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ROUGHNESSONAN OGIVX-CYLINDERBODY
WITHCOLDWAILCOND13?IONS

ByRobertJ. Carros

SUMMARY

TheeffectofMch numbervariationfrom1.8to7.4 onboundary-layer
transitionwasinvestigatedona slenderfin-stabilizedogive-cylinder
bodyin freeflightata conshmtlengthReynoldsnumberof13.8million.
Thewallto free-streamtemperatureratiowasconstantat a valueof1.0
belowMachnumber4.5-d ata valueof1.8aboveMachnumber4.5. Results
ofthetestshowedthatincreasingMachnumberhada veryfavorableeffect&J of increasingtheextentofthelaminarboundarylayerfor~ givens~face
roughness. Thetransitiondata,whenplottedasa functionofa factor
indicativeofheattransfer,u showedthatheattransferwaspossiblyrespon-
siblefora gooddealofthei.ncr~seintransitionReymoldsnumberwtth
Machnumber.

Transitionwasfoundto occurfartherforwardontheshelteredside
ofthebodythanonthewind-d sideforanglesofattackas lowas 0.4°
andforallMachnumbers.Thepressurerisealongsheltered-sidestream-
lineswasexaminedanditwasfoundthatthepressure-rise’coefficient
at thetransitionpoint,showedno variationwithMachnumber.mta fram
othersourcesfordifferenttestconditions,whenreducedto valuesof
pressure-risecoefficient,werealsofoundto correlatewellwiththatof
thepresentinvestigationwiththeexceptionofdataat lowsubsonicMach
numbers.ThesepresentresultsalsoshowthatMachnumber,surfacerough-
ness,pressurerise,andlengthReynoldsnumberallaffectedboundary-layer
transitionintheregionoftheoreticalinfinitelaminarstabilityto
small.two-dimensionaldisturbancesas calculatedfora flatplatewith
zeropressuregradient.

INTRODUCTION

Aerodynamicheattigresultingfromfrictionisoneoftheujor prob-
lemsfacedby designersof supersonicvehiclesand,as iswelllmown,is
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verydifferentforlaminarandturbulentboundarylayers.Therefore,it
isa primaryconcernofthedesignertoknowthe-e@enttowhichthe-
boundary-layerflowisLaminarorturbulentsothatcoolingrequirement
calculationsforthevehiclecsmbemade. Iftheoperatingconditions
ofthevehiclearesuchthatheatingisof-littleconcern, ~owledgeof
theetientoflaminarflowcanneverthelessbe importantindetermining
theefficiencyofflight.

ThetheoreticalworkofLeesandLin(ref.1) andVanDriest(ref.
predictsthatforsmalltwo-dimensionaldisturbancesthestabilityand
extentoflaminarfloww%l.1be increasedbyheatflowfromtheboundary
layertothebody”.Thissameanalysisshowsthatona flatplatewith

.-

.-

2)

zeropressuregradientforMm& numbersbetween1 and9, iftheheat&.ns-
ferissufficient,thelaminarboundarylayerwillbe stabilizedforall
valuesofReynoldsnumber.Iirvestigations~u@asthoseofScherrer
(ref.~)andCzarnecki(ref.4)haveconfirmedexperimentallythebenefi-
cialeffectofheattransfertothebody. Theexperimentsofreference5
in thepredictedregimeof infinitelaminarstabilityshowedthattransi-
tionwilloccurinthisregimeonroughenedsurfacesor inthepresence
ofadversepressuregradient.However,theamountofdatacollectedin
thisregime,references5, 6, and7, isthusfarrathersmall,andto the
authortsknowledge,islimitedtoMachnumbersbelow3.7. .—

