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SUMMARY

Heat-transfer
flightexperiments
seewhetherornot

datafromfourwind-tunnelexperimentsandtwofree-
withturbulentboundarylayershavebeenexaminedto
theyarewellrepresentedby theReynoldsanalogyor

1.

a modificationthereof.Theheat-t%nsferres~tsare-putintoth;-form
ofdimensionlessStantonnumbersbasedonfluidpropertiesattheouter
edgeoftheboundarylayerandarecomparedwithskin-frictioncoeffi-
cientsforthesameMachnumbersandwallto free-stresmtemperature
ratiosas obtainedfroman interpolationoftheecistingskin-friction
data.TheeffectiveReynoldsnumberistakentobe thelengthReynolds
numbermeasuredfromtheeffectiveturbulentorigin,a positionwhich
differsimportantlyfromtheleadingedgeofthetestsurfacein some
cases.

ThedatacovertheWch numberrangefroml.kto 3.2at effective
Reynoldsnumbersfrom0.4millionto24ndJJion.Theyvereobtainedon
a varietyofbodyshapes@eludingflatplates,cones,andpointed
slenderbodiesofrevolution.Extremelybluntshapes(suchas spheres)
wereexcludedfromthecorrelation.Allowancewasmadeforthediffer-
encesbetweenconeflowandflat-plateflowbutotherwiseno corrections
forshapewereapplied.

Theresultsarepresentedintheformofratiosof eqerhnental.
Stantonnumberto skin-frictioncoefficientandthe32valuesobtained
allliewithinthelimits,o.~ to 0.72.Themeanratiois 0.61and
thereisanaveragedeviationof8 percentfromthisvalue.T%isappears
tobe an excellentconfirmationoftheexistingtheoryonthissubject.

.
INTRODUCTION

TheReynoldsanalogyisan oldandwidelyknownmethodof estimating
theheattransferofa turbulent’boundarylayerfromitsskin-friction
characteristics,butuntilveryrecently,therehasnotbeenmuchexper-
imentalevidenceto showwhetherornotitwasap@dcabletoturbulent
boundarylayersat supersonics~eeds.Intworecentinvestigations,one
bythepresentauthorwhichwasnotformallypublished,andoneby

.. —. —. — ..——— _ ___ .—. —.—— ___ . —



2 NACATN 32&

.

C.C.Pappas(ref.1),thevariationswithMachnumberofheat-transfer
dataandsldn-frictiondatafromvariousfacilitieswerecomparedfor
turbulentboundarylayers.

1,

Itwasfoundthat,withinthescatterofthe
experiments,theMachnumbervariationsoftheheattransferandtheskin
frictionwerethesame,thussuggestingthecorrectnessoftheReynolds
analogyor somemodificationthereof.

A factorwhichcomplicatestheevaluationoftheReynoldsanalogy
forturbulentflowat supersonicspeedsisthedependenceoftheskin
frictionandpresumablytheheattransferontheratioofwalltempera-
turetofree-streamstatictemperature.Somerecentmeasurementsinthe
Amessupersonicfree-f13ghtwindtunnel,asyetunpublished,haveindi-
catedthatfora Machnumbernear4 a sizabledifferenceexistsbetween
theskinfrictionatlargeheattransferandthatat zeroheattransfer.
Furthermore,suchdifferenceshavealsobeenobservedbetweenheated
andunheatedpipeflowsat subsonicspeed.No difficultiesdueto this
variationof S- frictionwith WaIJ temperatureratiowereencountered
inreference1 becausethedataincludedthereinwerealIlforwall
temperaturesnotfarremovedfromtherecoverytemperature.Infact,a
majorityofthedatanowexistingforbothskinfrictionandheattrans-
ferarefortheconditionofsmallheattransfer.Thereareavailable,
however,enoughdatawithlargeheattransfertopermitan estimateof
theeffectsoflargeheattransferonboththeskinfrictionandthe
Reynoldsanalogy.Thisestimatemustbe basedona mi&mmmofdataand
willbe,tothatextent,speculative,butthepublicationofthisgeneral
frameworkagainstwhichto comparesubsequentdatashouldbe usefulin
thedevelopmentofthisfieldofresearch.

Thepurposesofthispaper,then,aretd generalizethecomparisons
of sldn-frictionandheat-transferdatato includethoseconditionsof
largeheattransferwhichwiKlundoubtedlyoccurinflight;topresent
thesecomparisonsina moredirectmannerthanhasbeenusedheretofore,
asratiosofStantonnumberto skin-frictioncoefficient;andto examine
wherepossiblethedependenceoftheReynolds
cations)onMachnumber,Reynoldsnumber,and

a

b,c

d

Cf

%

%?

siMBoLs

analog (oritsmodifi-
walltemperatureratio.

lamiparskinfrictioncons~ant= @@, dimensionless

stationsalongturbulentregionof cone(AppendixC),

constant,dimensionless

localskin-frictioncoefficient,dimensionless

averageskin-frictioncoefficient,dimensionless

heatcapacityofairat constantpressure,Btu/slug%
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localheat-transfercoefficient,Btu/secft2%

averageheat-transfercoefficient,Btu/secft2%

thermalconductivityofair,Btu/secft2OF/f%

totallengthoftestsurface,ft

constant,dimensionless

Nusseltnumber,hx/k,dimensionless

Prandtlnumber,C#/k, dimensionless

heat-transferrate,Btu/secft2

localradiu&of crosssectionofq cone,ft

Reynoldsnumber,dimensionless

streamwisecoordinatealongbodysurface,ft

localStantonnunber,h/(~Pu)l,dimensionless

averageStantonnumber,~/(C$pu)=ytiensionless

temperate,%abs

recoverytemperature,walltemperaturewithzeroheattransfer,
% abs

velocitycomponentparallelto surface,ft/sec

coordinateindirectionoffreestream,ft

coordinatenormaltotestsurface,ft

half-angleofcone,deg

boundary:layerthiclmess,f%

boundary-layermomentumthiclmess,f%

airviscosity,slugs/ftsec

airdensity,slugs/ftS

shearingstressatwall,lb/ft2
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.

0 undisturb~free-streamconditions

1 outeredgeofboundarylayer

i incompressibleor zeroMachnumbercase

L

s ‘outeredgeof subla.yer

T “ turbulent
0
w

~TOi?Y

Theanalogybetweentheprocessesofheattransferandmomentum
transferina turbulentboundarylayerwasfirstsuggestedby
OsborneReynoldsin1874.As iswelllmown,thishypothesisleadsto
thefollowingrelationshipbetweenthedimensionlesscoefficientsof
heattransferandskinfriction:

=—=*cf‘t - ($U
(1)

In earlyexperimentswithairflowinpipes,Reynoldstheoryappearedto
be confirmedbutwaslatershownto overestimatetheheattransferof
waterin
crepancy
and3).
thebase
trolldq
Reynolds

pipesby severalhundredpercent.Thereasonsforthistis-
weredevelopedby Erandtlin1910andTaylorin1916(refs.2
TheymodifiedtheReynoldstheoryto allowforthe-existenceat
oftheturbulentboundarylayerofa laminarsublayercon-
theheattransferandskinfrictionatthewall. Themodified
analogequationofPrandtlandTaylor,

$Cf
St=.’ 1- (us/W)(1- ~)

(2)

showsa dependenceoftheStantonnumberonthePrandtlnumberofthe
fluidandonthevelocityratio,US/Ul,attheouteredgeofthelaminar
sublayer.Fora Prandtl,numberof1, equation(2)reducesto eq~-
tion(l).Fora ~andtlnumberof0.72(airat ordinarytemperatures)
andfor us/ul= 0.5(avaluethatappearsto be approximatelycorrect
fora widevarietyoftestconditions),equation(2)becomes

.

