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sJmimY

Theaverageheat-transferto theforwardhalfof a circularcylinder
wasmeasuredin a blowdownSetat a stresmMachnumberof 4.1>. Thetest
Reynoldsnumberbasedon thedismeter of the cylinderwasvariedfrom
5 X 105to 13X 105andtheyaw am.glewasvariedfrom0° to 600. Most
of thetestsweremadeat a wall-to-st~ationtemperatureratioof
about0.8.

Thetestresultsshowedthat,as theyaw amglewas increasedfrcm0°
to 35°, theaverageheat-transfercoefficientincreasedby w percentat

a Reynoldsnumberof 5 X 105,andat a Reynoldsnumberof 13X 105the
heat-trasfer coefficientincreasedby 100percent.Comparisonof the
measuredheat-transfercoefficientstiththeoreticalpredictionsandwith
otherexperimentalresultsindicatedthattheselargeincreasesin heat
transfer,withincreasingyaw angleandfixd Reynoldsnumber,werecauq@
by transitionfromlaminar.to turbulentboundazyleyer. Thistransition
apparentlyoccurredprimarilyas a resultof a dynsmi.ctypeof instability
whichis associatedwiththesecondaryflowin theboundarylayeron the
yawedcylinder.

Furtherincreaseof theyaw anglefrcm35° to 60°resultedin a
reductionin theaverageheat-transfercoefficientsof about35percent
fromthepeakvalues.Mostof thisreductionapparentlycorrespondsto
thedecreasein heattransferwithincreasingyaw anglethatcouldbe
expectedto occuxon a cylinderwitha completelydevelopdVdrbulent

.

boundarylayer.
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INTRODUCTION

Theuse of shar&leadingedgesonwingsandtailsurfacesis unde-
sirableat flightspeedsforwhichaerc@rnsmicheatingbeccrnesa serious
problembecauseof thehighlocalheat-transfercoefficientsandsmall
heatcapacityof thesharpedge. Bothof thesedifficultiescanbe
alleviat&iby usinga bluntleadingedge. Bluntingthelesdingedge,
however,hasthedisadvantageof increasingthedrag. we increaseddrag
of thebluntedsectioncanbe reducd by increasingthesweepbackangle
of thewing. Forthese.reasons,dataareneededon theeffectsof sweep-
backon theheattrsmsfertobluntleadingedges.

A yawedcylinderof highaspectratioconvenient~-simulatesthe
leadingdge of a sweptbackwingsndalsoall—..sa simplifiedtreatment
of thetheoreticalproblem.Thus,forinccmrpressibleflowwitha Prandtl
numberof 1, inspectionof the lminar-bo~=v-l~er equatio~forthe
infiniteyawedcylinder(refs.1 and2) showsthatthevelocitydistri-
butioninplanesnormalto the cylinderaxisandtheheattransfer
dependonlyon theflowcomponentnormalto thecylinder.Solutionsfor
thiscase(refs.3 and4) thenshowthatthelocalNusseltnumber,based
on cylinderchordmeasurednormalto the leadingedge,isproportional
to thesquarerootof a Reynoldsnumberbasedon tliechordwisecomponent
of thestreamvelocityandthenormalchord. Thatis to say,forfixed
stresmconditionsandfixednormalchord,theheat-transfercoefficient
isproportionalto thesquarerootof thecosineof theyaw angle. Appli-
cationof theseresultsto a wingof fixedcross-sectiogalshape,Plan-
fom area,sndnormalchordindicatesthatjforgivenstre~ conditions
andwalltemperature,thetotalqumti~ of heattransferredto thewing
is alsoproportionalto thesquarerootof thecosineof thesweepback
angle.

Theresultsof theoreticalandexperimentalinvestigationsmadeat
supersonicspeeds(refs.5 to 8) showthat,forlmninarboundarylayers,
somewhatlargerreductionsin heattransfercsmbe obtainedby yawingthe
cylinderthsmwouldbe expectedforthecorrespondinginccmrpressible-flow
case. Thisis largelybecauseof theeffectof thedet=ched-bowwaveon
the localflowconditionsnearthecylinder.Apparently,then,= long
as theboundarylayerremainsIsminarJscnnereductionin totalheattrans-
ferto a winganditsleadingedgeis tobe expectedby increasingthe
sweepbackangle. It couldalsobe expectedthat,as theflightReynolds
numberis increased,transitionfrcmlaminarto turbulentflowwill
eventuallyoccurandcausetheassociatedlargeincreasesinheat-transfer
rskea.

A relatedphenomenon,whichis probablynotso generallyappreciate,
is theeffectof thesweepbackoryaw itselfon transition.Recentinves-
tigations(refs.9 to 13 andpapersof limit@ avail.abi~tybytheBritish
investigatorsP. R. OwenandD. haveshownthatsweepbackor
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. yaw has largeadverseeffectson transitionon a wingor cylinder.Owen
andRandallhaveshownthattheseeffectssrecsusedby a dynamictype
of instabi~tywhicharisesas a resultof thesecondsryor three-
dimensionalflowthatoccurswithintheboundsrylayeron a sweptback
wingor cylinder.Theyalsodefinedsad,fromexpertiatal.data,evalu-
ateda stabilityparsmeterwhichhasbeensuccesstillyappliedto the
calculationof a lowerlimltofRe~olds number@ yaw angleatwhich
thisinstabilityfirstappesrsforincompressibleflow. me resultsof
referenceI-2indicatethatthisinstabilitymay appesrat a muchlower
Reynoldsnumberon a wingin supersonicflowthanpredictalby the
Owen-Randallparsmeterforincompressibleflow.

