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RESEARCHMEMORANDUM

HEATTRANSFERTO

A SIMULATEDGKCOE-ROCKE!l!SHAPEAT M/lCHNUMBERSUT To 10*

ByAndrewG.Swmson

SUMMARY

Heat-transfermeasurementsweremadeona simulatedglide-rocket
shapeinfreeflightatMch nunibersup to 10 andfree-streamReynolds
numbersof2 x 106basedondistancealongsurfacefromapexand3 x 104
basedonnominalleading-edgediameter.Themodelsinnilatedthebottom
ofa 75°deltawingat 8°angleofattack.Thedataindicatedthatfor
thetestconditionsa modifiedthree-dimensionalstagnation-pointtheory
willpredicttoreasonableengineeringaccuracytheheatingona highly ‘
sweptwingleadingedge,theheatingbeingreducedby sweepby the
3/2powerofthecosineofthesweepangle.Thedataalsoindicatethat
laminarheatingratesoverthewindwardsurfaceof a highlysweptflat
gliderwingatmoderateanglesofattackcanbepredictedwithreasonable
engineeringaccuracyby flat-platetheoryusingwedgelocalflowcondi-
tionsandbasingReynoldsnumberson lengthsficmthewingleadingedge
parallelto thesurfacecenterline.

INTRODUCTION

In viewofthecurrentinterestin gliderockets,a free-flight
investigationofaerodynamicheat-transfercharacteristicsofa glide-
rocketshapehasbeenmade. Themodelconf@urationsimulateda flat-
bottomeddeltawinghavinga bluntleadingedgesweptapproximately75°
andflyingat a trimangleofattackof 8~. Daorderto obtaina sym-
metricalshapeforflighttest,thewingwassimulatedby a three-sided
pymmMal shape,eachsurfaceofwhichwouldhaveheatingcharacteristics
similarto theundersurfaceof theglidemissile;theedgesof thepyra-
midwouldapproximatelysimulatetheleadingedgesoftheglidemissile
wing. Thetestshapewastestedwiththesamefive-stageresearchmis-
silesystemusedh theinvestigationsreportedinreferences1 to4.

Althoughthemodelreacheda maximum~chnumberof14.7at ai
altitudeof 88,100feet,thestabilityofthefifthstageseemedtobe
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~~

AFMDCDAS‘58-6871



2 CONFIDENTIAL” NACARM L5&Q3

●.
marginalandthemodelflewat a largeandsomewhatindeterminantangle
ofattack;thus,temperaturedataobtainedduringthisportionofthe
flightaredifficultto analyze.However,duringthefourth.s~ge

~.

burning,heat-transferdatawereobtainedatMachnumbersup to10 and
free-streamReynoldsnumbersofabout2 x 106basedontherearmost
thermocouplelocationontheflatsurfaceand0.3x 105basedonleadimg-
edgediameter.

Thefourth-stagerocketmotor(JATO,1.52-KS-33550,XM-19(Recruit))
usedinthepresentinvestigationwasmadeavailableby theU. S.AirForce.
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SYMBOLS

cross-sectionalareaatreferencestation,Sqft

normalacceleration,gravitationalunits

transverseacceleration,gravitationalunits

lift-curveslopeperdegree

enthalpy,Btu/slug

thermalconductivity,Btu/ft-sec-%

distancebetweenthermocouples,ft

free-streamMachnumber

heatingrate,Btu/sec-ft2

dynamicpressure,lb/sqft

Reynoldsnumberbasedonfree-streamconditions

Reynoldsnumberbasedon free-streamconditionsandtwice
leading-edgeradius

surfaceareausedin conductioncorrections,sqft

time,sec

temperature,% uulessotherwl.senoted
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w weight,lb
‘+

x distance,ft

$ velocitygradient,l/see

a angleofattack,deg

e orientationofresultantaccelerationvector,deg

A sweepangle,deg

w viscosity,slugs/ft-sec

P density,shgS/alft

Subscripts:

theo theory

.-4 w wall

s stagnationw
3D three-dimensional

aw adiabaticwall

cm free stresm

res resultant

n thermocouplenuniber

MODELANDTEST

ModelConfiguration

Thefifthstageof themissilesystemusedinthisinvestigation
consistedofa three-sidedpyramidaltestnosewhichhada bluntedapex,
a steppedcylindricalmidsection,anda 20°totalangleconicalfrustum
tail. A photographof thefifthstageis shownin figure1;pertinent
dimensionsaregiveninthesketch(fig.2)
oftheforth-andfifth-stagecombination.

.

C!ONE’IDENTIAL
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whichalsoshowsdimensions
Thetestnosesimulateda
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gliderocketshape,
andthephotographs
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andnosedetailsareshowninthesketchof figure3
of figure4.

ThetestnosewasfabricatedfYomInconelof0.05-inchnominal
thickness.Oneedgeofthepyramidwasrolledto an exteriorradiusof
0.10inch,andtheresultingtwosurfaceswereweldedattheedgestoa
thirdsurface.Thepyramidthusformedwasweldedtoan Inconelcylin-
derat thelinesofintersectionof thepyramidandcylinder.Thefor-
wardendofthenosewasformedfroma blockofnickel.

A conicalradiationshieldwasmountedinsidethetestnoseand
boltedtothenickelblockat theforwardend. Theafterendofthe
testnosewasslip-fittedovera micartablockattachedtotheradiation
shield.Thethermocoupleswitchingmotorwasattachedtoa bracket
withintheradiationshield.

A double-walledInconelcylindricalsectionbehindthenosehoused
mostofthetelemeteringequipment.Thesteppedconicalsectioncon-
tainedan aluminainsulatingring,winchwasusedto isolateelectri-
callythetwoendsofthefifthstageto formthetelemeterantenna.
TheFiberglaslined,Inconelconicalfrustumat theafterendwasintended
to givethefifthstagestaticstabilityandalsoto serveas an extension ~
to therocket-motornozzle.