St = 0.58cf

.—
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Thus,thetheoryofPrandtlandTaylorshowsthatequation(1)should
be approximatelycorrectforairat ordinarytemperaturesbutin error
forfluidshavingFrandtlnumbersmuchdifferentfrom1. Somefluids
havePrandtlnumbersaslargeas 700. Althoughequation(2)isknown
tobecomelessaccurateat suchhighPrandtlnumbers,theeffectofthe
modificationisneverthelessto reducedrasticallytheratioof St/Cf.

Theaccuracyofthistheoryforthelqw-speedturbulentflowof
variousfluidswasinvestigated
heat-transferandsldn-friction
experiments.He correlatedthe
usingtheequation,

c+

5.

by Colburn,reference4,whostudiedthe
datafroma largenumberofTipe-flow
heat-transferandsldn-frictiondata

1 c+
(3)

andfoundthatitwouldsatisfactorilyrepresentthedataovera wide
rangeofPrandtlandReynoldsnumbers.Althoughthisequationis of
differentformfromthetheoreticalrelationofPrandtlandTaylor,the
twoare,forpracticalpurposes,equivalent(if u@ is chosenas 0.5)
at Frandtlnumbersbelow10 as is showninfigure1.

lColburntsequationhasfrequentlybeenstatedintermsofNusselt
number,a conversionwhichcanbe readilymadeasfollows:

1/2Cf

& = (%~k)2/3

Multiplyingbothsidesby
C#ux
~ gives

Substitutingthepowerlawexpressionfor
skinfriction,

0.058
Cf= ~5

gives

1/3 ~+pr

localincompressible

Nu= 0.029~1/3 R4/5

ThispresentationoftheequationobscurestheReynolds
~~hichitwasobtained,andhasthefurtherdisadvantage

turbulent

analo~basison
thatwithinthe

Nu,largevariationsin x overshadowtherelativelysmallvariations
in h; thatis,thechangein Nuwithx islargely,a reflectionofthe
changein x. Itismoredesirabletonondimensionalizetheheat-
transfercoefficientwithquantitiesindependentof x or slowlychang-
ingalongx.

-— —--——-——-—-——-.—— ..— —— .—— ..—.-——— .—.— .——- —— ——
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Colburn~sinvestigationshowedthatequation(3)waainagreement
withthedataforlow-speedturbulentflow. Itwasnota foregonecon-
clusionthatthesamewouldbe trueinairat supersonicspeedsbecause
theprimaryprocesscausingheattransferat supersonicspeedsisthe

. conversionofldneticener~toheatintheboundarylayer,a process
whichcanbe neglectedinlow-speedflow. Ina recenttheoretical.paper,
reference5,Rubesinhasinvestigatedtheapplicabilityofa modified
Reynoldsanalo&yto airat supersonicspeedsandhasconcludedthatthe
ratioof St/Cf shouldbe essentiallythesameas @ven by I&smdtland
Tayloror Colburnforairinlow-speedflow. Specifiedly,Rubesti
foundintheMachnumberrangefromO to5, theReynoldsnumberrange
from Re = 10sto 108(correspontigto a verybroadrangeoff~t-
pl.ate-lengthReynoldsnumbersfromlessthan1 milllionuy to theorder
of1 billLon),andthewalltemperaturerangefrom T1 to Tr)thatthe
ratio St/~ wouldHe withinthelJmits0.58to 0.62,dependingto
thatextentonthewalltaperature,‘Reynoldsnumber,andMachnumber.
The-sting experimentalevidencerelatingtothecorrectnessofthis
theoryat supersonicspeedshasbeenreviewedintheintroduction.

ANALYSISOFSKHKFRICTIONANDHEAT—TMNSFERDATA

SincethepresentTurposeisto compareexperimentalStanton
numberswithqertientalskin-frictioncoefficients,and‘sinceyin
general,shultaneousmeasurementsoftheskinfrictionandheattransfer
havenotbeenmade,it isnecessarytorelatesomehowtheexisting
separatedataon skinfrictionandheattransfer.Thisimmediately
requiresthatoneortheothersetofdatabe interpolatedsoastomake
possiblecomparisonsat equalconditionsofMachnumber,wallto free-
streamtemperatureratioyandRe~ol* n~er= Thenaturalchoiceis
to interpolatetheskin-frictiondatabecauseitismorecompleteand
bettercorrelatedatthepresenttime.

SM.n-lWictionData

Therearethreekindsofsld-n-frictiondatawhichwild.be collected
foruseinthisreport.Theyare: datafromsupersonicwindtunnels
fortheconditionof smallheatt~ferj datafromheatedpipe-flow
experimentswithlargeheattransferatsubsonicspeeds,anddatafrom
free-fQ@teqerimentswithlargeheattransferathighsupersonic
speeds.

.

.

Inthefirstcategory,thewind-tunneldataattheconditionof
smallheattransfer,thereexistsan extensivebodyof experimental”
resultswhichhavebeensummarizedinreference6. For presentusetwo
setsofresultswsu be selected,thoseofreferences6 and7. These
twosetsofdatawereobtainedbydirectmeasurementoftheskin
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frictionratherthanby
mentwithoneanother.
somewhatbelowthemany

7

anyindirectprocessandareinexcellentagree-
Theyarealsoingeneralagreementwithbutlie
otherexperimentswhichhavebeenobtainedby

indirectmethods.Thedatafromthesetworeferencesareshownin
figure2. Theycoverthespeedrangefrom M=O.7toM=4.5.2

Thefree-flightdatafortheconditionoflargeheattransfer”at
highsupersonicspeedsareasyetunpublished.Theyeremeasurements
madeintheAmessupersonicfree-flightwindtunnelandarediscussed
inAppendixA. (AppendixA isnotintendedasa completereporton
thesetestsbutratherisintendedto serveasa backgroundto theuge
ofthoseresultsinthepresentreport.)As ofthismomentthedata
havebeenrestrictedto a fewtestconditionsandthoseshownherein
willbe forMachnumbersnear4 and7 withratiosofwalltemperature
to free-streamstatictemperatureof1.0and1.8,respectively.These
dataareshowninfigure2 andfallwellabovethewind-tunneldatafor
zeroheattransfernear M=4.

Theheateapipe-flowdatareferredtoabovearelargelytheresult
of chemicalandmechanicalengineeringexperienceinvolvingfluidflow
inheatexchangers.Thisexperiencehasledto theformulationofa
so-calledfib-temperaturerule(given,e.g.,inref.4) forcalculating
theskinfrictioninturbulentpipeflowathighheatingrates.This
rulespecifiesthattheusualskin-frictionequationbeusedbutthatthe
fluiddensityandviscosityintheReynoldsnumberandthedensityinthe
skin-frictioncoefficientbe evaluatedat thefilmtemperature,defined
as theaverageofthepipewalltemperatureandthebulktemper~tie.of
thefluidor,h presentnotation,as ~(m + T=). Ratherthantouse
thisruledirectly,itwasfeltthatit2wouldbemoresatisfactoryto
presenta setofdatainthispaper.Thereexistsa setofresultsfor
heatedairflowinpipesobtainedinNACAtestsattheLewisLaboratory,
reference8. Thesedataareihsatisfactoryagreementwiththefilm-
temperaturerulebutshowa slightlysmallereffectofwalltemperature
ratioontheskinfrictionthanwouldbe predictedfromtherule. One
pointinterpolatedfromthedataofreference8 is sho~minfigure2,
thepointfora walltemperatureratioof1.8. Additionalresultsfrom
thisreferencewillbe introducedina subsequentparagraph.

