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STUDYOFTHEPRESSURE

TO SEPARATEIAMINAR

By Colemandup.

RISEACROSSSHOCKWAVESREQUIRED

AND TURBULENT

Donaldsonand

suMMARY

A dimensionalstudyandanexperimental
madeonthepressureriseacrossshockwaves
tionoftheboundarylayerona flatplate.

BOUNDARYLAYERS

RoyH. Lange

investigationhavebeen
requiredto causesepara-
Theinteractionof shock

waveandboundarylayerwasinvestigatedexperimentallywhenthebound-
arylayerwascausedto separatefromthesurfaceofa tubeof large
diametercomparedwiththeboundary-layerthickness,bymeansofa
collarmountedon thetube. Theinvestigationwasconductedina
Langleyblowdownjetata Machnumberof 3.03, fora Reynoldsnumber
rangefromabout2 X 106to19X 106.

Thedimensionalstudy,basedon certains~lifyingass~Ptions~
indicatesthatthecriticalpressureriseacrossa shockwavewhich
justcausesseparationof theboundarylayerisproportionaltothe
skinfriction:Theavailableexperimentaldataon flatplatesindicate
thatthecriticalpressurerisevariesas theReynoldsnumbertothe
-~powerforlaminarboundarylayersandastheReynoldsnumberto the

-$powerforturbulentboundarylayers;therefore,theseresultsare

inagreementwiththepredictionof thedimensionalstudy.TheMach
numbereffecton thecriticalpressurecoefficientforturbulentbound-
arylayersappearstofollowthatwhichispredictedfortheskin-friction
coefficientona flatplate.Thesignificanceoftheresultsobtained
isdiscussedrelativeto certainpracticaldesignproblems,suchas
supersonic-diffuserdesign.

Increasimzinteresthas

INTRODUCTION

beenshowninrecentyearsconcerningthe
phenomenaasso~iatedwiththeinteractionof shockwavesandboundary
layers.A comprehensivereviewofthepresentstatusof theproblem

.—

—
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frombothewerimentalandtheoreticalconsiderationsisgivenin
reference1. Experimentalinvestigationss_howthatthestateofthe
boundarylayer,thatis,whethertheboundWylayerislaminarortur-
bulent,largelydeterminestheresulting,shock-waveconfiWationand
theupstreaminfluenceoftheshockwaveo~.,theboundarylayer.(See
references1 to3.) Thestudiesup to thepresenttimehavebeencon-
cernedprimarilywiththedifferencesin shock-wavepatternforinter-
actionwithlaminarandturbulentboundarylayers;hd-tiever)itwas
desiredinthisinvestigationtodeterminetheconditionsunderwhich
a boundarylayerseparateswhena shockwaveimpingesuponit. Such
informationwouldhavewidespreadapplicationinaerodynamicproblems,
especiallyinthedesignofefficientsupersonicdiffusersandair
inletsandinthealleviationof flowsepafhtiononairfoilsandbodies.
Someexperimentaldataareavailablefrompressuredistributionson
flatplatesinwhichseparationisinducedby interactionof shock
wavesandboundarylayers(references1 to ‘6); however,thesedatame
limitedin scope,andtheeffectsofMachnumberandReynoldsnumber
havenotbeendetermined.Thispaperpresentstheresultsof a dimen-
sionalstudyoftheproblemalongwithsystematicwind-tunnelmeasure-
mentsoftheeffectsofReynoldsnumberon%hepressureriseacross
shockwaveswhichcauseseparationoftheboundarylayerona flat
plate.