Thepurposeof thepresentreportis to presentdatashowingthe
effectofyaw on theheattransferto cylindersovera higherReynolds
nuniberrangethsmthatof previousdata. TheReynoldsnumberrangeof
thepresenttests,basedon free-streamconditionsandcylinderdiaeter,

is frcm5X 105to 13X 105. Thiscorrespondsto flightconditionsat
altitudesof 45,CKX3to 62,000feetat a Machnumberof 4 witha ting
leading-dgeradiusof 1 inch. Thedataarecomparedwithcorrelation
parametersforlsminarandturbulentheattransferandalsowithlsminar-
heat-trsmsferdatafrcnnpreviousinvestigations.Estimat&ivaluesof the
transitionalReynoldsnumbersfrcmthepresentinvestigationareccmpared
withvaluespredictedby theOwen-Randallstabili~parsmeterevaluated
fromthedataof reference9.
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SYMBOLS

cross-sectionalarea,ofmcdel

constantin equation(14)

constantsin equation(10)

“normal”pressurecoefficient

specificheatofmodelmaterial

specificheatof air

dismeterofmodel

heat-trsnsfercoefficient

thermalconductivityof air



4 RACARM L’j&O~

t

M

MN

Ml

Ml

P

P

%

R

r

T

Te

ryl

t

u

‘N

u

v

v

thermalconductivityofmcdelmaterial .

referenceconductivityandviscosityevaluatedat T’
4

lengthfromleadingedgeor sta~ationpointalongan extermal
streamline

spamrlselengthofmodel

Machnumber

normalccmponentofMachnumberaheadof cylinder

localchordwisecomponentofMachnumber

lbselt number

peripheryofmodelexposedto stream
.

pressure

convectiveheat-transferrateperunitareaat thesurface .

Reynoldsnumber

recoveryfactor

temperate, OR

equilibriumtemperature,OR

referencetemperature,;(% + %)

time

resultamtvelocityaheadof cylinder

normalccmponentofvelocityaheadof cylinder

localchordwisevelocity

localresultantvelocity

localvelocitycomponentnormalto externalstreamline

?
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distsmcefrcmst~ation pointalongthesurfaceof the
cylinderin a planenormalto the leadingedge

distancemeasuredalmg spanofmodel

boundary-lsyercoordinatenormalto surface

ratioof specificheats

boundary-layermomentwnthichess

boundary-layerthickness

-1= distsncearoundcylindermeasuredfrcxa

du~ 52
Pohlhau&enboundary-lsyerparameter,‘dx

P

dynamicviscosityof air

massdensityof air

referencedensity,

Prandtlnumber

shearstress

stabili@parsmeter

angleofyaw (acute
themodelandthe
flowdirection)

anglebetweenthe spanwise
planeperpendicularto the

specificweightofmodelmaterial

Subscripts:

D basedon D

st~ation Line

sxisof
free-stream

L basedon L
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1 localvalueexternalto boundary

o at stagnationlineof cylinder

s justbehindbow shock

T at transition —

NACARML56E09
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t stagnationvalueas determinedby isentropi~cdecelerationof
flowexternaltoboundarylayer .

w at wallon surfaceofmodel

msx maximum

A basedon A

m in free~tresmaheadofbow shock

Superscript:

1 evaluat~at reference

A bar overa symboldenotes
of the cylinderunlessotherwise

.
—

quantitiesT’ and p‘ .

theaveragevalueov?ertheforwardhalf
noted.

APPARATUS

Descriptionof ‘Tunnel v

Theinvestigationwasmadein a blowdownjetin theGasDynsmics
Branchat theI@mgleyLaboratory.Thetestsectionis 12 incheswide-
and13incheshigh. Thecompletesystemconsistsof a high-pressure
settlingchsmber,a convergent-divergentnozzle,a pressure-tightchamber
containingthemcdelsupportsystem,emda fixeddiffuser.Thestagnation
temperatureandpressurearecontrolledautomaticallyat a remotestation.

Theairsupplyis obtainedfromtankswheretheairis storedat a
maximumpressureof 5,000poundsper squareinch. Theairis reducedin
pressureby twosuccessiveregulatingstationsto thedesiredstagnation
pressure,whichwasbe@een 200and5C0poundspersquarei~chforthis
investigation.Thespecifichumidityof theairwas lessthan1 part
ofwaterpermillionpartsof airby weight. Theairis heatd by a
combinationof a Dowthermheatexchanger~d electricheaters.Themaxi- x-
mum stagnationtemperaturewhichcanbe attainedis >,@OO F; however,
‘forthisinvestigationthehighesttemperaturewas llmitedto about
400°F andthemaximunvariat thestagnationtemperaturewithfhne ‘
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was limitedto 1°F perminute. Themaximumrunningttieavailablefor.
thisparticularblowdowmjetis frm 20 to 40 minutes,dependingon
stagnationconditions.

A
Machnumberdistributions,as obtaindfromtotal-pressuresurveys

madein a horizontalplene1/4inchabovethenozzlecenterline,are
presentedin figure1. Thisfigureshowsa slightvariationinMach
numberin thetestregion;however,no lsrgedisturbancesappesr.The
averageMachnumberis4.15witha msximumvariationof ti.03 overmost
of thetestregion.

Mdels

Theheat-tremsfermdel was a 24-inch-longcylindermadeof electro-
lyticpurecopper.Thecross-sectionalshapeof thecylinderwas a semi-
circleof l/2-inchdismeter.Themodelwas supportedin the testsection
by a steelbarwiththe leadingedgegroovedoutto reduceheatconduction
betweenthemcdelanditssupportbar. A sketchof the.modelandits

● supportis shownin figure2(b). Themciielwas fastenalto andalined
withthesupportby meansof smallscrewsandpins. Thespacebetweenthe
mdel andtheedgesof thesupportwas sealedwitha polysulfiderubber..

Themdelwas coveredandwater-cooledbymesms of a shield(fig.2)
duringthe-trausientstartingconditions.Theshieldcoveredthemodel
untilequilibriumconditionswereestablishedin thetestsection,and
thenitwas rapidlyretractedby a cableattachedto a pneumaticcylinder.
Theremovaltimewas lessthan0.01second.

