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HEATTRANSFERTOBLUNTNOSES- WITHLAMINAR

BOUNDARYIAYERSATHIGHS-ONIC sPEEr6

By JohnO.Reller,Jr.

SUMMARY

A methodofdesigninglowheattrsmsferbodiesis devisedonthe
premisethattherate-offieattrsnsferto thenosewillbe lowifthe
localvelocityislow,whiletherateofheattransferto theafterbody
willbe lowifthelocaldensityislow. A typicalbodywhichresults
fromthisdesignmethodconsistsofa flatnosefollowedby a highly
curved,butforthemostpartslightlyinclined,afterbodysurface.
Severalbodiesofthist~e weretestedin theAmes10-by 14-inchsuper-
sonicwindtunnelatWch numbersfrom3.0 to6.3 anditwasfoundthat
theiraverageheat-trsmferratesaresubstaatiall.ylessthanthosefor
a coneofthesamebaseareaandaboutthesamedrag. Comparisonof
experimentalresultswtththeoryindicatesthatneartheshoulderof a
typicalflatnoseshapelocalheat-transferratesarehigherthamaverage
aadthatovermostoftheafterbodylocalheat-transferratesarelower
thanaverage.

INTRODUCTION

Itisa well-known
transferto thenoseof

factthatbluntingcanreducethe
a bodyin supersonicflow. It iS

rateofheat
a problem,how-

ever,to determinewhichtne-ofbluntingtendstominimizetheheat-
tran;ferrate. Thepuzpse-ofthispaperisto describean investigation
ofthisprobleminwhichitwasundertakenfirstto devisea methodof
designingbluntshapesandthento checkby experimenttheeffectiveness
oftheseshapesin reducingheat-transferrate.

TKEORYANDDESIGN

Thebasicheat-transferequation,intheformofReynoldsanalogy,
is shownatthetopof figure1. Althoughthisanalogyisnotstrictly
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applicableforbluntshapes,in generalit canbe saidthattheconvective
heat-transfercoefficientisproportionalto theproductofthelocal
density,localvelocity,specificheat,andlocalskin-frictioncoef- “
ficient.Thespecificheatisa factoroverwhichrelativelylittlecon-
trolcambe exerted.Likewise,controloverthe skin-frictioncoefficient
islimitedprimarilybytheextenttowhichtheboundarylayercanbe
inducedto remainlaminar.Attentionisthereforefocusedontheproduct
of thelocaldensityaadthelocalvelocity.Thisproduct,andhencethe
localheat-transfercoefficient,maybe keptlowovera shapedesignedto
havelowvelocitiesatthenoseandlowdensitiesovertheafterbody.
Sucha shapewould,initssimplestform,be a truncatedconesincethe
flatnoseminimizeslocalvelocities,whilethehighlyincldnedsides
minimizelocalpressuresandhencedensities.Thefactis,however,that
thesharpcornerattheintersectionofthefaceandafterbodyofa
truncatedconetendsto causelocalseparationandreattachmentofthe
flowwithan attendantshockwaveandunfavorablepressuregradient.These
conditionstendtopromotetransitionto a turbulentboundarylayer,there-
by increasingthelocalheatingrate.Therefore,oneisledtobelieve
thatthesurfaceinthisshoulderregionshouldbe curvedto avoidlocal
separationandpcmsibletrippingofthebounda~layer.Inordertopro- ?
moteleminarflowovertheentireafterbodyitis desirabletohavea
contourwhichgeneratesa continuouslyfavorablepressuregradient.such
a contouris easilydeterminedwiththemodifiedNewtoniantheoryof .
Eggers,Resnikoff,andDennis(ref.1),providedthesquareofthehyper-
sonicsimilarityparameterM/(L/D)islargecomparedwithunity.This
conditionissatisfiedby bluntbodiesatthehighsupersonicWch numbers
of thisinvestigation.Theresultantexpressiondefiningtheshapeof
theafterbodysurfaceis shownasthesecondequationin figure1. Note
thatthecoordinates= and~ arethelocal x andy dimensions,
respectively,dividedby theradiusoftheflatnose. TheparameterK
inthisexpressionfixesthelevelandgradientofpressureonthe
afterbody.