Theexperimentalinvestigationwasconductedina Langleyblowdown
jetat a Machnumberof3.03, for~Reynoldsn~~errangefromabout
2 x 106 to19X,106. Theboundarylayerinthesetestsappearedtobe
fullyturbulent,exceptperhapsforthelowestReynoldsnumberdata
presented.Theboundarylayerinvestigaliedwasonthesurfaceofa
2.94-inch-diametertubewhichwasmountedinthecenterof the8.5-inch
testsectionoftliejet. Theboundarylayerwascausedto separate
fromthesurfaceofthetubebymeansofa collarmountedonthetube
whichinducedinteractionoftheshockwaveandboundarylayerahead
of It. (Seefig.1.) Thedistancefromthecollartotheleadingedge
of thetubewasvariedinorderto changetheReynoldsnumberatwhich
theshock-inducedseparationtookplace.TheseexperimentalreSUltS _
were comparedwiththepredictionsofthepresentstudyandwiththe
publishedresultsofpreviousinvestigations. ..
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localskin-frictioncoefficient
@/%u:)

()P2 - P1pressurecoefficient
; ,1U12

velocityinthe x direction

longitudinaldistancefromleadingedgeof tubeto
intersectionof shockwaveandboundarylayer

axisnormalto tube

kinematicviscositY(lJ/P)

coefficientofviscosity

massdensity

totalstress

staticpressure

Machnumber

dynamicpressure

boundsry-layerthickness

factor

factor

freestream

behindtheshockwave

wallvalue

critical
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Whenconsideringtheinteractionofa boundarylayeranda shock
wave,it isusefultorememberthatiftheinfinitePress~egradient
thattheshockwaverepresentscouldextend811t,hwayto thewall

—

therewouldcertainlybe a reverseflow(separation)inthegaslayers
closetothesurface.Thenatureof theboundarylayer,however~i~
suchthatthepressuredifferenceacrossthg,shockis~preadoutint% , _
lowerlevelsoftheboundarylayerbothinfrontofandbehindtheshock
wave. Forthepurposeofthisdiscussionit seemslogicaltoassume,
at leastasa firstapproxi~tion~thattheextentofthissPreadat
thewallisproportionaltotheboundary-layerthickness5. If this
iS so, it will be instructive to consider the effectofa shockwave
havinga pressurerisefrom P1 to P2 on-thelowestlevelsofa— .—
boundarylayerofthickness5. Iftheselowestlevelscomprisea —
thicknessab,wherea. isa smallquantity,andthepressurerise
Pa - PI isspreadatthesurfaceovera distancepb,theboundary-—
layerpicturewillbe as shown:

Y

— U1

-i

‘H
5 Ct5.

!
L..__#f

a

Pa ..-

-—

Now,iftheboundarylayerisnotto separate,therateatwhich
momentumistransferredintothesmallrectanglewithsidesU5 and
135by theshearingforcesintheboundarylayermust_tendtobalance --
therateatwhichthepressureriseseeksto takemomentumoutc?fthe”
rectangle.If thevelocitythatentersthe-frontoftherectangleis .
small(asit isnearthewall)comparedwiththechangeinvelocity
thatcanbe inducedby thepressurerise P2 - Pl~andif)inorderto u

.—
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haveno separation,thechangein u mustalsobe smalltoprevent
reverseflow,thentheconditionforwhichseparationjustoccursis
approximatelythatthechangeinmomentumperunittimeinducedby the
pressurerise p2 - pl mustjustequalthemomentuminducedperunit
timeintheelementby theactionof shear.Sinceitis logicalto
assumethattheamountofmomentumbeingtransferredacrossboththe
upperandlowersurfacesoftheelementconsideredisproportionalto
theinitialwallshearingstressuponenteringtheelement,thenet
amountofmomentumthatremainsintheelementisalsoproportionalto
theinitialshearstress.Thus,

@ -“Pa‘~’
so that

()AP aC

~ crit
f

In general,forlsminsrlayers,
-1—

Cf aRb

andforturbulentlayerswitha ~-powervelocityprofile,
7

cf a Rb-1/4

Forboundarylayerson flatplates,equations(3)and (4)become,
respectively,

()Ap -1/2
= Rx

g
crit

and

~ ()Ap -1/5
= Rx

~
crit

(1)

(2)

(3)

(4)

(5)

(6)

