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RESEARCHMEMORANDUM

INITIALEXPERIMENTSONTHEAERODYNAMICCOOLING

ASSOCIATEDWITHIARGE-SCALEVORTICAL

MOI’IONS~ SWERSONICFLOW

ByA. J.Eggers,Jr.,andC.A. Eermach

SUMMARY

is conjecturedthatconvectiveheattransferto a surfacein
supersonicflowmaybereducedby periodicallyimposinga large-scale
verticalmotionontheboundarylayer.Theresultingvortexis expected
to removepartoftheheatconvectedto thesurfaceby thenormalbound-

U arylayer.

Thisconjecturewascheckedwithexperimentsat Wch nuuibersfrom
* 3 to 5 ontwobodiesofrevolutionhavingspikesprotrudingfrcnua blunt

nose. Thebasicbodywasa truncatedconeoffinenessratio2. When
pulsatingflowoccurredatthenose,turbulentUsses ofairwereperiod-
icallydischargedoverthebodywitha large-scaleverticalmotion.Under
thesecircumstancesitwasindicatedthattheaveragerateofheattrans-
ferat zeroangleofattackcould%e reducedby at least22percent.The
recoveryfactorswerereducedby aswch as25percent.At smallangles
ofattacktherecoveryfactorswerehigheronthewindwsrdsidethapon
theleewardsideofa body. Althoughnomeasurementsweremade,it is
anticipatedfromconsiderationsof symmetrythattheaveragerateofheat
trsasfervariesonlyslightlyaboutzeroangleofattack.

Dragwasdecreasedby asmuchas 35percentbyprotrudingthespikes
fromtheblunt-nosebodiesat anglesofattackup to 4°. Ontheother
hand,liftwasincreasedby asmmh as 1~ percent,whilepitchingumment
aboutthebasewasincreasedonlyslightly.

=ODUCTORYRE-

~.
Considerableeffortisbeingdevotedto reducingtheaerodynamic

heatingofvehiclesin supersonicflight.Thisefforthasproduceda
numberofpromisingideas(see,e.g.,refs.1 through5), aid.basedon..
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theyremisethatflowboundinga surfacewillbe eitherlaminar,transi-
tional,orturbulent,andmoreorlesssteady.Thelargebulkof experi-
.men%aldatado,tobe sure,substantiatethispretise.Nevertheless,it
seemsworthwhileto”inquireiftherecanbe a basicallydifferentflow-
whichtransferslessheatto a surfacethantheusualboundarylayer.h
thisregardnonsteadyflowsmaywarrantattention.

Consider,inparticular,thehypotheticalflowshownonthesketch.

*

LARGESCALE VORTICALMOTION
NORPVIALBOUNDARYLAYER

7
\
\

\

HEAT HEAT
OUT HEAT IN OUT

Thisflowdiffersfromthenormalboundarylayerinoneimportantrespect-
a large-scaleverticalmotionexistsintheboundarylayerat shortinter-
valsalongthesmface. By “largescale”itismeantthatthediameterof
eachvortexisoftheorderoforgreaterthanthethicknessofthebound-
arylayer.Nowletus assumethatthesevorticesaremadeup ofairfrom
themainflowand,further,thatthesurfaceoverwhichtheypassisat”
somereasonabletemperaturegreaterthanambientalrtemperature.It ~B
arguedthenthatpartoftheheatconvectedto thesurfaceintheregion
ofthenormalboundsrylayershouldbe convectedfromthesurfaceinthe
regionofa vortexsincetheperipheralportionofthevortexshouldbe
coolerthanthesurface.Thatisto say,eachlarge-scalevortexshould
createa negativetemperaturegradientatthesurfaceandthusabstract
heattherefrom.Thisboundary-layer-vortexcombinationofferspromise,
then,of convectinglessheatto a surfacethanthenormalboundarylayer.
Thecoolingby thevorticesshould,of course,dependuponboththeirsize
andspacing.

T&se considerations leadnaturallytothequestionsofwhatshape.
mightbe employedto testthis~*boundary-layer-vortexl’hypothesis,andhow ‘-
mightthevorticesbe generated?Thebodyofrevolutionwaschosenfor
studybecauseit constitutesa practicalaerodynamicshape.Itwouldbe
mostdesirableto generatethevorticesatthenoseofthebody. Inthis
regard.,recentworkofBeastallandTurner(ref.6) hasshownthata high-
frequencypulsatingflowiscausedby a spikepro@udingin frontofa __ .._
bluffbodyat supersonicspeeds.Itwasourth~ghtthata large-scale
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vortexmightbe dischargedfro.m[thenosein concerttitheachpulsation,
andfurther,thattheresultingflowaftofthenosemightresemblethe

. boundary-layer-vortexflow.Accord@Q, itwasundertakento f?lVeSti-
gateexperimentallytheheattransferandaerodynamiccharacteristicsof
severalbodiesofrevolution,includingtwowithspikenosesjin super-
sonicflow.Theremainderofthispaperis devotedto a descriptionand
discussionofthisresesrch(seetheAppendixfora summaryofthe
notation).

