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MACHNUMBEROF1.61

By JohnH.Hilton,Jr.,sndK.R. Czarnecki

Skin-frictionmeasurementsweremadeforthreebodiesof revolution
offinenessratio12.2havingclifferent
an ogive-cylinder,a cone-cylinder,and
madea% zeroangleof attacksndovera
bodylength,f??cunabout2.5X 106to 37

shapesandpressuredistributions:
a parabolicbody. Testswere
Reyn&dsnmber r-, basedon
Xlo.

Theresultswereanalyzedto determinethetransitionReynoldsnum-
berscorrespondingto theoccurrenceoftransitionatvariouslongitu-
dinal.stations,thatis,inregionshavingdifferentpressuregradients.
TheresultsindicatedmarkeddifferencesinthetransitionReynoldsnm-
bersforthethreebodiesofrevolutionand,ingeneral,theeffectsof
pressuregradientat a Machnumberof1.61werequalitativelysimilarto
thoseobtainedat subsonicspeeds.Fortransitionatthebodybase,the
highesttransitionReynoldsnum%ersareobtainedwitha longrunof
moderate,favorablepressuregradientfollowedby littleorno adverse
pressuregradient(parabolicbody)ratherthanwitha shortrunofvery
strong,favorablepressuregradientnearthemodelnosefollowedby a
longrunof adversepressuregradient.Whentransitionoccurredonthe
forwsrdpartofthebodynearthedownstreamendoftheregionoffavor-
ablepressuregradient,thetransitionReynoldsnumberwashighestfor
theogive-cylinderandcone-cy33nderbodieswhichhadthestrongest
favorablegradients.Theresultsalsoindicatethat,fora turbulent
boundaryls.yer,pressuregradientshavelittleorno effectontheaver-
agesti-frictiofi

Knowledgeof

coefficientsforthetypesofbodiesinvestigated.

INTRODUCTION

boundary-layertransitionis ofprimaryimportancein
determinismtheskinfrictionandheat-trsnsfercharacteristicsofair-
planesor;issilesat supersonicspeeds.Atthepresenttimethereis
littleinformationconcerningtransitionat supersonicspeeds,particu-
larlyregsrdingtheeffectsofpressuregradients.
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Thispaperpresentstheresultsof anexploratoryinvestigationmade
intheLangley4-by q-footsupersonicpressuxetumnelat a Machnumber
of1.61to determinetheskinfrictionandboundary-layertransition .

Reynoldsnumbersforthreebodiesofrevolutionhavingdifferenttypes
ofpressuredistribution.Thebdies investigatedweresn ogive-cylinder,
a cone-cylinder,anda blunt-basepuabolic(NACARM-1O)body. Tests
wererestrictedto en@e ofattackof zeroandweremadeovera
Reynoldsnumberrange,basedonbodylength,fromabout2.5x 106to.
37X 106.

sYMmLs

amgleof attack

averageskin-frictimcoefficientbasedonwetted-surfacearea —

modellength

free-streamMachnumber

P~-P
pressurecoefficient,

~

free-streamstaticpressure

locslstaticpressure

free-streamdynamicpressure

Reynoldsnumberbasedonmodellengthandfree-stresmconditions

transitionReynolds
stresmconditions

equilibriwnsurface
‘F abs

numberbasedonmodellength

temperatureofmodelwithout

endfree-

heattransfer,

localtemperaturejustoutsideboundarylayer,‘Fabs

stagnationtemperature,‘Fabs

distancealongmodelaxis
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APPARATUSANDMETHODS

Whd -1

Thetestswereconductedinth?Langley4-by k-footsupersonic
pressuretunnelwhichis a rectemgular,closed-throat,single-returnwind
tunnelwhichhasprovisionsforthecontrolofthepressure,temperature,
andhumidityoftheenclosedair. Thetest-sectionMachnumberisvaried
by deflectingthetopandbottomwallsofthesupersonicnozzleagainst
fixedbutinterchangeabletemplates.ThenominalMachnmnberrangeof
thetunnelisfrcm1.2to 2.2witha stagnation-pressurerangeof~1 to

~ atmospheres.