Sincethederivationof equations(5)and (6) andthestartofthe
experimentalinvestigation,a paperby Stewartson(reference7) has
cometotheattentionof theauthors.Theconsiderablymoredetailed
analysisofreference7 leadstotheinferencethatthedimensionless
pressureriserequiredtoproduceseparat~onwouldbe of theorderof

--
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-2/’3 — m
Rx forthelaminsrboundarylayer.Tt”isinterestingto notethat
by thesimpleassumptionsofthepresentstudya resultisobtainedwhich
isveryclosetothatindicatedby Stewartson’smor~detailedanaly~is.~

..’, $-
.—

EXPERIMENTALTECHNIQ~ ,.

Apparatus,Methods,~d Tests

Theexperimentalpmt ofthisinvestigationwasconductedina
LangleyM = 3.03blowdownJethavinga re_c}angular;estsection‘approx-__ ~:

.-

imately8.5incheshighand10 incheswidd. Thistiio-dimensions-l
nozzlewasconnectedby wayofa settli”ng,chamberto a supplyof ti~ —

compressedairandcontrolledby a valve“insucha mannerthatthe
chamberpressurecouldbe heldconstantat anydesi=edvalue.Allthe “- ~
testsweremadeat a settling-chamberpreijsureof 134.7poundsper
squareinchabsoluteandata stagnationdewpointwhicheliminated
anyeffect.ofcondensation.TheReynolds=-numberofthetestswasabou~”-”—”–
1.87x lo6perinch.

-: —.—

Inasmuchas itwasdesiredintheseteststoeliminatetheinfluence _
thatthesidewallsofthetunnelnormallyexertontheinteractionof
shockwavesandboundarylayerson flatplateswhichspanthetunnel

.

testsection,thetestsweremadeon a tubewitha wallthinenoughnot
—

to choketheenteringflow(fig.1)whichwasmount~dsymmetrically ~.=
aboutthecenterlineof thetestsection.ofthejet. Theradiusof

.

thetube(1.47 inches)wasabout12timeq.,thethicknessof theboundary -
layerpredictedby theuseofreference8 atthelargestvalueof x —
obtainedinthepresentinvestigation.It isbelie~ed,therefore,that
thetestconditionsareessentiallytheatieaswoui.dbe obtainedoiia ‘“ “-
flatplateintwo-dimensionalsupersonic:flow..- ——

Theboundarylaye~wascauaedto separatefrm_thesurfaceof the
tubebymeansof a collarattachedtothetubewhichinducedthedesired

... .

interactionof shockwaveandboundarylayerupstreanof thecollar.
Thismethodof”inducinginteractionwithboundary-l~erseparationwas
usedinreferences4 to6 andappearedveryconvenientforthepresent —

tubearrangement.Thetwocollarsinvestigatedprojected0.15 inch —

and0.30inchabovethesurfaceofthetu~e.TheO:l~-inchcollarwas
investigatedbecauseit isoftheorderof thecalc~ulatedboundary-”
layerthicknessonthetubeat thegreaterdistanceefromtheleading —
edgeof thetube.The0.30-inchcollarwasinvestigatedtodetermine
theeffectsof thegreatercollarheightm thesho~k-wavepatterns-at -—
smalldistancesfromtheleadingedgeof:::thetube.‘-TheReynoldsnumber-
(baseduponthelongitudinaldistancefr~~thelea~:n~edgeof-thetube” .ti~

.
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to thepointofincidenceof theshockwavewiththeboundarylayer)
wasvariedby changingthelongitudinallocationofthecollaronthe
tube. Themaximumpossibledistancefromtheleadingedgeofthetube
to thecollarwas11 inchesforthepresetiarrangement.Shadowgraphs
weremadeof theinteractionof shockwav”eandboundarylayerin order
thattheshockangleintheimmediatevicinityoftheinteractioncould
be measured,andthepressureriseacrosstheshockwasthusdetermined
fromtheshockangleandknownfree-streamMachnumber.

.