EXPEEUMENT

ApparatussadTests

AlltestswereconductedintheAmes10-by lk-inchsupersonicwind
tunnelwhichis ofthecontinuous-flow,nonreturntypeandoperateswith
a nominalsupplypressureof6 atmospheres.TheMachnumberwas%ried
from3 to ~ by changingtherelativepositionsofthesymmetricaltopand
bottomwallsofthewindtunnel.Thesupplyairwasheatedduringopera-
tionat a Machnutierof5 in ordertopreventcondensationinthetest
section.A detaileddescriptionofthewindtunnelanditsassociated
equipment,. andofthecharacteristicsoftheflowinthetestsection
maybe foundinreference7.

. Themeasuredheat-transfercharacteristicsincludedbothheat-transfer
ratesandrecoveryteq=raturesforthetestmdels. Measuredaerodynamic
characteristicsincludedlift,drag,andpitchingmoment.Thetestswere
conducteda“tzeroangleofattackoverthe~d nutierrange,andat
anglesofattackup to 4°ata Machnumberof 3.5. All modelsw= Stq
supportedfmm therear,andsagleofattackwasobtained’byinclining
thesupportsystem(seeref.7).

Wind-tunnel-calibrationdatawereemployedin catitiationwithmeas-
uredstagnationpressuresto obtainthestreamstaticanddynamicpressures
ofthetests.Reynoldsnutiersbasedonthemaximumdiameterofthemodels
were

Machnumber

3.00
3.50
4.23
5.05

Reynoldsntier,
million -

1.57
l.go
1.44

, 0.70
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ModelsandInstrumentation

.

Theshapestestedduringthisinvestigationareshow infigure1.
areallbodiesofrevolutionof finenessratio2 (exclusiveof spike-
assembly);hence,theyareperhapsmostrepresentativeofthefor-
portionofa completebody. Itisimportanttokeepinmind,however,
theyalsorepresent-possible%allisticvehicles(see,e.g.,ref.5)

orprojectiles.tietruncatedconeisthebasicbody”fYo&wh~&the&o
spike-noseconfigurationswerederived.Theconicalspikeswerechosen
afterstudyingthe..workofBeastallsadTurner(ref.6), theprincipal
aimbeingto obtainpulsatingflow,withspikesofpracticalp?oporttons.
Thesemicircularcutoutwastestedintheanticipationthatitwould
improvevortexgeneration.Allmodelshada.,basediameterof2 inches
anda basiclengthof 4 inches.Thetruncatedcone(basicbody)hada
nosediameterof1.333inches(i.e.,twothirdsofthebasediameter).
Theconicalspikeshada totalincludedangleof l~”. Separatemodels
werebuiltto determinerecoveryt~eratures,totalheattransfer,after-
bodyheattransfer,andaerodynamicforcestidmoments.

A typicalrecovery-temperatureinstallation,withdetailsofthe
geometryofthespikeandthese~circularcutout,is shownh f@ure 2.
Therecovery-temperaturemodelswereconstructedof stainlesssteeland
hada wallthichessontheafterbodyof0.025inch. fion-constantan
thermocoupleswereimbeddedinthewaSito determinelocalrecoverytem-
peraturesat variouspositionsonthesurface.Thepointsof supportfor
thethinwallwereinsulatedwithnylonhushingstoreducedirectheat
transferbetweenthewall.andthestingsupport.1 Thetwos-pike-nose
modelswereequippedwithmcmablespikestopermitmeti exte~ion~d._
retractionduringtesting.

!l?ypicalmodelinstallationsforthedeterminationoftotalheat
transferandafterbodyheattransfer~e showninfigures3 and4. The
heat-transfermodelsweremadeofDuralumfnandwereofheavyconstruction
tominimizetemperaturedifferentialswithinthemodels.Thespike-nose
configurationshadchangeablefixed-lengthspikes.An electricheater
wasusedtoraisethemodeltemperaturetovariousvaluesaboverecovery
temperature.Thismodelheaterwasconnectedtoa thin-walledcylinder

‘Itshouldbe notedthatonthemodelwiththesemicircularcutout
therewasmetal-to-metalcontactbetweenthenosepieceandthethin-
walledafterbody.In orderto determinetheeffectontemperaturesofthe
heattransferthroughthissection,experimentswereconductedwitha
0.005-inchairgapInplaceofthecontact.Itwasfoundthatalthough”‘-
contactsubstantiallyincreasedthetemperatureindicatedatthefirst
thermocouple(X= .31inch)ontheafterbody,itdidnotappreciably
affectthetemperaturesfartherdownstream.‘Allexperimentswiththis 4-configurationwereconductedwithmetal-to-metalcontact;hence,thefirst
thermocouplereadingsweredependentonthedegreeofthiscontactwhich
wasnot,of course,alwaysthessme. ..

Pw’ w *
mi’-
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whichconstitutedtheswpportstingnearthegmdelbase.A gus.rdheater
wasinstalledonthecylindera shortdistanceaf%ofthemodelheater.
Thepowerto thegumd heaterwasadjustedsothatno temperaturediffer-
entialexistedbetweentheguardheaterqndthemodelheater.h this
mannerheatlossesfromthemodelheaterto themodelsupportstructure
wereessentiallyeliminated.Accordingly,theelectricalTowerrequired
bythemodelheaterto maintaina givenmodeltemperaturedeterminedthe
rateofheattransferfromthemodeltotheair.

