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Wind-tunneltestshavebeenperf~d toinvestigatetheeffectof
surfaceheatingonboundary-layertransitionona flatplate.The
testswereperformdata nominalJ@chnumdmrof2.40anda free-stieam
temperatureof4205°F,andthedatawereobtainedatnominal@ate
temperaturelevelsof600(adiabaticrecoverytemperature),100°,lkOO,
18oo,and2600F overa lengthReynoldsnumberraugefrom0.475x lN
to 3.93x 106.

Theidentificationoftheonsetandendoftransitionwasmadeby
&spectionofthecurvesofsurface-tubeMachnumberreadingasa
functionoflengthReynoldsnuniberobtainedthroughthetransition
region.Boundary-layer-velocityprofileswereobtainedatpointscor-
respondingtotheonsetandendoftransitiontoenablethecomputation
ofcriticalReynoldsnmbersbasedonboundary-layerdimensims.

ThetransitionReynoldsmmibersbasedonthelengthofrunfrom
thephteleadingedge,displacemmt,mommtum,andboundary-layer
thiclmesswithfluidpropertiesdefinedalternativelyatthefree+tream
andwalltemperaturesarepresentedingraphicalform.Theresults
obtainedindicatethatanincreaseh surfacetemperaturehasa marked
influenceondecreasingtheReynoldsnumberoftransition,althoughthe
changeinthisReyuoldsnumberperunitchangeintemperaturedecreases
withincreasedsmfacetemperature.

Valuesoftheaverageskin-frictioncoefficientofthelaminar
boundarylayerwh3chwaspresentovertheleading6 inchesoftheplate
werecalculatedf&omtheresultsoftheb&mdary-layersmveysand
comparedwiththemy. Therateofchangeoftheaverageskin-flriction
coefficientwithlengthReynoldsnuniberagreeswiththeory,althou@,
theabsolutevalues are about35percenthigherthantheoreticalvalues
obtainedbyCroccRonforto.The‘presentexper~ntaldatime ~
excellentagreementwithotherexperimentalresults.
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Theoreticalanalyseehaveshownthatthereisan influenceofsur-
facetemperatureonthestalilityofthelaminarWundarylayer.The
additionofheattoa &B froma solidsurfacehasbeenshowntohavea
destabilizingeffectonthelemimarlayerthroughtheactionofbuoyant
forcesdueto thedensitygradientinthefluidabovethesurface.It
maybe ehownfroma considerationoftheequationofmotionthatsuch
heatadditiontoa gaswillprcducean inflectedvelocityprofile;this
typeof~rofilehasleenshowm(reference1) tobemoreunstableat high
Reynoldsnumbersthana regular-typeTrofilewhichisconvexthroughout.
Lees(reference2)hasdemonstratedthattheminimumcriticalReynolds
nuniberatwhichself-exciteddisturbances(slowlygrowingo~cillations,
notturbulence)firstappeerinthelotidarylayerisnotonlydecreased
withheataddition,butthattheHimum rateofamplificationofthe
self+xciteddisturbancespropagatedalongthe’eurfaceis inversely
proportionaltoapproximatelythesquarerootoftheminimmcritical
Reynoldsnumber.Thiswouldmean,forgivenetiernalconditions,that
(insofaras thisnmchanismisthesourceoftremsition)thelength
intervalbetweenthefirstappearanceofself+xciteddistmbances”and
theonsetoftransitionshouldbe shorterfora lowercriticalReynolds
numiber.Thus,fromtheoreticalconsiderationsoflamitiloundery-layer
stability,itmaybe concludedthattransitionisadvancedby theaddi—
tionofheatto thefluidas compsredwiththeadiabaticc-ase’atthe
~ Machnumber.

LiepmmnandFilahaveshownexperimentallyinreference3,forlow
su%sonicfree+tieamvelocities,thattransitionisadvancedasa result
ofheatinga flatplate.J&ickandMcCullough(reference4)havenoted
thechangeoftrasitionpointdueto heatingtheuppersurfaceofan
NACA65,2416airfoilat threedifferentchordwiselocations:(1)ahead
of themininmmpressurepoint,(2)alongtheentirelaminarrun,amd
(3)atthenose. Theirresultsindicatea decreaseintheReynolds
numberoftransitionduetoheataddition.Themgnitudeoftheeffect
on transitionisdependentupontheregionofapplicationoftheheat.
Scherrer(references5 and6)hasshownthattransitionisadvancedby
addingheatanddelayedbywithdrawingheat&cm a -s flowingsuper—
sonicallyovera 20°cone.