ThepresentfivestigationwasinitiatedattheNACAAmesLaboratory
primarilyto determinehowMachnumberaffectstransitionwithinthepre-
dictedregimeofinfinitelaminarstability.Previouswind-tunneldata,
reference8, hadshowna decreaseh transitionReynoldsnumberwithris-
ing Mach numberfortheconditionof small”heattransferalA limited
numberofobservationshadbeenmadealsooftheeffectofMachnumber
ontransitionReynoldsnumberfortheconditionof constantwalltempera-
turenearstreamstatictemperature.Theseobservations,fromthesuper-
sonic free-flightwindtunnelandotherso~cesjshoweda strongstabfiiz-._
inginfluenceonthelaminarboundarylayerofincreasingMachnumber.
A purposeofthepresenttest,then,wasto investigatesystematically
theeffectofMachnumberontransitionReynoldsnumberforthecondition
of constant,lowwallto free-streamtemperatureratio.M addition,the
resultsobtainedprovideinformationontheeffectofsurfaceroughness,
sinceroughnesswasvariedto positiontr~sitioninthefieldofview
onthemodelandthereforebecamea necessarypartofthetivestigatton.
Aswasthecaseinreference~, itwasobservedthatpressurerisewas
alsoaffectingtransitionpositionwhentrax@tionwasnotcontrolledby
roughness.Thiseffectbecamea partoftheinvestigationandis con-.
sideredalongwiththeeffectsofMachnumberandsurfaceroughness.

‘Potter(ref.9) hadsuggestedthatthe-observedeffectofMachnumbe_r
ontransitionintheNavalOrdnanceLaboratorywindtunnelswasinfluenced
by otherfactorsinadditiontoMachnumber.

.. ..
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SYMBOLS
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M
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PO
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Rz

Rx
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RT
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To

Tr
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bodydiameter,in.

heightofroughness,in.

bodylength,in.

ogivenoselength,in.

Machnumber

local.staticpressure,lb/sqft

free-streamstaticpressure,lb/sq.ft

pressure-risecoefficients(differencebetweenthepressure
coefficientat a particularbodystationandtheminimum
pressurecoefficientalonga streamline)

critical.pressure-risecoefficients(thepressure-risecoef-
ficientabovewhichtransitiondueto pressurerisewilJ.
occur)

free-streamdynamicpressme,lb/sq ft

Reynoldsnumberbasedonfree-streampropertiesandbodylength

Reynoldsnumberbasedonfree-streampropertiesanddistancex

criticalfree-streamReynoldsnumberabovewhichtheeffects
of smalldisturbancesto theboundarylayerareamplified

instantaneoustransitimReynoldsnumberbasedon free-stream
propertiesandlengthofrunofthelaminarboundarylayer

arithmeticaverageof instantaneowtransitionReyaoldsnumbers

free-streamstatictemperature,OR

boundary-layerrecoverytemperature,OR

temperatureofmodelsurface,OR
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x

a

e

axialdistancefrombodynose,in. —.

angleofattack,deg &

meridianangleofmodelmeasured.framthewindwardsideof..
thebody,deg r. -M:_

TESTDESCRIPTION

JnthisinvestigationintheAmessupersonicfree-flightwindtgnnel
modelswerelaunchedfroma caliber50 smooth-borete~tgunatvelocities
from2000”to5~”-feetpersecond.SamemodelswerefiredthroughstK1.1
airandotherswerefiredupstreamthrough:.theMachnumber2 airstream
ofthewindtunnel.Themodels,showninfigures1 and2,werefin-
stabilized,ogive-cylinderbodiesoffinenessratio30andweremadeof
75ST-6alu.mlnumalloy.‘I’heywerelaunchedfromthegunwiththeaidof
plasticsabotsshowninfigure2. Themod@l.sinflightpassedthrougha
groupofshadowgraphstationslocatedfrom:40to 55feetfromthegun
muzzle,providingfotishhdowgraphpictureg.inthehorizontalplanearid
threeintheverticalplane.Thereaderwillfinda moredetaileddescrip-
tionofthefacilityandtechniquesinreference10.

Forthemostpartthemodelsurfaces-testedwerecontinuousscrew
threadsofdesireddepthstartingatapproximately0.05inchfromthetip
andextendtigto thestabilizingfins. TI@stypeofroughnesswaBselected
becauseit couldbe controlledverywellmidcouldberepeatedfromone
modeltoanother.Outofa totalof26models,4 werefinishedwitha
controlledsandblastoperationwhichproduceda three-dimensional-type
surfaceroughness.Thesanddrivenagainstthemodel.surfacebytheblast
ofaircausedthemetalto flowup andformminutecratersandinsome
casesthesandwasactuallytmbeddediiithesurface.Thesurfacewas
coveredbyan averageof 3500craterspersquareinchandtheheightabove
thefreesurfacevariedfromO to 0.001inch.Thefirst0.05inchof
eachmodeltipwashand-polishedto insure.thatitwouldbe smooth,sym-
metrical,andthesameforallmodels.Themodelsurfaceconditionswere
examinedverycarefullyandrecordedbyuseofa metallurgicalmicroscope
uptoa magnificationof 550X.Typicalphotomicrographsofa nose-tip
profile,screw-threadprofile,andline-shadowprofile=areshownin
figure3. Thesetypesofphotographswere.usedtorecordthemodeltip
andsmew-threadcondition. —

.—

—

i.

u
-.