TheTowersumliedtothemdel wasdeterminedbymeasuringthe
resistanceofthemodelheaterandthevoltageacrosstheheater.The
heaterresistancewasessentiallyindependentoftemperature.I&Meltem-
~eraturesweremeasuredintheregionofthemodelheaterusingiron-
constantanthernmcouples.Differentialthermocoupleswereusedto indi-
catewhenzerotemperaturedifferentialoccurredbetweenthetwoheaters.

Themodelsusedto obtainaerodynamiccharacteristicsweremadeof
steel- againthespike-noseconfigurationshadchangeablefixed-length
spikes.Lift,drag,andpitchingmomentwere,measuredwitha conventional
strain-gagebalancehousedina beamaftofthemodel.Tae forces@ the ,.
stingsupportwereessentiallyeliminatedby a ~/8-inch-diametershroud.
Basepressuresweremeasuredto determinetheliftanddragcontributed

. by thebaseforce.

Flowaboutthetestmodelswas~hotographedwitha shadowgrapha~pa-
ratusemployinga high-speed-spaklightsource.Spsrktimedurationsof
1/4microsecondor lesswereusedinorderto effectively“stop”thehigh-
frequencypulsesassociatedwiththes@ke-noseconfigurations.

AccuracyofTestResults

Theerrorswhichinfluencethetestresultsin generalareas
follows:Errorsinangle-of-attackvaluessreduemainlytouncertainties
in correctionsforstreamangleandfordeflectionsofthemodelsupport
system.Theseerrorsareestimatednotto exceed+0.2°.Errorsin spike
extensionforthespike-noseconfigurationsdidnotexceedtO.0~ inch.
Machnumberintheregionofthetestsectionwherethemodelswerelocated
didnotvarymorethan*0.02fromthemeanvalues.TheReynoldsnumber
fora givenMachnumberdidnotdifferby morethan+10,000frcmthemean
values.

Themaximumerrorinlocalrecovery-t~eraturemeasurementsdueto
instrumenterrorisapproximately*l”R. Thecorrespondingerrorin
recoveryfactorisapproximatelyAO.005.Theadditionalerrorduetoheat

H transferthrougha modelis,forthemostput, lessthanthisamount.



Theheat-transferratesareinerrorduetouncertaintiesin.meas-
.

urernentsofheat= resistance,heatervoltage,anddifferentialte~era.
turebetweentheheaters.Thiserrordoesnotexceed& percent.The
heat-transfercoefficientsarein errorforthesamereasons,andfurther,

.

theydependonthedifferencebetweenthemeasuredrecoverytemperature
ofa modelandthemeasuredtemperatureofthemodelwithheatflowto —
theair. Thenmximumerrorinmeasuredtemperaturewasconstantat
approximatelyfc0.25°R;2accordingly,thepossibleerrorinheat-transfer
coefficientvariesas a functionofthemeasuredtemperaturedifference.
Forexample,theerrorinheat-transfercoefficientfora 10°R tettrpera-
turedifferentialcouldbe ashighas t(T.0003Btu/sqf%,see,%,while
fora temperaturedifferentialof 30°R, itshouldnotexceed*0.0002 —
Btu/sqft,sec,%l.

Theerr’orsintheforceandmomentresultsweredueprimarilyto
uncertaintiesinthemeasurement~ofthesequantitiesbythebalancesys-
temanduncertaintiesinthedeterminationoffree-streamdynamicpressures
andbasepressures.Theseuncertaintiesresultinmaxi.impossibleerrors
inlift,drag,andpitching-momentcoefficientsofkO.002.

summarizing,therecoveryfactorsareestimatedtobe accuratewithin
kO.O@,theheat-transfercoefficientstithin&O.0002Btu/sqf%,see,%,
andthelift,drag,andpitching-momentcoefficientswithin*0.002.It
shouldbe emphasizedthatalltheaboyediscussionconcernsmaximumerrors
andthat,forthemostp~t, theresultspresentedarefi errorby less
thsmhalfoftheestimates.

3-

.

RESULTSANDDISCUSSION

PulsatingFlowPhenomena

Itwasundertakenattheoutsetofthisexperimentalworkto deter-
minetherangeof spikeextensionoverwhichpulsatingflowoccurred.It
wasobservedcgyt+allyth@ pulsationsbeganwhena spikefirstpierced

—

thedetachedshockwave(X. 0.4inchat a . 0°1~ = 3.5). nlss,tions
continuedandwithincreasingamplituge(i.e.,fore-and-aftshockmotion)
untila spikeextensionwasreached(X. 2 inches)which,ratherabruptly,
produceda quasi-steadysep~atedflowfromthetipofthespike.This
quasi-steady-typeflowwasmaintainedwithfurtherspikeextension.These
resultsareinagreementwiththoseobtainedbyBeastallandTurnerwith
spike-nose,models.

Inorderto obtainadditionalinformationonthepulsatingflow
phenomena,a seriesof shadowgraphpictures(srarksource)weretakenat

%?hiserrorwasreducedbelowthe*l”errornotedinconnection
withlocalrecovery-temperaturemeasurementsbyuseofa moresensitive
%emperature-indicat~instrument.

E
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randomintervalsofthe ofthepulsatingflowoverthespike-nosebody
. havingthesemicircularcutout(~= 2.0inchesat a = 0°,~ = 3.5).