Twofamiliesofbluntnosebodiesofrevolutionweredesignedaccord-
ingto thisequationandtested.Thefirstfamilyis shownattheleft
of figure1 andconsistedof eightbodieshavingthessmefinenessratio,
buthavingvariousdiametersoftheflatnose;thetwoextremebodieswere
a 66° coneanda ftil.1.cylindercorrespondingtovaluesof K, of zeroand
infinity,respectively.Forthesecondfamilyofbodies,shownatthe
middlerightinfigure1, thenoseandbasediameterswereheldconstant
andthefinenessratiowasvariedfromabout0.3to 1.6. me correspondhg
valuesof K areshownonthesuperimposedsketchesofthesebQdies.The
bodiesofthissecondfs.milyhaveapproximatelythesamepressuredrag
andforthisreasontworeferencebodiesof similarpressuredragwere
includedinthetestprogrsm.TheseWerethesharppointedand
hemispherical-timed600conesshownatthelowerrightof figure1. A
fullhemisphereofthesamebasediameterwasalsotested.
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TestswereconductedintheAmes10-by llt-inchsupersonicwindtunnel
atwch ntiersfrom3.oto 6.3. A steady-stateheat-transfertechnique
wasused. Heatwast=sferredintothemodelfroma resistanceheater
(identifiedas %ain heater”in fig.2)of Inconelwirewoundona copper
spool.Fromtheknownresistemceandmeasuredvoltagetheover-allheat-
transferratecouldbe determinedforequilibriumconditions.Thisappa-
ratusdidnotpermitthemeasuranentoflocalheat-transferrates.Models
weremadeofaluminumandprovidedessentiallyconstant-temperatureheat-
transfersurfacesbecauseof theirhighconductivity.Thermocoupleswere
installedwithinthenmdelstomeasuretemperaturesneartheoutersurface.
As shownin figure2,modelswerestingsupportedfromtherearandwere
in effectinsulatedto preventheatlossto thesupportsystembya “guard
heater”whichwasusedto equalizethetemperatureinthe0.050-inch
supportshell.No correctionwasmadeto themeasureddatato takeaccount
oftheheatflowthroughtheexposedportionofthemodelbases.Thisheat
flowwasestimatedtobe a smallfractionofthetotalandhenceofno
concernsincetheprimaryinterestofthisinvestigationisintherelative
effectsof shapeonheattrsnsfer.

RESULTSANDDISCUSSION

EffectofBluntnessonHeatTransfer

Theeffectonheat-transferrateofvaryingnosediameterwhilehold-
ingfinenessratioconstantis shownin figure3. Representativedataat
zeroangleof attackandfree-streamwch number,M, of4.24arepresented
intheformof dimensionlessheat-transfercoefficients,thatis,Stanton
nunibers,basedon free-streamproperties.At thetopofthefigure,
Stantonnumbersarereferencedtomodel.baseareaandas sucharea direct
comparisonof thetotalheat-transferrates.As nosediameteris increased
fromzero,Stantonnumiberfirstdecreases,thenremainsnearlyconstant
up to a diameterratioof 1/2,andthereafterincreasessubstantiallyup
toa diameterratioof1. TheStantonnumberspresentedinthelower
partof figure3 arereferencedtowettedarea,exclusiveofthebase,
andhenceareindicativeoftheaverageheatingrateperunitsurface
area. Notethattheydecreasesi@ficantlywithincreasingdiameter
ratioup to about1/2andthenremainessentiallyconstant.Theseresults
suggestthata bodywitha nose-to-basediameterratioof about1/2isa
goodcompromiseforlowvaluesofbothtotalandaverageheat-transfer
rate.Furthermore,thisamountofbluntnessyieldsdragswhicharein
therangeofpracticalinterestforballisticmissileshapes.Itwasfor
thisreasonthata diameterratioof about1/2(0.52tobe exact)was
usedindesigningthesecondfamilyofbodies.

