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OBSERVATIONOFLAMINARFLOWONABLUNTED

AERONAU’I!ICS

15°CONE4!YLINDER

INFREEFLIGHTATmGH

F!REE-s~ MACH

By JohnH.Disher

REYNOLOSNUM8ERS

NUM6ERSTO 8.17

andLeonardRabb

A highlypolished15°included-anglecone-cykhderwithhemispheri-
caltiphasbeenflowninorderto obtainboundary-layertransitionand
heat-transferdata.Themodelwaslaunchedframa carrierairplaneat
an altitudeof47,500feetandreacheda madmumMachnumberof8.17at
analtitudeof37,500feet.WhenatpeakMachnumber,laminarflowex-
istedatthemostaftmeasuringstationsontheconeandcylindersur-
faces.TheReynoldsnumbersatthesestationswere35.&l@ and
38.5XL06fortheconeandcylinder,respectively.

Theresultsoftld.sflightindicatetheappreciableandfavorable
effectoftipbluntnessinraisingtheallowableskintemperaturefcma

3 givenboundary-layertransitionReynoldsnwnber.

mclDucTIoN

Theneed
transitionat

forexperimentaldataonheattransfer
highMachnunbersiswellrecognized.

datamustbe obtainedby actualflighttestsbecause

andboundary-layer
Muchoftheneeded
etistingground

facilitiesdonotprovidethecombinationsofhighMachnumber;high
Reynoldsnumber,ad hightotaltemperaturewhichmustbe investigated.

tiearlierflighttests(refs.1 to 3),heat-transferandtransi-
tiondatawereobtainedona shup-pointed20°cone-cylinderatMach
numbersup to 5.18. b orderto extendtheMachnumberrangeofthe
investigation,a newresearchvehiclehasbeendesignedandonemodel
hasbeenflown.Thevehiclewaslaunchedfiana jetairplaneathigh
altitudeandwaspropelledtoII&s@Machnumibersby twostagesof soMd
propellantrocket.Dataonboundary-layertransition,heattransfer,
anddragfromthisflightarehereinpresented.
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AlmRmus ANDPmcEDmE J

A sketchof tie model5.sshownin figure 1. 5e modelforebody
consistedof a 3.5°included-sz@econewitha 6-inch-dismeterbase. .,
Thetipoftheconewasroundedtoa 7/16-inchradius.Thefirst2.2
inchesoftheforebodyweresolidSAX1020steel.Aftofthispoint,
theconeskinwasmadeofO.062-inch(nominal)Inconel(actualskin
thichessisindicatedonfig.1 foreachstation).Theconicalfore-
bodywasattachedtoan ~onel cylinder42 incheslong. Theaft10
inchesofthemcxlelformeda 9°50’half-angleflaredskirt.Thecylin-
derandflaredskirtwerefamed ofl/32-inch(nminal)bconel. Small
wedge-shapedfinswereattachedtotheflaredskirt.Thesefinswere
fabricatedfkwml/32-inchJhconel,andtheleadingedgeswerecooled
withinternallyinlaid solid-copperstrips. Theflaredsldrtwassup-
portedby a balsa-woodinsert.R noseconeandinstrumentedportion
ofthecylinder(fig.2)wereUghly polishedtoa surfacefinishof
theorderof2 microinchrms. Theaftportionofthecylinderandthe
flaredskirtwerechemicallyblackenedto increasetheir@ssivi@ and
thusreducepeakskintemperatureonthesesurfaces.Themodelcarried
3 poundsofbrassballastwhichwaslocatedimmediatelybehindthesolid
steeltip. Theweightofthemodelwithoutboosterwas80.2pounds,and
thecenterofgravi~was40.2inchesbackfrm themodeltip.