AccuracyofMeasurements

At leasttwoshadowgraphsweretakenforeachtestconditionin
ordertoprovidea checkon themeasurementsof shockangleobtained.
Theshadowgraphsweremagnified10 timesina profileprojector,and
theshockanglesweremeasuredfromthemagnifiedpicturesinorderto
obtainmaximumaccuracy.It isestimatedthatthevaluesof Ap/ql
presentedhereinareaccuratetowithin*5percent.

RESULTSANDCORRELATION

TestResults
.

Theresultsofthetestsat a Machnumberof 3.03aregivenIn* tableI andin thetypicalshadowgraphsoffigure2. As shownin
tableI forthetestswith0.15-inchand0.30-inchcollars,thepressure
riseacrosstheshockwaveforseparatedboundarylayersgenerally
decreasedslightlywithincreaseinReynoldsnumberfora Reynolds
numberrangefromabout2.24x 106 to 19.05x 10% Thedata showthat
theshock-wavepatternsweresimilarforthetwo.colhrheightsinves-
tigatedthroughouttheReynoldsnmiberrangeofthetests(fig.2).
Thetestresultsfurthershowthatthedistancefromtheleadingedge
of thecollsrto theapparentlocationoftheintersectionoftheshock
wavewiththeboundarylayerwasessentiallyconstantthroughoutthe
Reynoldsnumberrangeforeachcollar.Thisdistancewasabout0.8inch
forthe0.15-inchcollarandabout1.5 inchesforthe0.30-inchcollar.

Theslightdisturbancesextendingoutwardfrmnthetubesurface,
notedin someinstancesforthehighReynoldsnumbertests,resulted
fromscarsonthetubesurfaceduetathescrew-typelockingdevice
usedforthecollms;however,thesedisturbancesarenotconsidered
to haveaffectedappreciablytheresultsobtained.

W!5imii-ai->



8
-4*

“- ==2s!W NACARM L.52C21
—
.—

.
CorrelationwithOthei+Results —

Thevariationsof
()
Ap/qlcrit ~~withReynoldsnumberRx obtained W

——
at a Machnumberof 3.03arepresentedin_figure3_forthetwocollars.
Includedonthisplotaretheavailabledatafromothersourcesfor-
bothlaminarandturbulentboundarylaye?%.Theunpublished-datapoints
giveninfigure3 wereobtainedona circ~ar-arca-tifoil(M = 1.37)
andona wedgeatnegativeanglesofattack(M= 1.2)bymeansofan
interferometertechniqueanda testfacilitysimilarto thatdescribed””
inreference9. Mostof thedatafromothersources(references1,2,
and5) aregivenintheformofpressure.distributfonsalongflatplates
whichexperienceinteractionofshockwaveandbouri&ylayer,andthe ‘–“
methodofdeterminingthepressureriseacrosstheshockwave-forboth
laminarandturbulentboundarylayersisindicatedinthefollowi~”-
sketchesofthety_picalpressuredistributionsobtained:

P/Pi

I –7-L-z_zz2
.

Lsminarboundarylayer Turbulentbo-mdarylayer

Forinteractionof shockwavesandturbulentboundarylayersthepres-
sureriseacrosstheshockwavewhichcausesseparationiseasily
determined,as showninthesketch.Forlaminarboundarylayers,how- —
ever,thecomplexshock-wavepatternaproducea pressuredistribution
withthepressureriseintwosteps.Exceptforven weakshockwaves,
thestrengthoftheincidentshockwaveiSmuchgreaterthanthecritical
pressureof separationofthelsminarboundarylayer,andsoa small —

shockwavewhichwilljustcauselaminarseparationmovesaheadofthe
mainincidentshockwave. Thepressurer$seforthelaninarcaseis,
therefore,takenatthekneeofthefirststepofthepressuredistri-
bution.Theboundarylayerdownstreamofthispointisturbulentand
mustwithstandthelargepressureriseofthemain.incidentshockwave. —

Exceptforanapparenttransitionregionof
.