.

Thetestswereconductedina rangeofMachnumbersfromL.8to 7.4
at a nominallyconstantReynoldsnumberperinchof2.3million.The d-

%e line-shadowprofileinthiscasewasa shadowofa finestraight
wirecastobliquelyona surfacefortheproposeof examiningtheprofile .

ofthatsurface.Thebasicprinciplewasdevisedby Schmal.zlreference1-1.

- _&a=--=gd
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pressureinthetestchamberwasvariedfrom0.4to 2 atmospheresabso-
lutetomaintaina constanttestReynoldsnumber.~ therangeofMach
numbersfrom1.8to 4.5forwhichtheairInthetestsectionwasstill
(hereinafterdesignatedair-off),thewallto free-streamtemperature
ratiowas1.0. At testMachnumbersfrom4.5to 7.4, modelswereLaunched
throughthewind-tunnelairstream(hereinafterdesignatedair-on]. The
wallto free-streamtemperatureratiointhiscasewas1.8. !!?herd.ation-
shipofthesetemperatureratim tothosetheoreticallyreqtiedfor
infinitelaminar. stabilityto smalltwo-dimensionaldisturbancesona
flatplatewithzeropressuregradient is showninfigure4. A calcula-
tionwasmade,whichwassimilsrto thatdescribedh theappend&of
reference5, to seewhatthewallto free-streamtemperatureratiowas
attheverytipofthemodel.Thiscalculationshowedthatthefirstfew
hundredthsofan inchofthemodeltiphada walltemperatureratioof
from1.0 to 2.9. Sincethistemp~aturerisewasconfinedto theverytip
ofthemodel,itwasbelievedto havea negligibleeffectontransition.

Thestreamturbulenceinthetestchamberforair-offtestingwas
zec?osincetherewasnomovementoftheah inthiscase. Streamturbu-
lencewaspresentinthecaseoftheair-ontesttig,butnomeasurements
ofitsmagnitudeareavailable.Theeffectofthisturbulenceonthe
datawillbe tiscussedunder‘ResultsandDiscussion.1’

WI!AREDUCTION

Transitionto turbulentflowwasdeterminedfromtheshadowgraph
picturesby theappearanceof eddiesintheboundarylayerwhichoblit-
eratethediffractionlineassociatedwitha thinlsminarboundarylayer
andby theappearanceofMachlinesb theflowfieldadjacenttothe
tmbul.entboun~ layer.An exampleshadowgraphrecordtithtransition
positionlocatedas explainedis showninfi~e 5. Evidencethattransi-
tionpositionas determinedopticallya~ees withtransitionposition
determtnedby suchmeansas a probehasbeenshownby a numberof investi-
gators(see,e.g.,ref.12]. Eachshadowgraphpictureprovideda position
oftransitiononthetidward.andshelteredsidesofthebodyanda angle
ofattack.A totalof14 observatimsofthetransitionlocationwere
thereforemadeforeachmodelflightaswellas a recordofthemodel
pitchinghistory.

Whensurface

TransitionIiducedby Roughness

roughnesswassufficientto controltr- itionposition.
the14 observationsf;ra singlemodelflight.showedunsteadymov&nts -
ofthetransitionpointovera rangeofReynoldsnumbersof from1 to 3
millionin extentandwerereducedto a singlevalueoftransitionRey-
noldsnmiber inthefollowingmanner.
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Thep&rcentageofobservationsinwhicha givenbodystattonwas —
foundtobe turbulentwasnotedandplottedas infigure6. At thebody

—

stationwheretheReynoldsnumberwas6 miU.ion,5 outofa totalof14
*

observationsshowedturbulentflow,indicatingthatthisbodystation
wasturbulentapproximately36percentofthetime. Theboundarylayer
wasfullylaminartoa Re~oldsnianberof 4 miU.ion,transitionalfrom

M

4 to 8 million,andfullyturbulentbeyond8“million.Forthepurpose
of comparingina simple”mannerthetransitionlocationoftheseparate
models,a singlevalueoftransitionReynoldsnumberwasassignedto
each.Thestationatwhichtheboundarylay& wasturbulent50 percent
ofthetimewasselectedas thelocationoftransition.