Thepwamidalnosewaspolishedto a generalsurfaceroughnessof m

10microinchesorlessasdeterminedopticallyby a fringe-interferometer
microscope.Therewere,
considerablydeeperthan
havesignificanteffects

Measurementsofthe

however,severalpitsandscratcheswhichwere
the10-microinchlevel;thesedidnotseemto
onthedatameasured.

Instrumentation

outputof24 thermocouplesan~4 accelerometers
weretransmittedfromthetestvehicleduringflightby a six-channel
telemeter.Thechromel-alzunelthermocouplesweremadefromNo.30 gage
wireandwerespotweldedto theinnersurfaceoftheskinofthetest
nose. Thetwoleadsofeachthermocouplewereweldedseparatelyto the
skinwitha spacingbetweentheleadsofabout1/32inchto1/16inch.
Thosethermocoupleslocatedbehindtheleading-edgestagnationlinehad
thespacinglengthwisealongtheleadingedge;thatis,boththermo-
coupleleadswereona lineparallelto thestagnationline.Thethermo-
couplelocatedinthenickelblockat theforwardstagnationpointwas
weldedat thebottomofa tappedholeandtheleadswereledthroughthe
hollowboltwhichsupported~~eradiationshield.The
thermocouplesareshowninfigure5. Wallthic~esses
variousthermocouplestationsaregivenintableI.

coNFIDmIAL
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Threeconstantvoltagesandoutputsof12 thermocoupleswerecom-
b mutatedby a switchingmotorandtransmittedby onetelemeterchannel

at a samplingrateofabout6 persecond;theremaining12thermocouples
.-

andthe3 constantvoltagesweretransmittedinsimilarfashionon
anothertelemeterchannel.Theconstantvoltagesservedas in-flight
referencesforcalibrationofthethermocouple-telemetersystem.The
voltageswerechosentobe equivalenttothelowend,middle,andhigh
endoftherangeforwhichthethermocoupleswerecalibrated.Since
therangewaschosenonthebasisofpossibleturbulentheattransfer
andsincetheflowwasprimarilylaminarduringthetest,theactual
measuredtemperatureswerelessthanone-halfofthefull-scalerange.

Eachofthefourremainingtelemeterchannelswasusedto transmit
a continuousmeasurementoftheoutputofan accelerometer;twoofthese
measuredlongitudinalaccelerations,onemeasurednormalaccelerations,
andonetransverseaccelerations.Theaccelerometerswerecalibratedin
standardearthgravitationalunitsg forthefollowingranges:

Longitudinalaccelerometers. . . . . . .
Normalandtransverse

-50g(drag)to 150g(thrust)

accelerometers. . . . . . . . . . . . . . . . . . . . -25gto25g
.

Otherinstrumentationconsistedofground-basedradarsformeasuring
velocityduringtheearlyportionoftheflightandfordeterminingspacei positionof themissilesystem.A radar-trackedradiosondeballoonwas
usedto determineatmosphericconditionsandwindvelocity;thesedata
weredeterminedat thealtitudeofthehigh-speedportionoftheflight
withinaboutone-halfhouroftheflight.

Flight

Thepropulsionsystemconsistedof fivestagesof solidfuelrocket
motors.Thetestnose,whichwasattachedto thefifthstage,andthe
boosterstagesareshownonthelauncherinfigures6 and7. Character-
isticsoftherocketmotorsandstageweightsfora similarfive-stage
systemaretabulatedinreference3; thesedataarealsoapplicableto
thetestreportedherein.

Themissilesystemwaslaunchedatan elevationangleof73°. The
firsttwostageswereusedtopropeltheremainingthreestagesto a
peakaltitudeofabout94,20Qfeet.Justafterapogee,whentheflight
pathwasinclineddownwardat about2°,a presetmechanicaltimerfired
thethirdstage.Shortlyafterthird-stageburnout,a delaysquib,
ignitedat third-stageignition,firedthefourthstage;firingofthe
fifthstagewasaccomplishedby useofa pressureswitch,mountedon
thefourthstage,whichclosedwhenthechamberpressuredecreasedasthe

. fourth-stagemotorburnedout.

CONFIDENTIAL
d
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TrajectoryData

Velocityofthemissilesystemforthefirst28 secondsof flight
wasobtainedfromtheground-basedDopplerradar.Thereafter,velocity
wasobtainedfromdifferentiationofthespace-positionradardatauntil
third-stageignition;fromthenuntilfifth-stageburnout,velocitydata
wereobtainedfromintegrationofthelongitudinalaccelerometerdata.
Theflightpathwasdeterminedfromthespace-positionradardatafrom
launchingthe untilthird-stageignition;shortlyafterthistimethe
radarceasedto trackthemissilesystem.Theflightpathwasthenrecon-
structedby doubleintegrationofthelongitudinalaccelerometerdata.

Heat-TransferData

Theaerodynamicheattransferto themodelwasobtainedfromthe
thermocoupledatawhichgavetemperaturetimehistoriesfortheinside
surfaceoftheskinofthetestnose.Thesetemperaturedataarenor-
mallyreducedby useofthereferencecalibrationvoltagemeasuredafter -
eachsamplingcycleof thethermocouple.In thistest,shiftswerenoted
inthereferencevoltagesatthetimesofrocket-motorfiringandsmall,
slow,butpersistentdriftsat othertimes.Consequently,thethermo- 8

coupledatawerereducedby useof calibrationvoltagesrecordedboth
beforeandaftereachsamplingcycleofthethermocoupleoutputs.These
pointswereplottedanda curvedran throughtheaverageof,orthe
mostconsistentof,thedatapointsobtainedat eachtime.