0.8X 106<Rx< 3 X 106,
thepressureriseacrosaa shockwaverequiredforseparationofthe

.

—
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-1/2
boundarylayermaybe representedby a curvewhichvariesas Rx

-1/5
forlaminarboundarylayersandas Rx forturbulentboundary
layers(fig.3). Thisresultisverysimilartothewell-knownvari-
ationof skin-friction-coefficientwithReynoldsnumberobtainedona
flatplate(see,forex&nple,reference10)and,therefore,theexper-
imentalresultsverifythepredictionmadeearlierin thispaper.

Althoughtheavailabledataareratherlimited,thegeneraltrend
of thedatasuggeststhatat anyparticularReynoldsnumberthecritical
pressurecoefficientis decreasedwithincreasein Machnumber(fig.3).
In an attemptto determinewhetheror nottheMachnumbereffecton the
criticalpressurecoefficientis of aboutthe sameorderof magnitude
as Khatnotedfortheskin-frictioncoefficient(asis predictedby the
dimensionalstudy),theresultsof reference8 concerningtheextension
of theskin-frictionlawfromincompressibleto compressibleflowhave
beenappliedto thedataof figure3 forturbulentboundarylayers.
Theunpublished-datapointsof figure3 havenotbeenusedin this
studyinasmuchas thesedatawerenotobtainedon flatplatesanddo
notgivean accurateenoughindicationof tb.elocalski’nfrictionfor
thepresentpurpose.The studywasmadeby assumingthattheorderof
magnitudeof theeffectofMachnumberon criticalpressuxeratiowas
thesameas on skimfriction(hereevaluatedat Rb = 100,OOO from
reference8) and obtainingthecurvesforcriticalpressureratio
againstReynoldsnumberforMachnumbers1 and2 (dashedlinesin fig.4)

froma -~-powercurvefairedthroughtheexperimentaldataforMach

number3.03(solidlinein fig.4). The resultsof thestudyaregiven
-1/5

in figure4 in theformof lineswhichvaryas Rx , superimposed
upontheavailableexperimental-datapoints.As shownin figure4, the
Machnumbereffecton thecriticalpressurecoefficientdoesappearto
followthatwhichis predictedfor theskin-frictioncoefficientfor
turbulentboundarylayers.It maybe notedthatthepressurerisefor
twopointsobtainedfromreference4 are lowerthanthosereported,
sincean attempthasbeenmadeto reevaluatethepressurerisecloser
to thepointof intersectionof the shockwaveandboundarylayerby
examinationof thepublishedphotographs.

At thepresenttimetherearenotenoughdataavailableforthe
laminarboundarylayerto justifyanystatementas to theeffectof
Machnumberon thecriticalpreesureratio.
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REMARKs —

w–
If itisassumedthatthecriterionproposed,namely,thatthe ..

criticalpressureriseisproportionaltot+heskinf~iction,iscorrect,
thencertaingeneralconclusionscanbe @“&wnas tothenatureofflows
involvingboundarylayerandshockinteractions.

ShockConfigurationsat TransonicSpe@s —

Whenan airfoilsectionistestedata Machnumberinexcessof
itscriticalspeed,a shockwavewillexiston thesurface.Inmost
casesnormallyencountered,thestrengthofthisshockwaveliesina

—

rangeextendingfromsomethinglessthan@ll separatea turbulent . ‘~
boundaryto somethingjustmorethanwill,icauseturbulentseparation.
In general,itisfarmorethancanbe sustainedbY q l~in~ boun~ry