Theinstrumentationcarriedwithinthemodelconsistedoftwoaxial b
accelerometers,tworesistance-wireskin-temperaturepickups,andfom
skin-temperaturethermocouples.KU temperaturepickupswereattached
totheinnersurfaceoftheskin. Oneofthethermocouplesandoneof
theresistanceelementsfailedpriortolaunching.“

Thelocationoftheusableskin-temperatwepickupsandtheranges
ts are shownin the followingtable:of all the instrumen

Hal acceleration
AxLalacceleration

[1

Skintemp. thermocouple
skintcmlp.thermocouple
Skint@lp.thermocouple
skinixmlp.resistancewire]

Location -e

Station 9.75
Station14.45
Station21.75
Station29.50

1 to -25gts
o to 90g’s
300°to1600°R
300°to 1600°R
300°tO ~()()”R
300° to 1500°R

Theaccelerationandresistance-wiretemperaturemeasurementswerecon-
tinuoustie thethermocouplemeasurementswereswitchedin sucha man- ‘
nerthateachtemperaturewasrecordedataboutO.07-secondintervals.
Themeasurementsweretelemetaedtoa groundreceivingstation.The
snailsolidInconelfinsvisibleh figure1 servedasthetransmitting
antenna.

\
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NACARME56G23 ‘ 3

. Themodelwaspropelledby a T40rocketboost=assemblyandby a
T55rocketcsrriedwithinthecylindricalandfl.sredpartsofthemodel.
A photographofthecompletemodelandboos~rassemblyis showninfig-
ure3. Theboosterstructureconsistedofan aluminumtubewitha wall
thicknessof1/16inchandwithcruciformalumimmfinsmountedatthe
rear. Thefinswere1/4inchthick,withtheleadingedgestqeredand
roundedtoa l/16-inchradius.Theboosterrocketwasmaintainedat a
temperatureof100°F priorto firingby an electricblanketmountedbe-
tweentherocketandtheboostershell..

Theboosterassembly,whichwaslockedtothemodelby a fYangible
diskcoupling,wasreleaseduponfiringoftheT55rocket.Theweight
oftheboosterandcouplingassemblywas159pounds.

Thevehiclewascarriedaloftona F2H-2Bairplane,as’shownh
figure4, andwaslaunchedinlevelflightat anabsolutealtitudeabove
sealevelof47,500feet.Theboosterandsustainerrocketswerefired
at 5.4and11 seconds,respectively,afterreleaseby delaysquibswhich
wereenergizedasthemodelleftthelauncher.Duringrocketburning,
themodelwastrackedfim thegroundby radarandphototheodoliteequip-
ment.Af’terrocketburnout,themodelwasnotvisibleandwastracked
onlyby radar.

A detaileddiscussionofthecalculationprocedureusedisgivenin
reference2. Thevelocityofthemodelforthisflightwasdetermined
fromradarmeasurementsandby integratingtheaccelerationdata.The
altitudewasdeterminedtiomradarmeasmments;thevariationoffYee-
stresmstaticpressureandtemperaturewithaltitudewasdeterminedfran
a radiosondesurveymadehnediatelyfollowingtheflight.Incalcula-
tingheat-transfercoefficientsforstations9.75and14.45,thetemper-
aturegradientthroughtheskinwasaccountedfor. Thiseffectwasneg-
ligibleforstations21.75and29.50. Conduction alongthe sk5nwasneg-
ligible in au cases.

h reference4 itis shownthattipbluntnesslowerstheMachnumber
andReynoldsnumberofan annulusofairaboutthebody. Ifthisamnulus
oflowReynoldsnmber airislargeenoughtoblankettheboundarylayer,
itisarguedthatthelowerReynoldsnmber andMachnumberdeterminethe
boundary-layerbehavior.Forcmparbon,theconditionsoutsidethe
boundarylayeratthevariousstationswerecalculatedhereinwithand
withouttheeffectsoftipbluntnessconsidered.Withbluntnesseffects
neglected,theconditionsaredesignatedby subscriptcoandarere-
ferredtoas “shsq-tipconditions”;calculationswerebasedonthetab-
ulatedvaluesgiveninreferences5 and6 forsharp-tippedcone-cylinders.
Bluut-tipconditionsaredesignatedby mibscript5;theseconditions
werecalculatedby assuningthata normal-shocktotal-pressurelossoc-
cursandthatthesurfacestaticpressureatthetemperatemeasuring
stationsisunaffectedbybluntness.