-.

Transition~ducedbyAngleofAttack

Whensurfaceroughnesswasnotsufficieritto controltransitionin
itself,angleofattackdidinfluencethepositionandthedatawere
reducedto determinethevalueoftransitionReynoMsnumberat zeroanQe
ofattackinthefollowingmanner.Thetransitionobservationsweresepa-
ratedintowimdward-andsheltered-sidedataandplottedagainstangle
ofattackas infigure7. Representativeda~ presentedinthisfigure
showmoreofa spreadinwindward-andshelt&red-sidetransitionas the
angleofattackwasincreased.Theangleso?attackusedherewerethe
resultantangleswithrespecttothewinddirectionandweredetermined
fl?omtheshadowgraphpicturesinthehorizontalandverticalplanes.As
canbe seenfromthefigure,thetransitionReynoldsnumberfor a = 0°
canbewelldefinedby extrapolationofobservationsat a# 0°,forboth
thewindwardandshelteredsidesofthebody.’

—

—

—
●

RESULTSANDDISCUSSION’

TheeffectsofMachnumber,surfaceroughness,andpressureriseon
transition.Reynolds‘timberwhichwereobservedinthistestarepresented
anddiscussedinthefollowingsections. -. —. —

EffectsoflkchNumberandSurfa6eRoughhetis““ .-. ..
.

Theexperimentalresultsoftheeffectof--hlachnumberontransition
-

Remoldsnumberforseveral.surfacesof controlledroughnessheightare
presentedinfigure8. TheMachnumberrange.@eni@fromL.8to7.4and ‘;”

.V

theReynoldsnumberperinchwasmaintainednominallyconstantat 2.3X@.
A largevariationintransitionReynoldsnumbe~wasobservedas theMach .
numberwasincreasedat constatwallto free-%treamtemperatureratio, —

as canbe seenframti examinationoftheresultobtainedforthemodels
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withO.000&inch-depthscrew-threadsurfaces.A changeinMachnumber
from1.9to 3.4resultedina changeintransitionReynoldsnumberfrom
1 millionto12million.

Beyonda Machnumberof3.4itwasnecessaryto increasetherough-
nessheightin orderthattransitionwouldbemovedforwardonthebody
intotheregionofobservation.A O.0~7-inchthreadwastriedandfound
to producetheresultshown.As theMachnumberwasincreasedfrom4.5
to5.2, therewasa mrked rearwardmovementoftransitionsimilarto
thatobservedwiththeO.0004-tichthreadat thelowerMachnumbers.
Abovea l&.chnumberof 5.2thecurveisdashedto indicateuncertain
fairingsincethetransitionpointwasoffthebodyat M = 6.8 andwas
notclearlydeftiedat M . 6.4. Thesedataindicatea possibilitythat
transitionReynoldsnumbermy notincreaseindefinitelywithMachnumber.
Moreexperimentalworkisnecessaryto clearupthispetit.Belowa Mmih
numberof 4.5transitionoccurredintheregionoftheogive-noseofthe
bodyandtheslopeofthecurvechangedas shown.Machnumberstillhad
an effectontrsm.sitionbutitwasmuchless.thanwhentransitionoccurred
backonthecylindricalpartofthebody. A valuefor RT wasobtained
fromreference~ foran intermediatevalueof surfaceroughness,a 0.0005-
inchscrewthread,andwasfoundto fallaswouldbe expectedat an inter-
mediatee locationbetweenthecurvefortheO.0004-inchthreadandthe
curvefortheO.0007-inchthread.

FortheMachnumbersabove5 itwasevidentthata rougher(deeper)
screwthreadwouldbe necessarytomovetransitionintothefieldof
observationonthemodel.Thefirstto be triedwasa O.00I0-inchthr-d
ata Machnumberof 5 whichgavea valueof RT beyondthelimitofobser-
vation.Thesecondattemptwasmadetitha O.0020-inchthreadata Mach
numberof6.5whichgavea valueof RT ontheogive.Thedesireddepth
threadwasevidentlys~mewherebetween.Thusa O.0015-inchthreadwas
triedwhichproducedtheresultshowninthefigure.AtMachnumbers
above5,theslopeofthecurveis samewhatlessthanwiththefiner
s~ew threadsatlowerMachnumbers,buttheeffectof ticreasimgMach
numberis stilllarge.Itis interestingtonotefromthecurvesforthe
variousscrewthreadsthatasMachnumberis increasedfrom2.7to 5.3
it wasnecessaryto increasethescrew-threaddepthconsiderably,from
0.0004inchto 0.0015inch,inorderto keeptransitionata constant
valueof RT of7.4 million.