Sincetheavailableinformationontheeffectof surfaceheatingon
boundary-layertransitionislimitedinscope,itwasfeltthataddi-
tionalquantitativeexperimntddata,especiallyforflatplatesin
su~ersonicflow,wouldbe desirable.Thepresente~erimentalprogram
wasinitiatedto studythemove~ntofthetransitionpointona flat
plateinsupersonicflow(Machnumber= 2.40)forfivenominalsurface
temperaturelevels,600(adiabaticrecoverytemperature),100°,140°,
18oo,and260°j?;toe-ne tb characteristicsof theboundarylayer
inmwdiatelyprecedingandfou~g transition;and,finally,to
correlaktheinformationina usablemhner. A furtherresultof the

.
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.

experiln9nWworkwasthedeterminationoftheaverageskin-friction

w coefficientofthelaminarboundarylayer=d itscomparisonwith
availabletheory,

Cf

SYMBCJLS

averageekin-frictioncoefficient

Machnuder

Gtaticpressure

dynemicpresmre

alsolutetemperature

velocity
.

distance’fromleadingedgeof@ate

distancenormaltoplate

.

Y “ ratioof specificheats

boundary-layerthickness

boundary-layerdisplacementthiclmess

loundary-layermomentumthiclmess

kinematicviscosity

density

Subscripts

w wallconditions

w free-stremnconditions
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DESCRIPTIONOFEQUITMENT

WindTunnel

.

●

TheexperinmtalinvestigationwaBmadewitha heatedflatplate
modelinthe@s 6-inchheat-transfertunnel.Thetunnelandauxiliary
equiTnmtaredescriledindetailinreference7*

Flat+PlateMalel

Thetestmcdel,shownschematicallyinfigwe1,wasconstructed
fromstainlesssteel.Themcdelwas16incheslong,>1/2 incheswide,
and1/2inchthick.TheuTstreamendoftheplatewaschamferedtoa
15°an@e,emdtheleadingedgewasroundedtoanapproximateradiusof
0.003inchtoavoidfeathering.A 3–inch-widehy3/&incHeeTgroove
wasmilledinthebottomoftheplatealongthecenterlineto~ermit
installationoftheelectricheaterunitsandplateteqeraturethermo-
couples.Twosimilargrooves1/2inchwidelocatedinthebottomof
theplatenearthesidesprovidedaccesstothestatic-pressureorifices.
A l/16-inc&thickcoverplateonthelottomsealedthese~oovesand
formedanairspaceprovidinginsulationbetweenthetopandbottom
suxfacee. .

Thethermocouplesweremadefromcalibratedironandconstantan
wireswitheachwirepeenedseparately1/4inchapartspanwiseintothe
undersideofthetopsurfaceoftheplate.Theplatethermocouples
indicatetemperatures1/16inchbelowtheupyerplatesurfaceat l/2-
inchintervalsalongthecenterline.

Theelectricheaterswerenadeofnichromewiresetintip-size
&oovesmilledintothetq sideofthintransitesections@asuring
3 incheslongby 1/2inchwide. Theheatersweresetintothemain
centergrooveat l/2–inchintervalsalongthecenterlinewiththefirst
positionedat x = 1.2inches.A thinsheetofmica,0.005inchthick,
insulatedtheheaterelemntsfromtheuppersteelsurface.

Thestatic-pressureorifices,0.0135inchindiameter,werespaced .
1 inchapartchordtise,alternatelyontwolines,eachlinelocated
1 inchfromthecmespondlngeideoftheplate.Thisarrangement
allowedstatic~ressurereadingstobemadeat l-inchintervalsalong
theplate.