Forthetestsreportedherein,thenozzlewallsweresetfora Mach
numberof1.61.AtthisMachmznber,thetestsectionhasa widthof
4.5feetauda heightof4.4feet. Calibrationsoftheflowinthetest
sectionindicatithattheMachn-her variationisabout*0.01S@ that
thereareno significantirregularitiesinthestresmflowdirection.
Theturbulencelevelinthetestsectionisnotknown,butitis slways
lessthan0.9percentofthelocalvelocityinthesubsonicflowupstresm
ofthefirstminimumwherethelocalvelocityis about155fps (ref.1).

Models

An ogive-cyl.inderbodyofrevolutionhavinga S-cslibernosesmda.
cone-cylinderbodywitha @Z-calibernoseweretestedduringthisinves-

tigation.A sketchshowingpertinentdimensions,mounting,andconstruc-
tiondetsllsoftheogive-cylinderandcone-cylindermodelsispresented
asfigure1. Dataobtainedinprevioustestsof a blunt-baseparabolic
bodyofrevolution(NACARM-10)sxeslsopresentedinthisreport.
Informationpertainingto theparabolicbodyisgiveninreferences1
a 2. Eachofthethreeshapeswasn incheslongandallhada fineness
ratioof12.20

Thesurfacepressuredistributionsofthethreebodiesarepresented
infigure2. Solidlinesindicatethat the pressureswerederivedtheo-
reticallyandcheckedexperimentally;dashedlinesindicatetheoretical
pressureswhichwerenotinvestigatedexpertientslly.Fortheogive-
cy~ndersndcone-cytidermodels,themethodof characteristicswas
usedto obtainthetheoreticalpressures.Umesr theorywasusedto
determinethepressuredistributionovertheNACARM-10body. Thecone-
cylinderbodyhada verystrong,favorablepressuregradientatthe

. shoulder;theogive-cylinderbodyhada strong,favorablepressuregradi-
entoverthefirst24percentof itslength,sndthepsrabolicbodyhad
a moderate,favorablepressuregradientto aboutthe78-percentstation.

*
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Twodifferentmodelsoftheogive-cylindershape(designated
.

models1 and2 infig.1)weretested.Model1 wasusedfordrag-force
measurementsandmodel2 wasusedforpressureandboundary-layermeasure- .
ments.Theogive-cylindershape(model2)andthecone-cylindershape
(model3)werebuiltinfivesectionsandwereconstructedofanaluminum
alloyandsteel.Thenosesofmodels2 snd3 weremadeof steeltomini-
mizesandblastingofthesurfacesdueto theactionoftheairstreamin
thetunnel.

Model1 wasconstmctedofaluminumalloyandwasbuiltintwosec-
1 turnbayonetscrewthread.Iron-tionswhichwerejoinedbymeansofa --
3

constantanthermocoupleswereimbeddedinthesurfaceofmodel1 intwo
axialrowslocated1800apartwtth15thermocouplesinonerowand5 in
thesecond.

Theroot-mean-squaresurfaceroughnessofmodel1 (determinedby
meansofa PhysicistsResearchCo.Profilaneter,ModelNo.U_)was
23* 5 microinches.Theroot-mean-sq~surfaceroughnessofthesteel
sectionsofmodels2 and3 was4 to 6 microinchesandtheroot-mean-sqyare
roughnessofthealuminum-alloysectionswasabout12microinches.The
jointsofallmodelswerecarefuUysesledemdweresandedsmoothand
fair.

Theogive-cylindermd cone-cylindermodelswerestingmounted.Drag
measurementsweremadeonmodel1 bymeansof a single-componentinternal
strain-gagebalancesystem.