Themcdelwasprovidedyithendplates(fig.2) in ordertominfmize
aer@rmmic endeffects.Theupstresmendplatewas attachedto.themcdel
andthedowmstresmendplatewas attachedto theshield.Theclearsnce
betweenthemcdelandtheshieldin theretractedpositionwas filledby
a contourdblockattachedto themodel. Thisprovideda smoothendplate
duringthetimethattemperaturedatawererecorded.Slotswerecutinto
themodelneareachendplatead filledwithsm insulatingmaterialto
minimizeheatconductionat theendsof themodel. Theendplateswere

1 inchesfrmnthemforalltheyawparallelto thetunnelsidewalk~d lZ

singlestested.Theaspectratioof themodel(betweenthe endplates)
thusvariedwiththeyaw angleaccordingto therelation

1 18—=—
D Cos+

Thetemperatureof themcdelwasmeasurdby copperconstantan
thermocoupleswhichweresilver-solderedto therearof themcdelas
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shownin figure2(b). Thethermocoupleswere
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spaced1 inchapartalong
the SP8ZLof-themodel. Eleventhermocoupleswereusedso thatlongitu-
dinalheatconductionandae@-ynamicendeffects(ifany)couldbe
evaluat~. Themodelwas locatedin thebbwdown jetso thatthecenter
thermocouplewas at stationO in thenozzle(seefig.1) forallyaw
anglesexcept0°,forwhichthemodelwas4* inchesfartherdownthe

tunnel.

Twopressuredistributionmodelswereusedto obtaindataat 0°
and4.5°yaw. Thesemodelswereccmpletecirculsrcyl@dersandhad end
platessimilarto thoseof theheat-trsmsfermcdel.
betweentheendplateswere4 andlk,respectively.
wereinstalledat intervalsof 5° overthe first40°
intervahof 10°and15°.

fistrumentat~on

Theaspectratios
Pressureorifices
andthereafterat

Thetemperaturetimehistoryof themcdelwas obtainedfroma
36-channelrecordingoscillographhavingelementswith”asensitivity
of IZ.8microsmperesper inchof deflection._Theelementsweresoposi-
tionedthat1: inchesof deflectionwas obtained.Thiscorrespondedto”

a riseof 2>0°F abovecoldjunctiontemper@ure. Thegalvanometers
elementswereindividuallycalibratedbeforeeachrun,givingan accuracy
in absolutetemperatureof 1°F. However,on thetemperature-time
recordsforanyonechsnnel,therelativetemperatureswereaccurateto
within1/4°F.

Thesta~ationtemperaturewas obtainedfroma self-balancing
recordingpotentiometer.Measurementsweremadewiththreethermocouples
installedin thesettlingchsmber.Thestagnationtemperatureis accu-
rateto withini2°F. Stagnationpressurewasmeasuredon a Bourdongage
accurateto 12 poundsper squareinch. Thestagnation_temperaturesmd
pressurewerealsorecordedon theoscillographto coordinatethemwith
thetemperaturetimehistoryof themdel.

TESTPROCEDUREANDDATAREDUCTION

Heat-TrmferandRecovery-TemperatureTests

Thepipingsystem,tunnel,andnozzlewerepreheatedat subsonic
flowrates,fora periodof about2 hourspriorto eachtest,untilthe
insidewalltemperaturesof thenozzlewereup to about95 percentof
absolutestagnationtemperature.Iimnediatelyafterthedesiredpreheat

?

.

.

.



temperaturewas attained,the supersonicrunwas started.Whenthetun-. nel st~ation conditionsreachedsteadyvalues(after15 to 20 seconds)
themodelshieldwas retractedsmdthe coolingwaterwas simultmeously

+ cutoff. The oscillographrecordsshowedthatthefilmofwaterlefton
themdel afterretractionof the shieldwas evaporatedin lessthan
0.1second.Theendof thistimeintervalwas tskenas “the zero”for
themodeltemperaturetimehistory.Sufficientlylargewaterflowrates
wereusedso as to insurea uniformtemperaturedistributionalongthe
modelspanat the zero. A typicaltimehistoryof themodeltemperatures
is shownin figure3.

Recoverytemperatureswereobtaineddirectlyfrantestdataby con-
tinuingtherununtiltherecordedmcdeltemperaturesreacheda constant
value. Thisrequiredfrcm2 to 3 minutesrunningtime,dependingon the
stagnationconditions.

DataReduction

. The equationfortheaverageheat-transferrateperunitsurface
is

) UKAbT+%rb2T
-ye =-—— ——

PM
p &2

(1)

!I!hetemperaturederivativesnormalto thecylinderUIS havebeenneg-
lected.so that T wouldbe saneeffectivemeantemperatureat anycross
section.Forthisinvestigation,however,theheat-transfercoefficient
was e~aluatedshnplyby using,themeasuredtemperaturesforboth T
and ~ in equation(l). Sincethethermocoupleswerelocatedon the
backof themodel,lowerindicatedheat-tramsfercoefficientsforsmall
timeswouldbe obtainedthanif the actualmesmtemperaturesandwall
temperatureshadbeenmeasured.By usingavailablesolutionsforunsteady
heattransferto cylinderswitha uniformheat-transfercoefficientat the
surface(ref.14),theerrorin heat-trsmsfercoefficientsdueto thermo-
couplelocationwas estimatedto be between1 to 2 percentforallheating
ratesencounteredin thepresentinvestigation,evenat thesmalltimes
atwhichthedatawerereduced.For thehalf-cylindermodelusedin this
investigation,$ = ~. Thevaluesforthethermalpropertiesof copper

weretakenfromreference15,p. 268.