—

Thetestplatewasdowel.ledto thetest-sectionwallstoreduce
bendingand~ilrationtoa minimum.Thin,softfabricstripsprovided
bearingsurfacesbetweentheglassw-lndowsandtheplatesidesand .
eliminatedflowaroundthesides.Thetopsurfaceofthetestplate
wasgroundandpolishedtoa highfinish.



NACATN2351 5

An mpact+ressmesurveyapparatuswasmountedaboveanddown-
streamofthetest@ate sothatimpact+ressuresurveyscouldbemade
ompletelythroughtheflowboundarylayerat the desiredtestposition.
k e impac~ressuretube,constructed.offlattenedhypcdemictubing,
waerectangularfaced,masuring0.008inchinheightand0.080inchin
width,withanopeningmeasuringO.O& tichby 0.075inch(fig.1).

TESTPROCEDURE

I?lordertodeterminetheonsetandendoflmamition,impact-
pressureprobereadingsweremadeata fixedpositimadjacenttothe
surfaceoftheplate.TheReynoldsnuniberwasvariedbyraisingor
loweringthetunnelstagnationpressme.A changeinthe,typeofbound–
arylayerpresentontheplatewasindicatedbya markedchangeinthe
Machnumberasdeterminedficmthemagnitudeofthepressuresindicated
bythesurfaceimpac~essureprobeandanadjacentstati~ressme
orifice.AlthoughtheabsolutemagnitudeofthesurfaceMachnuderis
notsignificantassuch,itsvariationfcma fixedfree-dreamMach
nmiberdoespermitrecognitionofthethreetypesofbounikmylayer,
namely>laminar,transitional,andturbulent.

Thedetafledtestprocedurenecessarytoobtaincmwesofsurface-
tubeMachnumiberasa functionofReynoldsnumbershowninfigure2 was
asfollows:Afterthetunneloperatingconditicmsoftotalpressure
andtemperaturelevelhadbeenestablished,thehpac@ressme tubewas
loweredtothepkte surface6 inchesfromtheleadingedgeforECU_
tests.Theplatetemperaturewasadjustedtothedesiredlevelbymeans
of19rheosti~ontrolledheaterswhichenabledtheplatetemperatureto
bemaintainedconstantfkomx = 1.2“inchestoa positionapproximately
4 inchesdownstreamoftheprobeface.Temperaturereadingswere
obtainedwitha rapid-readingrecordingpotentiometerandheatercur-
rentswerevarieduntila constantsteady+tateplatetemperaturewas
realized.Thefinalplate-temperaturethermocouplevoltageswere
recordedwithla ?mmal+alaucingpotentimterinorderthatbetter
accuracyoftemperaturermammementwouldbeinsured.s@gllation–
temperaturethermocouplevoltageswererecordedatthistim.

Incon$mctionwfththetemperaturereadings,@ac& andstatic-
presmmemeasuremmtsweremadeattheimpac~essureprobepositionon
theplatesmface.Theprobewasthenraisedtoa positimoutsidethe
boundarylayer,andthestitic+ressuredistributionalongtheplateand
thefree+treamimpactpressurecorrespondingtotheprobepositionwere
measured.Themeasurementsweremadeonmrcuryanddibutyl+hthalate
Jmnomterswitha highvacuumusedasa comnonreferenceforaXlmano-
meters.~ ordertokeepthepressure+masuringerrorstoa minimum,
thelowimpac~ressureandallstatiqressurevalueswerereadwith
dibutyl=phtbalatemnomters.

“--———— -.—. — . .. —.-. — . . . . .. . . . . .. —-,
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AtthecompletionoftheTrelliminnworknecesssrytoestablish
thecurvesshowninfigwre2,theReynoldsnumbersdenotingtheonset ‘
andendoftransitionweredeterminedbyinspectionofthecurvesj
srbitiaril.yassiguingthebeginnhgoftransitiontothepointon
eachcurvewherethesurfaceIkchnumberstartedtoriseflromitsmln-’
imumvalue.Correspondingly,theendoftransitionwaschosenasthe
yositicmoneachcurvewheretheMachnumberstartidtodecreaseappre-
ciablyfroma straightUme passingthroughthemaximumIkchnumber
values● Becauseofthecha@ inshapeofthecurveintheregion
judgedto& theendofta-ansitionfora @Ete temperateof2600 F,
a boundary-layerprofileattheselectedpointoftheendoftransi-
tionwasobtainedandcomparedwitha fullydevelopedturbulent
boundary-layerprofileobtainedata higherReynoldsnuniberandthe
_ platetemperatime.‘lbtwoprofileswereinexcellentagreem9nt,
indicatingthatfullydevelopedturbulentflowexistedattheselected
pointinquestion.