.—-— ——. — . .- —.... —-—. —- .—. — —~ —— ——~——— —



—.—.

4 NAC!ARM E56G23

TheReynoldsnumbersatthevariousstationswerecomputedfor d
bothblunt-tipandsharp-tipconditionsonthebasisofactualsurface
Mstancesfranthestagnationpointofthemodel.These
showninthefollowingtable:

distancesare

station ISurfaceMstance,in.

9.75
14.45
20.00

Cone-cylindershoulder~
21.75
29.50 [

22.21 1.85 ft)
29.96 2.50 ft)

Theerrorindetermingthefree-streamMachnuniber~ forthis
-1

fUght isestimatedtobe within-J2~percentof ~ or+J).1O,whichever

isgreater;andtheerrorinmeasuringskintemperatureisestimatedto
be withinM percentofthefull-scalerangeoftheinstrumentor+25°F.

RESULTSANDDISCUSSION

ltree-StreamConditions

A timehistoryoffree-streamMachnumberispresentedin figure5.
Themodelwaslaunchedata free-stresmMachnumberof0.67,fellfreely
untilboosterignitionat 5:4seconds,andthenacceleratedto a nwdmun
free-streamMachnuder of8.17at 12.8secondsafterrelease.After
rocketburnout,themodeldeceleratedtoa Z&chnumberof1.0inabout
15 seconds;thereaftertheMachnumberwasstisonic.Maximumaccelera-
tionof82g’sandm%dmm decelerationof22.4g’soccurredat 12.2and
14.5seconds,respectively.

A plotofabsolutealtitudeabovesealevelagainsttimeispre-
sentedinfigure6. ThepeakMachnuniberwasreachedatan*titudeof
37,500feet,andthemodelreachedsealevel61 secondsafterrelease.

Thevariationoffree-streamstaticpressurewithtimeispresented
in figure7,andthevariationof free-streamReyholdsnmberperfoot
withtimeispresentedinfigure8. At peakMachnuuiber,thefree-stream ..
Reynoldsnuniberperfootwasa

%’
romtely 18X1.06.Themaximummodel

Reynoldsnumberwasthus108xl basedona lengthof 71.7inches. —

“~
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Conditionsat OuterE3geofBoundaryLayer

5

A timehistoryofthel@chnumberandtheReynoldsnumberperfoot
outsidetheboundarylayeratthetemperaturemeasuringstationsis
showninfigures9 and10,respectively.TheWch nuniberforsharp-tip
conditions& is showninfigure9(a). Thevaluesfa stations21.75
and29.50arehigherthanthefree-streamvalues(fig.5)becauseofthe
overeqpnsionaroundthecone-cylinderjunction.TheMachnumbersfor
blunt-tipconditionsM5 areshownin figure9(b).TheMachnumbers
are,orcourse,reducedappreciablybecauseofbluntness,withthemaxi-
mumvalueforstation21.75reducedto3.80.

TheReynoldsnumberperfootforsharp-tipconditions(Remperft)
is shownin figure10(a).Thevaluesat stations21.75and29.50are
lowerthanthefree-streamvalues(fig.8)becauseoftheoverexpansion
atthecone-cylinderjunction.ThemaximumconeReynoldsnmberper
footwas28.4XL06,resultingina maximumconeReynoldsnumberof
48.5X106basedona lengthof20.48inches.TheReynoldsnmberper
footforblunt-tipconditions(Reb perft)is showninfigure10(b].
Withbluntnesseffectsconsidered,themxdmumReynoldsnumberperfoot
fortheconeisreducedto 6.25XL06.The~ numberoccursatabout
22 secondswhenthemodelhasdeceleratedtoa free-streamMachnumber
of2.3..

t

Drag

A curveofthetotaldragcoefficientforthesustainerstage(#d
stage)ofthemodelispresentedin figureIl. ThereferenceareaiS

0.196squmefoot,whichcorrespondstothe6-inch-diametercylinder.
Thedragwasobtainedficmdecelerationdataduringthecoastperiod.
Thedragcoefficientincreasedfromabout0.30at ~ of 7.0toabout
1.2at ~ between1.5and1.2. Theportionofthecurveabove~
ofabout7.0isinaccurateduetotheeffectsofrocketthrustdecay.
Therelativelyhighbag coefficientsareduetothelargeflaredbase.
Duringacceleration,thetotaldragwasappreciablylowerbecausethe
rocketjeteliminatedthebasedrag.