.-

layer.Thus,iftheboundarylayerontheairfoilislaminar,a small
—

shockwavewhichcauseslaminarseparationmoves.ahe.adofthemainshock
waveandestablishesitselfat somepositionwherei3sstrengthisthat
whichisjustrequiredto separatethelaminarboundgrylayeratthat—..
point.Theboundarylayerdownstreamofthispointisgenerallytur-
bulent.WhetheritwillreattachitselfOYnotdependsonmanythings
(nearnessto theremainingshock,strengthoftheremainingshock,
Reynoldsnumber,etc.);however,throughtheremainingshockitmust
pass,andingeneraltheappearanceof thisinteract&onismuchlike
thatinthenormal.turbulentcase.Thesefactorscontributetothe w
formationof thelambdashockpattern.At,jxighReyndldsnumbers,ifthe
flowislamnarthestrengthofthefirstleg of thelambdashockwill
be small,whereasiftheReynoldsnumberisdecreasedthestrengthof
thisfirstlegoftheshockwavewillincrease.Thus,itisconceivable- “-
thatatlowenoughReynoldsnumbersforthelaminarflowcase,there”
wouldbe nolambdashock.It isalsoconceivablethatathighenough
Reynoldsnumbers,wherethepressurerise_thatcanbe sustainedby a
turbulentlayeris small,theshockwavewillcauseseparationahead
of itsusualpositionandtheshockpatterumayhaveanappearance
similartothatusuallyassociatedwithlaminarboun&rylayers. =

SupersonicFlapsandControls ._ .

Inmanyapplicationswhenitisdesir$dthata flapbe deflected
upona wingat supersonicspeeds,the..pres.~ue~stributionoverthe.
wingisfavorable(forinstance,ifthewinghasa circular-arcprofile)
sothattheboundarylayeraheadof theflapiSlmin~~ especiallyin .
wind-tunneltests(seereferenceU.). If–theflapisdeflectedunder
suchconditionstheresultantpress&erise

,

mayseparatetheboundary .—.
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layeraheadof
rem.il.tingflow

11

thedeflectedsurface.It isalsoevidentthatthe
at theflapjuncturewilldependconsiderablyonReynolds

number,withno separationoccurringatlowenoughReynoldsnumbers
andtheseptiationeffectincreasingwithincreaseinReynoldsnumber,
exceptwherean increaseinReynoldsnumbermightcausetransition
aheadof theflapjuncture.Theapplicationofa roughnessstripsuf-
ficientlyfsraheadof thispointon small-scaletestsshouldbeofcon-
siderablehelpin simulatingthefull-scaleflows,providing,of course,
thatthefull-scaleflowisnotstilla laminarflowattheflapjuncture.

Edies withLaminarFlow

Inmanycaseswherethepressuredistributionsonbodiesaresuch
as tomaintainlaminarflownearthebaseof themodelatverylarge
Reynoldsnumbers’(suchaswasencounteredinreference12),eventhe
verysmallpressurerisecausedby theshockwaveexistingnearthe
baseofthemodelmaycauseseparation.Sucha conditionisthat
representedby thecaseof thehighestlaminarboundarylayershownin
figure3,wherea dimensionlesspressurerise

(/)Ap ql of0.012
crit

causedseparationof theboundarylayer.

SupersonicDiffusers

Possiblythemostimportantuseof theresultsof thisinvestigation
willbe inthefieldof supersonic-diffuserdesign.Fourgeneralcon-
clusionsmaybe drawn:

(1)It is desirabletokeeptheReynoldsnumberofthesupersonic
portionof thediffuserlow. Thusin somecasesftmightproveadvis-
abletobreakonelargeandlbngdiffuserintoanarrayofmanyvery
shortdiffusersof thesameshape.

(2)It isgenerallydesirableto haveturbulentboundarylayers
at lowReynoldsnumbers.Thusartificialtransitionmaybe useful
unlesstheReynoldsnumberisso lowthatthelsminarlayerwilltol-
eratealmostas largea pressureriseas a turbulentlayer.

(3) It will be desirable to keepthe pressureriseresultingfrom
coalescedcompressionwaveslessthanthecriticalvalueatam point
and,preferably,to impingetheresultingwaveona~ surfaceat as
lowa Reynoldsnumberaspossible.