ThedatamentionedabovewilJ_serve,inthepresentreport,asthe
basisofan interpolationwhichleadsto valuesoftheskin-friction
coefficientat allthetestconditionsencounteredintheheat-trausfer
experiments.Theiriterpola.tionproceedsby seeldngto definecurvesof
constantwalltaperatureratioinfigure2. Twosuchcurvesareshown
inthefigure.Theywereobtainedby connectingtheexperimentalpoints
of equalwalltemperatureratiointhethreesetsofdata. Thecurva-
turewasreqyiredtobe concaveupwardatthehigherMachnumbersfrom
theconditionthat @/@i cannotbecomezeroatanyfiniteMachn~er.
Theshapeofthecurveswasalsoguidedsomewhatby theshapeofthe
curveforzeroheattransfer.Itis clear.thatthecurvefor—

‘III figure2, @/CFi ad Cf/Cfiareusedinterchangeablysince,on
a flatplace,theyareequal.Actually,thedataofreference6 are
averagevaluesandthoseofreference7 arelocal.

. — . —. —— .———.-— .—— -.-.— ——..—
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TW/T== 1.8 cannotcrossthecurve’forzeroheattransferatmorethan
onepoint(thepointwhere Tr=1.8T=). Fromthisconditionandthe
requirementof concavityupwards,it canbe deducedthattheerrordue
to fairingwill.certainlybelessthan11percentat M=4.~.

Additionscurvesforintermediatewalltemperatureratioswere
obtainedby &rst cross-plottingat M=4 thedataoffigure2 as shown
infigure3. At selectedvaluesofthewalltemperatureratio,values
of CF/CFifromfigure3 wereconnectedtopoints(ofthesamewall
temperatureratio)ontheexperimentalcurveforzeroheattransferand
topointsbaaedonthedataofreference8 toproducethecurvesshown
Snfigure4. Thisfigure,althoughbasedona minimumofdataforcon-
ditionsotherthanzeroheattransfer,isbelievedby theauthortobe
:hebestcurrentlyavailableestimateofthedependenceofskinfriction
m Machnumbertidwalltemperatureandwillbeusedtoevaluatethe
3kin-frictioncoefficientsneededinthepresentstudy.

Intheuseofplotslikefigure4,thereis impliedanassumption
that q/Q?i doesnotdependonRe~ol@ nwber,or,statedh another
my, thattherelativevariationof ~ withReynoldsnumiberisthe
mme atti MachnumbersandwalJtemperatures.Thevalidityofthis
assumptionhasnotbeenfullyproved,butthereissomeevidenceavail-
ableto supportit. Perhapsthebestis inreference6 whereit is
shownthatforzeroheattransferat M=2,@/@i is independentof
ReynoldsnumberforReynoldsnumbersbetween5 millionand20million.
Theassumptionwillbe usedinthepresentpaper.

Theincompressiblesldn-frictioncoefficients,Cfiand@i, were
derivedfromtheJ&m&l-Schoenherrequation

oritsnumericalequivalent,forpracticalpurposes,thePrandtl-
Schlichtingequation,

0.46
% = (log=oR)2”e

Heat-TransferData

(k)

(5)

Theheat-transferdatawerereducedto experimentalStantonnumbers,
basedonairpropertiesattheouteredgeoftheboundarylayer,and

.-.

comparedintheformoftheratios,St/Cf,totheskin-friction
‘Itisinterestingtonotethattherequirementofconcavityupward

atthehigherMachnumbersinfigure2 also&equiresthatthecurvature
*

. hfi gure3 be as shown.
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coefficientsdefinedby figure4 andequation(4).Followingrefer-
ence1, comparisonsalsoweremadeoftheexpertientalStantonnumbers
withtheStantonnumbersforincompressibleflowas givenby theColburn
equation,equation(3). Inordertomakethesecomparisons(ortounder-
standtheheat-tramsferresultsat all),itwasnecessarytoknowineach
casetheeffectivelengthReynoldsnumberoftheflow,whichsometimes
wasappreciablydifferentfromthatbasedondistancefromthele-g
edgeofthetestsurface,aswiJlnowbe explained.

Whennaturaltransitiono~cursat a distancefromtheleadingedge,
Reynoldsnumbersbasedondistancefromtheleadingedgearerelatively
meaninglessfortheturbulentpartoftheboundarylayersince,at any
giventurbulentstation,theboundarylayeristhinnerandtheskin
frictionandheattransferare~eaterthanwhentheflowisfullytur-
bulentfromtheleadingedge.A moreappropriatelengthonwhichto
basetheReynoldsnumberisthedistancefromthemeasuringstationto
thehypotheticalturbulentorigin,definedasthestationfromwhicha
~turbtient flowmustori@nateto duplicatetheturbulentpart-of
thetestflow.Thepositionoftheturbulentorigincanbe estimated
ifthepositionofboundary-layertransitionisknown.Themethodthat
wasusedhereinto estimatethepositionoftheturbulentoriginis
describedinAppendixB.

A furthercomplicationintheselectionoftheeffectiveReynolds
numberisdueto thefactthatfrequently,whennoboundary-layertrip
isused,transitionoccursovera regionratherthanata ftiedpoint.
Detailedexaminationofthetransitionregionwithhigh-frequency
instruments,suchashot-wireanemometersorshort-durationshadowgraphs,
hasshownthattransitionhasa sharplydefinedlocationat anyinstant
butthatthislocationisa rapidlyvaryingfunctionoftime. (See
ref.9 andref.3,page265.) Thedataunderstudyincludesomecases
ofunsteadytransitionandtheresultisthatata givenmeasuring,
stationtheeffectiveReynoldsnumberandtheturbulentheattransfer
andskinfrictionarerapidlyvaryingfunctionsofthe. Theheat
transfermeasuredisthetimeaveragevalue.Forthepurposesof corre-
lation,thissituationwashandledsimplyandonlyappraximatel.yby
assumingtransitionto be fixedatthemiddleofthetransitionregion.

An additionalcorrectiontotheeffectiveReynoldsnumberwas
applied,inthetwocaseswherethetestmodelswerecones,toaccount
forthedifferencebetweenconicalandflat-plateflow.Accordingto
VanDriest,reference10,thelocalskinfrictionona conewithfully
turbulentboundarylayeristhesameas thatona flatplateat onehalf
theReyuoldsnumberbasedon slantlengthoftheconeandpropertiesat
theouteredgeoftheboundarylayer.Thisrulewasusedinthecom-
putationof sldn-frictioncoefficientandlow-speedStantonnumberfor
coneswithfullyturbulentflow. Forconeswithtransitionwellback,
theVanDriestruledoesnotapply,so,fora casewherethisoccurred,
themethodgiveninAppendixC wasdevelopedandapplied.(Sincethis
typeofflowoccursfrequentlyinpractice,theequationsofAppendixC
maybe generallyuseful.)