.

Foreachendpointofthetrsasitionregions,thetotalpressure
levelwhichgavetheprescribedReynoldsntierwassetandtheplate
surface.temperaturewasadjustedtothedesiredlevel.A COll@.f3te
boundary-layersmveywasthenmade,startingattheplatesurfaceand
traversingtothefreestream.!Cbeheightoftheimpact+ressuretube
abovetheplatesurfacewasmasuredwitha dialindicatcmmountedon
theverticalpostofa cathetomter.!Nmleastcountofth fndfcator
W’aSO.0001inch.Thetelescopeofthecathetomterwassightedthrough
onetest-sectionwindowona finelinescribedontheimpact=pressure
probest~ener. Thislinewasparslleltotheplatesurfaceand
scribedsufficientlyhighabovethelowersurfaceofthetubetobe
outsidetheboundarylayer,therebyelhinatingerrorsintubeheight
duetorefractioneffects.Itisbelievedthatthetubepositioncould
bemasuredto+0.00.linch.

Thetim lag toobtainanimpac~ressuremasuremnt variedwith
theabsolutepressuremeasuredS@ wasintheorderof10to30minutes.
A pressuetimehistorywasmadeforeachimpact+messurereadingduring
thesurveystoestablishthesteady+tatevalue.

DATAREDUCTION

Allboundary-layerimpac~ressuredatawerefirstreducedinterms
ofMachnuriiber.JMredcurves(figs.3 and4)weredrawnforthe
%oundary-layerprofilesfromwhichveluesofMachnumiberandordinate
staticmsweretaken=Localtemperatureandvelcnitydistributionswere
thenevaluatedempl@nga relationof(kmcco~s(reference8),which
assumesa Erandtlnuniberof1,andthefactthattemperaturenayti

1.

——— .. — ———-—— —.
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expressedasa functionofvelmity andthemasuredMch nm?iber.
Crcmco*sequationmaybeeipreasedas:‘

(1)

TheImninarandturbulentboundary-layervehoityprofUes,atthe
be@nnMgandendoftransition,areplottedinfigures5 and6,respec-
tively.Thetemperaturedistributionsalongtheplateatthevarious
levelsatwhichthesurveysweretakenareshownplottedinfigure7*

Evaluationoftheboundery-layerdisplacementthichess.

andthemommrbumthickness

(2)

(3)

was~de bynumrioalintegrationoftherespectivefunctiaqsofdensity
andvelocity.

ThevaluesofaVera@3laminarboundary-layerskin-frictioncoeffi-
cientfromtheplatelea+ edgeto x = 6 incheswereevduatidfrom
theequaticmdefiningthemcnmntumdeor?mnt .

(4)

/ RESULTSANDDISCDEX3101V‘ ~

Thepositi.gnofthetransitionpointslag theplatesurfacemay_be
influmcedbothbyfactorswithintheboundarylayerandbyconditions
outsidetheboundarylayer. Briefly, theexlmmalcmlitimswhich
affectboundary-layertisitionare:pressuregradientstibul.ence
level,externalpressurefluctuatias,surfaoeroughness,andthetrans-
portprocessofanexternaldisturbancethrougha normallylaminar
boundarylayer,termd‘transversecontamination”byCharters(refe%
ence9).

