinedwiththefree-streamdirectionwas
formedbythespikeandtheseparationboundary.Then,depentingonthe.
anq?l.itudeofthepulsing,theshockpatternfurtherdevelopedinan
upstreamdirectionand,in somecases,thepatternbillowedoutto the
tipof thespikeina higllyirregularmanner.+
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Inthepresentinvestigationno efforthadbeenmadeinthedesign
oftheinletstoachievesubcriticalshockstability.Withallthe -
inletcawllipsdesignedforconical-shockinterception,buzzwastobe ~ s
expectedontheb~is ofthecriteriongiveninreference7.

COWLPR&SSUREDISTRIBUTIONS

Typicalcowlpressuredistributionsarepresentedinfigure14 for
thefourinletconfigurationsat zeroangleofattackemdwithsuper- ~
criticalengineoperation.An integrationofthesepressuresyielded
valuesof cowlpressuredragwhicharetabulatedonthefigureinwe
formof coefficientsbasedonthemaximumfrontalareaoftheengine
~. Thecowlwiththelowestdragwasthatofthel-cone(low-angle
cowl]inletwhichhada dragcoefficientof0.007.Thecowlforthe

.

isentropicinlet,whichoperate”dwitha detachedshockatthelip,also
hada lowvalueofdragcoefficientCD,C= 0.056,presumablyas a
resultofa largeexpansionofthespilledflowaroundthelipdueto
thelargeapproachangle.

As previouslydescribed,buzzorpulsingflowoccurredoverthe
*

entiresubcriticaloperatingrange.Duringsucha condition,themane:
meterboards(withthelonginstrumentationlineswhichdampoutthe
pulses)tendedtoreadsometime-averagedvalueofthepress~es.The

.

dragcoefficients,resultingfromtheintegrationof suchdata,showed
a decreasingcowlpressuredragwithdecreasingmass-flowratio. .

CWER-ALLPERFORMANCECOMPARISONOFTHESPECIFICINLETS

Calculationsweremadetoobtaincomparativeperformanceparameters
forthespecificinletconfigurationsappliedtohypotheticalram-jet
enginesoperatingat zeroangleofattack.Theresultsaresummarized
inthebargraphsoffigure15. Parts(a)and(b)ofthefiguresummar-
ize themaxtmumtotal-pressurerecoveriesandthecorrespondingmass-
flowratiosobtainedwiththefourinlets.A breakdownof theeXteti
dragcoefficientsintotheirvariouscomponentsispresentedin
pwt (c).As discussedpreviously,thecowlpressurebags wereexperi-
mentallydetermined.Thefrictiondrags,however,werecalculatedwith

—

theassumptionofan averagecompressible-flowskin-frictioncoefficient
of0.0013,whereastheadditivedragsofthel-coneand2-coneinlets .

wereestimatedby themethodofreference8. ‘Becauseitwasimpossible
todefinitelyestablishthecharacterof theflowspillageencountered
withtheisentropicinlet,itwasnecessaryto calculatethetwolimit- ““ .
ingcasesof additivedragasfollows:”(1)A minimum,withtheassump-
tionof supersonicflowspillage,wascalculatedas an integrationalong
a limitingstreamlinewitha pressuredistributiontakenfroma — .-
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theoreticalsolutionoftheflowfieldby-themethodof
and(2]amaxhmm wascalculatedwiththeassumptionof
lossofthespilledflow. Thetotal.dragof thel-cone

15

CharacterSties,
completemomentum
(low-anglecowl)

inletwasapproximately40percentlowerandthetotal&?agoftheisen-
tropicinletsomewherebetween20and65percenthigherthanthat
obtainedforthel-coneand2-cone(tiproughness)inlets.

Withuseofthevaluesofpressurerecovery,mass-flowratio,and
N externaldragshowninparts(a),(b),and(c),respectively,offig-
E ure15,valuesof specificfuelconsumptionwerecalculatedforhypo-

theticalram-jetengtiesoperatingunderthefollowingassumedcondi-
tions:(1)flightat zeroangleofattack,Machnuniberof 3.85,andan
altitudeof 80,000feet;(2)conibustionata fuel-airratioof0.024
anda conibustionefficiencyof90percent;and(3)operationwitha cm-
pletelyexpandedflowthroughtheexitnozzles.Theresultsarepre-
sentedinpart(d)offigure15. Basedonspecificfuelconsumptionor
rangeconsiderations,a comparisonofthefourinletsindicatedthat
thel-cone(low-anglecowl),the2-cone(tiproughness),andtheisen-
tropic(minimumadditivedrag)inletswereapproximatelyeqyaland
about14percentlowerthanthel-coneandisentropic(maximumadditive
drag)inlets.

A relativecomparisonofthesehypotheticalram-Jetengines,sized
toproducethesamethrustminusdrag,is showninpart(e)offigure15.
Thehigherpressurerecoveryinletstendedto
sizes.

SUMM4RYOFRESUUI’S

An experimentalinvestigationof single-

resultin smd.lerengine

andmultiple-obliqueshock}
axiallysymmetricdiffusersfieldedthefollowingresultsat a Mach
nuniberof3.85:

1.A maximumtotal-pressurerecoveryof0.625,correspondingto a
kinetic-energyefficiencyof 95percent,wasobtainedwitha porous-
spikeisentropicinletat zeroangleofattack.

2.Single-cone,double-cone,andisentropicdiffusersyielded
total-pressurerecoveriesof 0.32,0.44,and0.57withcorresponding
supercriticalmass-flowratiosof0.995,0.94,and0.905,respectively.

3.On oneconfigurationdesignatedthel-cone(low-anglecowl)
inlettheapplicationof suctionimmediatelydownstreamofa sharpturn
tiowedthediffusershocktobe swa120wedby modifyinga localflow
separationandwasthemeansofutilizingan extremelylow-dragcowl.
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4.Theapplicationoftiproughnessonthe2-coneandtheisentropi.c
inletsappearedto eliminatea separationofthelaminarboundarylayer
andresultedinimprovedinletperformanceat zeroangleofattack.

5.Theattainmentoflargeamountsof internalcompressionthrough
theuseofa variable-geometryconfigurationfailedbecauseofboundary-
layerseparationintheconvergentpassageandno improvementcouldbe
obtainedby theuseof eitherlocal.ordistributedsuction.

6.Theisentropicinlets,whichgavethehighestrecoveriesat zero
angleofattack,exhibiteda muchmorepronouncedsensitivityto&mgl.e-
of-attackeffectsthaneitherthel-coneor 2-coneinlets.Ingeneral,
itwasfoundthat,by acceptinga decreaseinthezeroangle-of-attack
mass-flowratio,theremgeofangle-of-attackoperationwithoutsepara-
tionoftheflowfromtheupperhalfofthe-spikecouldbe extendedto
largerangles.

7.No Btablesubcriticaloperationwasefiibitedbyanyofthe
inlets,allofwhichweredesignedforconical-shockinterceptiono?the
cowllip.

8.Basedon specific-fuel-consumptionconsiderations,a comparison
ofthevariousinletsat zeroangleof attackshowedthatthel-cone
(low-singlecowl),the2-cone(tiproughness],andtheisentropic(mini-
mumadditivedrag)imletswerecompetitivewitheach other.However,
useofthehigherrecoveryinletspointedtowardsmallerenginesizes
toproducea givenemunt ofthrustminusdrag.

LewisFlightPropulsionLaboratory
NationalAdvisoryComd.tteeforAeronautics

Cleveland,Ohio
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