Thesefairedinside-surfacetemperaturecurves,togetherwiththe
one-dimensionalheat-flow-analysismethodofreference5 forthermally
thickwalls,wereusedto computeoutsidewalltemperatures.Thiscom-
putingmethcxlexhibitstendenciestowardinstabili~whensma+l.time
intervalsareusedifthetimerateof increaseof insidewalltempera-
tureissmall.In orderto obtainmorepointsat a largertimeinterval,
twoseparatecomputationsofoutsidetemperatureweremadeat intervals
halfas largeandthenthetwowerejoinedtogetherto givetheoutside
temperaturehistory.Theanalysisassumesconstantthermalproperties
forthewall,andthevaluesusedwerethosefora temperaturemidway
betweenthehighestsndlowestmeasuredtemperaturesforeachstation;
thisuseof constantthermalpropertiesisbelievedto introducesmall
errorinthefinalheat-transferdata. Ingeneral,thecomputedout-
sidewalltemperatureswereuseddirectlyintheone-dimensionalanalysis
methodofreference5 todeterminetheaerodynamicheatinputto theskin
ofthetestnose,againontheassumptionof constantwallthermal
properties.

.

.
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Forthethermocouplesontheleadingedge,theactualphysical
thicknessof theskinwasnotusedin ccmputingtemperatureandheating+ rates.Sincetheheatflowintotheoutersurfacetendstobe “focused”
towardthecenteroftheleading-edgeradius,an effectiveleading-edge
thicknessequalto theratiooftheleading-edgevolumetotheexternal -.
surfaceareawasused. Forthegeometryoftheconfigurationtested,
theeffectivethicknesswasaboutthree-quartersoftheactualthickness.
Theheatingratescomputedwiththiseffectivethicknesswereabout
10percentto 30percentlessthantheratescomputedwiththeactU.al
leading-edgethickness.

CorrectionsforConduction

Conductioneffectsinthelongitudinaldirection(oralonganyray
fromtheapex)onthetestnosewereestimatedtobe negligible.Con-
ductioneffectsinthelateraldirection(oracrossthenose)werealso
estimatedtobe negligibleexceptne= thecornerorleadingedge. Lat-
eralconductioncorrectionswereapproximatedby a methodsirmU_arto
thatofreference3. A lateralstripofunitwidthonthenosewas
dividedintoblocksapproxinmtelycenteredabouta thermocouple.The
changeinheatflowat a station-n

% = *“ ‘nz:+~l

isthengivenby

+ %-l Tn-‘n-l
% Zn-1

At thecorner,theblocksurfacearea Sn wastakenas thearea
betweenpointswheretheleading-edgecircumferencebecsznetangentto
theflatsurfaces;theremainingblockedgeswerethentakenat s~tions
midwaybetweenthermocouples.Theareas& are,of course,thecross-
sectionalareaoftheskin;lengthsbetweenthermocouplesZn were
takenat a distancetwo-thirdsofthewayoutfromtheinsidesurface.
Outsidesurfacetemperatureswereusedinthesecalculations.

Thismethodof correctingforlateralheatflowisnotexact;it
assumes,forexample,thattheheatflowsthroughandalongtheskin
canbe calculatedindependentlyandtheresultingsolutionssuperimposed.
It isbelievedthatinsufficienttemperature-distributiondatawere
obtainedtowarranta morerigorousanalysis.Thegeneralconclusions
regardingtheoverallheattransferwouldnot,however,be likelytobe
modifiedby evenfairlylargechangesintheestimateoftheselateral
heatflowcorrections.

Radiationheatlosseswereestimated
thereforenotincludedinthesnalysis.

.

co~~mw
.

tobe negligibleandwere
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ACCURACY

TrajectoryData

ThepossibleinaccuraciesintheMachnumberat thetimeof third-
stageignitionareestimatedtobe lessthantO.1. Integrationofthe
accelerometersforvelocityafterthistimegivesanaccumulativeerror
withtime. Thiswouldresultinan additionalpossibleerrorinthe
Machnumberat fifth-stageburnoutwhichisestimatedtobe lessthan*O.~.
Inviewoftheconsistencybetweenpreflighttrajectoryestimatesandthe
flighttestresultsforvelocityincrementsforeachstageoftheflight
forthistestandthetestsreportedinreferences1 to4 (forwhichsimi-
larpropulsionsystemswereused),theMachnuribersarebelievedtobe
moreaccuratethantheforegoingfigureswouldindicate.

Uncertaintiesintheflight-pathangledueto failureofthespace-
positionradartotrackthetestvehicleafterthird-stageignition
resultinestimatedpossibleinaccuraciesinaltitudeat fifth-stage
burnoutoflessthant2,000feet.

TemperatureandHeat-TransferData

Thefull-scaletemperaturerange(chosenonthebasisofpossible
turbulentflowat M = .17)was1700°F,whichresultsinan estimted
possiblebasictemperaturedatainaccuracyofA17°F. Thelevelofthe
curvefai.redthroughthemeasureddatapointshasan estimatedpossible
errorofabouta~”F. Sincetheheatingrateswerefairlylowduring
theprimary-data-measwementperiod(fourth-stageburning)possible
inaccuraciescomputedforthefinalheat-transferdatawouldbe fairly
large.However,inviewofthereasonableco~istencyofmostOfthe
data,theaccuracyisbelievedsufficienttowarranttheconclusions
drasrn.A morequantitativepictureoftheaccuracyoftheheat-transfer
dataispresentedinthe“ResultsandDiscussion”section.

msuLTsm D=CUSSION

FlightPath

Flight-testdatawereobtainedas thetestvehiclemovedalongthe
trajectoryshowninfigure8. Timesof significanteventsareindicated
onthetrajectory.Atmosphericcondition$determinedfromtheradlosonde
dataareshowninfigure9 as functionsoftimefrom-third-stageignition
untilfifth-stageburnout.Altitudeandvelocitydataareshowninfig-
ure10 forthesametimeinterval.Thetelemetersignalfromthetest

.

●

.
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vehiclefailedmomentarily
abruptlyJustas thefifth
evidentlythetestvehicle

justbeforefifth-stageburnoutandceased
stagebeganto decelerateafterburnout;
failedstructurallyat thistime.

9

Test-VehicleStabiUty

Plottedinfigure11 arethemagnitudesofthenormalandtransverse
accelerationsmeasuredby theaccelerometers,andinfigure12 arethe
anglesofattackestimatedfromtheseaccelerations.Theaccelerations
andestimatedangleofattackwereofnegligiblemagnitudeup to thetime
of fourth-stageignition.Thefourth-andfifth-stagecanbinationevi-
dentlyreceiveda disturbingforceas it separatedfrmthe thirdstage.
Thisdisturbancewasfairlywelldampednearthetimeof fourth-stage
burnout.