Thelasttermon therightin equation(1)representsthenetheat
transferdueto spanwiseheatconduction.Sincethisdependson thea secondderivativeof an experimentalqusrrti~,it is difficultto evalu-
ateaccurately.Consequently,heat-trmsferrateswerecalculatdfrcm
thedataat smalltimesonly,whenspanwisetemperaturevariationswere.
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smallandthe
tremsferdata

temperaturevmiationwithtimewas large..Allheat-
presentedue fortimesof Ies=than4 secondsfrcmtime

.

zero. Forthistimeinterval,the largestvalueof the conductionterm
foranyrunwas foundto be only3 percentof thetotalheatinput,so 4
that,in general,theconductionwas neglected.Estimatesshowedthat
thequartityof heatcontributedby radiationwas alsonegligiblecc?n-
paredwiththestorageterm. Thetime-temperatureslopeswereread
directlyfromplotssuchas shownin figure3(b).

Themeanequilibriatemperature~e was takenas the arithmetic

averageof themeasuredtemperaturesfortheconditionofy=o. ~i~ .

occurredafter2 to 3 minutesfromtimezero,dependingon thestagnation
conditions.Radiationwas againfoundtobe negligiblesincethetwel
walltemperatures
of thepreheating

wereclosetomodelequilibriumtemperaturesbecause
procedure.

THEORETICALCORRELATIONEQUATIONS .

IaminarBounda~@er
.

Approximatecorrelationequationsfortheheattr~fer to yawed
cylinderscanbe derivedin a generalformby themethcdof reference8.
Themethodis appliedhereto the forwardhalfof a circularcylinder.

Theaverageheat-tramsfercoefficientcsmbe writ~enas

Thesubstitutionof theexpressionfor
%0

% - ‘e.
obtainedfromequa-

tion (46) of reference8 resultsin a generalrelationfortheaverage
Nusseltnumber,

(2)

c
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Theratio ~/~ fortheforwsrdhalfof a circularcylinderhasbeen
.

dTV ~
evaluatedby themethcdof reference8 for & = 4.1 with ~ = .

+ Thelocalflowdistributionsneededforthesecalculationswereobtained
frcmthemessuredpressuredistributionsshownin figure4 smdfromthe
assumptionsthattheflowoutsidetheboundarylsyeris isentropicard
independentof the spanwi.seflow. The localequilibriumtemperature
was takenas

m

(3)

where

%0_ ~ + 7 - ~ &&2coa2v
2—- (4)

Tt -1
1+X

2 Me2

Theresultsof thesecalculationsareshownin figure5 wheretheratio
. li/~ isplottedagainst~ fordifferentvaluesof Tw/Tt. Thecorre-

spondingtheoreticalresultsfranreference8 for IQ = 6.9 andthe
experimentalvaluesfra reference6 for & =3.9 arealsoshownin
thisfigureforcomparison.Accordingto themethcdof reference8 and
thedataof reference6, thevalueof ~/~ on a circulsrcylinderis
practicallyindependentof Tw/Ttj W, ~d V, as fidicat~~ fi~e 5“

Themesmequilibriumtemperatureme canbe evaluatedfrcmequa-
tion(>) of reference8 afternotingthat

(5)

to sn accuracyof 2 percentovera largersngeof I&. Thereasonfor
thisis thatthevalueof Ml at w givenvalueof ~ doesnotvary
muchwith & or ~. (Seeref.8.) Thus,to thedegreeof approximation
in thetheory,

IFe %0
— = @ + 0.81(1-
Tt @ ~ (6)
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Thenfromequations(2)and (6)andfromfigure5, theheattransferto
thefronthalfof a circularcylindercanbe easilycalculatedfora
largerangeof streamMachnumbers,yawangles,~d temperatures.

TurbulentBoundaryL~er

Detailedcalculationsforthelocalheattransferto cylinderswith
turbulentboundaryl~ers arepossibleby variousapproximatemethods.
(See,forexample,refs.16 and17.) !lhesemethodsinvolvetheuse of
the integralmomenq andenergyequationstogetherwithsomewhat,
arbitrsryassumptio~forthevelocityad temperatureprofiles,skin-
frictioncoefficients,andReynoldsanalogy.Theassumptionsareusually
concernedwiththeextensionof low-speedresultson theflatplateto
higherspeedsand/orarbitrarypressuregradients.In sanecases,how-
ever,theskinfrictionandheattransfermaybe evaluatedfromes%ab-
lfshedequationsforlow-speedflowwithoutthenecessityof extensive
calculations.Thus,forexample,theexpressionfortheskinfriction
on a flatplatein incmnpressi.bleflowmaybe extended@ supersonic
flowwithheattransferby evaluatingthegaspropertiesat sanerefer-
encetemperatureT’ (ref.18). Theheat-transfercoefficientmay then
be evaluateddirectlyfromReynoliisanalog.

TheReynoldsanalogycannot,of course,be usedforthecalculation
of localheat-transfercoefficientson a cylfnderwitha bluntleading
edgesincethelocalchordwiseshearstressis zeroat..thestagnation_
point. A~o, the,boundsrylqyerwould,presumably,alwaysbe lsminar
forat leastsomesmalldistancedowmstresmof thestagnationpoint.
However,if theaverageheat-trsmsfercoefficientis desir~,as in the
presenttests,someformof Reynoldsanalofgcambe used,sndit should
be possibleto derivesimplecorrelatingeqUa*iOnS. _

Theexpressionfortheaverageskinfrictionoverthe chordwise
distancex on a cylinderin incompressibleflowis assumedto be of
theform

(7)

where cl is a constant.Fora flatplate, Cl =0.015 (ref.19). The
Reynoldsanalogyin termsof the averageheat-transfercoeffi.ci.entand
averageshearstressis assumedto be of theform

.

J.