h thecourseoftheinvestigationitwaswonderediftheeffectof
M on RT beingobservedcouldpossiblybe influencedby thetypeof
surfaceroughnessusedto controltransition.Forthisreasona three-
dimensionaltyperoughness(sandblastedsurfacedescribedearlier)was
testedintheMachnumberrangeshown.Theslopeofthecurveis similar
to theO.OOl>inch-threadcurve,thusindicatingthattheeffectof&ch
mmiberon RT beingobservedwasnotconfinedtothescrew-threadsur-
faces.Itisalsointerestingto notethatalthoughthesandblasted
surfacehadprojectionsoflessheight(intheorderof0.001tich-fim~) .
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than didthe0.0015-inchthread,itgavea lbwervalueof ~ forthe
same&kchnumberthandidthescrewthread.Thiswouldigdicatethata
three-dimensionalrandomtypeof surfacerou&hnessismoredamagingto
a laminarboundarylayerthana two-dimensionalregulartypeof surface
roughnessofaboutthesameheight.

Ihfigure8, dataarepresented,fortwobasicallydifferentcondi-
tionsoftesting,thatis,forairoffandforairon. Connectedwith - “-
theair-offconditionsarezeroair-streamturbulenceanda temperature
ratio,~/To, of1.0. b theair-onteststheairstreamisturbulent
andthetemperatureratiois1.8. Letus firstconsidffair-streamtur-
bulence.Inthecaseoftheair-offtestingtherewasno turbulence.
Intheair-oncase,however,therewaswithoutdoubtsometurbulence
presentintheairstreamandonewouldexpectthistoaffecttransition,
ifatall,insucha mannerasto produceearliertransition.Itwas
believedthat,whiletlieturbulenceforthetunnelwasnotknown,the
valueofthefluctuatingvelocityoftheatistreamwouldbe smallcam-
paredtotheresultantvelocityofthemodelthroughtheair. Forthis
reasonandbecausethetransitiondataoffigure8 (forthe0.0007-inch
screwthread)didnotshowa decreasein RT fromtheair-offto the
air-onconditions,itcanbe assumedforallpracticalpurposesthat
transitionwasnotseriouslyaffectedby theair-streamturbulence.Fur-
thermore,increasingthetemperatureratiofram1.0airoffto1.8airon
wouldbe expectedto causetransitionto occurata lowervalueofReynolds
number.Ina changeoftestconditionsfron”airofftoairon,bothair-
streamturbulenceandincreasedtemperatureratioactinsucha manner
as to causetransitionto occurearlieronthebodyandsinceno such”
caseof earliertransitionwasobservedinthedataof figure8, itwas
concludedthattheeffectofthesetwovariab-leswassmallandover-
shadowedby othereffectsinthepresenttests.

Forthetransitionresultsdiscussedabo-ve,heattransferfromthe
boundarylayertothemodelincreasedwithincreasingWch nuqberroughly
inproportionto thetemperature-difference~tios shownin figure9.
Whenthetransitiondataoffigure8 areplottedagainstthetemperature- ‘
differenceratios(fig.10),theresultshowsa favorableeffectof cool-
ingon increasingtransitionReynoldsnumber.Thisresultagreeswith
earlierfindingsofotherinvestigators.(see,e.g.,refs.4 and13)on

—

theeffectof coolingon F@ at constantMachnumber.Thesimilarity
observedintheseresultssuggeststit incr~ksingboundary-layercooling
isonefactor(perhapstheprinciplefactor)causingtheincreaseb RT
withincreasingMa@ number.Asroughnessisincreaaed,an increased
amountof coolingisrequired,butif sufficientcoolingisapplied,
transitionisforestalledoneventheroughestmodelstested.Other
factorsknownto influencetransitionandthatvarywithMachnumberare
pressuregradient,boundary-layerthickness,andboundary-layerprofile.
Towhatextentthesefactorscontributetothefavorableeffectof increasi-
ng MachnumberontransitionReynoldsnumbercannotbe determinedtio.m
thepresenttests. .-

—

.