At fifth-stageignition(t= 89.5see),thetestvehiclestsrteda
somewhatdivergentmotion;themotionwasnot,however,purelydivergent,
as is shownby theoscillatorynatureoftheaccelerationdata(fig.I.1).
Theexactreasonforthisapp=entinstabilityisnotknown;probably
therewasinsufficientstaticstability,althoughit ispossiblethat
thevehiclewasdamagedat separationfromthefourthstage.Thetest
vehiclewasoriginallydevelopedfortestsofbluntnoses;thecalculated
stabilityforthesharper(andhigherlift)noseofthepresenttest
waslessthanfortheblunternosemodels,althoughstillpreswably
adequate.fiobablythestabilizingforceoftheflarewasoverestimated
andtheuseofthesharpernosechangedthesmountof stabilityfromJust
adequatetorathermarginal.Notethattestsoftheblunt-noseconfigu-
rationsofreferences1, 3, and4 showedsmallornegligibleangleof
attackwhilethetestofa sharpernoseofreference2 showedsignificant
angleofattack(althoughlessthantheanglesapparentlyreachedby the
testvehicleofthistest).

As is shownintheangle-of-attackdata(fig.12),therewasa
tendencyforthefifthstageto trimat angleofattack;thesteadily
decreasingweightas thepropellantburnedwouldresultin themeasmed
increasingnormalaccelerationfora constanttrimangle.Therewas
undoubtedlysomerollingmotion;however,polarplotsoftheresultant
accelerationvectorestablishedno consistenttrendto a rollingmotion,
anditisbelievedthatthemotionwasmainlypurelyoscillatoryinthe
pitchandyawplanes.

FroLutheresultantaccelerationvector,resultantanglesofattack
werecomputedfromtheeqyation

.

.
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wherelinearweightvariationswithtimewereassumedduringrocket-
motorburning.Sinceforcedatawerenotavailablefortheconfigura-
tiontested,estimatesof zero-liftC% wereused,0.I-2perdegree

basedona 9-inch-diameterbodyareaforthefourth-andfifth-stage
combinationand0.07perdegreebasedonthe6.2-inch-diameterbody
cross-sectionareaforthefifthstage.Thisprobablygivesan over-
estimateoftheactualmodelangleat thehigheranglesofattack,since
thelift-curveslopewouldbe expectedtobe nonlinearandto increase
withangleofattack.

TheanglesofattackplottedinfigureI-2aretheanglesdetermined
fromtheresultantaccelerationvectorsandareaverageanglesfaired
throughtheoscillations.Alsoplottedinfigure12aretheorientations
of theresultantaccelerationvector.Themotioncanbe seentobe one
primarilyinthepitchplane.Notethatonlyinthetimefromabout88.4
to 89.5seconds(thelatterpartof fourth-stageburning)aretheesti-
matedanglesofpitchandyawsmall(1°or2° orless).Contributing
to thelargeangleofattackoccurringat fourth-stageignitionisthe
relativelylowdynamicpressureat thistime(aboutXO poundspersquare
foot);thisdynamicpressuresteadilyincreasedtoabout2,700poundsper
squarefootat fourth-stageburnoutandabout6,200poundspersquare
footat fifth-stageburnout.

Theapproximateanglesofattackcalculatedarereferredto inthe
restofthediscussionas estimatedangles;thelimitationsinaccuracy
discussedaboveareimplied.

BasicTemperatureData

Thevaluesof insidesurfacetemperaturesdeterminedfromthetelem-
eterrecordsae sh~ forsever~tnicalstationsinfigure13for
timesfrom87 secondson. Thedatabeforet = 87 secondshadsimilar
scatter.Showninfigure13(a)aredataforthermocouples2 and16
(locatedontheleading-edgestagnationline)andinfigure13(b)are
dataforthermocouples4 and21 (locatedonthecenterlineoftheflat
surfacewhichcontainedmostofthethermocouples).Thelowersetof
curvesoneachofthesefigureswasobtainedfromonethermocouplechan-
nel;theuppersetof curveswasobtainedfromtheotherthermocouple
channel.Fairedthroughthedatapoints(whichareshownas reducedfrom
calibratevoltagesbeforeandaftereachsamplingcycleasmentionedin
thedatareductionsection)arethecurvesusedforcomputationof out-
sidesurfacetemperature.Shownin figure13(c)arethedatapointsand
fairedinsidesurfacetemperatureforthermocouple1,wlichwaslocated
behindthenosestagnationpoint,alongwitha computedoutsidewall
temperaturevariation.Thermocouple1 wasinstalledto givea qualita-
tiveindicationofpossiblenose-tipmelting;uncertaintiesas to

CONFIDENTIAL
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conductioncorrectionsanddirectionsofheatflowintothisthermocouple
% precludedanyanalysisofheattransferat thisstation.Itisapparent,

however,thathighheatingratesexistedat thestagnationpointandthat
at aboutthetimeoffifth-stageburnout,theforwardstagnationsurface
wasbeginningtomelt;thismeltingmayhavecontributedto themodel
failurewhichevidentlyoccurredas thetestvehiclebeganto decelerate.
Thetemperatureswereoftheorderofthosethatwouldbe expectedfor
theflat-facednosestagnationpoint.

Insidetemperaturesreadfromthecurvesfairedthroughthemeasured
datapointsaretabulatedforallthermocouplesandforseveraltimes
duringtheflightintable11.