..
Basepressuresweremeasuredbymeensof

orificeslocatedattwostationsinsidethemodelendatdifferentradial
positionsatthebase. Boundary-lsyertotal-pressureprofilesweremess- .
uredbymeansofa rskelocatedatthebasesofmodels2 and3;however,
no forcemeasurementsweremadeforthesemodels.Boundary-layerprofiles
werealsodeterminedatvariousstationsonthecylindricalportionsof
themodelsaheadofthebase,butsnanalysisoftheresultsshowedan
increasinglylsrgeinterferenceeffectbetweentubesinthesurveyrake
withforwsrdmovement;hence,thesedataarenotpresented.

TESTS

AU testswereconductedatM = 1.61andthemodelswereat zero
sngleofattack.Measurementsweremadeovera stagnation-pressurerange
from2 to 53powidspersquareinchabsolute,whichgavea Reynoldsnum-
berrange,basedonmodellength,from2.5X 106to 37x 106. Tunnel
stagnationtemperature,whichwascontrolledatthelowestpractical
valueconsistentwithtunnelstagnationpressure,rangedfrcm100°F to
120°F. Tunnelstagnationdewpointwaskeptbelow-30°F toavoid
condensationeffects.

.

“
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ThemodelsweretestedovertheentireReynoldsnumberrangewith
naturaltransitionandwithtransitionartificta12yfixedatthenoseby
No.60 Carborundumgrains.AU.datawereobtainedat essenti~ equi-
libriumsurface-temperatureconditions.Themodelswerecarefullycleaned
andcheckedforminuteroughnessbeforeeachrunto eliminateanyinitial
extraneousroughnessresultingfrcmsandblastingdueto residualdustend
particlesintheairstream.Sandblastingofthemodels,especiallyof
model1,wasdtificultto avoid,eventhoughparticularattentionwas
paidto cleaningthetunnel.Repeatedrunsandcloseinspectionofthe
dataduringeachrunwerenecessaryto establishthelevelofthedata
foressentiallysmoothconditions.

Simultaneousreadingsoftotaldraga@ basepressureweretaken
overtheentireReynoldsnumberrangeformodel1. Theforebodypressure-
dragcoefficientwasdeterminedfrcme~rimentalpressuredistributions
on sn ogive-cylindermodelthesaneasmodel1. The~rimental pres-
suredistributionswereobtainedovertheogiveatReynoldsnumbers,based
ona ~-inchlength,of 7 x 106,17.5x 106,end28x 106. Therewassome
increaseinforebodypressure-dragcoefficientwithincreasingReynolds
number;however,thechangewassmallincc?nparisonwiththescatterof
thedataand,therefore,hasbeenneglected.A meanvslueofforebody
pressure-dragcoefficientof0.101wasused. Theskin-frictimcoeffi-
cientsformodel1 weredeteminedby subtractingthesa ofthisexperi-
mentalvalueofpressure-dragcoefficientendthemeasuredvaluesofbase
dragcoefficientfromthetotaldragcoefficient.Somesurface-. temperaturemeasurements,withendwithouttransitionfixedatthenose
ofthemodel,weremadeformodel1 overtheReynoldsnmber range.

.
Skin-frictioncoefficientsformodels2 end3 wereobtainedfrcm

measuredboundary-layertotsl-pressureprofilesbymesnsoftheloss-in-
momentumtechnique.Themethodinvolvedtheassumptionsof a Prandtl
numberof1,noheattransfer,andfree-streamconditionsjustoutside
theboundarylayeratthebaseofthecylinder.Static-pressure
measurementsindicatedthatthelast-mentionedassumptionwasjustified.

CORRZL?I’IONSANDACCURACY

No correctionsweremadeforbuoyancyeffectsduetothetunnel
pressmegradient,asthiseffectwasfoundtobe negligible.Therewas
scmeevidenceofa slightdecreaseintest-sectionMachnmber at stagna-
tionpressureslessthan k poundspersqp.sxeinchabsolute;however,
esthatesshowedthatno correctionswerenecessaryforthisdecrease.