6

-—
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.

-—

—

—

—

R“

.
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EffectsofFressure
.

9

Rise

Theinfluenceofangleofattackontransitionwaspresenton several
ofthemodelstested.. Thelocationoftransitiononthewindwardand
shelteredsidesofthebodywas&Lfferentandthevariationoftransition
ontheshelteredsidewith a wasinterpreted,as inreference~,tobe
a resultofpressureriseduetoangleofattack.Theauthorsofrefer-
ence5 wereableto definethevariationoftransitionReynoldsnumber
withangleofattacktoa muchbetterdegreetheminthepresentinvesti-
gationsincealloftheirdatawerecollectedat oneMachnumber.The
scopeofthepresenttestwassuchas to obtaindataovera tiderange
ofMachnumbersandthusthevariationof ~ with a wasnotaswell
definedforanyoneMachnumber.However, an increasedsensitivityof
thetransitionlocationto angleofattackforangleslessthanapproxi-
mately1° didappeartobe present’atthehigherMachnumbersofthe
presenttest,as indicatedin figureU.. Thisfigureshowsdatafromthe
presenttesth theMachnumberrangefrom5 to 7 andalsoshowsdataof
reference5 reproducedforcomparison.Thedataof figure11 showthe
increasedsensitivitytoangleofattackh thatthe-mum augleof
attackfordifferencesbetweenw5mdwardandshelteredtransitionlocation
wasreducedinthepresentinvestigation.Thisincreasedsensitivityto

i angleofattackwasdeemedtobe of interestandimportancebecauseit
representedanadverseeffectof increasingI&Lchnumber.Itwasthis
observationwhichledto theattemptedcorrelationof critical-pressure-
risecoefficientwithlkchnumiber..

Thepremure-risecoefficients,4/~, associatedwiththeseobserva-
tionswerecomputed.bya methodsimilarto thabdescribedinreference5
andisretiewedbrieflyherefortheconvenienceofthereader.Theaxial
pressureswereobtainedfromreferencelltandthecrossfl.awpressures
wereobtainedby useof slender-bodytheoryas Inreference15. The
streamlinepathsusedwereobtainedfromthemethodofreference16 in
whichitwasassumedthattheincompressibledistributionof crossflow
velocityaroundthecylihderappliesandthattheaxialvelocitycom-
ponentisthesameas for a . OO. Thecalculationwasmadeforseveral
streamlinesforanglesofattackof1°,2°,and3°andtheresultfor
u = 20,M = 6.8isshowninfigure12. Onewouldexpecttransitionto
firstoccurinthestreamlinehavingthemaximumpressureriseforthat
bodystations Therefore,thesevaluesof Ap/~ wereusedforcorres-
pondingtransitionlocations.Forexample,iftransitionoccurredat a
bodystationof X = 2.2inches,thecorrespondingvalueofpressurerise
wouldbe 0.0061,themaximumvalueat thatbodystation.Thismaximum

. valueof Ap/
%

fortheexampleoccursonthestreamlineintersecting
thenose-cyliner junctureat e = 10~.orl?Oabovethesideofthebody.

.
*or informationonthevariationof sheltered-sidetransitionwith

meridianangle,seereference~.
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Thesheltered-sidetransitiondatawerereducedto Ap/~ by thispro-
cedureandwereplottedversusI&chnumberas showninfigure13.

—
.

Thedataofthepresenttestplottedinfigure13 showno systematic
correlationof I@ with Ap/~. Thisresultisnotconsistentwithfig- ,
ure22(a)ofreference5 whichshowed,at M = 3.5,a dependenceof
pressure-risecoeffickrbontransitionReynoldsniunber.Thereasonfor
thisdisagreementisnotclear.Itmaybe duetothesmall.numberof
observationsat eachWch numberandthesmallReymoldsnumberrangeAof
thepresentdatawhichwouldtendto emphasizetheeffectsof experimen@l. __
scatterandunsteadinessofthetransition.point.R&her expqxbmrkl
workisevidentlyrequired,then,to determinethedependenceofpressure-
risecoefficienton RT. Whatis evidentfromthepresentcorrelation
isthatMachnumberhasan importantinfluenceonthepressure-risecoef-
ficientAp/~ and,therefore,thatthecorrelationofdataforvarious
Machnumbersattemptedinreference5 onthebasisofReynoldsnumber- - _
alonecouldnotsucceed. .-