ComputedoutsideWallTemperaturesandHeatingRates

Showninfigure14aretypicaltimehistoriesof computedoutside
walltemperatures.Thedataarepresentedforthetimeperiodsduring
whichtheangleofattackwassufficientlysmallandtheheatingrates
sufficientlyhightoprovidereasonableheat-transferdata. Shownare
thefairedinsidetemperatures,thecomputedoutsidetemperaturepoints,

—

. andthecurvefairedthroughthesecomputedpoints.Theoutsidetem-
peraturescomputedcouldgenerallybe useddirectlyin thecomputation
ofheat-transferrates;however,stableoscillationsarisinginthe“
numericalanalysisoccasionallynecessitatedfairing.Theheatingrates
werein somecasessufficientlyhighforsignificanttemperaturegradi-
entsthroughtheskinto exist.

Thecomputedheatingratesto theoutsidesurface(one-dimensional
heatflowthroughskinwithlateralconductionneglected)areshownfor
severaltypicalstationsinfigure15. Bothcomputedpointsandthe
curvefairedthroughthemareshown.Whentheactualaerodynamicheating
ratesarelow,slopesofthemeasuredtemperaturetimehistories,which
areproportionaltoheatingrate,are,of couse,alsolow. At these
timesinaccuraciesintemperatureslopedeterminationresultinfairly
largeamountsof scatterintheheat-transferdata.

fllsoshowninfigure15 aret~icaldataincludingconductioncor-
rections.Thecorrectionsareby nomeansnegligibleforstationson
orneartheleadingedge;however,fairlylargepercentagechangesin
theconductioncorrectionswouldbe requiredto alterthe~sic con-
clusionsdrawnfromthedata.

An ideaof thepossiblequantitativeaccuracyof thefinalheat-
transferdataisprobablybestdetermined”fromthescatterof thedata
of figure15.

CONFIDENTIAL
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Theoryused

Thetheoryusedfor
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forLeading-lXi.geHeatTransfer

comparisonwiththee~erimentslleading-edge

.

.

heattransferwasa modificationoftheFayandRiddentheory(ref.6)
forthree-dimensionalstagnation-pointheating.Thistheorywasused
IUEinlybecauseof itseaseof calculation(whenappropriatesimplifica-
tionsareused).Thebasictheoryofreference6 is

%heo3D= o.94(P##”l(Pslls)0m4(hs- %)(~)s 3~/2
J

fora Frandtlnumberof0.71anda Lewisnwiberof1.0. Reference
showsthat,fortheconditionsofthistest,varyingLewisrnmiber

7

between1 and2 hassmalleffectontheheatingrate. Theaboveexpres-
sionis quiteeasilyevaluatediftheSutherlandvariationofviscosity
withtemperatureisused(ref.6 indicatesthislawtobe reasonably
validfortemperaturesup to 9000°K) andif idealgas–relationsare
used. Theuseofideal-gasratherthanreal-gasrelationsshouldresult
innegligibledifferencesinheatingratesfortheconditionsofthis

test(asindicatedinref.1) exceptpossib3yfortheeffectin
()
~ .
& s,3D”

ThisparameterwasevaluatedfromthetheoryofKorobkinforMachnumbers
up to 5 andfromNewtonianflowpressuredistributionsforhigherMach .

numbers.(Seecurveinfig.16 ofref.1.) Theuseofreal-gasrather

()
thanperfect-gasrelationsfor ‘u wouldlowerthetheoreticalheating

Zs
ratesby about5 to10percentat M = 10 andby lesseramountsat lower
Machnumbers.It canbe arguedthatforapplicationof thetheoryto the
sweptleadingedge,thereal-gaseffectson

()
dU shouldbe appliedon
Zs

thebasisoflkchnunibernormaltotheleading-edgeshockratherthan
free-streamMachnumber;fortheconditionsofthistest,therewould

thenbe negligiblereal-gaseffectson
()
~
dx s“

Twoadditionalfactorswerenecessaryto convertthisthree-
dimensionalheatingratetoa ratefora sweptleadingedge.First,
thethree-dimensionalrateswereconvertedtoa two-dimensionalrate

by multiplyingby thefactor~, whichwasusedbyLees(ref.8)and
E

wasshowntobe approximatelycorrectbyReshotkoandCohen(ref.9).

Fortheratio# forthistest,reference9wouJ-dindicatethatthis

factormightbe soreappropriately0.72to0.73insteadof0.707.Sec-
ond,thisheatingrateat thestagnationpointofanunsweptcylinder

C!ONFIOENTIAL
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mustbe modifiedto accountforthereductioninheatingratesdueto
b sweep.Fortheresultsgivenherein,thefactorusedwas(COSA)3/2;

thevalidityof thisfactor(whichhassometheoreticaljustification)
isdiscussedsubsequently.

ExperimentalLeading-EdgeHeat!kransfer

Theexperimentalheatingratesontheleading(orpymmid)edgeare
showninfigure16as ratioswithrespecttotheoreticalheatingrates
forseveraltimes(andMachnumbers)duringtheflight.Data,arepre-
sentedfortimesneartheendofthird-stageburningwhenthemeasured
ratesweresomewhatgreaterthanthescatterinthedataandfortimes
duringfourth-stageburningwhentheestimatedangleofattackwasrea-
sonably~OW.

Theexperimentaldata,ingeneral,areinagreementwithorare
lessthanthevaluespredictedby thetheorygivenintheprevioussec-
tion.Thedatafor86 secondsand~ secondswereobtainedduringthird-
stageburningwhentherewasmarkedscatterinthecomputedheatingrate
points(fig.15). Theagreementwiththeorymaybe fortuitousunder.
theseconditions;however,thefourmeasuringstationsontheleading
edgedo showremarkableconsistency.Thereasonforthelowratios
shownforthedataat 88.4through89.0secondscannotbe ascertained
withcertainty.Possibly,theanglesofattackandyawsrestillsuf-
ficientlylsrgeto affectthemeasurements.As is shownsubsequently,
theangleofattack,althoughestimatedtobe fairlylow,doeshavea
noticeableeffectontherelativelevelsofheatingonthethreeflat
facesup toabout@ seconds.Theuseofestimatedangleofattack
(modifyingeffectivesweepangle)incomputingtheoreticalvaluesof
leading-edgeheatingrates,however,hadnegligibleeffectat times
after88.4seconds.