Thevariationofthetest-sectionMachnumber(M= 1.61)was+0.01
. intheregionoccupiedby themodel.Therewereno significantirregu-

laritiesin stresmflowdirection.
.
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Theskin-frictioncoefficients
tohe accuratewithinM.0001. The
models2 and3 is*0.00015.

obtainedwith
corresponding
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model1 areestimated
estimatedaccuracyfor .

Model-surface-temperaturemeasurementssreestimatedtobe accurate
withinfl.50F absolut~.

RESULTSANDDISCUSSION

Trsn3itionandSkinFriction

Theskin-frictionresultsobtainedinthisinvestigationarepre-
sentedinfigure3. Flaggedsymbolsindicatethattransitionwasfixed
nearthemodelnosewhilesymbolswithoutflagsindicatedataobtained
withnaturaltransition.Thetheoreticalcurveswereobtainedbythe
Frsnkl-Voishelextendedmethod(ref.3)forthetmbulentbound~ layer
andtheChapman-Rubesinmethod(ref.4)forthelsminarboundarylsyer.
Mangler’stransformation(ref.5),withtheassumptionof zeropressure
gradient,wasusedtomodifytheseresultsandobtainvsMes applicable
tothethreebodyshapesinvestigated.tithecaseoftheturbulent
boundarylayer,thedifferencessmongthethreemodelsweresosmall
thata singlecurveis shown.

Thefactthattransitionisa transientphenomenoniswell-known.
Becauseofthedsmpingcharacteristicsofthestrain-gagebskncesand

&

pressure-tubesetupsusedinthisinvestigation,thetransitionlocations ‘-
discussedinthisreportme timeaveragedandnottimedependent.Haw- *
ever,ananalysisof schlierenobservationoftransitionontheseand
similarbodiesandoftheskin-frictionresultsofthereportindicates
thattheeffectoffluctuationsontheskin-frictionvalueattransition
is small.

Withnatural.transition,theresultsindicatean increasingReynolds
numberoftrsmsition(fortransitionatthebase)asthebodyshapeis
changedfrcuna cone-cylinderto snogive-cylinderto a parabolicbody.
Theestimatedvaluesof ~ fromfigure3 forthesebodieswereabout

2.5x 106,4.7x 106,andU x 106,respectively.Thesetransition
Reynoldsnumberswerecheckedclose~by thevaluesof ~ obtained
fromanansJysisofbase-pressuremeasurements;schlierenflowobserva-
tionsinthisandpreviousinvestigationshaveindicatedthattransition
atthebodybasecorrespondsto a negativepressurepeakinthebase-
pressurecurve.Thus,fortransitionatthebodybase,theresultsshow
a strongeffectontrsm.sitionduetopressuregradientsandslsoshow
thatit ismoredesirabletohavea longrunofmoderate,favorable
pressuregradientoverthewholebodytithlittleorno adversepressure



NACATN 3193

gradient(asexemplifiedbyNACA
favorablepressuregradientnear
of adversepressuregradient(as

7

RM-10)thana shortrumofverystrong,
themodelnosefollowedby a longrun
representedby theogive-cylindershape).

Sincethea&versepressuregradientsfortheogive-cylinderandcone-
cylindermodelsaresimilar,theincreasein ~ from2.5x 106to
4.7x 106indicatestheeffectofthefavorablepressuregradientover
theogiveas compsredwiththeneutralgradientovertheconeandsharp
increaseinnegativepressureatthejunctureoftheconeandcylinder.