. — -.—— .—-— — -—- - ..— ——. — .— —. —.- --. —---— .. —--- ----
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Intheseriesofexperimnrkltestsdescribedherein,emphasishas
beencenteredontheinfluenceofsurfacetemperatureuponthefactors
withintheboundarylayerwhichcontrolthetransitionpoint,whilean
attempthasbeenmadetominimizetheeffectoferkmnalinfluenceson
llounaary-layer-ition. Theconstancyofthetest+ectionstatic-
pressureisevidencedinfigure8. Thenagnitudeofthetunnelturbu-
lencelevelisunlmownhutislelievedtobelowbecauseofthehigh
contractionratioandeffectivedampingbysixfine+mshwirescreens
mountedupstreamofthetestsection.Themagnitudeof-thepressure
fluctuationstithinthetestsectionarebelievedtobedampedbythe
largereceivingchmiberupstreamofthetestsection.Thenk3asured
roughnessofthe@ate surfacewasfoundnottoexceed.a nadmumdevia-
ti~ Of25microinchesfromthemmn profile.Theeffectof~erse
contamination&cm thetunnelwallshasbeenfoundtoliebeyondthe
testingregion,fromevidencegivenbya lumdnousfilmnmthodofdetec~
ingthisphenommon.(Cf.refeience10.)

Thetransitionregionscorrespondingtothefiveplatetemperature
levelsaredeftiedinfigure2 bythecurvesofsurface-tubeMachnumiber
asa functionofReynoldsnumber.Thelimitsofthethreeregimesof
boundaxy-layerflow,Mdnar, transitional,andturbulent,areindicated
bythedarks@bolsoneachcwve. Atadiabaticwalltemperature
(600F)theRepoldsnmiberdefiningtheefientofthelamlnarregion
is1.25x 10sanddecreasesgraduallywithincreasingplatetemperature
toa vahe of0.6x 108fora platetemperatureof260° F. ~ extent
oftheReynoldsnumberrazigeforthetransitionregiondecreasesfram
about2 x 106toa valueof1 x 106overthe_ temperaturerangeof
200°F.

Sinceh thisseriesofteststheReynoldsnumberwasvariedby
changingthetunnelstagnationpressure,theresultsinfigure2 maybe
affectedbya possiblevariaticmoftmbulencelevelwithpressure.The
factthattransitionefiendsovertheafor~ntionedReynoldsnumber
rangeindicatesoneoftwopossibilities:Eitherthetransitionfrom
laminartoturbulentflowisa gradualprocess,requiringa definite
regionthroughwhichthelaminarflowisdestroyed,w transitionisa
suddenprocess,occurrtigovera relativelynemrowregion,which,in
itself,fluctuateslackandforthalongtheplatewithintheregion
indicatedbythesurveyapparatus.Dryden(reference11)hasshownin
subsonicflowthatthetransitionpoint,definedbyhimasthepetitat
whichthefirstburstsofturbulenceareindicatedbyhotwireequipment,
issubjecttorapidto-and.-fiomovemntalongtheplatesurface.

Theeffectofsurfacetemperatureontransiticfnisdepictedina
seriesofc~es ofReynoldsnumlers,basedonlengthofrun,boundary-
layerthiclmess,displacenk3ntthichess,andmomentumthicknessfor
free+tieampropetiies(figs.9,10,U, =a 1.2)anaforwallproperties
(ffgs.13,14,15,and16),asa functionoftheratioofWaIIterupera-
turetofree+tieamtemperature.~ generalconclusionsthatmaybe
drawnfromane~ltion ofallthesecmvesareasfollows:The

—_. — -.



2
.

mch m 2351 9

Reynd_denumbersattheonsetandendoftransitiondecreasewith
increasedtempsmatmeratio;however,theReynoldsnuniberattheefiof
transitiondecreasesmcmerapidlythm thatattheonsetoftransition.
Therefore,theextentoftheReynoldsnuniberrangeoftransition
decreaseswithincreaseintemperatureratio.Ehminationoffigures9
through16showsa changeintheslopeofthecurvesofReyndblsnumiber
asa functionoftemperatureratiowhichwouldindicatea decreasein
theeffectofsurfacetemperatureuponthechangeinRe~olilsnuniberfor
increasingsurfacetemperature.Thiseffecthasbeennotedbynick and
McCulloughintheirworkonheatedlow-draga=oils atsubsonicspeeds
(reference4).