—.= . . .
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EffectofFinenessRatioonHeatTransfer

NACARMA5~3a

toBluntBodies

Totalheat-transferratetothebodiesofdifferentfinenessratio
at zeroangleofattackis showninfigure4 asa functionoffree-stream
Machnuniber.Comparativedatafora hemispherearealsopresented.
Stantonnunibersarereferencedtomodelbasearea. Theupsweepofthe
datawithincreasingMachnumberresu3.tsfromthedecreaseof stream
ReynoldsnumberR typicalofa windtunneloperatingwitha fixedsupply
pressure.As determinedfromshadowgraphpicturestheboundarylayerwas
laminaroverthefrontandsidesofallflat-nosebodiesatalltestcon-
ditions.Thisisin contrasttothereferenceconesonwhichboundary-
layertransitionoccurredatMachnumibers3.0and3.5 andisan illus-
trationoftheeffectofbluntingto increasethelengthoflaminarrun.
In fact,at M = 3.0,thelengthoflaminarrunwasincreasedbyas much
asa factorof 4;thatis,thelaminarrunforthe K = 9 body(noseto
base)wasfourtimeslongerthanthedistanceto transitiononthesharp
coneasmeasuredon shadowgraphpictures.Withlaminarboundary-layerflow
thereislittledifferenceinthetotalStantonnmibersofallthebodies
tested,althoughvaluesfortheflat-noseshapesarelessthanthosefor
thesharpconeatallMachnunibers.Thusbyllnthg Itispossibleto
increasesurfaceareaandvolumeby a factorof 3 withno totalheat-
transferratepenalty.

Whentheheat-transferdataoffigure4 arepresentedasStanton
numbersreferencedtowettedsurfacearea,a pronouncedeffectoffineness
ratioisapparentas showninfigure5. Note,forexample,thatvalues
ofaverageStentonnuniberforthe K = 6 shapeare35percentlowerthan
thoseforthesharpconewithall-lsminarboundaryl.ayer(M> 4). The
maximumreductioninaverageStem.tonnumber,forall-lsminarflowonboth
coneandflat-nosebody,is70percentandwasobtainedwiththe K = 9
shapeat M = 4.24. Thesedataare,of course,aswithallthedatadis-
cussedpreviouslyinthisreport,forzeroangleof attack.It should
be pointedout,however,thatnomeasurablechangeinStantonnu?ibershas
beenobservedfortheflat-noseshapesat anglesofattackup to 3°.

Now,thefactshouldnotbe overlookedthatin flightathighsuper-
sonicspeedstherateofaerodynamicheatingisactuallyproportionalto
theproductofStamtonnumberandtemperaturerecoveryfactorwhensurface
temperaturesarenottoofarfromambienttemperature.!Ibus,itisa tacit
assumptionofthediscussioninprevioussectionsthatrecoveryfactoris
essentiallyindependentof shape.Thevalidityofthisassumptionis
illustratedinfigure6 whereaveragetemperaturerecoveryfactorsbased
on free-streamconditionsareshownas a functionof free-streamMach
nuuiber.It isapparentthatshapehaslittleeffecton recoveryfactor; #
hence,thisfactorplaysno significantrolein ourdiscussionofthe
effectof shapeonheating. i
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DistributionofLocalHeat-TrsasferCoefficients