Aftertransitionhasoccurredatthemodelbase,= increaseh
Reynoldsnumber(resultingfrcmien increaseinthetunnelpressure)
causesan increasein skinfrictionuntil,ata Reynoldsnumberof about
35X 106,thes=n-frictioncoefficientsareaboutthesameforallmodels
andequalto theturbulentvalues.b theReynoldsnmber rangefrom
about16 X 106to35X 106,wheretransitionhasmovedforwsrdonthe
bodyto theregionswheretheshouldersme locatedonthecone-cylinder
andogive-cylinderbodies,theskin-frictioncoefficientsforthese
bodiesarelessthanthosefortheNACARM-10model.Thisrsngeof
lowerskin-frictioncoefficientsfortheogive-cylindersndcone-cylinder
modelsmeybe lsrgerintermsofReynoldsnunberthanisindicatedhere,
becauseofthepossibilitythattheratherabruptincreasein Cf for
theogive-cylindermodelsneaJ?R = 30x 106maybe partlydueto sand-
blasteffectswhichcouldnotbe entirelyeliminatedina smallnumber
oftestruns. SincetransitionisclosetotheshoulderonthAogive-

. cylinderandcone-cylindermodelswithinthisReynoldsnumberrange,the
lengthsofadversepressuregradientinvolvedbecomesmsllandtheeffect
oftheadversepressuregradientscanbe largelydiscounted.Therefore,

* itmaybe concludedthat,onthebasisofa comparisonoftheresultsfor
thevariousbodieswithinthisReynoldsnumberrange,forequallengths
offavorablepressuregradientfrcmthenoseofthemodel,thestrongest,
favorablepressuregradientwill.producethelargestReynoldsnumberof
transition.Thisresultis,of course,insgreementwithprevious
observationsat subsonicspeeds.

It isinterestingtonotetheapparentlystrongeffectonboundary-
layerstabilityoftheflowexpansionoraccelerationaboutthesharp
shoulderofthecone-cylindermodel.Thiseffectis deducedfromthefact
that,withintheReynoldsnumberrangefrom16 x 106to 35x 106,the
skin-frictioncoefficientforthecone-cylinderbodyislessthenthat
fortheNACARM-10body(comparepressureresultsonly)whichhasa
favorablepressuregradient.

No reliablegeneralcmclusioncanbemaderegardingtheagreement
betweentheoretical.andexperimental.skin-frictionvaluesforthecone-
cylinderandoglve-cylindermodelswhentheboundarylayerislaminar
overtheentiremodel,becauseofthesparsityofdatainthisregion.
Thetheoretical.andexperimentalresultsfortheNACARM-10body,how-
ever,sreingoodsgreement.L
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Whentransitionisfixednearthenose,theforce-testresultsfor
theogive-cylinderandNACARM-LOmodelsareingoodsgreementwithone
anothersndwiththeory.Theskin-frictionresultsobtainedfrm boundary-
lsyersurveysforthecone-cylinderandogive-cyl.indermodelsalsoagree
withoneanotherandwiththehighReynoldsnumberpressure-surveydata
fortheNACARM-10modelwhichhasnatursltransition.Thesurveydata,
however,generaUyfallabout15percentbelowtheforce-testresults.
Thisdiscrepancybetweenpressure-smdforce-testresultssilsooccurs
withnatursltransitionsndisduelargelytomutualinterferencebetween
thecloselyspacedtubesinthesurveyrake. A partofthediscrepancy
mayslsoresultfromnonuniformboundary-layerthicknessaroundthebase
ofthemodel.Froma comparisonofall.fixed-trsnsitiondata,bodyshape
orpressuregradientsappeartohavelittleorno effectontheaverage
skin-frictioncoefficientsfora turbulentboundarylayerforbodiesof
highfinenessratio.

Surface-TemperatureSurveys

Theresultsofthesurface-temperaturesurveysmadeonthe
27-microinchogive-cylindermodelsregiveninfigure4. Thesesurveys
wereundertakento determinethepossibi~tyoffollowingtheforwsrd
movementoftransitiononthemodelwhichresuitedfranan increasein
Reynoldsnumber.