.
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. For a flatplatead Prandtlnumberof 0.70, C2 =1.2 (ref.20). Com-
biningequatio~(7)and(8)thengivesan expressionfortheaverage
Nusseltnumber,whichis

+

–ii pu& 6/7()—= clc#f~k (9)

Thisresultmaybe @ended to compressibleflowby evaluatingall
gaspropertiesat scmereferencetemperatureT’,whichis definedhere
as simply

T’

Thereferencedensity p’ is

“ P’

whichcm be simplifiedto.

also taken as

=*(P~ +F..)

by notingthat ~w = 61 andthat ~1 =ps

a cylinder.ThereferencevelocityU. in

theaveragevalue

T)+g
Tw

overtheforwmd sectionof

equation(9)wouldproperly
be samevelocitybehindthebowwavein super~onicflow. Then-s&lli&
thatto the firstorderof approximationtheheattransferis independent
of the spanwiseflow,thereferencevelocityUm wouldhaveto be the
normalvelocityccmponentbehindtheshock UNs. Equation(9)then
becmnes

or,with ~ = ~ on theforwardhalfof a circularcylinder,thefinal

resultwouldbe writtenas

() 6/7
~=cca P‘UNsD

k’ 12 ~’ (lo)
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Hilpert(ref.15,p. 142) hasusedan equationof thisformforthe
averageheattransferto tubesin a crossflow.

.

TheaveragerecoverytemperatureYe fora turbulentbounda~ lqyer +
m~ be calculatedby assmingthatthelocalrecove~factor r is given
by theexpression

r = ~1/3= ‘e - ‘1
Tt - T1

Then,forthehalf-cylinder,

by enalo~withequation(6).

RESULTSANDDISCUSSION

PressureDistributions

(11)

Theresultsof thepressure-distributiontestsaregivenin figure4,
wherethe “normal”pressurecoefficientdefinedas

is plottedagainste. Datawereobtainedat ~ = 1.98 for ~ = 0°
andat Mm =4.08 for v =0° and ~ =44.7°. llhedataat&=4.08
wereobtainedin thesamenozzledescribedin thesectionentitled
“Appsratus”but at a timewhenthethroatspacingof thenozzlewas
slightlydifferentthanthatusedin theheat-transfertestsforwhich
theaveragestresmMachnumberM. was4.15(seefig..l).The Mm = 1.98
datawereobtainedin oneof theotherblowdownjetsin theImgley Gas
DymmicsBranch.Figure4 showsthatthenormalpressurecoefficient
increaseswithincreasingnormalMachruurberMN

( )
~ =& cos~ overthe

entiresurfaceof thecylinder.

ThedashedI.lnesin figure4 werecomputedfrcma modified
Newtonianequationforthepressurecoefficient(ref.21),

.
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where.

15

. r)~o=_._&o.l

‘ith ‘L)” takenas thetheoreticalpre5sureratio

shockat theMachnumber MN . Sincethedataarein
m

acrossa normal

goodagreementwith

theNewtonienequatim,thisequationisused(aa in ref.8) forcalcu-

()

d ‘1latingtheveloci~ gradientat thestagnationline ~ ~ which
Ns X=O

is requiredin equation(2).

()

ul
The experhentalvaluesof & —

‘u% X=o
shownin reference8 werederivedficmthe samedatashownin figure4.

.
HeatTransferand.RecoveryT~ eratures

. Themeasuredheat-tr~fer coefficientsarepresentedin figure6
in theformof a “wall”NusseltnumberplottedagaiLnsta Reynoldsnuuiber.
Eachexperimentalpointshownrepresentsan averagetakenoverthetime
intervalfran1/2secondto 4 secondsfrantimezerofor3 or 4 repre-
sentativestationsalongthe spsnof themcdel. Thevaluesforthe
thermalconductiti~andviscosityof airweretakenfrcanreferences15
and22,respectively.Thewalltemperaturesforallthedatawerewithin
thermge of 90°F to 1.2Q0F so thatmostof thevariationin Tw/Tt was
obtainedby changing~. ThestreamReynoldsnumiberp.%#/P. was

variedfrcm5 X 1P to 13X 1P, correspondingto a msximumvariationin

thewallReymoldsnumber p#mD/~ of 1.8x ld to 4 X ld. Datawere
obtainedat theyaw amglesof 0°,21.0°,39.7°,49.3°,~d 58.50. The
theoreticalvariationof ‘~/~ with p#Q/~ forlsminerheattr~-
fer accordingto equation(2)(with E/h.= 0.67)is also plottedin
figure6 forthesesameyaw singles.

Comparisonof thedatatiththistheoryshowsthatat zeroyaw sngle
the experimentalNusseltnumbersarein goodagre~entwiththetheoret-
icalvalues,whileat allotheryaw anglestheexperimentalresultsare
considerablyhigherthanthetheo~ andthedifferencesbetweentheory
andexperimentincreaseas theyaw angleandReyaoldsnumberareincreased.

. At zeroyaw theeffectof ~/~ on ~/~, as predictedby equation2
1s in god agreementtiththedataexceptabovea Reynoldsnumberof

. 3 X ld wherethedataare5 percentto 8 percenthigherthanthetheory.
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Theexperimentalrecoverytqeratures areshownin figure7 as the
ratioof themeasuredequilibriumtemperatureto thesta@mtiontempera-
tureplottedagainstyaw angle. Eachpointisthe averageof several
temperaturesmeasuredalongthemodelwhentheindicatedvariationof
temperaturewithtimewssnegligible.At zeroyaw thedataarein close
sgreanentwiththevaluepredictedby equation(6)fora laminarboundary
wer. As theyaw angleia increased,thedatatendto approachthe Me
fromequation(11)fora turbulentboundsryl~er. Whileno definite
conclusionscanbe obtainedfromfigure7 becauseof the limitedaccuracy
of thedataemdtheory,thetrendssuggestthepossibilitythatthe
increasein heat-transfercoefficientswithincreasingyaw anglesas
shownin figure6 is causedby transitionto turbulentflow.

.