- —-- ——-—.— .——- .—— -z. ~ -— —-—-—
—..—.——— —
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Additionalmodifications,suchas changingreferencepropertiesto.
thoseattheboundary-layeredge,or changingfromNusseltto Stanton
number,requirelittlecommentorexplanationexceptto notethatinthe
absenceof completeinformation,itwassometimesdifficultto find
valuesfortheneededreferenceproperties,andtheinformationhadto
be obtainedindevious~iays,as,forexample,takingtheratioof q/hto
ftidTr - ~. Inthefolbwingparagraphs, theindividualexperiments
willbe discussedinroughlychronologicalorder.Althougha complete
descriptionof eachonecannotbe given,an efforthasbeenmadeto indi-
catetheexperimentalsetupandhowthedatawereobtained.Inaddition,
themodificationsthathavebeenappliedtothedataarespecifically
described. 1

ReferenceIl.-Scherrer,Wbibrow,andGoweninvestigatedthelocal
heattransferfroma electricallyheatedconeof10°half-angleat a
free-streamMachnumberof1.53intheAmes1-by 3-footsupersonicwind
tunnelno.1. Localheat-transferratesweremeasuredby notingthe
electrical-powerrequiredin smalllocalsegmentsoftheconewallto
holdeqyilibriugtemperaturesgreaterthantheair-streamrecovery
temperature.Althou@theinvestigationwaslsrgelyconcernedwith
laminarflow,a fewmeasurementsweremadewithalsmpblackroughness
bandalongthefirstquarteroftheconelengthto induceturbulence.
Liquidfilmtestsshowedtheboundarylayersthentobe completely
turbulent.

Sixoutofthethirty-eightdatapointsintheoriginalreportwere
selectedforpresentuse. Thepointschosenagreedwiththemainbody
ofthedataandfellbothaboveandbelowthemeanlinethroughthedata
drawnby theoriginalauthors.AKlthetestconditionsoftheinvesti-
gationandfouroutoftheeightmeasuringstationsalongtheconeare
representedby thesixpointschosen.Thedataweregiveninthe
originalreportasNusseltnumbersandwereconvertedto Stsmtonnumbers
usingthefollowingrelationbetweenthedimensionlessnumbersofthe
flow:

(6)

Althoughtheboundarylayerswerereportdtobe fullyturbulent,there
wasno assurancegiventhattheboundsrylayerswerenotthickenedby
thetripthuscausingtheturbulentorigintobe aheadofthemodel.
Thispossibilitywasinvestigatedbyplottingthecompletedataofthe
investigationintheformStantonlnnnberagainstReynoldsnumberand
comparingthemeanReynoldsnumbervariationwiththeexpectedl/5-power
variation.Thecorrespondencewasverygoodanditappearedthatthe
errorsineffectiveReynoldsnumberdueto assumingtheturbulentorigin
tobe atthetipwereatmost0.2millionandwouldcause,intheworst
caseincludedhere,a 4-percenterrorintheestimatedvaluesof Cfand
Sti. Therefore,theeffectiveReynoldsnumberswerecomputedby assuming

.
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theturbulentorigintobeat
ruleto definetheequivalent

themodeltipand
flat-plateflow.

using theVanDriest
Theconverteddataare

listedintableI alongwiththetestconditions,thecomputedskin-
frictioncoefficients,-andthelow-speedStanton-numbers.-

Reference12.-Therateofriseofskintemperaturewasmeasuredby
FischerandNorrisat sixpointsona V-2missileinfreeflight,three
pointsinltieonthepolishednoseconewithnoboundary-layertrip,
onepoint(stationH) ontheoppositesideofthenoseconebehinda
transverseridgeacthg asa trip,andtwopointsabouthsl!?wayback
alongtheogivalnose,yresumab<yonthesidehavingno boundary-layer
trip.

Stations Stations
ACG KM

Nosecone,~. — -— .— -— -
22.5° half-angle

Trip

lF

Station
H

Ogivalnose of the V-2 J
of Iength,l

Analysisoftheheat-transferdataobtainedfromthisflightis compli-
catedby thefactthatat everymeasuringstation,theflowwaslaminar
at certaintimesintheflight,transitionalat othertimes,andfulJy
turbulentat times.Thisisshownby theheat-transferdata(fig.7 of
thereferencereport)which,consideredasa whole,definea laminar
curveanda turbulentcurve,witheachmeasuringstationshowinga
separatetransitionlinebetweenthetwocurves.Thetimeatwhicheach
measuringstationdepartedfromfullyl.aminarfloworbecamefullytur-
bulentwasreadfromthisfigureandthisinformationhasbeenused,in
thepresentanalysis,to definetheboundary-layer-transitionhistory
oftheflight,shownas figure5. Inthisfigure,theover-alltest
Reynoldsnumberofthemissilenose,whichvariedwithtime,hasbeen
chosenas independentvariable,andthedistancealongthesurfacefrom
themodeltipatwhichtheboundary-layerflowchangedin chsracteris
theordinate.Thepositionsofthemeasuring-stationsareMdicatedon
thefigureandeachoneexceptK yieldedtwoboundarypoints,onebetween
laminarandtransitionalflow,andthesecondbetweentransitionaland
turbulentflow. ThedatafromstationK stoppedshortofreachingfully
Mninarflow. Thedatafromthefivestationsarereasonablyconsistent
inthatsmoothcurvescsmbe fatiedthroughthemto defineforevery

. instantoftheflightthefullylaminar,transitional,andfullyturbu-
lentregionsofthemissilenose.At thelowesttestReynoldsnutiers,

. __ . ._.. ....— —.- ——- — -— - — --—- _.—-— -—- .—— ——--
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thisfigureshowsthatabouthalfthemissilenosewasfullylamlnarand
no turbulentflowoccurredinthemeasuringregion.As thetestReynolds
numberwasincreased,thelaminarregionshrankandthereoccurredan
extensivetransitionalregion,probably(asindicatedfromsuwll-scale
flighttests)a regionofintermittentlylam&r andturbulentflow.
At thehighesttestReynoldsnumbers,theflowjustdidbecometurbulent
at theforwardmeasuringstationgA, C,’andG, andthusbecame,apparently,
a fullyturbulentflowova theentirenose.

F&mfigure5, itappearedthatthemostreliabledataonturbulent
flow,withtheleastuncertaintyin effectiveturbulentorigin,wouldbe
fortimesesrlierthan42 secondsandfortherearmostmeasuringstations.
Accordingly,thedataselectedforthiscorrelationwerethestationM
datafortimesbetween30and42 secondswhichwerereducedassuming
-turb~ent flowfiththeturbulentoriginatthetip. Althoughno
attentionwasgiventhedatainvoltigextensivetransitional.flow,it
is interestingtonotethat,qualitativelyat least,thedatarespondas
wouldbe expectedtothechangesintransitionpoint,Reynoldsnumber,
andMachnumberandthatsomeofthestrangequirksandturnsinthe
heat-transferdata,whichat firstsuggestyoormeasuringaccuracy,
actuallyimplygoodresponseto thechangingtestconditions.

TheReynoldsnumbersat stationMwere evaluatedintermsofair
propertiesoutsidetheboundarylayerat themeasuringstationandthe
lengthofrun,s. An approximateallowancewasmadeforthehteral
spreadingoftheboundarylayerontheogiveusingtheVanDriestrule
forconicalflow. No allowancewasmadefortheeffectsoftheMach
numberandpressurevariationsalongthesurface.TheStantonnumbers,
whichinthiscasewereeasilycalculatedfromthedataoftheoriginal
paper,andtheotherpertinentdataforstationM arelistedintableI..

Inadditionto thedatafromstationM, datafromconestationH,
whichwasprecededbya boundary-layertrip,havebeenreducedforthe
presentcorrelation.‘I!hattheboundary-layertripwaseffectivein
producingturbulentflowat stationH isshownby thefactthat13 of
the15heat-transfermeasurementsmadeatthisstation,namelythosefor
Reynoldsnumbers,~uls/u1,greaterthan0.6mi~on, layalongthetur-
bulentheat-transfercurve.At thesametime,theflow-atstationG,the
correspondingstationontheothersideofthebody,waslsminaror
transitionalsho~ thatthetripwasresponsiblefortheturbulent
conditionat stationH. Therefore,stationH dataforReynoldsnumbers
appreciablygreaterthan0.6million,specificallyfrom1.1millionto
5.2milJ_ion,wereanalyzedontheassumptionoftransitionatthetrip.
Thedatareducedwereforttiesof40,k6,50,and56 secondsafter
launching,whichwillserveto identifythemintheoriginalreport.