Thephotographssoobtainedhavebeenarrangedin theorderinwhichthe
phenomenonapparentlyprogressesandtheyareshownin figure5. (The
orderchosenis in essentialagreement@th thatdeducedhy Mair,ref.8.)
Thusfigures5(a)and5(b)indicatea progressivepilingup ofturbulent
airbetweenthespikeandthefrontofthemodel.In figure5(c)thebow
shockhasswelledoutsubstantially,anda high-speedreverseflowis
indicatedby the“forwardbendingf’shocknearthetipofthespike(see
sketch).Infigure5(d)thebowshockhasswelledfurtherinthelateral

.

.

directionbuthas
beguntomoveaft
onthespike.
Substantialtur-
bulentairhas
collectedbetween
thebowshockand
theforwardbend-

Forward-Bending Shock

ingshocknesrthe
tip. It ~S indi-
catedin fig-
ure5(e)thatthis Main Shock
turbulentmasshas
expanded,movedaft
onthespike,and
assumeda moreor
lessdoughnut-like
shape.In figures5(f)and5(g),thismassis seento approachanddis-
chargeovertheshoulder.In figure5(h)ithaspasseda shortdistance ,
downthemodel,sndatthesametime,turbulentflowisagainbeginning
topileUp at thefrontofthemodel(asinfig.5(a)).Inbetweenthe

-.

turbulentmasses,thebodyis immersedin a relativelythinbutnotalto-
gethersteadyturbulentboundsrylayer(seefigs.5(e)and5(g)).

Nowitwasconjecturedthatlarge-scalevorticeswouldbe discharged
overa spike-nosebodyas a resultofthepulsationsintheflowatthe
nose,andthatsomethingresembkbgtheproposedboundary-layer-vortex
flowwouldoccuronthebody. Thesephotographslendcredenceto this
conjectue.To illustrate,it is indicatedinfigure~(d)thatthereverse
flownearthesurfaceofthespikehascoupledwithan outwardandrear-
wardflownesrthetipto starta large-scaleverticalmotioninthetur-
bulentmass. Thismasstakesona shaperesemblinga ringvortex(see
fig.5(e))withprobablyzerovelocityat itsinnerboundary(thesurface
ofthespike)andsomesizabledownstreamvelocityat itsouterboundsry.
Themassas a wholeismovingdownstream,anditdischargesina large-

, scalevertical
turbulentmass

.

motionovert~eshoulder~fthemodel(fi~.5(g)).tie
continuesdownthemodel(fig.5(h))as somethinglikea
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large-scalering-shapedvortex.Accordingly,‘thisspike-noseconf@ura-
tfonseemstoprovideat leasta crudeapproximationtotheproposed
boun~-layer-vortexflowintheregionaftofthenose. ._

Figures5(a)and5(h),whenviewedtogether,suggestthattheflow
patterntendstopulsebetweenthequasi-steady,attached-shock-type
obtainedwithan extendedspike,andthesteady,detached-shock-type
characteristicoftheplainblunt-nosebody. Thispossibilitywaseasily
checked,andtheresultsareshowninfigure6. Figures6(a)and(c)are
sparkphotographsofflowaboutthetruncatedconemodelandthespike-
noseumdelwithsemicircularcutout;thespikewasextendedsufficient~
farto eliminatethelargeamplitudepulsations.Figures6(b)and(d)
aresparkphotographsofpulsatfngflowaboutthesamespike-nosemodel
(spikeslightlyretracted).Thesimilaritybetweenfigures6(a)and(b)
andbetweenfigures6(c)and(d)tendsto verifyqualitativelythelimit-
ingcharacterofthepulsatingflowpattern.

Thereare,no doubt,manyotherinterestingcharacteristicsofthe
pulsatingflowassociatedwiths@ke-noseconfigurations;someofthese
characteristicsarediscussedbyBeastallandTurner(ref.6). Forthe
purposesofthispaper,however,itwasfeltthata knowledgeofone
additionalpropertywouldsuffice.Thispropertyisthefrequencywith
whichvortic~saredischargedfromthenose.An indicationofthisfre- .i
quencywasobtainedat a Mch numberof 3.5usinga hot-wireanemometer
mountedjustforwardofthebaseoftheheat-transfermodelshownin —
figure3. Theanemometerreyealedlargeamplitudepulsesoccurringat .
therateofabout2600persecond.Ihthelightofthisobservationand
thephotographsof figure5,it isindicatedthatthepulsatingflows
createdintheseexperimentswerecharacterizedbyvorticesontheorder
of 1 inchin diameterbeingdischargedontheorderof severalthousand
timespersecond.’Nowtheimportantquestionis,dothesevorticesreduce
theheatconvectedto a bodyin supersonicflow?

Heat-TrsmsferCharacteristics

It wasanticipatedthataerodynamiccoolingby large-scalevortices
wouldreflectdirectlyintherecoverytemperatureofa surface.Thatis
to say,itwasfeltthatthetendencyofa large-scalevortexto abstract
heatfroma surfacewouldleadto lowersurfacetemperaturesforthecase
ofno netheatflowto (orfrom)thesurface.Accordingly,theheat-
transferexperimentswereconductalas follows:First,therecovery
temperaturesofthetestbodiesweremeasuredat a Machnumberof 3.5and
zeroangleofattack.Inthisregard,specialattentionwasgivento the
effectof spikeextensionontherecoverytemperaturesofthespike-nose
configurations.Theoptimumspike@ension wastakenasthatwhichgave
thelowestrecoverytemperatures.Thisspikeextension,then,or one

w



NAMRMA54U3 9

.

slightlyless,wasusedinaU subsequentteststo determherecovery
temperaturesasa functionofMachnumberandangleofattack,andto
determineheattransfer.