!l?emperatmesandHeat-!!&ansferCoefficients

Timehistoriesofthemeasuredskintemperaturessreshownin fig-
ure12. Alsopresentedarethefree-streamtotaltemperature,theadi-
abaticwalltemperatureforlaminarorturbulentflow,andthefree-
stresmstatictemperature.Incomparingtheskin-temperaturehistories,
it shouldbe raabered thatthedci.nthicknessofthecylinderishalf
thatofthecone.Thetemperatureat station29.50isnotedtoundergo

. ..— — .—. . .— ..— — ——— .—— — —.——— ————
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an abruptchangein slopeat 19.5 seconds.
fromlaminarto turbulentfluw. Thechange

* NAC!.ARM E56G23

l?bisindicatestransition .
in slopeismwe appsrent

infigure13,wheretheskintemperatures‘areplottedtoa lsrgerscale.

Heat-transfercoefficientscalculatedfromthetqerature-time
cues areshowninfi’gure14. Alsoshownaretheoreticallsminarand
turbulentheat-transfercoefficientstiomreferences7 and8,respec-
tively.Fortheoreticalturbulentvalues,theStitonnumberwasas-
smed to equal0.6ttiesthefrictioncoefficient.Thetheoreticaland
experimentalvaluesshownsreforblunt-tipconditions.Theeffectof
theflowexpansionaroundthecone-cylinderjunctiononthetheoretical
leminarheat-transfercoefficientsat stations21.75and29.50wascal-
culatedby themethodsuggestedinreference9. Forturbulentflow,
thetheoreticalvaluesat stations21.75and29.50werebasedonflat-
platevalueswiththeReynoldsnmnberarbitrarilybasedondistance
fromthetip.

Theexperimentalheat-transfercoefficientsvarysmoothlywiththe
until19.6secondsforstation29.50andabout20.0secondsforstations
9.75,14.45,and21.75.Theabruptriseofheat-ixansfercoefficientat
thesetimesisassumedtoindicatetransition&mu laminartoturbulent
flow.Heat-tramfercoefficientscannotbe calculatedwithanydegree
ofaccuracybetweenabout20and23 secondsbecauseoftheverysmaU
differencebetweenWELLandrecoverytemper=bres.Experimentalvalues
after23 secondsareofturbulentmagnitude.Duringtheperiodbetween
about14 secondsandtransition,theexperimentalvaluesareappreciably
higherthanl~minartheory,whereaspriorto14 secondsfairagreement
exists.Thismaybe psrtial.lyexplainedbyconsideringtheeffectsof
~al temperaturegradients.ll!hetheoreticalvaluesshownareforzero
temperaturegradientalongthemodel.Thisconditionisapproximately
satisfiedduringthefirst14 seconds.IaterintheflQht,anappre-
ciabletamprature_ent existsalongtheshell.Correctiontothe
theoryforthetemperaturegmdientonthemodelwouldincreasethe
theoreticalvaluesandthuswouldtendtoproducecloser~eement witli
experiment;however,inasmuchasthetemperatedistributiononthe
modelforwardofstation9.75wasnotmeasured,quantitativetemperature-
gradienteffectscm notbe calculated.