Theboundary-layertripwaslocatedonethirdofthedistancefrom
G

theconetipto stationH. Withtransitionatthislocation,the
VanDriestcorrectionforconeswithfuldyturbulentflowisnotapplicable. -

—
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In ordertoprovidean estimateof CfandSti at themeasuringstation
forthiscondition,themethoddevelopedh AppendixC wasapplied.For
thecaseoffuJJyturbulentconeflow,thismethodis in satisfactory
agreementwiththeVanDriestrule.As an illustrationofitsuse,Cf
at stationH wascomputedasa functionoftransitionpointfora fixed
Reynoldsnumber,P=u=s/wl,of5.2millionandisplottedin figure6. As
thetransitionpointmovesfromthetiptowardthemeasuringstation,
thelocalskinfrictionincreases,slowlyat first,butfinallyto a
valuewhichis1.44timesthevaluefortransitionatthetipinthis
particularcase.Fortransitionbehindthemeasuringstation,Cf drops,
ofcourse,tothelaminarvalueofHantzscheandWendt(ref.13). The
Cf req&ed h thepresent
s = 4 inches,andturnsout
tionat thetip.

Inallotherrespects,

correlationisthatfortransitionat
tobe onlya littlehigherthanfortransi-

thereductionofthedataat stationH was
straightforward,andtheresultsaregivenintableI.

References14 and15.-MonaghanandCookemeasuredtheheattraasfer
froma hotplate,maintainedby a stesmjacketat212°F, toa colderair
stream.Theplatewasa partofthesidewallofa 5-by 5-inchtid
tunnel,butwaselevatedsomewhatabovethesurroundingwall,andthe
tunnelboundarylayeronthetestwallwaspumpedoffthrougha slotjust
aheadoftheplate.Noboundary-layertripwasused. Theboundary-layer
transitionwasinvestigatedby useofa surfacepitotprobetranslated
alongthecenterlineoftheplate.Theboundarylayerwasfound.tobe
laminarneartheleadingedgeoftheplate,buttransitionalways
occurredwithinthefirstonethirdoftheplatelength.Specified.ly,
itvariedinmesmpositionfrom x/Z= O.11to x/Z= 0.25 dependingon
heat-transferrateandMachnumber.Thetransitionregionwasappreci-
ableinlength,rangingfrom0.06to 0.19oftheplatelen@h,again
dependingonheat-transferrate. Thetransitionsituationwasfurther
complicatedby twofactors:transversecontaminationofthetest-plate
boundarylayerby thetunnelside-wallboundarylayer,resultingin
tongue-shapedlaminarregions;andimmersionofthetestplateinthe
side-wallboundarylayerto theexbentofabout0.03oftheplatewidth
on eitherside.

Theaverageheattransferbetweentheentireplateandtheair
streamwasmeasuredby notingtheheatinputrequiredtoholdtheplate
temperaturelevelat21.2°F. Theheattransferasmeasuredisa mixed
laminar-turbulentresultwiththeexactdivisiondependingonthe
positionandfluctuationsinpositionofthetransitionpoint.Foruse
here,thedataobtainedat fow testconditionswerecorrectedforthe
laminarregionby estimatingtherelativelysmall.laminarheattransfer
fromtheory(ref.16)andsubtractingitfromthetotalheattransfer.
(Thekminarregionsdeducedfromthetransitiondatarangedfrom
lJpercentto23percentoftheplatesurfaceinthefourcasesincluded
here.)Thecomparisoncoefficients,StiandCF,wereestimatedforthe
turbulentportionoftheplate,withdueallowanceforthestartinglength
by themethodofAppendixB. TheresultingdataaregivenintableI.

——. . .- —- —..+—.—- -— ——..——— -—. . — -- —— ———.-..——
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Reference17.- W. B.FallisatthehstituteofAerophysics,
UniversityofToronto,measuredtherateoffallofthetemperatureof
an insulatedcopperdisk,flush-mountedina copperflatplateina
windtunnelata fl-ee-streamMachnumbernear2.5. Theplateanddisk
werepreheatedbeforethetestto a temperatureabout70°F abovethe
air-streamrecoVerytemperature.The temperaturesmeasuxedduringthe
testweredifferentiatedwithrespecttotimeto @ve a measureofthe
heat-transferrate.

Theboundsrylayerwasnottrippedandturbulentflowdidnotbegin
untilnearthemidchordoftheplate.Transitionpositionwastivesti-
gatedby threemethods:withan evaporatingliquidfilm,withschlieren
pictures,andfromtheheat-transferdata,allofwhichgaveroughlythe
sameanswer.Theevaporatingfilmsshoweda largevariationin transi-
tionpointacrossthe spanoftheplate.At theplatecenter”line,
wheretheheat-transfermeasurementsweremade,theheat-transferdata
gavethemostpreciseindicationoftransition,showinga sharprisein
heat-transferratebetweenstationsx = 4.75inchesandx = 5.75inches.
Thedatawerereducedontheassumptionoftransitionat x = 5 inches
andallowanceforthestartinglengthaccordingtoAppendixB gavea
turbulentori@nat x = 3.4inches.

Dataobtainedatthefourmeasuringstationsbehindthetransition
pointwereconvertedfromNusseltnumbers,withreferenceproperties
evaluatedattherecoverytemperature,to Stantonnumbers,referredto
airpropertiesattheboundary-layeredge,andare~sted intableI.

Referencel.-Pappas,h an experimentdirectlyintendedto investi-
gatethevalidityofReynoldsanalo~forturbulentflow,measuredthe
heattransferfroman electricallyheatedflatplateto airstreamsof
Machnumber1.7and2.3intheNACAAmes6-inchheat-transferwindtunnel.
Theheaterswereplactiundertheplatealinednormaltotheairflowso
asto givelocalvaluesofheat-transferrateandpermitlocalcontrol
ofplatetemperature.Theboundarylayersweretrippedandtheeffective
turbulentoriginwasinvestigatedfrommomentumthicknessdata.A large
numberofmeasurementsoftheStantonnumberweremadeatReynolds
numbersbetween1 millionand10million,andpointsincludedinthe
presentreportweretakenfromthemea lineofthedata. Itwasnec-
essaryonlyto readtheStantonnumbersandReynoldsnumbersfromthe
curvesoftheoriginalpaper,andto calculatetheskin-frictioncoef-
ficientsandlow-speedStantonnumbersbymethodspreviouslydescribed.
ValuesselectedwereatReynoldsnumberintervalsof2 million,andare
givenintable1.

.

Somenew data for ~/Tl = 1 atM=3.2.- Becauseofthecomparative
lackofheat-transferdatafortheconditionoflargeheattransferat )
supersonicspeeds,itwasdecidedto includehereinsomefirstresults
of someexperimentsstiIlinprogress.Theauthortogetherwith
BarbaraJ.Shorthas,intheAmessupersonicfree-flightwindtunnel,
madesomeindirectmeasurementsoftheheattramferata walltemperature

.
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ratioof1.0anda Machnumber
Instantaneousdensityprofiles
baseofa fin-stabilizedogive
andan over-allfinenessratio

of 3.2usinga Mach-Zehnderinterferometer.‘
intheturbulentboundarylayernearthe
cylinderhavinga nosefinenessratioof~
of 30werecomputedfrominterferograms

oftheflowaboutthemodelsinfreeflight.Thedensity~rofileswere
foundtobe timedependent.Themeanprofilewasassumedtorepresent
theaverageconditionofheattransferandskinfriction.Themeanden-
sityprofilewasconvertedto a meantemperatureyrofileassumdngconstant
staticpressureintheboundarylayer.Thetemperatureprofiledata
couldnotbe useddirectlyto determinetheheat-transferratebecause
oflargechangesintheslope,aTfiy,nearthewallandconsequentlack
ofdefinitionofthequantity,(&P@y)w.~tead, an ener~balance
calculationwasusedto estimatetheaverageheattransferaheadofthe
measuringstation.Thekineticenergylostby themodeldueto skin
frictionwaseqyatedtothesumofthekineticandthermalenergies
gainedby theboundarylayerandtheheatenergytransferredtothebody.