Themeasuredrecoveryteqeraturesarereportedintheformof
recoveryfactorsbasedon free-stresmconditions,whiletheheat-transfer
resultsarepresentedintheformofaverageheat-transfercoefficients.
Thesetwoquantitiesarethentreatedtogetherto facilitatea brief
discussionofheat-transferrates.

Recoveryfactors.-Theeffectof spikeextensionontherecovery
factorat a typicalpointonthesurfaceofthebasicbodyis shownin
figure7. Resultssmepresentedforboththetruncat~conewithspike
andthespike-noseconfigurationwithsemicircularcutout.Theseresults
arequalitativelysimilsrinthattherecoveryfactoris essentiallycon-
stantat a relativelyhighvalueuntilthespikeextendsintothedetached
bowwaveandstartsthepulsatingflow.Withfurtherspikeextensionthe
recoveryfactorfallsoffuntila pointisreachedwherethelsrgeam@i-
tudepulsationscanno longerbe sustained.S Whenthisoccurstherecovery
factorrisesmoreor lesssharplyto a valuecharacteristicofnormal
boundarylayersandremainsessentiallyconstantwithfurtherspike
extension.

.
Ihtherangeof spikeextensionswherelargeamplitudepulsations

occur,a hysteresiseffectis encounteredonthetruncatedconewith
spike.Specifically,it is indicatedthatoncepulsatingflowceaseswith
increasingspikeextension,averysubstantialreductionin spikeexten-
sionisreqyiredto re-establishthephenomenon.Note,too,thatinthe
generalregionofthehysteresiseffect,somewhatluger recoveryfactors
areobtaineddurfngpulsationonthetruncatedconewithspikethantith
thesemicircularcutoutconfiguration.Thesemicticularcutouthasthe
virtue,then,of eliminatingthehysteresiseffectand,simultaneously,
ofproducinglowerrecoveryfactorsunderconditionsofpulsation.Ih
thisregarditisthoughtthatthesharp,forward-facinglipofthecut-
outmay,in combinationwiththe*- effect>producestro%erad
betterdevelopedvorticesduringpulsation,andtendto reducethepossi-
bilityofmorethemonet~e offlowfora givenspikeextension.4

‘Itisnotto be imp~edthatnonsteadymotions,in general,will
necessarilylowerrecoverytemperatures.Duringthecourseofthisinves-
tigationa varietyofnonsteadyboundary-layerflowsweregenerated,but
onQ a few(notablythosecharacterizedby large-scalevortices)reduced
therecoverytemperatures.

%L’hepossibilityofmorethanonetypeofflowfora givens~ike
. extensionisnotcompletelyeliminated.Thisfactis indicatedby the

dashedlineinfigure7 (2.2 <~ ~ 2.6) whichdenotesthatbothqwsi-
steady-andpulsating-typeflowswereobservedto occuralternately.
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So fartherecoveryfactorshavebeenconsideredat onlyonepoint
on thesurfaceofthespike-nosebodies.Itisofinterestnowto study
therecoveryfactorsatvariouspointsalongthebodyinthecaseofpub -
satingflow.For.thispurpose,a specialnosepiecewithintegralspike
andsemicircularcutoutwasinstalledonthemodel.A schematicviewof
thebody,withthermocouplelocations,andthetestresultsat a Mach
numberof 3.5areshownonfigure8. Thespikeextensionisaboutthree-
fourthsofthatrequiredforobtainingminimumrecoveryfactors.It is
observedfirstthattherecoveryfactorsriseframa relativelylowvalue
nearthecenterofthespiketo a highvalueintheneighborhoodofthe
semicircularcutout.Thelowrecoveryfactors,maybe associatedwiththe
dischargeof large-scalevorticesfromthespike(seefig.5). This
possibilityisbroughttofid bytheworkofEckertandWeise(ref.9)
andRyan(ref.10)whichrevealedthatlowtemperaturesareobtainedon
thatportionoftransversecylindersdischargingvorticesin subsonic
flow.

—

Onthe’afterbodysomethingliketheproposedboundary-layer-vortex
flowhasbeendeveloped,anditisobservedthattherecoveryfactorsare
uniformlylow,varyingfromabout0.72to about0.75.

Ztisof interestto comparetherecoveryfactorsontheafterbodies
ofthetestmodels.Thisisdoneinfigure9 whererecoveryfactorts .
shownas a functionof distsmcefromtheshoulder’ofthebasicbody.
Thespikeextensionsarethoseforminimumrecoveryfactor;themodels
withmovablespikeswereemployedto obtainthesedata. Itisseenthat
therecoveryfactorfirstdecreasesandthenincreasesslowlywithdistance
alongthespike-nosebodies,whileitremainsmoreorlessconstantat
valuescharacteristicofnormal-boundary-layerflowsonthetruncatedcone.
Themaximumreductioninrecoveryfactordueto spikeextensionis from
about0.91to about0.68anditoccursnearthel-inchlocationonthe
spike-noseconfigurationwithsemicircularcutout.Thecorresonding
reductionin recovery temperaturewouldbe fromlJ-50°F to 87$ F fora
vehicle.inflightata Machnuuiberof 3.5inairat ~“ F ambient
temperature.Iarge-scalevorticesofferpromise,then,of substantially
reducingtherecoveryteuperatmesofaircraftinflightathighsupersonic
speeds.

