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SOMEOBSERVATIONSOFFLOWAT THETHROATOFA TWO-

DIMENSIONAL

By JamesF.

DIXFUSERATA MACHNUMBEROF3.85

ConnorsandRichardR.WoolLett

SUMMARY ‘

experimentalinvestigationwasconductedata Machnumberof 3.85
in theLewis2-by 2-footsupersonicwindtunnelto studytheflow
patternsat thethroatofa two-dimensionalsingle-shockdiffuserand
to evaluatequalitativelyseveralschemesforimprovingtheturningcon-
ditions.Scblierenobservationsweremadeforsupercriticalinletoper-
ationandforconditionsofmaximumtotal-pressurerecovery.Theangle
ofattackof themodelwaslimitedto zero..

Witha nearmaximwnturningat thecowllip,a largelocalflow
d separation,causedby shock-boundary-layerinteraction,occurredimme-

diatelydownstreamof theturnon theoppositesurfaceduringsuper-
criti.calinletoperation.Thisseparationwasmodifiedto a large
degreeby the10CSLapplicationofwslllsuctionandwasvirtuallyelimin-
ated by a relocationoftheimpingingshockfromthecowllipat a
pointimmediatelydounstresmof theturn. Theuseofa ram-type
boundary-layerscoopjustaheadof theturnor ofa shock-cancellation
smfacedownstreamoftheturnfailedto improvetheseparationcondi-
tion.Withthelackpressurea&justedformaximumtotal-pressuxe
recovery,theterminalshockwasobservedtobemadeup ofa complex
systemof shockwavesinsteadofa single“normal”shock.

INTRODUCTION- ...

In orderto effectthedesignofa low-draginletconfiguration,it
is oftendesirableto turntheflowrapidlybackin theaxisldirection
toachievea minimumprojectedfrontalareaon thecowl.Theproblemof
turningtheflowisgenerallycomplicatedbyboundary-layerconsiderations
andshock-boundary-layer‘interactions,whichcan,ifnottreatedproperly,
resultin se~rationandothdse poorentryconckition~to thesubsonic
portionofthediffuser.Thus,in thedesignofan inlet,anygainsin
theformof.areduceddrag,derivedfroma largertiteof.+mrning,must
be weighedagainstanyconcomitantlossesin theefficiencyof the
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diffusionprocessresultingfroma poorentryoftheflowat the
throat. .

Accordingly,thepresentinvestigationwasundertakenat theNACA _
Lewislaboratoryinan efforttoacquirefurtherinsightoftheturning
problem.ScbMerenobservationsweremadeoftheflowpatternsat the
throatofa two-dimensionalsingle-shockdiffuserin orderto evaluate
qualitativelytheeffectsof severalmethodsforimprotingtheflow g“”conditions.Thefollowingdesignvariationswerestudied:(1)theuse
ofa shock-cancellationsurface,(2)theapplicationoflocalsuction
aftertheturn,(3)theinstallationofa ram-typeboundary-layerscoop
aheadoftheturn,and(4)a relocationoftheimpingingshockgenerated
by thecowllip.

APPARATUSANDPmcmuRE

TheexperimentalinvestigationwasperformedintheLewis2-by
2-footsupersonicwindtunnel.at a Mch numberof3.85andata simu-
latedpressurealtitudeof108,000feet.Thetunnelairwasmaintained
ata temeratureof 200°~5°F andat a dew-pointtemperatureof

8-15°@O F. Basedon themaximuminletcapturedepth(2.56in.),the
testReynoldsnumiberwas220,000.

.

As illustratedschematicallyin figurel(a),themodelhada b
10-inchspan,a 4-inchmaximumdepth,anda chordof46.16inches.An
adjustableexitplug,mountedat therearofa simulatedcombustion
chsmber,wasusedtovarythediffuserbackpressure.Glasssideplates
wereinstalledat thesidesof thecompressionwedgetopermitschlieren
observationsoftheflowpatternsandtomaintainthetwodimensionality
oftheflowintotheinlet.Pressureinstrumentation(fig.l(b))con-
sistedofpitotandstatictubesmountedonrakesjustupstreamof the
variableexit.Thepressurerakeat theentrance,whichmaybe observed - —
in someofthesubsequentscblierenphoto~aphs,wasnotusedin the
interpretationofthedata.