ThereareprobablyMachnuber effectsinthereductionwithsweep
parameter(thetheoryofref.10,forexsmple),whicharenotaccounted
forby themethodofpredictionusedherein.Theseeffectswould,how-
ever,be expectedtoraisethepredictedlevelat thelowerMachnumbers,-
or increasethedifferencebetweenpredictionandexperiment.

Thedatafortimesafter8$)secondsshowquitegoodagreementwith
thetheory.At thesetimesthemeasuredheatingratesarehighestand
thedatawouldbe expectedtohavethemostaccuracy.

Thedataof figure16wouldindicatethatthereductioninheat

transferwithsweepisproportionalto (cosA)3/2. If cosA (which
hasalsobeenproposedas thepropervalueforthisparameter)hadbeen

coItFIDENTIAL
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usedinsteadof (COSA)3/2 in computingthetheoreticalheatingrates,
thelevelpredictedby thetheorywouldhavebeen2.93timeshigherthan “
thetheorylevelshowninfigure16. Forthedataofthistest,theuse
of cosA wouldthereforeresultina largeoverestimateoftheleading-
edgeheatingrate. (Itshouldbe notedthatthedifferencebetween

cosA and (cos A)3/2 isofappreciablemagnitudeonlyatthehigher
valuesof sweepangle,saygreaterthan400.)

IRromthedataofthetest,itwouldappearthattheheatingofa
sweptcylindricalleadingedgeofa glidemissilewingcanbe predicted
withreasonableaccuracyby usingtheFayandRiddentheoryasmodified.
herein.Sincethistheoryisveryeasyandstraightforwardtoevaluate
(whenLewisnumberisassumedtobe 1.0andwhenperfect-gasrelations
areused),itwouldseemtobe a useful-relationforengineeringcalcu-
lationofleading-edgeheating.Thediscussionpresentedinthefol-
lowingsectionshould,however,be consideredinanev~=tion of its
merits.

FactorsArisingfromModelGeomet~
.

Beforecomparingthedataofthisexperimentwithotherexperiments
andtheories,itisdesirablefirstto considersomefactorspeculiar
to thistest.Theleadingedgeofthemodelis.nota truecylindrical

.

leadingedgeinthatit isformedby theradiusat theintersectionof
twosidesofthepyramidalnose. (Seefig.3.) Thepreciseeffectof
thisgeometryontheleading-edgestagnation-lineheat-transferrates
isdifficultto evaluate.Sincethesoniclineona cylinderisabout45°
fromthestagnationline,andsincethepointoftangencYoftheside
andleadingedgeoftheconfigurationtestedwas600fromthestagnation
line,itwouldappearthatthelackofa completecylinderat theleading
edgewouldnotsignificantlyalterthetestresultsfr~mthosethatwould
be expectedfora sweptinfinitecylinder.However,“considerationof
theshockstructurearoundthetestnosecomplicatestheanalysis.

Thisshockstructureisdifficulttodeterminewithoutvisualflow
testsoftheconfigurationflown.A roughqualitativeanalysiscanbe
made,however.Theshockoverthe8°flatsurfacesofthesimulated
wingwould,of course,be detachedfromthes~faces.The@nctureof
theseshocksattheedgesofthesurfaces(thesimulatedwingleading
edge)wouldprobablyaltertheshockaroundtheleadingedgeandgive
itsomewhatdifferentcurvatureanddetachmentdistancethanwould
existona yawedinfinitecylinder.Sincetheflow-deflectionangle
islow,it isbelievedthatthiseffectwouldbe small,particularly
at thehigherMachnumberswhentheshockwouldliequiteclosetothe
flatsurface.Theshockformationoverthenosecanalsobe considered
fromanotherpointofview. It canbe reasonedthatthe shocksover

comIDENTm



NACARML58!203 coNmmmAL 15

thesimulatedleadingedgeswouldbe approximatelythesameas theconi-
b calshockoccurringona conecircumscribedaboutthepyramid,ora

13.5°half-anglecone.Theshockoverthisconewouldalsolieclose
to thesurface)_P=tic~r~ at thehigherWch nunibers,anditseffects
on changingtheheattransferfromthevaluethatwouldbe expectedon
a yawedi~i~te cylinderarebelievedtobe smll.

Theeffectofthseshockswouldprobablybe to causevariationin
heattransferalongthelengthoftheleadingedge. (Theblunt-nosetip
wouldinducea normalshockat thenosewhichwouldalsotendtoproduce
thesameeffect.)Thedataoffigure16 showsmall,andno consistent,
variationswithlengthalongtheleadingedge;thesmalldifferencesin
heatingratesbetweenthemeasuringstationsat anygiventimearewithin
theoverallaccuracyofthedata. Thisfact,plusthegenerallygood
agreementwiththetheory,isbelievedtowarranttheabovestatement
thattheshockformationoverthetestnosedoesnotsignificantlyalter
theheatingratesmeasuredfromthosethatwouldoccurona sweptinfi-
nitecylinder.Theargumentthattheagreementbetweentheoryandexperi-
mentmaybe fortuitouscannot,however,be rigorouslydisproved.

Theuseofan effectiveleading-edgethicknesslessthanthephysi-
calthicknessinthedatareductionfortheleadingedge(seedatareduc-
tionsection)reducedthecomputedheatingratesfromthosecomputedby
useoftheactualphysicalthickness.Iftheactualthicknesswereused,. theexperimentalrateswouldbe about30percenthigherat thehigher
valuesoftimepresentedandhigherby somewhatlesseramountsat the
earliertimes;thechangewouldbe negligibleforthedatapresented
before88.4seconds.Theuseoftheeffectivethicknessratherthanthe
actualthicknessisconsideredthemorereasonableprocedure.Theagree-
mentbetweentheoryandexperimentwouldstillbe fairlyreasonable,how-
ever,ifthethickerwallwereusedinthedatareduction.