In ordertoprovidemoreinformationonthispossibility,therecov-
eryfactorsovertheafterbodiesofthemodelsweredeterminedat small
anglesofattackfora Machnumber
infigure10 fortwovaluesofthe
truncatedconeareshowninfigure
littleeffectofangleofattack.
eryfactorsforthetwospike-nose
thatthespikeextensionforthese

of3.5. Theseresultsarepresented
meridianangle 0. Dataforthe
10(a)anditis seenthatthereis
Figures10(b)and1O(C)showtherecov-‘
configurations.It shouldbe noted —
testswaslessthanthatforminimum 4

recoverytemperaturesat zeroangleofattack.Thissituationreflects_
.

thefactthatpulsatingflowcoul.d.notbe maintainedatangleofattack
whentheoptimumspikeextensionforzeroincidencewasused- thatis ●
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to say,thespikehadtobe retractedslightlyat @e ofattackin
orderto sustainthepulsations.Accordingly,therecoverytemperatures
arenotas lowasthoseobtainableat a = OO. Generally,theeffectof
angleofattackisto increasesurf&cetemperaturesonthewindwardside
andto decreasethemontheleewsrdsideofa body. At smallatsthe
temperaturesonthesidesofthebodiesme, aswouldbe expected,more
or lessunchanged.Thebodywithsemicircularcutouthastheadvantage
thattemperaturesme moreuniformandgenerallylower.5~6

Up to thispoint,attentionhasbeenrestrictedto surface-temperature
phenomenaat a Machnuuiberof 3.5. TheeffectofMachnumberon recovery
factorforthetestmodelsis shownin figureU. Theseresultswere
determinedat zeroangleofattackforMachnumbersfrom3 to 5.

Therecoveryfactorsfortheafterbodyofthetruncatedcone
(fig.U(a)) remainhigh. Therecoveryfactorsontheafterbodiesofthe
spike-nosemodelsareshownin figuresn(b) and11(c).Thesedatawere
obtainedwiththemovablespikemodels, andthespikeextensionswere
suchas to giveminimumrecoverytemperatureat eachtestMachnmnber.
Thespikenosewithsemicircularcutoutcausesthelargestreductionsin
recoveryfactor,whichsuggeststhatthisconfigurationisthemosteffec-
tivevortexgeneratoroverthetestMachnumberrange.Thefactthatthe
lowestrecoveryfactorsforbothbodieswereobtainedat ~ = 3.5 isnot
viewedas anindicationthatthereis anythingespeciallyuniqueabout
thisMachnumber.Rather,it isthoughtthatthisis a resultofthe
modeldesigns.

Heat-transfercoefficients.-Onlya limitednumberofheat-transfer
measuranentsweremade. Specifically,theywerecomprisedofthetotal
heattransferfromthemodels(includingthenosepiece)andtheheat
transferfrcmtheirafterbodiesat a Machnwber of 3.5 andzeroincidence.
Theexperimentalresultsarepresentedin figure12wheretheaverage
heat-transfercoefficientsareshownas a functionof thedifference
betweenindicatedrecwerytemperatureandindicatedwall temperature.
Thesetemperaturesarereferredto as “indicated”temperaturesbecause
theyweremeasuredintheinteriornearthebaseofa modelratherthan
atpointsonthesurface7(figs.3 and 4).

51twillbe notedinfigure1O(C)thattherecoveryfactorsat
e = 0°ande = 90°donotagreeat thefirstthrmoco~leonthemodel
withthesemicircularcutout.Itisbelievedthatthisdiscrepancyis
dueto variationsinthedegreeof contactbetweenthenosepieceandthe
thin-walledsection(seefootnote1 andfig.2).

‘Itispossiblethatsameadvantagemightaccrueifthespikenose
werekeptalinedwiththestream,independentofthe”incidenceofthe
mainbody. Ihthisreamerthegenerallevelof surfaceteurperatzlres
mightbe keptcloserto thelowzero-liftvaluesby obtainingpulsating
flowtithgreaterspikeextension.
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Theaverageheat-tr&fercoefficientsbasedonmeasuredtotalheat
.

transferfromthemodelsareshownin figure12(a).Thespikeonthe
basicbodyraisestheaverageheat-transfercoefficientswhilethespike
plussemicircularcutoutlowersthem. Inanycasethechsmgesarefairly
small,varyingfromabout5 to -10percent.6 Theaverageheat-transfer_
coefficientsfortheafterbodiesofthemodelsareshownin figureU(b). - “-
It is seenthattheeffectofthespikeisto raisethesecoefficientsas
muchas20percent.