(4)It isevidentthat>unlessthesupersonicMachnumberisvery
lowat thepositionof thenormalshockwaveinthediffuser,thecritical
pressureriseof a normalturbulentboundarylayerwillbe exceeded.
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UseofVortexGeneratorsorTurbulenceIncreasers
.-.
—

In view’ofthelimitingconditionspointedoutinthepreceding
section,itis necessarytodiscussthepossibilityof increasingthe
criticalpressureriseforseparationby theuseof vortexgenerators
or someotherturbulence-inducingdevice.‘Takingtheviewofthe
presentstudy,a vortexgeneratormaybe t+oughtofas preventing
shockseparationata givenpressureriseby increasingthelocalskin “’-
friction;thus,thebestvortexgeneratorfora givenapplicationwill
be onewhichgivesthegreatestincreaseinturbulenceat somedesired
pointfortheincreaseinboundary-layerthicknessitcauses.In order
to investigatetherelativemeritsofvariousschemesforaddingtur-
bulenceto theboundarylayer,a technique_simllartothatusedin the
experimentalportionofthepresentinvestigationcouldbe used. If-
severalsetsofvortexgeneratorstobe i~estigatedaresetaround
thetubeata certaindistancefromtheleadingedgeandthecollar
whichinducesseparationismovedbackandforthbehindthevortex
generators,theshockangleattheedgeof””theregio~ofboundarylayer
andshockinteractionmaybe obtained.Thisinformationcanbe usedto-””-
tellhoweffectiveeachsetof generatorswasrelativetoeachother
setateachstationdownstreamfromthegenerators.A systematicseries
of suchtestsshouldenabletheselection~f thevortexgeneratorstobe
used toovercomea givenshockinteractionproblemata givenRb,both
as togeometricalshapeandas topositionofthevortexgenerators
relativetotheinteractiontobe overcome.Of course,thereisat
everyR8 a limittowhatcanbe accomplishedinthisway,butit is
believedthatthevalueofthecriticalpressurerisemaybe increased
appreciablyoveritsnormalvalue.

-#

---
-.

.—

.

—

-.

-_

w.

—
.—

CONCLUSIONS .— .
●

1.A dimensionalstudyof theinteractionof shockwavesandbound-
arylayers,basedon certainsimplifyingassumptions,indicatesth,at
thecriticalpressureriseacrossa shockwavewhichjustcausessepa-
rationoftheboundarylayerisproportionaltothe-skinfriction.

—

2.Theavailableexperimentaldatafromflat-platetestsat con-
stantMachnumberindicatethatforlsininarboundarylayers

—

()AP -1/2
a Rx

<
crit

.
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.
andforturbulentboundarylayers

()AP -1/~
=Rx

z
crit

Therefore,theseresultsme inagreementwiththepredictionof the
dtiensionalstudy.

3. TheMachnumbereffectonthecriticalpressurecoefficientfor
turbulentboundarylayersappearsto followthatwhichispredicted
fortheskin-frictioncoefficienton a flatplate.

LangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

LangleyField,Va.

.

v’



14
- .-

%-.~TIA~ ‘-.-.-., -- ‘NACARM L52C21

REFERENCES-:
●

—

1.Liepmann,,H.Wolfgang,Roshko,A.,andDhawan,S.:
.

OnReflection
ofShockWavesFromBoundaryLayers~~;IiACATN2334,1951.

2. Barry,F.W.,Shapiro,A. H.,andNeuulann,E..P.:TheInteraction
ofShockWavesWithBoundaryL~ers=ona FlatSurface.Jour.
Aero.Sci.,vol. 18,no.4,April1951,pp. 229-238. .

—
3. ACk=et, J., Feltiann, F.,andRott,N.: InvestigationsofCom-

pressionShocksandBoundaryLayers~nGasesMovingatHighSpeed. “’“-
NACATM 1113,,1947.