Afterthetrendof Ap/~ withMachrifierwasobservedinthis
figure,ItwasbelieVedthatpossiblytheparamet=Ap/po wouldbe a

—

betteronetousesince,b theformerquantity,Ap/~, ~ hasa depend-
encyonMachnumber.Whenthetransitiondataweretransposedtovalues
of AP/Po andplottedinfigure14,thecorrelationshowedno dependence

—

onMachnunlberwithinthescatteroftheU*. me fi~e showsthe 4 “-
valuesof Ap/po torangefrom0.135to0J215titha meanvalueof0.175.
tidicationsarethatpressure-risetransitionwilloccurat approximately -
thismeanvalueforalloftheMachnumbersinvestigated.Thedatapre-
sented’includea changeintemperatureratio,~/To, offrom1.0at
M.3.5tol.8at M=5and 6.8. No effectofthischangeintemperature
ratiowasobserved.

To checktheeffectofpressure-risetransitionwithouttheinfluence —
of crossfl.owpressureriseduetoangleofattack,a poltshedcone-
cylinderbodywithanaxialpressure-risesbficientto causetr&sition
at a = O waslaunchedat M . ~. Transitiondueto pressureriseat

——

u . 0 didoccur,a“swouldbe predictedfromfigure14,at thebodystation
whereAp/po was0.17.Thedatapointobt&inedfromthistestisincluded“- :
onthefigure.

Dataofoth6rInvestigationswerereducedto seeifthecorrelation
wouldholdtrueforthelowerMachnumbersandforotherconfigurations.
ThedatawereobtainedonNACAairfoils(ref.17),ona monoplanewing
(ref.18),onan ogive-cylinderandcone-cylinder(ref.19),tidona
cone-cylinder(ref.9). Theoreticalpressuredistributionswereusedin .-

%he transitionReynoldsnumberrangeofreference5, figure2,2(a), . “
waefrom4.5millionto11million;whereasinfigure13 ofthepresent
reporttherangeisIrom4 millionto7 million.
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deteminingthep“ressure-rise“coefficientsinthecaseswhereno experi-
mentaldistributionswereavailable.Theoreticalpressuredistributions

. wereobtainedframcharacteristicssolutionsfortheogive-cyltidershapes
(ref.14) andforthecone-cylindershapes(ref.20). Severalsources
wereinvestigatedtd determineif intheexperimental-se theboundary-. layereffectsat thecone-cylinderjuncturemightalterthenatureofthe
expansionat thatpoint.Theverylittleamountofpressure-distribution
datathatwasfoundto includetheregionverynearthecone-cylinder
Junctionshowedthattheflowdidnotexpandat thecornertoas lowa
pressureas predictedby theory.Thisdifferencebetweentheexperimental
andtheoreticalpressurecoefficientsatthecornerwasfoundtobe close
toanaverageof20 percent.Thisvalueof 20percentwasusedtoreduce
thetheoreticalpressurecoefficientsatthecornerforthecone-cylinder
bodiessinceitwasthebestinformationavailable.Allofthesedata
fromotherinvestigationsexceptforthesubsonicdatacorrelatewelland
haveverynearlythesamevalueof Ap/po forpressure-risetransition
asthedataofthepresenttest.

Whentransitionispredominatelycontrolledbyroughness,vibration,
ati-~treamturbulence,etc.,correlationwithfigure14 shouldnotbe
expected.Ihaddition,allofthedataoffigure14wereobtainedfor
caseswheretheboundary-layerthiclmessdevelopmentdidnotdepartradi-
callyfromthatfora flatplate.Cautionshouldbeapplied,therefore,

*’ inusingthiscorrelationonshapeswhentheboundary-layerthickness
changesrapidlyandexknsively,as onboattailedbodiesorflaredbodies
orwhenotherconditionsvaryconsiderablyfromthoseofthepresenttest.

.
Itis interestingtonotethatasMachnumberincreases,thepres-

sureriseto causetransitiontakeson increasingrelativeimportance
sincesurfaceroughnessisbecominglessimportant.Thatisto say,when
longlaminarrunsme desired,smoothnessismoreimportantthanpressure
riseat thelowMachnumbers,butasMachnumberincreases,surfacesmooth-
nessbecameslessimportantandpressureriseisofmoreconcern.