Heat-transfercoefficientsareespeciallyusefuliftheyareconstant,
independentofwalltemperature.Itistobe expectedthattheywouldbe
constantfornormalboundary-layerflows(andnottoolargea tenq?eratwce
change)and,onthebasisofthedatapresentedinfigure12,itwould
appearthattheysxealsomoreorlessconstantforthepulsatingflows.
Thiswillbe assumedto bethecaseandthecombinedsignificanceofthe
measuredheat-transfercoefficientsandrecoveryfactorswillbe inter-
pretedintermsofheat-transferrates.

Heat-transferrates.-Thisdiscussionisfacilitatedby useofthe
elementaryheatflowequation

q = h(Tr

h thisexpression‘q istherateof

- Tw)

heattransfer

(1)
.

perunit area,h is
theheat-t%nsferco~fficient,and Tr and& aretherecovery&d wall
temp~atures,respectively.Thereco~erytemperaturemaybe written

Tr = 0(, )T l++k&R (2)

where To isthefree-streamstatictemperature,7 istheratioof
specificheats,~ isthefree-streamMachnumberand R istherecovery
factor.Combiningequations(1}and(2)yieldstherelation

4= ‘b+”m”‘@”-+1 (3)

7Useofthesetemperaturesisthought~ermissibleforthecompara-
tivepurposesofthisreport.

Scorrespond@hea.t-tr~sfercoefficientsforthe.~delswf~ mikes L
extendedto givequasi-steadyflowwerenotappreciablydifferenttiom .
thosegiveninfigure12(a).

.
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.
It isanticipated

13

thatsurfacetemperaturesinflightarenotlikelyto
takeonvalueslessthsmtheambienttemperature.Inthiseventit follows
fromequation(3)thatheat-transferratesarenotlikelytoexceedthose
givenby theexpression

(4)

or,as it sufficesforthisdiscussion,

Thatisto say,the.msximumrateofheattransferperunitareais siqly
proportionaltotheproductoftheheat-transfercoefficientandthe
recoveryfactor.Itisthisresultwhichwillbeusedinthefollowing
discussion.

Firsta cmpsrisontill.bemadeoftheaveragevaluesof ~ for
thecompletemodels.Allnecessaryinformation(inthesenseof eq.(~))

TableI
Cautpletemodel lbdelafterbody

z% a a u cl a ‘u

h o.m72 0.0077 0.0067 0.0085 0.0103 0.0097
Ri .910 .778 .767 .913 .758 .745
hR~ .0066 ● 0060 .0051 .c078 .0078 .0072

is given in figure2.2andithasbeencollectedintableI. Theresults
for-
the
the
the
out
the

thetrunca~edconewillbeusedas a basisof commrisonto determine
effectsofpulsatingflowonheat-transferrate.‘lhomthedatain
tableit canbe deducedthatthespikeonthetruncatedconereduces
average& by about9 percentandthespike@us semicircularcut-
reducestheaverage& by about22percent.b thisrespect,then,
adtitionofthesemicircularcutoutis definitelybeneficial.

Considernowtheafterbodyheat-transferrates.Withtheafierbody
ofthetruncatedconeas a basisof comparison,it isdeducedthatthe
additionofthespikedoesnotchangetheaveragek, whiletheaddi-
tionofthespikeplussemicircul.ercutoutreducestheaverage& by
about7 percent.Onthebasisofthesefewresultsthen,thepulsating
flowappearslesseffectiveinreducingtheaveragerateofheattransfer
perunitareafortheafterbodythanit isfireducingthecorresponding

. qyantityforthecomplete.mdels.Itisto berecognized,of course,
(seeeq.(1))thatthepercentagereductioninheat-transferrateswill
be greaterwithincreasingwalltemperature.



14

the
for

It isofinterestnowto considertherateof
models.Itfollowsfromequation(5)thatthe
themaxiuumvaluesofthisquantityis

&-w

NACARMA54L13

.
totalheattransferto
proportionalityrelation

.

(6)

Thatis,themaximumtotalheat-transferrateisproportionalto thepro-
ductof-theheat-transfercoefficient,therecoveryfactor,andsurface
area.Thisproductis shownintableIIforthecompletemodelswhere
thevaluesofheat-transfercoefficienttimesrecoveryfactorweretaken
fromtableI.

TableII

Body
shape a a u“

s 0.153 0● 157 0.177
kmis .00100 ● 00094 ● 00091

Evidently% islowestforthetruncatedconewithsemicircularcut-
outwndspike,beingabout9 percentlessthanthatofthetruncatedcone. d-

Zhthecaseoftheheat-transferratesfortheafterbodiesofthe
models,thevaluesof & wouldbearthesamerelationforthemdels

.

asthevaluesdf & ‘aheady discussedsinceeachmodelhadthesame
afterbodysurfaceuea: Itshouldbe noted,too,thattheseandthe
previousconsiderationsofheattransferapplyqualitativelyat small
anglesofattacksince,by symnetry,theaveragerateofheattransfer
shouldvaryonlyslightlyaboutzeroangleofattack.

AerodynamicCharacteristics

Thel.if%,drag,andpitching-nmmentcharacteristicsofthetest
bodiesweredeterminedforanglesofattackup to 4° at a Machntier of
3.5* Theseresultsarepresentedinfigure130 Thezero-~ &ag charac-
teristicswereobtainedoverthetestMachnuuiberrangefr~ 3 to 5 and
theresultsarepresentedinfigure14.