4.Moeckel,WolfgangE.: FlowSeparationAheadof.BluntBodiesat
SupersonicSpeeds.NACAT!ti2418,19>1. “

5.Beastall,D.,andEggink,H.: SomeExperiments.onBreakawayin
SupersonicFlow(PartI). TN No.Aero.2041,~Z&itishR.A.E.,
June1950.

6. Beastall,D.,andEggink,H.: SomeExperimentsonBreakawayIn
SupersonicFlow(PartII). TNNo.Aero.2061,BritishR.A.E.,
June1950. .U

..——

.
,—-

‘i’. Stewartson,K.: On theInteractionBEtweenShockWavesandBoundary
Layers.Proc.CambridgePhil.SOC.J:VO1.47,pt.3,July1951,
pp.545-553. .-

8. Donaldson,Colemandup.: On theForm.oftheTWbulentSkin-Friction
LawandItsExtensiontoSupersonicFlows.N&JATN 2692,1952..—

9.Gooderum,PaulB.;Wood,GeorgeP.,andBrevoort.,MauriceJ.: Inves-
tigationWithan InterferometeroftheTurbulentMixingofa Free
SupersonicJet. ~ (Super@desNACATN 1857.) .NACARep.963,195~

—.
10.Prandtl,L.: TheMechanicsofVisco~Fluids._Vol.IIIofAero-

dynamicTheory,div.G,W. F.Durand,cd.,JuliusSpringer(Be_rli~),
1935,pp.34-2o8.

11.CzarneckijK.R.,andMueller,JamesN.: InvestigationatMach
Number1.62ofthePressureDistributionOvera RectangularI?tig
WithSmetricalCircular-ArcSectiqpand30-Percent-Chord... .
Trailing-EdgeFlap.NACARM L9J05,.:1950._

.

.
-.

—

.

12.Hasel,LowellE.,Sinclair,ArchibaldR.,andHamilton,ClydeV.:
PreliminaryInvestigationoftheDragCharac@isticsofthe
NACARM-10MissileatMachNumbersof l.kOan~1.59inthe”Larigley““’
4-by 4-FootSupersonicPressureTunnel.NACARML52A14,1952. -●–. .-

-. ._ —-



.

9

NACARllL52C21

.

w

TABLEI

SUMMARYOFTESTRESULTS

~,= 3.0)

collar Shock

()

AP Rx
height
(in.)

(i:.) angle < crit T10

0.15 1.20 28°1_8f 0.193

1

2.24
2.15 28°47‘ .205 4.01
3.10 28°29I .198 5.79
4.2o 28° 6’ .188 ;.;:
5.15 27°45‘ .180
5.20 28° 01 .186 9:70
6.18 28°161 .lg2 11.54
6.18 28° 9‘ .190 11.54
7.20 27°58‘ .185 13.44
8.20 27°30‘ .174 15.3s
8.23 27°551 .184 15.37
9.20 26°58’ .161 17.17
10.20 26°43‘ .~56 19.05

0.30 1.45 28°50’ .206 2.71

1

3.50 27°43‘ .179 6.54
28°6t .188 6.54

::: 27°261 .172 8.40
6.50 27°7! .165 12.14
6.50 27°12I .167 12.14
7.50 27°46I .180 14.00

27°20’ .170 14.00
i% 27°4‘ .164 16.11
8.63 26°40I .154 16.11
;.$ 26°50I .158 17.92
. 26°52’ .159 17.92

.

4
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Figure 1.- Isauetricdrawingoftube-collararrangementusedfor
shock-wave- boundary-kyerinteraction. Ouimide diameterm?
tube, 2.94 inches; inside diameter,2.76i.nches.
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Shadow~aphsof interactionof shockwaveand
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(b) O. m-inch colk.
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Figure 2.- Concluded. L-743TL
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Figure 3.- VarititionwithReynoldsnumberof criticalpressure coefficient
across shock waves which cause separationof the boundary hyer. G
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Figure 4.- EYfect of Mach number on the varlatlonwith Reynolds number
of criticalpressure coefficientacross shock waves which cauae
separationof the turbulentboundary layer.
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