.4

In orderto explorethispossibili~,allthedataareplottedin
figure8 in termsof theturbulentcorrelationpuameters ~’ and R’
as definedin equation(10). Iaminarheat-trsmsferdatafromreferences5
smd6, convert@to theseparameters,arealsoincludedinthisfigure.
Thesetwosetsof data(excludingdatafromreference~ at thehigheryaw
sngleswhereendeffectsmaybe present),togetherwith.thetheoretical
valuesforlaminarheattransferas computedfrcmequation(2),correlate .
withthedatafromthepresenttestsforzeroyaw. ‘I!hisindicatesthat
theheat-trsmsferdataof thepresenttestsat zeroyaw arelsminar.
Then,sincethedataat 21°yaw showtheusualtrendof transitional .

heat-transferdata,theincressesin heattransferwithyaw anglein fig-
ure 6 areapparentlycausedby trusitionto turbulent-flowanda forward
movementof thetransitionregiontowardthestagnationline. Also,since
thedataatyaw anglesfrom39.7°to 58.5°correlateon onelinewiththe
slopegivenby equation(10),thetr-ition hasapparentlyreachedits
msximumforwardpositionat about40°yaw. Thatis,in effect,a com-
pletelydevelopedturbulentboundaryl~er occurredon thecylinderfor
400to 600yaw. Notethattheproduct C1C20= 0.024,as obtainedfrom
theexperimentalresultsfor ~ greaterthan40°,is about90 percent
higherthantheflat-platevalueof 0.013.

Comparisonof thepresentdatawithHi.lpert’sdata(citedin ref.1~,
p. 142),whichis fortheaverageheattr~fer to a wholecylinderat
zeroyaw anglein subsonicflow,showsthatat correspondingvaluesof R’
hisdataarebetweenthelsminarandturbulentvaluesshownin figure8.
Thiscm.apparentlybe explainedon thebasisof thevariationin local
heat-transfercoefficientarounda cylinderin subsonicfloww measured
by SchmidtandWenner(citedin ref.15,p. 141). Examinationof their
datashowsthat,forsubcriticalReynoldsnumbers,thecontributionto
thetotalheattransferfromthebackof thecylinderis aboutthessme
as thecontributionframthefront. Hence,forsubcriticalReynoldsnum-
bers,theaverageheat-trsasfercoefficientforthewholecylimierwould
be aboutthesameas theaveregeon thefront. As theReynoldsnmiberis b

increased,theheatcontributedfromthebackincreasesrapidlyinpropor-
tionto thecontributionfromthefrontsincetheheattransferon the .

-ENg:m
.
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frontis apparentlystillleminar.ThlE,forsupercriticalReynolds--
numbers,theaverageheattrm8ferforthewholecylinderis geater
thanthemerage o= the front. Consequently,forsupercriticalReynolds

e numbers,thevaluesof ~’ franHil.pert’sdatamightbe expectedto
fallbetweenthe laminarandturbulentvaluesobtainedin thepresent
tests.

Therelativem~itude of theincreasesin heattransferwithyaw
singleforthepresentdatais shcwnin figure9, wheretheratioof the
averageheat-transfercoefficientfortheyawedcylinderto thevalue
at zeroyaw isplottd againstyaw angle. /Thisratio lib wax
obtainedby cross-plottingthedatain figure6 at thewallReynolds
numbers

I
pQ~ ~ of 1.8X 105end4 X 10, whichcorrespondto the

streamReynoldsnumberslistedin figure9. Datafromreferences5
and6 at lowerReynoldsnumbersareincludedforcomparison.Theresults
of thepresenttestsshowthat,at streamReynoldsnumbersof about

15X ldj theheat-tremfercoefficientat 30°yaw is abouttwicethe
valueat 0° yaw. As previouslyindicatedby figure8,thislargeincrease
in heattransferis evidentlycausedby trsasitionto turbulentflowfol-
lowedby a forwardmovementof transitiontowardthe stagnationlineas

. theyaw angleis increased.Sincetheboundaryl~er is lsminarat zero
yaw,thisforwardmovementof transitionwithyaw is obviouslycausedby
somefactoror combinationof factorswhichchangewithyaw angle,such
as a lengthReynoldsnuder or thethree-dimensionalnatureof the flow
(thatis,the secondaryflow)whichoccurswithintheboundsrylayeras
the cylinderisyawed. Thislattereffecthasbeenpreviouslyobserved
andstudiedin detailon sweptbackwingsandrotatingdisksin refer-
encesI-2and13 andin investigationsby OwenandRandallreportedin
papersof limitedavailabi~ty.

Theheattransferdecreasesby about35 percentfrcmthepeakvalue
foran increasein yaw anglefrcm35°to 600,as shownin figure9. HS “
decreaseapparentlycorrespondsto thedecreasein heattransferwith
increasingyaw anglethatwould.occuron a cylinderwitha completely
developedturbulentboundarylsyer,as indicatedby thepreviousdiscus-
sionconcerningfigure8.

Effectof Yaw on Tr-ition

LengthReynoldsnumber.-In generalthereareperhapstwotypesof
lengthReynoldsnumberswhichmqr characterizetrsmsitionfora givenset
of circmmstsnces.Oneof theselengthReynoldsnumbersisbasedon the

● lengthfromthe leadingedgemeasureialonga streamlineandthe local
stresmvelocity.In thecaseof a yawedflatplatethis“streamwise”
Reynoldsnumbercsmbe expectedto havesomesimficance. (Seeref.10.)
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As an example,thetransitiondataon a yawedflatplate(fig.17 of
ref.11)is comparedwithpredictionsbasalon thistypeof Reynolds

.

number,whichmqTbe definedas

where Pl) ‘s and P1 aretakenas the local“effective”valuesout-

eidethe‘oounda~l~er. Theselocaleffectivevaluesmsybe calculated
by assuming(M in ref.23)thattheflownearthesm_face,but wtside
theboundarylsyer,hasgonethrougha normalshock(herecomput~for
thecomponentof thestresmMachnumbernormalto the leding edge)
correspondingto theshockfromthe leadingedgeandthenreexpandd
untilthe localstaticpressureon theplateis e~al to theoriginal
stresmstaticpressure.Thus,assumingthatthevalueof RIL for

transitionis consteatandequal to thevalueforzeroyaw,thestre8m-
wiselengthfrmnthe

followingvaluesfor
edge, ~cos *:

leadingedgeto transitionwouldbe

()

P~v~
Pl

(%) w
*= (\

PlV1
(%)@O

\ ‘1/$
= 2.72inches fromreference11.resultsin the

thelengthof laminarrunnormalto theleading

LTcos Q 1

.