TransitionReyuol.fisnumlervalues,ba8eaonbounday-layermommtum
thickness,determinedbyWickandMcCulloughona low-dragairfoilin
subsonicflowshowa decreaseofabout33 percentastheairfoilsurface
temperaturewasincreasedapproximately100°F. Thepresenttests
indicatea decreaseinthecorrespondingtransitionReynoldsnuder
values,showninfigure12,ofabout31percent(1050to720)fora
surfacetemperatureincreaseof100°F aboveadiabaticrecoverytempe&-
ture.Thisagreementmy befortuitousinlightoftlmfactthatthe
testswereperfmd undersuchdissimilarccmiitions.

Inanalyzingthedataobtainedinthetests,anattemptwasmwleto
evaluatethetransitionReynoldsnumberswithfluidpropertiesbasedon
anintermediatetemperaturebetweentheI?ree+tieamvalueandthatat
thesolidsurfaceinaccordancetithsuggestionsmadeina reportby
Allenandl?itzberg(reference12). ItwasfO~a thatnoparticm
advautigecouldbegainedbyemployingfluidpropertiesatanyinter-
m9iMat0temperature.Thepresentexperimentalresultsdonotprovide
sufficientbasistostatethatanyparticularlengthparamgterorthat
w Wtfcti etiwtfonoffhia propertiesbettercorrelatethe
variationoftheRe~oldSnuderoftransitionwithsurfacetemperate.

Theaverages~fkictioncmfficientfarthelaminnboundary-
layerateachoftheplatetemperaturesisshowninfigure17. @
valuesarecoqaredtothetheoryofCroccoanaConfcmtoas~esented“
inreference13. Therateofchangeoftheaverageskin-tiiction
coefficientwithReyndilsnumberagreeswiththetheory;however,the
absolutevaluesareapproximately35percenthigherthanWe theoretical
values,butareinexcellentagreemmtwiththeexperimmtalresults
obtainedbyIILUe(reference14) onanunheatedflatplateinsupersonic
flow.A furtherstudyoftheproblemwouldbenecesmrybeforean
adequateexplanationofthediscrepancycOda be mae.

.

Surfaceheatinghasa

coImimDm mMAR13s

-ked effectup6nthetn?ansitionReyndiis
number.Thisfacthasbeendemons~atdqualitatiwlybeforeforboth

- .----- -—— ——. ——. ..--. .— ——— . ..— — -——. .—. —.——
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subsonicandsupersonicflow,butadequatequantitativedatahavenot
beenpresentedforsupersonicfluw.m resultsofthepresenttests
indicatethat,fora surfacetemperatureincreaseof200°F,the
Reynoldsntieratthe&setof-sition basedonboundary-layer
lengthofrunandfree+treamfluidpropertieswasdecreasedfrom
1.25x 108to0.6x 108,whilecorrespondingdecreasesinReyndldsnum-
bersbasedondisplacemmt,momntum,andboundary-layerthicknessat
theonsetoftransitionare.fiom6300to488o,from105oto632,and’
from13,400toU130,respectively.Althoughtheresultscannotbe
construedasanabsolutequantitativemasureofthesurfacetemperature
effect,theyprovidea general~icturewhichgivesaddedlmowledgeof
theproblem

Althoughtheinfluenceofsurfacetemperateontransitionis
decidedlymarked,theresultsindicatethatthechangeinReyncUs
numberoftisitionyerunitchangeintemperatureratiodecreasesfcm
increasingtempemtureratio.Thiseffecthasbeenshownpreviouslyby
FrickandMcCullough.

Withoutexcludingthepossibilitythattransitionmayoccurina
narrowbandwhichoscillateswithinthetransitionregion,thistransi-
tionregionhasa lengthofthesamgorderofmgnitudeastheIaminar ‘
region.Thee-nt ofthistransitionregiondecreaseswithanincrease
insurfacetemperate.

Valuesoftheskin-frictionc~fficientde~rmhedexperimmtaKly
forthelaminarboundarylayerona heatedplateshowexcellentagree-
mmt withtidependentresultsobtainedbyIUueonanunheatedflatplate
insupersonicflow,althoughbothsetsofexperimentaldataareabout
35 percent hi&erthanava&ble
thediscrepancyarenotknownat.

.
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Reynolds number, ~

figure 2.- The vuriathn of surface-tub Mach number with Reynolds number.
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