Theresuitsinfigwe 4 showesnawerageratioof surfacet-pera-
tureto stagnationtemperature~ ofabout0.95atthelowesttest

Reynoldsnmber fornaturaltrens!tion. AstheReynoldsnumberis
increased,thetempe?xhureratioatthebaseofthemc%ielbeginsto
increaseto a valueslightlygreaterthan0.96,theveluemeasuredfor
theturbulentboundsrylayerwithfixedtransition,andthetemperature
risebeginstomovePorwardonthemodel.Becauseofthegradualincrease
in surfacetemperatureandtheeffectsoflocal-velocitychangesinthe
vicinityoftheogive-cylindershoulder,thetransitionlocationcould
notbe determinedwf.thmy accuracy.Inanattemptto eliminatethe
effectsoflocalvelocity,saneofthedatawerereducedtotemperature
recoveryfactorsas showninfigure5. Again,accuratetracingofthe
movementoftransitionwasnotfeasible.Thisclifficultystemmedpri.mar-
il.yfromthelargeskinthicknessofthemodel(themodelwasnotdesigned
withsuchtestsinmind)sndtherelativelylargechsmgein10CSJ.veloc-
itiesontheforwardpartofthemodel.Theaveragesurface-temperature
recoveryfactorsofapproximate~0.86forIaminarflowand0.89forthe
turbulentboundarylayerareingod agreementwithexperimentalrecovery
factorsdeterminedinotherinvestigationsinthessmespeedrangeand
withthesqwe rootandcuberootofthePrandtlnumber,respectively,
whenthePrandtlnumberistakenas O.v.

.
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CorrelationofPressure-GradientEffects

Fortwo-dimensional.flowwithconstantpressuregradient,theoretical
considerationsindicatethepossibilityof correlatingthetransition
resultsfordifferentpressuregradientsonthebasisofa psmmeter
involvingtheboundsry-*ermomentumthiclmesssndpressuregradientat
thepointoftransition.An attemptto correlatethetransitionresults
forthethreebodiesinvestigatedonthisbasiswasnotsuccessful.The
studyindicatedthat,forthree-dimensionalbodieswhichhavebothfavor-
ableandunfavorablepressuregradients,itwasunlikelythata correla-
tioncouldbe obtainedonanybasisthatdidnotconsiderintimatelythe
flowconditionsoverthewholelengbhofthemodel.

SUMMARY

An exploratoryinvestigation
4-footsupersonicpressuretumnel

OFRESUITS

hasbeenmadein
ata Machnumber

theskinfrictionandboundary-layertransitionon

theLangley4-by
of1.61to detemnine
tkcreebodiesofrevolu-

tionhavingdifferentshapesandpressuredistributions.Theresultsmsy
be summarizedasfollows:

1.Theeffectsofpressuregradientonboundary-lsyertransition
werequalitativelythessmeasthosecmmo?ilyobservedat subsonicspeeds.

2.Fortransitionatthebodybase,thehighesttransitionReynolds
numberswereobtainedwitha longrunofmoderate,favorablepressure
gradientfollowedbyMttle orno adverse pressure~adient(NACARM-1O
parabolicbody)ratherthanwitha shortrunofverystrong,favorable
pressuregradientnearthemodelnosefollowedby a longrunof adverse
pressuregradient.

3.Whentrsxwitionoccurredontheforwardpartofthebodynear
thedownstremendoftheregionoffavorablepressuregradient,the
transitionReynoldsnmber washighestfortheogive-cylinderandcone-
cylinderbodieswhichhadthestrongestfavorablepressuregradients.

4.Bodyshapeorpressuregradientshadlittleorno effectonthe
averageskin-fri=tioncoefficientsofthebodies
boundarylayerswereentirelyturbulent.

5.Theaveragesurface-temperaturerecovery
0.86forlsminarflowand0.89fortheturbulent

investigated,whenthe

factorsof approximately
boundarylayerarein
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goodagreementwithexperimentalrecoveryfactorsdeterminedinother
investigationsinthessmespeedrangeandwiththesquarerootandcube
rootofthePrandtlnumber,respectively,whenthePrandtlnumberis
takenas0.73.

LangleyAeronauticalLaboratory,
NationalAdvisoryCormnitteeforAeronautics,

LangleyField,Vs.,March15,1954.
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