LongLaminarRuns

Asidefromtheoriginalplanoftheinvestigation,sinceincreasing
Mmh numbershowedsucha favorableeffecton increasingthelengthof
laminarrun,twomodelspolishedwithfineemerypaperwerelaunchedin
an attemptto obtaima highvalueoftransitionReynoldsnumber.Both
roundswerelaunchedat M = 7,thefirstat themaximwnlengthReyuolds
numberavailable,36million,andthesecondat 22.8million.Thestatic
pressureinthewindtumnelwasvariedto obhin thischangeinlength
Reyuoldsnumber.Thefirstroundgavea valueof15millionfor ~.
Thesecondtest.mdeat thelowerReyuoldsnumbergavea valueofI-I..6.
millionfor I@. Theselaminarruns,whilefairlylong,werenotas
greatashadbeenexpected.However,thetestconditionsweresuchas to
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producea verythinlaminarboundarylayer,orderofa fewthousandths
ofan inchthick,andthisimposesverystringentrequirementson surface
smoothness.Fortestsat largerscaleandconsequentlywiththicker .

boundarylayers,thesurfacewouldnothaveto beas smoothas inthe
presentcase,andquitepossiblyhigh= valuesoftransitionReynolds
numbermightbeattained.

..-

Examinationofthetworesultsdd.scussedinthissectionshowthat
RT increaseswithincreasingLengthReynoldsnumber.Thissametrend
wasobservedbyBrinich,reference$?l.,andobservedearlierbyWittin
somedataobtainedintheNOLF&essurizedBald.isticsRangereportedin
reference9. However,itisInterestingtonotethatsomedatapresented
inreference5 formodelswitha roughscrqw-threadsurfaceshoweda

- decreasein RT as lengthReynoldsnumberwasincreased.Thisdifference-
maybeattributableto thedifferenceinthedegreeof surfaceroughness.

CONCLUSIONS

Boundary-layer-transitiondatahavebeen
testsofa slenderbodyofrevolutionatMach

presentedfromfree-flight
numbersfrom1.8to 7.4and

a constantlengthReynoldsnumberof13.8million.Thewallto free-stream
temperatureratiowasconstantat twolevels,1.0and1.8,and,therefore,
thetemperaturedifferenceratio(whichisindicativeofheattransfer),

w

variedwithMachnumber.Conclusionsderivedfromthisinvestigationare
summarizedbelow: .

1. Fortheconditionsdescribedabove,thelaminarboundarylayer
extendedtohigherReynoldsnumbersasMachnumberwasincreased. —

2. As thedepthof surfaceroughnesswastncreased,theReynolds
numberoftransitiondecreased,butthedepthofroughnessdidnot,in
general,alterthetnfluenceofMachnumberontransition.

3. Thetransitiondata,plottedagainsta boundary-layercoolfng
factor(whichwasa functionof M),isinaccordwithearlierftidings
ofotherinvestigatorsontheeffectof coolingonboundary-layertransi-
tionat constantMachnumber.Howmuchofthefavorableeffectofincreas-
ingMachnumbercanbeattributedtoboundary-layercoolingandhowmuch
to otherfactorssuchaspressuregradient,boundary-layerthickness,
andboundary-layerprofilecouldnotbe determined.

4. Fortherangeofconditionsofthisinvestigationandothers
reportedinthetext,essentiallythesamevalueofpressure-risecoef-
ficientcausedtransitionat allsupersonicMachnumbers.

. .—

3* Fortheslenderbodyofrevolution”ofthepresenttest,itwas - -
observedthatpressurerisebecameincreasinglyimportantincausing
transitionasMachnumberwasincreased.



6. ThehighesttransitionReynoldsnumberattainedtnthepresent
testata Machnumberof7 andfora thinboundarylayertis15million
andwasobtainedona model.polishedwithfineemerypaper.

7. Theparametersofthistivesti.gation,namely,Machnumber,
surfaceroughness,pressurerise,andReynoldsnumber,werefoundto
influencetransitionh theLees-VanDriestregionofpredictedinfinite
laminarstabilityto smalltwo-dimensionaldisturbances.

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeForAeronautics

MoffettField,Calif.,Feb.15,1956
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Figure 3.- Typical photomicrographs.
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Figure
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(c) Transition in boundary layer; emery-polished surface; ‘-2”62

a= 0.2°; M = 6.8; RI = 22.6 million.

Figure 5.- Concluded,
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