Theboundarylayersweretrippedby sandblastingthemodeltips,
andtheturbulentoriginswereestimatedbymeasuringtheboundary-layer
thicknessfromtheinterferogramsandshadowgraphpicturesandfitting
themeasurementsto a lawof-theform,

Ed
x“z

where d andn areconstants.Turbulent
themodeltipwereobtained.Theresults
totwotestmodelsaregivenintableI.

originsnearbutjustaheadof
ofapplyingtheseprocedures
Thetestsarebeingcontinued

withmodelsoflargerscaleto investigatethereproducibilityofthe
resultsunderdifferingtestconditions.

DISCUSSIONOFRESULTS
.

ThedatalistedintableI’areplottedinfigure7 in theform,
St/StiagainstMachnumber,andarecomparedwiththesldn-friction
curvestransposedfromfigure4. Itappearsthattheheat-transf~data
vsx’ywithMachnumberandwalltemperatureinroughlythesamewayas do
theskin-frictioncurves.However,thepresenceof experimentalerror
andthesimultaneousvariationoftwoindependentvariablesmakeithard
todigestthisinformation,obscuringtheexactnessorlackof-itwith
whichthe StandCf variationscoincide..Also,nodirectMormation
astotheratiosof Stto Q isgiven.Forthesesamedata,then,the
resultofplottingtheratios,St/Cf,agaimstMachnumberis shownin
figure8. The32pointsplottedh thisfigurerunfrom0.48to 0.72
andhavea meanvalueof0.61witha meandeviationof8 percentandan
rmsdeviationof10percentfromthisvalue.Thedata-end through
thelowandmoderatesupersonicspeedrange,specificdd.yfrom M=l.4to
3.2,anddonotshowanydependenceonMachnumberwithinthelimitsof
thescatter.

.—— — — —. — ._.—
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ThesamedataareplottedagainsteffectiveReynoldsnumberin
figure9, andcovertherangefrom0.4milltonto24mLIJJ.on.There
appearstobe a downward trendwithincreasingReynoldsnumberas indi-
catedby thedashedhe. ThisisbasedmEinlyonthedataofreference1
andthoseofstationM, referenceE. Sucha trendwaspredictedin
reference5 ~ceptti.atthepredictedslopewasconsiderablysmallerthan
thatshownonfigure9. However,partofthedatasupportingthistrend
infigure9,namelythoseofstationM, reference12,wereobtainedin
thepresenceofpressure,lhchnumber,amdtemperaturevariationsinthe
directionofflow.Therefore,thevariationshownmaynotbe altogether
duetoReynoldsnumber.ThiswiXlbe an interestingpointtowatchin
futureexperimentssincethetrendshownis suchas to constitutean
importantreductiontnheat-transferrateat veryhighReynoldsnumbers.

Infigure10,thedatahavebeenplottedagainstthedifference
betweentheadiabaticwalltemperatureandtheactualwalltemperature,
Tr - ~. Whereasitwasshowninfigure4 thattheskinfrictionwas
appreciablydependentontheairandsurfacetemperatures,figure10
showsthattheratio St/C!fdoesnotdependonthetemperatureswithin
thescatteroftliedata. Thisresultisatpresentsupportedby only
twosetsofdataat largeheatflowintothewallandisdeservingof
furtherinvestigation.

Inadtitipntothelargestreamwisevariationsofflowproperties
mentionedin connectionwithstationM, reference12,appreciable
variationsofcertainkindsoccurredin someoftheotherexperiments.
InreferenceU.,walltemperaturevariedappreciablyalong s. Inthe
newfree-flightdata,thepressure,Machnumber,andboundary-layer-edge
temperaturevariedoverthefirstquarterofthemodellength,well
aheadofthemeasuringstation.ThesevariationsmustMluence the
heat-transferrates,butthe-act extentofthisinfluenceisunlmown.
Thatitis
fromthese
atuniform

apparentlynotsevereis suggestedby thefactthatthedata
testsdonotdisagreebadlywithdataobtainedonflatplates
walltemperature.

CONCLUDINGREMARKS

‘ Theexistingdataonheattrsnsfer“ofa turbulentboundarylayer
at supersonicspeeds,whenanalyzedfromthepointofviewofthemodified
Reynoldsanalogy,appearto supportthatanalo~to a remarkablede~ee.
Thisistrueinspiteofthefactthatmanyoftheexperimentsareimper-
fectinsomerespect,suchashavingsomewhatindefinitelocationofthe
boundary-layertransitionandextensivetransitionalregions,orappre-
ciablevariationsinwalltemperatureinthedirectionofflow.l?urther-
more,thedatawerecollectedona varietyof surfacesincludingflat
plates,coneshavingup to45°includedangle,theogivalnoseofa V-2
missile,anda verylongogivecyEnder.Theaverageexperimentalvalue
oftheratioofStantonnumberto skin-frictioncoefficientis 0.61.and
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thedataconsideredhavea meandeviationofonly8 percentfromthis
result.Thisis surprisinglyandperhapsfortuitouslycloseto.the
averagevaluepredictedby theorywhich,accordingtothecurvesof
reference5,wouldbe 0.6cPforthe32datapointsconsidered.

Theskin-frictioncoefficientsusedto obtainthisresultarebased
onan interpolationoftheexistingexperimentaldatawhichseeksto
definetheeffectsofbothJ&chnumberandwalltemperature.A well-
defineddependenceof cf/cfionMachnumber~sts forthecondition
of zeroheattransfer,butthereisa needformoreEkin-frictiondata
atlargeratesofheattransfer.

Furtherexperimentalworkinthisareacanbe profitablydevoted
to: extendingupwardthersmgeofMachnumbers,investigatingthereality
ofa Reynoldsnumbereffecton St/Cf indicatedintheexistingdata,
increasingtheamountofdataforlargeheatflowintothewall,and
investigatingtheeffectsofpressureandtemperaturegradientsinthe
directionofflow. specifically,ithasnotbeendemonstratedthatthe
analogywillapplyincasesoflargepressureandtemperaturevariation
alongtheflowdirection,suchasthatoccurringona sphere.

AmesAeronauticalLaboratory
NationalAdvisoryCommittee

MoffettField,Calif.,
forAeronautics
June16,1954

— . . .- —.—— .. . . .-r- ~. - .—..,——— ...- ——-. ———.— —
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A BRIIIl?DESCKU?TIONOFTHEFREE-FLIGHT

SIClll-FRICTIONEXPEHMENTS

Thefree-fli@tskin-frictiondataoffigure2,whichhavenotas
yetbeenformallyreported,aremeasurementstakenintheAmessuper-
sonicfree-flightwindtunnelusinggun-launchedmodels.Themodels
usedweretubularb form,withan outsidediameterof1.43inch,a wall
“thicknessof 0.030inch,andsymmetricallybeveledleadlngedges.The
modelswereflcnmwiththeiraxesorientedparalleltotheairstream
withsu~ersonicairflowthroughthemaswellas aroundthem. Skin-
frictionforcewasthusdevelopedatboththeinnerad outersurfaces.
Themodellengthswerechosensuchthattheinternalobltqueshock-wave
configurationdidnotstriketheoppositetubewallwithinthephysical
lengthofthemodel.lhfact,theshockwavesintersectedthemodel
wakemanywallthichessesbehindthemodel,andthereforedidnotinflu-
enceeithertheskinfrictionorthetotaldraginanyway. Theboundary
layerswerethincomparedtotheradiusof curvatureofthesurfaceand
thusshouldbe closelyrepresentativeofa two-dimensionalflow.