Firstconsidertheeffectsofangleof attackon liftandforedrag
at a Mach numberof 3.5. It isevidentfromfigure
ofa spikeisto increaseliftby a factorofabout
truncatedcone.Thespikeplussemicircularcutout
dragofthetruncatedconeby aboutone-third(fig.

is(a)thattheeff~ct
2 overthatforthe
decreasesthefore-
13(b)).
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Nowasregardspitchingmoment,it isnotedin figure 13(c) that the
momentaboutthebaseis slightlylessinthecaseofthetruncatedcone
thaninthecaseofthespike-nosenmdels.Thecenterofpressure,
figure13(d),variesonlyslightlywithangleofattackandisnotappre-
ciablyaheadofthe~-percent-lengthstationforanymodel.

Thezerolift-hagcharacteristicsofthetestbodiesweremeasured
overtheN%h n~er range.Themeasuredforedragcoefficientsareshown
infigurelk(a),andthemeasuredtotaldragcoefficientsareshownin
figure14(b).g

Itisobservedthat,ingeneral,theforedragsincreaseslightly
withMachnumber,whilethetotaldragsaremoreor lessunaffectedby
Machnumber.Theconfigurationwi.th2-inchspikeextensionandsemicirc-
ular cutouthasthelowestdragoftheblunt-nosebodies.

CONCLUDINGREM4RKS

Itwasconjecturedthatconvectiveheattransferto a surfacein
supersonicflowmightbereducedbyperiodicallyimposinga large-scale
mrticalmotionontheboundarylayer.Resultsof experimentswerepe-
sentedwhichtendedto confirmthisconjecture.h particular,marked
reductionsinheattransferandrecoveryfactorwereobtainedontwo
bodiesofrevolutionimmersedina flowresettlingtheboundary-layer-
vortexmodel.Whilethisworkisof a verypreliminarynature,ithas
severalimplicationswhichareworthyofnote. Foronething,aerodynamic
coolingby large-scalevorticesmightproveespeciallyeffectiveinthe
caseofballistic-typevehicleswhereaercilynamicheatingcharacteristics
areofQrimaryiurportance(seeref.5).

Thea~~licationofvortexcoolingto othertypesof supersonicair-
craftis lessclear.Nevertheless,theexperimentsofthispaperdo
indicatethatlarge-scalevortices-
substantiallyreducingaerodynamic
s~eeds.Furtherinvestigationsof

AmesAeronauticalLaboratory

mayconstitutea practical~eansof
heatingin flightathighsupersonic
this~ossibilityappesrwarranted.

NationalAdvisoryC&ttee forAeronautics
MffettField,Callf.,Dec.13, 1954

‘Thedragdataforthemodelwithsemicircularcutoutcorrespondto
twotifferentspikeextensions.Theqxlkeextensionof 1.6incheswas

. usedto obtainthemajorpsrtofheat-transferandaerot@amicdatafor
thisconfiguration.Thespikeextensionof2 inchesgavenearminimum
recoveryfactors(seefig.7).. mii ,-
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APPENDn

NOTATION

cross-sectionalareaofbaseofbody,sqH

dragcoefficient,~
POV02
7A

liftcoefficient,~
POV02
7A

t coefficient(.mmentaboutpitching+nomen

centerofpressure,percentofbasicbody

drag,lb

momentbodybase),—
~ovo2Ax
T

lengthframbase

.

heat-transfercoefficient,~
Tr - Tw~ Btu/sqi%,see,OR

Lift,lb

lengthofbody(exclusiveof spike-noseassembly),f%

free-streamldachnumber

rateofheattransfer,Btu/sec

averagerateofheattransferperunitarea,~, Btu/s~f%,sec

Tr - To
recoveryfactor ‘~

surface area,sqf%

free-stresmstatictemperature,OR

recoverytemperature,OR

stagnationtemperature,%

walltenrpqature,%

.

.

,—

.-
.

—

.

.
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.

V.
.

x

x

a

PO

e

Y

. a

f.

i

t

free-streamvelocity,ft/sec

distanceframshoulder
(Seefig.2)

distancefromfrontof
(Seefig.2)

angleofattack,deg

ofbasicbodytothermocouple}in.

bodyto tip ofspike,- in. “

free-streamdensity,SlUgS/CUft

meridiananglearoundbody(measuredfromtidward’sideofbody),
deg

ratioof specificheatat constantpressureto specificheatat
constantvolume

Subscripts

bodyaftofnose(exclusiveofbase)

coqletebody(exclusiveofbase)

indicatedtemperature

totaldrag(includingbasedrag)
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A-19754

(a) Flowabouttmcated cone.

25

iBEmis’.--=-=+-L... ....-.-.. :.,.-
A-19751

(b)Nonsteadyflowaboutspike-nose
bodywithSti&_C~ cut’out-
detachedshock(X= 2.000inches).

Figure6.- Photographsshowingcomparisonbetweensteadyandnonsteadyflows.
.



26 NACARMA54L13

A-1%’53

(c)Quasi-steadyflowaboutspike-nose
b~dywithsemicircularcutout
(x= 2.700inches).

“k’- ---- --’-===7 -..—.-+... . .

A-19744

(d)Nonsteadyflowaboutspike-nosebody
withsemicircularcutout-attached
shock (z =

Figure

2.000inches).

6.- Concluded.
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