Thebasicinletconfigurationconsistedofa 25°wedge,positioned
sothattheobliqueshockwouldJustInterceptthecowllipandinvolved
externalsupersoniccompressiononly(noInternalcontraction).An arbi-
traryturningradiusof0.75inchwasusedon thelowerturningsurface.
Inorderto obtaina nearmaximumturningoftheflowatthecowllip
(within@ ofthedetachmentangle),theuppersurfaceofthesubsonic
diffuserwasinclined3°abovethehorizontsd..In ordertovarythe
rateof subsonicdiffusion,theangularpositlon”ofthelowersurface
downstreamofthe”turncouldbe setat either3° or 9°withthe r
horizontal.

k



NACARM E52104 3

~
i+
CJl

To thisbasicdesignseveralmodifications(fig.l(c))weremade.
Thefirstmodificationincorporatedtheuseof shock-cance~tionsur-
faceswiththeexpansionanglesetequalto onceandtwicethestrength
ofthecompressionwaveemanatingfromthecowl,22°and44°,respec-
tively.Thesecondmodificationinvolvedtheapplicationoflocal
suctionby ventingthecatitybelowthecompressionsur~acetofree-
streamstaticpressureandtheninstallingtworowsofl/8-inch-diameter
staggeredholeswithapproximately3/16inchbetweenspanwisecenters
andlocatedimmediatelydownstreamof theturn.Forthethirdmodifi-
cation,a ra-typeboundary-layerscoopwasformedby depressingthe

initialwedgesurfacel~”andplacinga sharpleadingedgeon theupper

surfaceof thescoopwhichwaslocatedtiediatelyupstreamoftheturn.
Thecaptureheightof thescoopwasapproximately0.1inchabovethe
upstreamcompressionsurface.Finally,thecompressionshockoriginating
at thecowllip was relocatedto impingeonthelowersurfaceimme-
diatelydownstreamoftheturn. Thiswasaccomplishedbymovingthe
cowllipdownalo~ a linecorreswndingtothetheoreticalleading-edge
shockwave. Indoingthis,an internal
resulted(maximumallowablecontraction

Schlierenphotographsandpressure
. of exitareasforanangleofattackof

contractionratioof1.13
ratio,1.245).

datawererecordedovertherange
zero.

L RESULTSANDDE3CUSSION

Schematicrepresentationsandschlierenphotographsoftheflow
patternsnearthediffuserthroatwithsupercriticaloperationareshown
in figure2. Forclarity,solidlineswereusedtorepresentcompression
waves;dashedlines,expansion-Vesj andcurledlines,regionsof flow
separation.

As an initialreferencecondition,observationsweremadeof the
flowturningtithouttheinfluenceof thecowlandarepresentedin
figure2(a).As wouldbe expected,theflowmadetheturnwithno
evidenceofmy separation.

Withthecowlinstalledandthelowersurfaceadjustedtoyield
a 12°divergenceangleinthesubsonicportionof thediffuser,schlie-
renphotographsweretakenduringsupercritic~engineoperationand
theresultantflowpatternisillustratedin figure. A large
localflowseparationoccurredimmediatelydownstreamof theturnand
wascausedby a highpressurefromtheimpinging shock(originatingat
thecowllip)feedingbackthroughtheboundarylayer.As ordinarily
experiencedinoblique-shock-boundary-layerinteractions,reattachment
oftheflowoccurredafterthepointof interactionbetweenthecom-
pressionwavefromthecowlandtheboundaryof theseparatedregion.

.
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Withthisconfigurationa maximumtotal-pressurerecoveryof0.17was
obtained(theoreticalrecovery,basedsolelyon calculatedshocklosses,
0.34).Correspondingflowpatternsobtainedundermaximum-pressure- ‘.
recoveryc~nditionswillbe illustratedanddiscussedlater.

Thelowersurfaceof thesubsonicdiffuserwasthenadjustedfor
a 6°divergenceangle.Ingeneral,theflowpatternIfig.2(c))was
quitesimilarto thatobtainedwiththe12°divergenceangle; however,
theareaoftheseparatedregion,asviewedby theschlierenapparatus,
appearedtobe somewhatsmaller.Oneindicationoftheseparationwas 3
givenbythefactthattheincludedangleoftheexpansionfanat the .N
turnwaslessthanthatrequiredtheoreticallyandobservedexperimentally
(fig.2(a))forthecompleteexpansionoftheflowaroundthecorner.
Withtheseparationextendingforwardtothethroat,theturningangle

..

waseffectivelyreduced.Withthechangeinsubsonicdiffuserangle
from12°to 6°,themaximumtotal-pressurerecoverywasimprovedto 0.21. —

Anotherinletconfigurationincludedtheuseofa shock-cancellation
surface,thepurposeofwhichwasto setupa flowexpansionof sufficient
strengthto canceltheimpingingcompressionshockemanatingfromthe
cowllip. Schlierenobservationsindicatedno improvementatall.
Apparently,theflowwasinitiallyseparatedduringthestartingprocess
by thediffuser“normal”shock.As this“normal”moveddownstream,the e.
reflectedshockfromthecowlintersectedtheseparationzoneand
suppliedthenecessarypressure-riseto sustainit. Actually,there
existssomequestionas towhetherornotthisdeticewouldbe effective

i

inreducingtheseparationdifficultyevenwithan initiallyattached
flowat thethroat.