.

Thevelocityatwhichthesemodelswerelaunchedwas4300feetper
second.Whenfiredatthisspeedintostillairat roomtemperatureaud
pressure,theresultanttestconditionswerea free-streamMachnumber
near4, a lengthReynoldsnumbernear5 million,anda turbulent-
boundary-layerrecoverytemperatureof about1950°R. Themodelswere
initiallyatroomtemperatureandflewforonlyabout10milliseconds
beforecompletingthetest,a timetooshortforappreciablesurface
temperatureriseto occurevenatthelargeheatingratesthatprevailed.
Therefore,thewalltemperatureinflightwasabout1400°R belowthe
adiabaticwalltemperature,and &/T= wasequalto1.0. Whenthemodels
werefiredupstreamthroughtheMachnumber2 airstreamoftheAmes
supersonicfree-flightwindtunnel,theresultantMachnumberwasnear7.
At thisMachnumber,testswererunattwolengthReynoldsnumbers,
nominally~ millionand7.5million;thewalltemperaturewasabout2500°F
belowtherecoverytemperature;andtheratio,Tw/T=,was1.8.

Theskinfrictionwasdeterminedfromthemodeldrag,computedfrom
a time-distancehistoryofthemodelflightwithan estimatedaccuracy
of2 percent.Actuallytwodragmeasurementswereusedindetermining
theskinfriction,thedragofa testmodel2 incheslong,andthedrag
ofa taremdel 1/2inchlong. Thedifferenceintheirdragsis,to a
firstorderofapproximation,a measureoftheskinfrictionoftheafter
pat ofthetestmodel.Thisresultwascorrectedforsmalldifferences
betweenthetestsmdtaremodelsingeometry,basedrag,andtestcon-
ditions. A numberoftestandtaremodelsfiredatnominallyequal
conditionswereusedinallpossiblecombinationstoproducea numberof
sepsratevaluesofthesldnfriction.Thesevalueshavebeenaveraged .
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toproducethesinglepointsshownh figure2. TheMachnumber3.9
resultisthemeanof12 valueswhichhadan rmsdeviationfromthemean
of1.3percent.Thelkchnumber7.25pointrepresents26 valueshaving
an rmsdeviationof 9 percent.

Theboundarylayersweretrippedintheseexperimentstoproduce
turbulentflow. Thetripswerelocatedcloseto theleadingedgesso
thatturbulentflowbeganaheadofthebaseofthetaremodels.This
wasascertainedfromshadowgraphpicturesinwhichlaminarandturbulent
flowsoffthebaseofthetaremodelscouldbe clearlydistinguished.
It couldfurtherbe determinedwithin0.1inchfromthesepictureswhere
thetransitionoccurredby examiningtheboundsrylayersforthefirst
eddiesandnotingtheMachwavesintheflowwhichexistalongtheedge
oftheirregularturbulentboundarylayerandareabsentinthecaseof
laminarflow. Theboundary-layertripsusedwereselectedby trial~d
errorastheleastoneswhichwouldcauseturbulenceon ornearthe
trailingedgeofthetrip.At thelowerspeed,a shallowthread
(0.003inchdeep)wassufficienttoproduceturbulentflow,butatthe
higherspeed,theboundarylayerwasharderto tripandtworingsraised
0.008inchabovethesurfacewererequired.Theformer.t~phadno
detectabledragandwasprovedexperimentallynotto thickentheboundary
layer.Thelattertriphadlargedrag,appreciablecompsredtothesldn
friction,andalsohada thickeningeffectontheboundarylayer.The
datahavenotyetbeencorrectalforthisthickeningandit is expected
thatthefinalvalueof @/@i atM=7.25willbe a littlehigherthan
isshowninfigure2.

Thesldnfriction,determinedas outlinedabove,isa fuIlyexperi-
mentalresult,butthereremainsthequestion,whatReynoldsnumber
rangedoesitrepresent?Thismustbe decidedbeforethecorresponding
skinfrictionforincompressibleflowcsabe computed.TheReynolds
numberrangewasdeterminedfromthetransitionpointas readfromthe
shadow~aphpictures.Withthepositionoftransitionknown,thetur-
b&nt originwascalculatedas describedinAppendixB andtheReyuolds
numberswerethenmeasuredfromthisposition.

Theoriginaltestswererunwithspin-stabilizedmodelsforconven-
ience,butlatertestsrunwithaerodynamicallystabilizedmodelaof
similarformto determinetheeffectof spinshowedthatno significant
effectof spinwaspresentinthedata.Theanglesofattackinf~ght
wereh generallessthan1°,andcorrectionstothedatawereapplied
forthedragdueto lift.At theseanglesofattack,theboundarylayers
werestillofnearlyequalthicknessaroundthecircumferenceofthelow
finenessratiomodelsused. Thatthe&gle ofattackdidnotinfluence
thefinalskin-frictionresultswasshownby thefactthatmodelshaving
unequalamplitudesofpitchingoscillationgavethesameskinfriction
withinthescatterofthedata.

.—-. ._ - —.- — —. .—. -— — -
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APPENDIXB

.

CALCULATIONOF TEEEFFECTIVE~ ORIGINONA FLATPIATE

Theeffectiveturbulentoriginofaboundarylayerhavingtransition
ata knowndistancefromtheleadingedgeofa flatplatewascalculated
fromtheassumptionthatthemomentumlossinthe‘boundarylayer,inte-
gratedalongy,wascontinuousacrossthetransitionpoint.Thisis
equivalenttoassumingthattheboundary-layermomentumthickness,0,is
continuousacrossthetransitionpoint.Expressedmathematicallythe
assumptionisthatat thetransitionpofit: .-

.

[1

5
pu(u=-

U’4L=[J’PU(U’-U4T “
(Bl)

o

No,precisedefinitionsneedbe made of the boundary-layerthicknesses
exceptto requirethat.theintegralsbe extendedfarenoughto givea
good-estimate
law,

oftheboundary-layermomenlxnndecrement.“Nowjby Newtmnts

. where x, is
J-l

skin-friction

where“q is

‘ u’5.
pu(ul

o

thelengthof
coefficient.

- U)d.y
1

= @&p=u=2
L

(B2) .

.

thelaminarregionand CFL isitsaverage
Likewise

thehypotheticallengthofrunofa fully
whichrn%lucesthesamemomentumlossat thetransition

(B3)

turbulentflow
pointas does

theac&l laminhrflow,and C_FTistheaverageskin-frictioncoeffi-
cientofthehypotheticalturbulent-region.By (Bl~), (B2), and(B3),

~L xL = @T XT (B4)

ThelengthoflminarruntothetransitionpointjxLyi.spremed tobe
kIIOwll,and ~L canbe obtainedfromanyof severallaminar-flow
theorieswhichagreewell. (See,e.g.,ref.16.) However,to obtain
~, a secondrelationbetween~T andXT isreq~ed. ~is isob~ined
fromthefollowingequationforturbulentskinfriction.
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0.072%
“%~=— —

RT1’5CFi

a.