Themeasurementsofover-allheat-transferratesdescribedinthis
paperH, atbest,giveonlya qualitativeideaof localheatingrates.
Itwasthereforeundertakento determinea theoreticaldistributionof
heat-transfercoefficientsaroundonetypicalshape.ThemethodofStine
andWanlass(ref.2)wasusedto calculatetheseheat-transfercoef-
ficients.Thiscalculationreqtiresa knowledgeofthelocalflowproper-
tiesjustoutsidetheboundarylayer.Thesepropertieswerederivedfrom
experimentalpressuredistributionssuchas thoseshownin figure7. Also
showninfigure7 arethepredictedpressuresofthemodifiedNewtonian
theorywhichwasusedto designtheblunt-nosebodies.Thesepredicted
pressuresarein reasonablygoodagreementwithexperiment,thedifferences
beingmostpronouncedintheregionoftheshoulderofthebody. The
calculatedvariationof localheat-transfercoefficientwithdistance
alongthebodysurfaceis shownin figure8 wheretheresultsofthe
Stine-Wanlassmethod,whichincludestheeffectofpressuregradient,are
comparedat free-streamMachnunibers3 and5 withflatplatevaluestaken
fromthel.aminarboundary-layertheoryofVsnDriest(ref.3). All. heat-
transfercoefficientsarebasedonlocalflowpropertiesjustoutside
theboundarylayer.Referencevaluesnearthestagnationpointwerecom-
putedbythemethodofSibulkin(ref.4). Predictedheat-transfercoef-
ficientsremainessentiallyconstantoverthefirsthalfofthenoseflat
butthenincreaseto 2 to 3 timesthisvalueneartheshoulder.(Aportion
ofthecurveinthisregionhasbeenshownasa dashedlinebecausespacing
ofthepressuretapsdidnotpermitan accuratedeterminationofthemsxi-
mum.) Subsequently,localcoefficientsdecreasesharplyto lessthanone
halfthe,initialvalueandcontinuein a gradualdeclineto thebase.
Thenotablefeatureofthispredictionisthepronouncedincreaseofheat-
transfercoefficientsovertheforepartofthebodyas a resultofthree-
fimensionalandpressure-gradienteffects.Theserelativelylargelocal
heatingratesindicatethatthedesignofthesebodiescanbe improved
upon. Specifictiy,itappearsthata slightlyconv=nosewouldtend
to reducetheheat-trsnsferpeakat theshoulderby reducingthelocal
density,althoughattheexpnseofa slightincreaseinheattrsmfer
to thenose.

ComparisonofTheoryandExperiment

Integratedvalues ofthetheoreticalheat-transfercoefficientsfor
portionsofthebodysurfacearecomparedwithexperimentalmeasurements
in figure9. Theflat-noseandnose-shoulderdatawereobtainedwith
compositemodelsthatisolatedtheheat-transfersurfacesfromthe
remainderofthebody. Agreementis reasonablygoodoverthelfachnumber
range.BothcomputedandmeasuredStantonnuubersshowthatroughly
x percentof thetotalheattransferwasconcentratedinthenose-shoulder
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regionwhichhaslessthan20percentofthesurfacearea. Thus,onan
averagebasis,heat-transferratesinthisregionaregreaterthanthose
fortherestofthebodybya factoroftheorderof 5.

Theseresultsapplyonlywhenboundary-layerflowis entirelylanbsr.
A qualitativeindicationoftheeffectoftransitionontotalheat-transfer
ratewasobtained,inonecase,by artificiallytrippingtheboundarylayer
intheshoulderregion.TheresultantStantonnumberis shownas thesolid
pointin figure9. It isindicatedthattheover-allheatingrateisnot
substantiallyincreasedby thepresenceofa turbulentboundarylayerin
theafterbodyregionof relativelylowdensityflow. ——

The

1.

therate
thenose

2.

SUMMARYOFRESUI!TS

resultsofthisinvestigationcanbe sumarizedas follows:

A methodofdesigningbluntshapeshasbeendevisedwhichreduces
ofheattransfertoa bodyby virtueof low-velocityflowover
endlow-densityflowovertheafterbody.

.

An afterbodycurvaturehasbeenfoundwhichaugmentsthefavorable .
effectofa flatnoseinpromotinglongrunsaflsminarboundarylayer.

3. Totalheat-transferratetotheseshapesisthesameorderas
thatto conesofaboutthesamedrag,whileheat-transferratesperunit
of surfaceareaareconsiderablylower. v-

4. Comparisonoftheoryandexperimentindicateshigherthanaverage
heat-transferratesneartheshoulderofa typicalflat-noseshapeand
relativelylowvaluesovermostoftheafterbody.

AmesAeronauticalLaboratory
NationalAdvisoryComittee

MoffettField,Calif.,
forAeronautics
~rch 6, 1957
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