Bound.ary-lsyer

lhansitionConditions

instabili_&andboundary-kyertransitionarenot
synonymous;however,boundary-layertransitionfrmulaminartoturbulent
flowmaybea consequenceofboundary-1.ayerinstability.Therefore,a
ccqsrisonofthemeasuredtransitionconditionsofthisflightandthe
predictionsofthestabilitytheoryis indicated.Thiscomparisonis
madeinfigure15. Thetheoreticalsolutionshownisthatofreference
10. Theorystatesthattemperatureratiosbelowthetheoreticalcurve

ii

.
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,..

resultinccmpleteboundary-werstabilizationfortwo-dhensionsldis-
turbances.Alsoshowninfigure15 isa singletheoreticalpointat a
Machnunberof4.0basedonthree-dimensionaldisturbances(ref.10).
Thissoltiionindicatesthatstabilitiforthree-dimensionaldistur-
bancesmaybe attainableatReynoldsnumbersontheorderof1~ ata
temperatureratioslightlylessthanthatreqpiredforinfinitestabil- “
ityfortwo-dimensionaldisturbances.

Thedatain figure15arepresentedforbothsharp-tipandblunt-
tipCowtions. If sharp-tipconditionsareused,muchofthelaminar
regionofthetrajectoryliesoutsidethetheoreticalstabilitycurve.
Ifblunt-tipconditionsareused,muchofthelaminarregionofthe
flightlieswithinthetheoreticalstabili~curve.Thefavorableef-
feetofblunttiponthetheoreticalstabilitymarginismostpronounced
nearthepeakMachnumber,wherea theoreticallyunstableconditionis
transformedintoa conditionofsubstantialstabilitymargin.Forsharp-
tipConditions, l.sminmflowexistedatReynoldsnmbers~eaterthan
38.5U06 onthecylinder(station29.50)and35.2x106onthecone(sta-
tion14.45)at a free-streamMachnumberof8.17. Inasmuchasthebound-
w layerwasIaminarat stations14.45and21.75formuchoftheflight,
itispossiblethattheflowwaslaminarat station20:00,theendofthe
cone. Ifthisisassumedtobe true,thenitcanbe saidthatlaminar
flowexistedata Reynoldsnumbergreaterthan48.6Xl.06(basedon sharp-
tipconditions)at a Eree-streamMachnmber of8.17.Thetemperature
ratiosatmaximmReynoldsnmberwere0.96fortheconeand1.36far
thecylinder.

Whentransitionoccurredat station29.50,theReynoldsnumber
(sharp-tipconditions}was27.=106,thelocalMachnmber was3.60,
andthetemperatureratiowas1.92.Forstations9.75,14.45,and
21.75,thetransitionReynoldsnrmbervariedfrom10.7=106to 18.5x106
whilethelocalMachnumbervariedflmm3.0to 3.40.

Whentheeffectsofbluntingareincluded,theReynoldsnmibrsat
transitionarehigherthantheReynoldsnumbersatpeakfree-streamMach
number(seefig.10(b)).Theblunt-tipconditionsattransitionfor
station29.50werea localMachnuniberof2.52,a localReynoldsnumber
of11.lX106,anda temperateratioof1.23.

At statim21.75theI&h n~er at transitionisthesameas fcm
station29.50andtheReynoldsnumberissomewhatlower.However,the
temperatureratioat station21.75isappreciablyhigher.ThisMgher
temperateratioattransitionisattributedtoa stabilizingeffect
oftheexpansionatthecone-cylinderjunctionontheboundary@er in
thisregion.Becauseofthisstrongpressuregradient,thetransition
conditionsat station21.75cannotvalidlybe ccmparedwiththetheory,
whichassumedzeropressuregradient.

“M
.——- ..— - .— -——— —--— ——-—— -— —— —
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Forthecone(stations14.45and9.75)thetemperatureratiosat
transitionareccqsrablewiththatat station21.75,buttheMachnumber
andReynoldsnumberaresomewhatlower.TheReynoldsnmnbers,lhchnum-
bers,andtemperatureratiosatwhichtransitionoccurredaresummarized
intableI forthetwomethodsofcmpubtion. Alsoshownarethevalues
forthese~ters atmaximmnfree-stremnMachnumber.