.

‘$)
deg Computed, Experimental

in. (ref.10),
in.

2.72 2.72
4; 1.00 .86
~o .80 .70
55 .62 .57
60 .47 .43

Thegoodagrementbetweenthecalculations.andtheexperimentaldata
*

,indicatesthattheconceptof stresmwiseReynoldsnumber,as defined
here,cambe usedto detetinetheeffectOT yawon transitionon a .
flatplate.

~
●
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ThiestreamwiselengthReynoldsnumberlosesrmchof itssignificance
in flowswithpressuregradimtwheretheboundary-l~er
velocityprofilesdo notdependon thedistancefrcmthe
only. On a yawedbluntcylinderthelength L alonganF linecankotbe definedif the startingpointis takenas

(line ul = O) since L thenbecomesinfinite,as csnbe
expressionfor L,whichmsybe writtenas

L=
~x ~~, ~

thichessand
leadingedge
externalstresm-
thestagnation
seenfromthe

Jo ‘1

Thisindicatesthattheflowin theneighborhoaiof thesta@ationline
is largelyspanwise,andyet theboundary-l~erthiclmessis constant
andthevelocityprofilesaresimilarin thisregion. Thus,as is well
known,a lengthReynoldsnumberfortransitionin thistypeof flow
shouldbe basedon somelocalcharacteristicdhnensionof theboundsry
lsyeritself,suchas themomentumthiclmess.

.
For incompressibleflowon a yawedcylindera “resultant”momentum

thicdess A maybe definedas
.

anda

Then,
l-ated

momentum-thickmess

fromthemethmiof
forincmnpressible

Reynoldsnumberis thendefinedas

PVIA
RA=T

reference8, themomentumthicknesswas calcu-
flowon a circularcylinderby usingthe equation

‘1 = 2uNmsine

forthechordwisevelocitydistribution.The localresultantvelocity71
is thengivenby theexpression

UN 2sin’%+ um2sin2*
m

Theresultsof thecalculationwe summarizd.in thefollowingtable.

/r
pu~

wheretheratio RA ~ is givenas a functionof ~ and Z:
.
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, A/rR
PUmD
— for-

p, deg P
I

x= o.2z =0.4x=0.6 2=0.75

o 0.11 0.22 0.34 0.46
.12 .22 .33 .45

g .15 .22 .33 .b3
.21 .27 .34 .43

.

/—

//

pu~
Theseresultsindicatethattheratio R* ~ is almostindependent

of yaw anglefor Z greaterthan0.4. E&us,if Ra has anysigniffcemce
as a parsmeterfortransitionon a cylinder,thevalueof thestresm
Reynoldsnumberfortransitionshouldbe aboutthesameforallyaw
angles.Sincethisis contraryto theexperimentalresultsofBursnall
andLoftin(ref.9),who observeda decreasein thestresmReynoldsnum-

.

()pu@ber fortransition — from3.7X 105to 2.1X 10 forem increase
PT .

inyaw anglefrom0° to 60°,theparameter~ apparentlycannotbe used
to characterizetheeffectofyaw on trsmsitionon a cylinderin incom-
pressiblefbw. Thisimpliesthatsomemechamismotherthanthe
Tollmien-Schlichtingtypeof instabilityispresent.Sincethecorre-
spondingcalculationsof RA forcompressibleflowhavenotyetbeen
carriedout,no definiteconclusionas to theeffectof viscousinsta-
bilityispossibleforthiscaseexceptforsmallyaw angleswherethe
effectsof compressibilitywould6tillbe mii-all.

Three-dimensionalbound~ -layerinstability.-In an inveBttgation
by OwenandRandalla parameterX whichcharacterizesthestabilityof
theboundaryl~er on a yawedcylinderor sweQtbackwingwasdefinedas

(L2)

where 5 is thelocalboundary-layerthicknessand V.= is themaximum
velocitywithintheboundarylayerin thedirectionperpendicularto the
localexternalstreamline.Thevelocityprofilein thisdirectionhas
an inflectionpointandis,therefore,dynamicallyunstable.An expres-
sionfor X in termsof thestreamReynoldsnumber,yaw angle,and
chordwisevelocitydistributioncm be derivedfrm an appropriatesolu-
tionof the lsminar-boundary-layerequations.Forthe_inccmpressible

.

casewherethechordwiseflowis independentof thespamwiseflowthis
expressionis .
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accordingto OwenandRmdall,where

u.

21

(13)

-1

()u~~ is a calculablefunction
w

of *. From= analysisofwind-tunnelandflight-testresultsthey

showedthat,whenthevalueof X reachedapproximatelyL25on swept-
backwings,characteristicstresmtisestriationswerefirstobservedin
the agentusedforvisualizingtransition(usuallychinaclay). These
striationswereinterpretedas thetracesof smallvortices(alinedwith
theirsxesapproxhnatelyparallelto theexternalstresm)which,according
to theanalysis,arecausedbythe@aamic instabil&wof thesecondary
flow. When X reachedabout175theflowhadbecomecompletelyturbu-
lentwithtransitionmovingforwardto theneighborho@of the leading
edge.

h orderto comparetheseresultsforsweptbackwingswiththecase.
of theyawedcylinder,equation(13)willbe evaluatedfora circular
cylinder.Thedetailsof themethodueedby OwenandRmdall forcalcu-
latingF arenot available;however,thisfunctionmsybe calculated
fromthe integralmethodof reference8 appliedto incompressibleflow.
Theresultis

(14)

where C = 0.@5 by comparisonwiththeapproximateformulaof Owen
andRandall.Then,theu8e of ‘11.2sin@

u~m
forthecircularcylinder

in equations(13)and (14)givestheexpression

[(~3/2sin 8 cos0 4 Sin%+ t8112$
* = ‘“*5 ;%%

U-l” (15)

. whichisplotte~againstV in figure10 for 0 = 50°. Themeximum
valueof thestabilityparameter~a occurredat e = 50° forall
valuesof 1. Usingthevaluesshownin figure10 sndthe critical.
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Reynoldsnumberfortrsrmitionfromreference9 fora circularcylinder
givesvaluesof ‘T = 110,1~, smd130 at v = 30°,45°,md 60°,
respectively.ThesevaluesOf XT areinthessmermge - thoseof
theOwen-emdRandallinvestigation,imiicatingthattransitionon the .
yawedcircularcylinderin reference9 isprobablyinitiatedby the ssme
mechanismas on thesweptbackwings.