ComparisonWithOtherTheoriesandExperiments

Theroeticalheatingrateswerealsocomputedby thetheoryofref-

( ~ (eq.10(a),ref.11)waschosenerencel.1wheretheparameter~

tobe 1.0whichisequivalentto-assumingthatconductivityandviscos-

)ityofairvaryinthesame way withtemperature. Heatingrateswere
Tawcomputedby usingboth ~ . 1.0 and ~= O.~. (Thisvalueof

“recoveryfactor~ifora s~eepangleof7’5°wasobtainedfromref.12.)
Theheatingratesthuscomputedwere,respectively,slightlyhigherthan
andslightlylowerthantheratescomputedfromthemodifiedFayand
Riddentheory.Thetheoryofreference11predicts,for M = co (or
practicallyfor .M$?7) a variationofheat-transfercoefficientwith
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.

3/2;thetheorypredictsa lesserreduction ~sweepproportionalto (COSA)
withsweepforlowerlhchnumbers(asdoesthetheoryofref.10). The
experimentalresultsofreference11alsoshowa reductioninheat-transfer

3/2;thedatawereobtained,ratesdueto sweepproportionalto (COSA)
however,at a msximumsweepangleofabout45°.

Theexperimentaldataofreference13alsoindicatethattheheating
rateisdecreasedby (COSA)3/2 forsweepanglesup to45°.(Thereis
considerablescatterinthedata,butthegeneraltrendisa reduction
proportionalto (COSA)3/2.)However,thedatafora 70°sweepangle
showa reductionmorenearlyproportionalto cosA. Thereasonforthis
changeintrendisnotreadilyapparent.It shouldbe notedthatthe
dataofreference13wereobtainedat lowfree-streamReynoldsnumbers
(31!5top,loo).

Experimentaldatareportedinreference14 indicatethatthereduc-

tioninheatingratewithyawanglei.sproportionalto (COSA)3/2. The
datawereobtainedata nominalMachnumberof 10.4andat sweepsingles
upto 700. However,thesetestresultsaresub~ectto a possiblelimits- ~
tioninthattheywereobtainedatReynoldsnmabersso lowthatthe
possibilityoftheoccurrenceof slipflowduringthetestshouldbe
considered. .

Theexperimentaldataofreference12 indicatea reductionwith
sweepinheat-transfercoefficientwhichisproportionalto cosA. The
reasonforthereducedbenefitsof sweepinreducingleading-edgeheating
whichis indicatedby thesedataisnotknown.At leastpartofthedis-
agreementisattributabletothefactthatthedataofreference12 are
heat-transfercoefficients.Heatingrateswouldshowa greaterbenefit
of sweepinalleviationofheatingthandoheat-transfercoefficients
becauseoftheinfluenceofrecoveryfactorvariationwithsweep.Recov-
eryfactordecreaseswithsweep,hence,Taw andtheresultingforcing
functionTaw- Tw alsodecreasewithincreasingsweepangle.

Thetheoryofreference10alsoshowsthat,forhighMachnumbers
(MZ 7),sweepreducestheheat-transfercoefficientsby a factorof
about (COSA)3/2. Aswaspreviouslymentioned,thistheory(andothers)
alsoshowsa Machnumbereffectonthereductionwithsweepparameter;at
lowerI@chnumberstheeffectof sweepistheoreticallynotsobeneficial.
Theexperimentaldataofthetestreportedhereinshowdifferenttrends.
Thereasonforthisdifferenceisnotreadilyapparent;itmightpossibly
lieininaccuraciesinthedataatthelower~ch nuaibers(M-4 at 86
and87 seconds)andincorrectestimatesofsngleofattackforthedata
from t = 88.4to89.0seconds(fig.~6). .

CONFIDENTIAL
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ComparisonWithTheoryforDataontheFlatWingSurface
L

Theexperimentalheatingdataontheflatsurfaceof theglidemis-
silewingarecomparedwiththeoryinfigure17. Thedataareshownas
reducedtolocalStantonnuriber.Localflowconditionswerethosecom-
putedforan 8°wedgeandby useoftotalpressurelossesthroughan
obliqueshockat thewedgeleadingedge.Real-gaseffectson totaltem-
peratureandspecificheatwereused,theviscositywasassumedtobe
proportionalto ~o.76 andideal-gasrelationswereusedto ccnqpute
theremainingflowconditions.

TheoreticalStantonnumberswerecomputedfrcxnthetheoriesof
Van Driest(ref.15). Adiabaticwalltemperatureswerecomputedby
usingrecoveryfactorsofO.& and0.88forlaminarandturbulentflow,
respectively.Thelaminarrecoveryfactorwasusedinthereductionof
experimentaldata.

Theexperimentaldataof figure17 sreshownas correlatedby two
differentmethods.Inmethod1 (figs.17(a)to (c))thedataareplotted
on thebasisoflengthfromtheleadingedgeto themeasuringstationin
a directionparallelto thewingcenterline. Inmethod2 (figs.17(d)
and(e))thedatasrecorrelatedonthebasisoflengthalongtherays
fromthemodelapex. Thereis,ingeneral,bettercorrelationby the

. firstmethod(figs.17(a)to (c)).Thedataindicatethattheflowover
theflatsurfacewasprobablylaminar.

Dataareshownin figure17 formeasuringstationsonallthree
flatsurfaces.Thedataforthesidesoppositethemainthermocouple
array,shownas flaggedsymbols,scatteraboutthegenerallevelof the
otherdata. Thesingleflaggedsymbolsareforthermocouples13 and23
andthedoubleflaggedsymbolsme forthermocouplesIkand24 (see
fig.5). Timehistorycomparisonsof thedataforthermocouplesonall
threesidesareshownsubsequently.