An attempttoreducethelocalflowseparationaftertheturnwas
.—

madewiththeapplicationof suctioninmediqtelydownstreamof theturn.
As illustratedinfigure2(e),thecross-sectionalareaof theseparated
flowwasmarkedlyreducedwithwallsuction.Thiswasillustratedby the
largeincreaseintheincludedangleoftheexpansionfanat theturn
comparedwiththatpreviouslyobservedforthecasewithoutsuction.As
qualitativelyillustratedhereinandusedinreference1, themethodof
applyingsuctionlocallycanbe effectivelyusedtomodifyor control
flowseparation.Associatedwiththisimprovementinthesupercrittcal-
flowconditionnearthediffuserthroat,an increasein themaximumtit-al-
pressurerecoveryto0.23wasrealized.

Inordertoobservetheeffectofboundary-layerremovalat theend
ofthecompressionsurface,a ram-typescoopwasinstalledjustupstream
of theturn.As illustratedinfigure2(f),removingtheboundarylayer
justaheadof thefavorablepressuregradientontheturndidnotavoid A
theseparationdifficultydownstreamof theturn.Theresultingsepa-
rationpatternandthevalueofmaximumtotal-pressurerecoverywerethe
sameas thatobtainedwithouta scoop.As shownin theschlieren i—

m

.
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photographs,theuseofleading-edgeroughnessdidnotap~ar
anyeffecteitheron theseparationpatternoron themaximum

tohave
recovery

. value.However,itwasobservedthatwitha smoothleadingedgethe
boundarylayerseemedtothickenor separatejustaheadofthescoopand
thatwitha roughleadingedgetheboundarylayerseemedtothinorneck
downjustaheadof thescoop.

Anotherdesignvariationincludeda modifiedcowl,onedesignedso
thatthereflectedshockfromthelipwouldimpingeonthelowersurface%*m at a pointimmediatelydownstreamofthefavorablepressuregradienton
theturn.As shownintheschlierenphotographsoffigure2(g),the
localflowseparation,previouslydescribed,waspracticallyeliminated.
Withthisconfigurationa maximumtotal-pressurerecoveryof 0.26was
obtained;however,themodifiedcowlcreateda slightinternalcontrac-
tionand,consequently,thecorrespondingtheoreticalvalueofmaximum
recoverywasincreasedto0.38.Againtherewaslittleorno effectof
leading-edgeroughnessonthevslueofmaximumtotal-pressurerecovery.
Witha smoothleadingedge,thereappearedtabe somethickeningor a
slightseparationofthelaminarboundaryat andjustaheadofthe
@PQw shock;whereas,witha roughleadingedge,theboundarylayer
appearedthickerovertheentiresurfaceof thewedgebutshowedno
indicationofsmyflowseparationinnegotiatingtheturn.

.
. Schlierenphotographsof theinletflowpatternsduringoperation

atmaximumtotal-pressurerecoveryarepresentedinfigure3. In general,A therewasa ratherpoordefinitionoftheshocksystemat ordownstream
ofthethroat.In eachcase,a slightoscillationoftheflowpattern
at thecowllipwasencountered.Itwasalsoobservedthatinno case
coulda singlenormalshockpatternbe formedat ornearthediffuser
throat;theterminalshockconsisted,rather,ofa systemof shockwaves.
Theconfigurationstitha cleanor smoothleadingedge(figs.3(a)to3(c))
indicateda thickeningor separationoftheboundarylayeralongthecom-
pressionsurface$zstupstresmof theturn;thisdidnotappeartobe
trueof thecasewhereroughnesswasapplied(fig.3(d)).

As wouldbe expectedonthebasisofthecriteriongiveninref-
erence2,theseinletconfigurations(allofwhichhadtheleading-edge
shocklocatedat thecowllip)indicatedno stablerange of subcritical.
operation.In everycase,the“buzz”patternappearedquitesimilarto
thatobtainedwithtypicalaxiallysymetricnoseinlets.

SUMMARYOFRESULTS

Experimentalobservationsoftheflowpatternsin theticinityof .
thethroatofa two-dimensionalsingle-shockdiffuseryieldedthe
followingqualitativeresultsata Mch numberof 3.85:
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1.Localflowseparation,causedby shock-boundary-layerinteraction
andlocatedimmediatelydownstreamoftheexpansion-turn,wascontrolled
to somedegreeby theapplicationofwallsuction. - ._

2. Withtheob~iqueshockfrom
pointimmediatelydownstreamofthe
virtuallyeliminated.

thecowlsurfacelocatedata
turn,localflowseparationwas

3.Theuseof eithera ram-typeboundary-layerscoopjustaheadof
thefurnora shock-cancellationsurfacedownstreamoftheturnfailed
to tiprovethelocal.separationcondition. 3ml

4. Inno casecoulda singlenormal-shockpatternbe formedat or
nearthe thr-tj instead,theterminslshockconsistedofa complex

systemof.shockwaves.

LewisFlightPropulsionLaboratory
NationelAdvisoryCommitteeforAeronautics

Cleveland,Ohio
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