(135)

ThefactorCF/CFicorrectsthelow-speedequationto therequiredMach
numberand Tw/T=.Multiplyingbothsidesby ~ gives

CF()Ml 1/5

@T %! =0.072— — XT4/5
GFi PIul

Applyingthisrelationto equation(~) yields

CFL XL =

whichcanbereducedtothe

+/

()GF v. 1/’ x#0.072— —
cFi P~u=

fOrm

CFL
5]4

)

1]4==
xL (

RL
0.072CF/CFi

(B6)

(B7)

(M)

Thisistherequiredequationforstartinglength,~, oftheturbulent
flowona flatplate.1

.

~Usingentirelysimilarprocedures,~ canbe calculatedfromthe.
moreexactPrandtl-Schlichtingequationforlow-speedturbulentskin
friction.However,theresultingeqwtionistranscendentalandmustbe
solvedby trialanderror.Equation(B8)shouldbe accurateenoughfor
mostpurposes.

— —
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AFPENDIX

CALCUIWTOITOFLOCAL~

HISTNGTRN’JSITIONATA GIXEN

c

SKCNFRICTCON

DIS!I!ANCEFROM

ONA CONE

m TIP

Ona flat platewith turbulentboundarylayerthelocalskin-
frictioncoefficientcanbe expressedintermsoftheRejnoldsnumber
basedonboundary-layermomentumthickness,Re. A simplerel-atio~hip
ofthistyperesultsfromtheuseofthepowerlawrulesforlocaland
averageincompressibleskinfriction.

CF.0.072 Cf 2f3— —=.
R1/5 Cfi x

O.oyl CfCf=0.8CF=— —
R1/5 Cfi

(cl)

(C2)

The Reynoldsnuniberis based on the lengthof run, x, from theeffective
turbulentorigin.It isdesiredto eliminatex infavorof 6’by
solvingequations(Cl)and(C2)simultaneously.From(Cl),

‘=(+?7’(o.036’&,qiY4
from (C2)

(C3)

(Ck)

Equatingtheright-handsidesofequations(C3)and(C4)andrearrugiW
givesthedesiredrelation,

5/40.025cf=—
()

?!?
#4 q (C5)

1-

“

Itwillnowbe assumedthatthisrelationappliesalsotoa cone.
Thus,fora coneandfI& platehavingequalReynoldsnumberperfootat ~-~
theedgeoftheboundarylayerandequalmomentumthickness,itwillbe
assumedthatthelocal.skinfrictionisthesame.However,theboundary
layerontheconetillgrowin thicknessata slowerratethanon the .

——
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plateduetothelateralspreadingoftheboundarylayeronthe
cone. Thisfeatureoftheconeflow
Considertheflowbetweenstationsb
is p.

b
Transition \

willnowbemathematicallyexpressed.
andc ona cone,whosehalf-single

\

c

Jr
point

%) L

Restrictingthisequation
paredtothebodyradius,

andusingthesame
yields

do ‘b

(c6)

to caseswheretheboun~ layer”isthincom-

$ COB p<<l (C7)

definitionof 6 as isusualinflat-pkteflow

-1cCfrds=
Takingthedifferentialof (c8)gives

(c8)

(C9)Cfrds=‘2d(r6)

Equations(C5)and(C9)canbe consideredas simultaneousequations
in Cfand6,and 6’e13mdnatedto givea differentialequationforthe
variationoflocal.turbulentskinfrictionalonga conehawingan arbi-
trarytransitionpoint:

dCf+ o.314x 106 P=u= %?-ppcf*-~=o
z (cflc-f~)’

(Clo)

. _-—- .. .— ——- —-————— —. —--——
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Equation(C1O)isintegratedbetweenthelimits,b andc,by choosingas
variable,l/Cf5,andusingtheintegratingfactor,s5~4.Thisleadsto
theequation,

5/4

()

6.99x 105
%.-5= : cf~-’+

(%?/%i)’[Rc-($5’4~1 ‘CD)

whichgivesthelocalskinfrictionat stationc fortransitionatan
arbitrarystation,%, protidedtheturbulentskin-frictioncoefficient
at thetransitionpoint,Cfb,isknown.TheReynoldsnumbers,~ andRc,
arebasedonboundary-layer-edgepropertiesandtheslantlengths,b andc,
fromtheconetip.

TO C~CUhte CfbjconsidertheI..aminarflowterminatingat sta-
tionb. Itsmomentumthicknessisgivenby theaveragelaminarskin-
frictioncoefficient,CFL,accordingto themomentum-thicknessequation
forcones

4eL
cFL=~ (C12)

Since,by theHantscheandWendtrule(ref.13),
.

cFL.~fi~ (C13)

Where a isthehminaxconstantappropriatetotheMachnuuiberat the
boun~-layer edgeandthewalltemperatureratio,then

Assumingas inAppendixB thatat thetransitionpoint

andinsertingthevalueof
intoequation(C5),yields
atthetransitionpoint,

cf~

e~ = &f

momentumthickness,
thelocalturbulent

(Cf/cf~)”4
= 0.0344 l/4

%
1]8

a

(elk)

(C15)

givenbyequation(C14),
skin-frictioncoefficient

.

(c16)
‘?

—
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Equations(c16)
fied

tion

Ona

transition
and(Cll)aresufficientto defineCfc foranyspeci- “
point●

Forthecaseoffullyturbulentflowon
(Cll)reducesto

flat-platehaving
boundarylayerandthe

0.068 %cf=— —R1/5 cfi

a cone,b = o andequa-

(C17)

thesameMachnumberattheouteredgeofthe
ssmewsXltemperatureratio,

cf=QQ2E3E
R1/5 Cfi

(c18)

Hence,thelocalfrictionontheconeis 0.068/0.058or1.17timesthat
ontheplateat stationswheretheReynoldsnumbersbasedonboundary-
layer-edgeconditionsandactuallengthofrunsrethesame.The
VsmDriestrulegivescorrespondingratiosrangingfrom1.14atR=105to
1.08atR=108.

Theaverageskinfrictionona coneisaffectedlythefactthatat
forwardstationswhere Cf islarge,thereisrelativelyEttlewetted
area. Ithasbeencomputedforthecaseoffullyturbulentflowby
integratingoverthesurfacethelocalcoefficientsdefinedby equa-
tion(C17).Thevalueobtainedis1.~7 timestheaverageskin-friction
coefficientontherelatedflatplate.l

Theequationsdevelopedherehavebeenappliedto calculatingthe
variationoflocalskin-frictioncoefficientata fixedstationona
coneas thetransitionpointvariesfromthetipup to andpasttheskin-
frictionstation.Theresultsareshowninfigure6. Forfullyturbu-
lentflow,theVanDriestandpresentresultsareshownto agreesatis-
factorily.Littlechangein Cf occursat firstasthetransitionpoint
movesback. Thepeakvalue(givenby eq.(c16))occursasthetransition
pointreachestheskin-frictionstation.Fortransitionbehindthissta-
tion,Cf dropstothelaminarvalueofHantzscheandWendt.

lThereaderwill~ote.thattheseratiosoftheskinfrictionona
conecomparedto a flatplatearethesameasthosegiveninrefer-
ence18. TheproceduresusedinthisAppendix,whiletheyappearto be
quitedifferentfromthoseofreference18,areactuallyequivalent
exceptfortwodifferences:(1)Theeffectsof&h numberandwan
temperatureratioareincludedinthepresentcasebyuseoftheratios,
Cf/Cfi,whereasreference18ties onlya roughallowanceforthese
effects;and(2)Theeffectofarbitrarytransitionpointistreated
moreexactlyinthepresentcase.Thelatteraspectoftheproblemis,
ofcourse,thepurposeofthisAppendix.

————- -. --—-—
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