Whetherthesevaluesof X csmbe usedto predicttheonsetof
instabilityor transitionin compressibleflowisnotyetlmown,although
datareportaiin referenceI_2fora sweptwingat Mm = 1.61 i~icate
thattheinstabilityoccursat a muchlowerReynoldsnumberthanpredicted
by theOwen-Randallcriterion.Forpurposesof ccmperison,a roughesti-
mateof transitionReynoldsnumbersin thegresentte ts s canbe obttined
by extrapolatingthedatain figure6 at 21 and39.7°yawbackto the
theoreticallaminarlinesfortheseyaw angles,andconvertingthe “wall”
Reynoldsnumber pJ@/~ to thestreamReynoldsnumber p@U#/Wm
Theseestimatedvaluesof trmsitfonReynoldsnumbersarethencomparefi
in thefollowingtablewithvaluespredictedfromequation(15)(or
fig.10)with XT = 130 (asdeterminedfromthedataof reference9).

x .
msx

r

pmu~ pmu>
()
PcOu#

*>
deg Pm Wm Pm ~

fromfigure10
for XT = 130 frcmfi~re 6

21.0 0.125 11.OX 105 3.6x I&

39.7 .220 3.5x 1($’ 1.8x 105

TheexperimentalvaluesforthetransitionReynoldsmlmbersareseento
be about1/3to 1/2of thevaluespredictedby thestabilityparameter
forincompressibleflow. h reference12the experimentaltransition
Reynoldsnumber(notto be confusedwiththeReynoldsnumberforthe
appeereaceofvortices)was about1/10of thepredicted

~=~
= 0.0363 to correspondto thejr

andUSiIlg‘T = 175.

value,using

testconditions

Theabovecomparisons,togetherwiththepreviousdiscussionon *
,lengthReynoldsnumbers,tendto indicatethatthepredominatingcause
of transitionon a yawedcylinderis theinflectionalinstabilityof

.
co
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theboundsrylayer. If thisis thecase,thetransitionReyaoldsnumbers
obtainedin thepresenttests(withtunnelturbulenceandmdel roughness
effectspresent)may reasonablybe expectedto be of thesameorderas

. correspondingvaluesforfree-flightconditions.Furtherevidencesup-
portingthiscontentionis thattheinflectionalinstabil.i~of a three-
dimensionalboundaryl~er isverymuchmorepowerfulthantheviscous
or Tollmien-Schlichtinginstabili~of a two-dimensionalboudary lsyer,
as shownin reference13.

CONCLUSIONS

Experimentalmeasuranentsof theaverageheattransferon thefor-
wardhalfof a circularcyliderat a stresmMachnumberof 4.15and
streamReynoldsnumberrsmgeof 5 X 1~ to 13X 105 (basedon cyli~er
dismeter)resultedin thefollowinggeneralconclusions:

1. Theaverageheat-trsmsfercoefficientsat zero.yawanglewerein
gocdagreementwithvaluespredictedby lsminartheoryandalsocorrelated
satisfactorilywithotherexperimentalresultsat lowerReynoldsnumbers.

.
2.At 35°yaw angletheheat-transfercoefficientswere50 percent

to 10Qpercenthigherthanthevaluesat zeroyaw. Thistrendis in the
oppositedirectionof thatshownby previo’~dataat lowerReynoldsnum-
berswheretheheat-transfercoefficientsat 35°yawwereabout20 per-
centlowerthanthevaluesat zeroyaw. Theincreasein heattransfer
withincreasingyaw ~le, ~ observ~in thepreeemtinvestigation,is
attributedto transitionfromlaminarto turbulentboundarylayerwhich
apparentlyoccurredprimarilyas a resultof theinflectionalinstability
of thethree-dimensionalboundsrylayeron theyawedcylinder.

3. A furtherincreasein yaw anglefrom35°to 600resultedin a
decreasein heat-transfercoefficients(fromthepeakvalues)of about
35 percent.Thesedata,whenplottedin termsof typicalturbulent
correlationparameters,indicatethatthemaguitudeof thisdecrease
corresponds,approximately,to thedecreasein heattransferwith
increasingyaw anglethatwouldbe expectedon a cylinderwitha com-
pletelydevelopedturbulentboundaryl~er.

4. Theaveragerecoverytemperaturesforzeroyawwerein goodagree-
mentwiththevaluespredictedby laminartheory.Therecoverytempera-
turesat otheryaw angleswerebetweenm upperlimitcorrespondingto
a theoryfortheturbulentboundarylsyeranda lowerlimitcorresponding
to a theoryforthe leminarboundsxylsyer.

.
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5. Estimatesbasedon theresultsof thepresentinvestigation
indicatethattheReynoldsnumbers(basedon free-streamconditionsand
cylinderdiameter)fortran~itionon a yawedcircularcylindersreabout

4 X 1~ and2X 105foryaw anglesof 20°and40°,respectively,andfor +
theMachnumberad temperatureconditionsof thetests.

IangleyAeronauticalLaboratory,
NationalldvisoryCamnitteeforAeronautics,

Ia.ngleyField,Va.,April27,1956.
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