IRigure 16 show a cmparisonofthetransitionconditionsofthis
flightwithpreviouslyobtainedflightdata(ref.3)andwind-tunnelre-
sults(ref.U_)forsharp-tippedmodels.Temperatureratioisplotted
againstReynoldsnmiberat transition.

Itisapparentthatbetteragreementwithpreviousresultsisob-
tainedwhenblunt-tipconditionsareusedinthecalculationsforthe
presentmodel.Thisimpliesthatfortheconditionsof figure16the
bluntpropertiesarecontroUiqgand_&a%fm thesamelenggbhoflami-
w runthewalltemperaturewitha blunt-tippedmodelcouldbe higher
thanthewalltemperatureofa sharp-tippedmodelby a factorof t#W,
where t islocalstatictemperature.

Thetheoreticalstabili@solutionsshowninfigure15 indicatean
appreciabledecreaseinthetemperatureratiofarinfinitestability
withdecreasingMachnumb= atMachrnmiberslessthanabout4.00.How-
ever,inthepreviouslyobtainedresults(refs.3 andU_)showninfig-
ure16,thevalueoftqeratureratioatwhichthetransitionReynolds
nunbertendstowardinfinitywasfoundtovaryonlyslightlywithinthe
localMachnuuiberrangefrom2.68to 3.92.Fcmblunt-tipconditions,
thepresentresultscovera M& numberrangefrm 2.15to 2.52,and
withinthescatterofthedatanoMachnuuibereffectisdiscernible.
IfthetheoreticalvariationwithMachnumberoftheallowabletemper-
atureratioforinfiniteboundary-la.yqrstabilityweretobe realized,
thetip-bluntnesseffectonallowablewalltemperaturefora given
lengthoflamimrrunwouldbe alteredappreciably.

Fortheblunt-tipconditions,bothtramitionpointsforthecone
areatlowReynoldsnuuibers,wherethevaluesoftemperatureratios.re
higherthantheasymptoticvalue.Onlystation29.50withthetransi-
tionReynoldsnmiberof11.1.xl@is ontheflatpartofthecurve,and
thusonlythetransitionconditionsforstation29.50canbe campsred
withstabilitytheory.As notedpreviously(fig.15(d)),thetransi-
tionconditionsforstation29.50agreedcloselywiththetheoretical
infinitestabilityboundary.Theslightadversepressureqadientat
station29.50apparentlyhashadno distinguis~bleeffecton
transition.

.

-“
.—



I

SUMMARYOFRESULTS

NACARM E56G23 9

A highlypolished15°included-amglecone-cylinderwithhemispher-
icaltiphasbeenflownto obtainboundary-layertransitiondataathigh
Machnumbers.Thefollowingresultshavebeenobtained:

1. A ~ free-streamMachnumberof8.17 and~ local Reyn-
oldsnumberontheconeof48.5Q06 (basedon shsq-tipconditions)were
reachedduringtheflight.

2.LaminarflowexistedatReynoldsnumbers(basedonsharp-tip
conditions) greaterthan35.2X106ontheconeandgreaterthan38.5KL06
onthecylinderwhenthemcdelwasatpeakMachnuniber.

3. Transitionfromlamimmtoturbulentflowoccmredforthemost
aftstationonthecylinderwhenthemodelhaddeceleratedto a free-
stresmMachnuuiberof3.45andthetmperatmeratiohadrisento 1.92.
TheReynoldsnumberatthistimewas27.%106.

4. The resultsofthisflight,whenccmparedwithpreviousresults
fora sharp-tippedmodel,indicatedappreciablefavorableeffectoftip

u bluntnessinraisingtheallowableskintemperaturefora givenboundary-
$ layertransitionReynoldsnuuiber.

.
5.Whenlsminarflowexistedonthemodelandwhentemperaturegra-

dientsalongthemodelwe small,theexperimentalheat-transferdata
showedfairagreanentwithlaminartheory.Whenappreciabletanperature
gradientsexisted,theexperimentaldatawerehigherthsmthelaminar
theory.

LewisFlight PropulsionLaboratory
NationalAdvisoryCmmitteefor Aeronautics

ClevebndjOhio,August1,1956
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