Thereis scatterinthedataof figure17,thepointsonornearest
thecenterlineshowingthegreatestvariations.Althoughit isprob-
ablethatthesimplifiedflowanalysisuseddoesnotproperlyaccount
fortheeffectsoftheactualpressuredistributionon theheattransfer,
it ispossiblethattheanomaliesinthedataaredue(atleastinpart)
to inaccuraciesinthebasicdata. Thepointsshowingthegreatest
scatter(bothfromthegeneraltrendat anyonetimeandin self-
consistencyat thevarioustimes)are,ingeneral,atmeasuringstations
havingthelowestheatingrates.Theexceptionto thistrendisthe
pointfarthestforwardandoutboardonthesurface(thermocouple3).
Theproblemat thisstationmaybe oneof conductioncorrection.Since
adequatetemperaturedistributionswerenotobtainedat thelongitudinal.
stationonwhichthisthermocouplewaslocated,thesamecorrectionwas
appliedtothermocouple3 thatwasappliedto thermocouple9.

coNFIDmIAL
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Thepointsshowingthemostdeviationfromtheoryareat t . 88.4
and88.6seconds,wherethereis stillsomeangleofattack.Theuseof .
theestimatedanglesofattackincomputinglocalflowconditions,how-
ever,showssmalleffectontheheattransferduetoangleofattack
(aswastruefortheleading-edgedatashownintheprevioussection).

Itdoesappear,however,at leastfortheconditionsofthistest,
thattheheattransferto thewindwardsurfaceofa highlysweptglide
rocketwingatmoderateanglesofattackcanbe predictedwithfair
accuracyby theuseoftheVanDriesttheorywithReynoldsnuniberbased
ondistsncefromtheleadingedgeparalleltothewingcenterline
(method1),andusihgappropriatelocalflowconditions.

It isinterestingtonotethat,forthistest,thecomputedl.sminar
heat-transferratesonthewingsurfacewerenotmuchdifferent(about
5 percentless)whenlocalflowconditionswerebasedonlossesthrough
a normalshockatthewedgeleadingedgeinsteadofassumingan oblique
shockat’thewedgeleadingedge.Therefore,forthistesttheagreement
betweentheoryandexperimentwouldnotchangesignificantlyifeither
typeoflocalflowconditionswereused.

At t = 91seconds(or M= 14.4),laminarStantonnumberswere
calculatedforthestationsonthewindwardsurfaceby themethodof
VanDriest(ref.15). Withlocalflowconditionscomputedasdiscussed
previously(butwiththewedgeangletakentobe 8°plustheangleof .

attackofapproximately120),theoreticalheatingrateswerecomputed.
Thesetheoreticalrateswereofthesamegeneralmagnitudeasthemeas-
uredrates.Thisagreementmayverywellhavebeenfortuitous,since
thereissomeuncertaintyas tothevalidityoftheeagle-of-attack
determination,andthesedatahavethereforenotbeenplotted.

ComparisonofDataontheThreeFaces

Inadditionto themainarrayofthermocouplesononeface,addi-
tionalthermocoupleswereplacedat twolongitudinalstationsonthe
centerlineofeachoftheremainingtwosurfaces.Thedatafromeach
of thethreesurfacesarecomparedinfigureI-8,bothoutsidewalltem-
peratureamdheat-tiansferratesareshownfortheportionoftheflight
ccsnmncingwiththird-stageignition.

Up to thetimeoffourth-stageignition(t= 87.4see)thedataare
in closeagreementaswouldbe expected;differencesaredueminly to
scatterinthebasicdatadueto thelowtemperaturesandheatingrates
duringthistime.

Theangleofattackwhichoccursat fourth-stageignition
(t= 87.4see)affectstheheatingratesina logicalm=ner,the
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windwardside(measuredby thermocouple14)ofthemodelshowingthe
& highestrates.Therearenoticeabledifferencesbetweenthewindward

sideandthetwoleewardsides(measuredby thermocouples13and15).
At about88.8to 8g.Osecondstheheatingrateonthewindwardsidebegins
to decrease(astheangleofattackis smallat thesetimes)andapproaches
thelevelof thedatafortheremainingtwosides.At about89.5seconds
at fifth-stageignitionwhenthetestvehicleagaingoesto a highangle
ofattack,thedataforthethee sidesof thembdelagaindivergeand
againthetrendsareaswouldbe expected.

Whenthedataoffigure18areconsideredin comparisonwiththe
dataoffigure12,notethatthemodelhasacceleratedfrcma Machnum-
berof6 to a Machnumberof 10duringthetimeintervalfrommaximum
angleofattack(t= 88 see)to thetimeofmaximumheatingonthewind-
wardface(t= 89 see).Themsximumheatingrates,therefore,would
notbe expectedto occurat thesametimeas themaximumangleofattack.

CONCLUD~GREMARKS

. A free-flightrocket-modeltestofa simulatedgliderocketindi-
catesthatforMachnumbersup t+ 10 andforthefree-stream Reynolds

. numberrangeof thetest(2 x 10bat therearmostthermocouplelocation
ontheflatsurfaceand0.3x 105basedon leading-edgediameter):

1.Stagnation-lineheat-transferratestoa highlysweptcylindrical
leadingedgeofa glidemissilewingcanbe approximatedwithreasonable
engineeringaccuracyby theuseof thethree-dimensionalFayandRidden
theorymodifiedto two-dimensionalheatingratesby thefactor~ and

E
reducedby thethree-halvespowerofthecosineofthesweepsq&e.
(Thislatterfactorisnotinagreementwithreductionssuggestedby
somewind-tunnelresults,whichhaveindicatedthatthereductionin
heatingwithsweepvariesas thecosineofthesweepangle.)

2.Forthehighlysweptflatsurfacesoftheglidevehicleinvesti-
gated,thelaminarheattransferto thewindwardsurfaceatmoderate
anglesofattackcanbe approximatedwithreasonableengineeringaccuracy
by theuseof thelaminarflat-platetheoryofVanDriestby usingwedge
localflowconditionsandbasingReynoldsnumbersonlengthsfromthe
surfaceleadingedgeparallelto thesurfacecenterline(ratherthanon
lengthalongraysfromtheapexofthesweptsurface.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,June27,1958.
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(a) Dots showing approxim@e thermocouple locationa.

(b) Missile system mounted

l?i.gure4.-

on launcher just prior to elevation for firing,L-58.1698
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(a)Altitudeandvelocity.

Figure10.-Testvehicle performance data from time
ignition until fifth-stage burnout.
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(b)Machnumber and Reynolds number.

Figure10.- Concluded.
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