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EXPERIMENTALINVESTIGM!IONOFTEE2iER0-LIl!TDRAG

OFA F~-STABILIZEDWDYOFFINEKWSRATIO10

ATMACHNUMBERSBE!lW)!XN0.6 AND10

By CarltonS. JamesandRobertJ. Carros

SUMMARY

Free-flightmeasurementsweremadeof thezero-liftdragof a
cruciform-finnedbodyatMachnumbersbetween0.6 and10. Reynolds
numbersvariedbetween0.9 millionand16million.Itwaaobservedthat
thedragcoefficientafterincreasingsharplythroughMachnumber1 drops
rapidlyinthelowsupersonicregiontovalueswellbelowthesubcritical
value.ThedragcoefficientsatMachnumbersabove5 werelessthanhalf
theM = 0.6value,andthevariationofdragcoefficientW=LthMachnumber
wasconsiderablylessatMachnumbersabove5 thanatMachnumbers
below5.

.
Thezero-liftdragof thismodelwaspredictedovertherangeof

Machnumbersfrom1.5to10 andcomparedwiththeexperimentalresults.. AtMachnumber5 a maximumdisagreementbetweentheoryandexperiment
of18percentoccurred.AboveandbelowthisMachnumbertheagreement
improvedsothatovermostof theMachnumberrangeitwaswithin8”percent.
Accuracyof thepredictionwasaffectedprincipallyby uncertaintiesin
thebasedragestimateatlowMachnumbersandInthelocationof
boundary-layertransitionatallMachnumbers.

TheeffectofReynoldsnumberon thedragwasmeasuredat twoMach
numbers,4.7 and7.$?,andwasfoundtobe small.TherangesofReynolds
numberscoveredwerebetween4 millionand9 millionat M . 4.7 and
between7 millionand16millionat M = 7.2.

An indicationwasobtainedfrompreliminarydatathattheeffect
on totaldragofvaryingthefinleading-edgeprofileis smallifextreme
bluntnessisavoided.
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INTRODUCTION

NACARM A53D02

Inthefieldofmissileaerodynamicsthereisan increasingneed
forexperimentaldataathighsupersonicMachnumbersforthepurpose
of testingthevalidityof existingtheoryat thesespeedsaswellas
fordirectuseindesigncalculations.AtMachnumbersgreaterthan
~very littleaerodynamicdatahaveasyet.beenpublishedwithwhich
theoreticalpredictionscanbe compared.

Oneofthefundamentalparametersisthedrag,whichoftenis
i~ortantinconsiderationsofrange,velocity,andmiss-ilesize. It

.-

wasthetwofoldpurposeof theinvestigationdescribedinthisreport
-.

toprovidetotaldragdatafora finnedmissileconfigurationoveras
widea rangeofMachnumbersaspossible,andtodeterminethedegree
of accuracywithwhichexistingtheoreticalmethodscanbe expectedto
predictthedrag.ofthisandsimilarconfigurationsthroughoutthesuper-
sonicspeedrangeof thetest.

TheimportanceofReynoldsnumbereffectswasexaminedwithregard
toboththeapplicabilityof thetestresultstootherconditionsand
to theapplicationof thetheoryinpredictingdrag.

Duringthedevelopmentalphaseof thetesting,somedatawere
obtainedwhichprovidean indicationof theeffecton totaldragof
bluntingthefinleadingedge.

AB

CD

CDa=o

ACD

c%

CDf

cDfb~y

SYMBOLS

baseare&ofbody,sqft

totaldragcoefficient,totaldragforce
ABq

totalzero-liftdragcoefficient

integratedaveragedragincrementduetoangleofattack

basedragcoefficient,base‘ragforce
ABq

frictiondragcoefficient,*iction‘rag‘orce
@q

body-alonefrictiondragcoefficient

3.~

●
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1,s;
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- etc.I

normalforcecoefficient,

free-stresmMachnumber

basepressme,lb/sqft

normalforce
~~

free-streamdynamicpressure,lb/sqft

Reynoldsnumberbasedon free-streamproperties
length

transitionReynoldsnumberbasedon free-stream
lengthofrunof thelaminarboundarylayer

time,see

angleof attack,radians

$“~adt
meansngleof attack, >

t~,~‘

Subscripts

radians

andmodel

propertiesand

intervalsof timeor distancebetweenstations1 and2, 1 and
3,2 and3,etc.

TESTTECHNIQUEANDCONDITIONS

Technique

TheinvestigationwasconductedintheAmessupersonicfree-f~ght
windtunnel.Inthisfacilitythemodelislaunchedfroma gunmounted
inthewind-tunneldiffuserandfliesupstreamthroughthetestsection.
Machnumbersbelowapproximately4 areobtainedby firingthemodel
throughstillair. HigherMachnumbersareobtatiedby firingthrough
thesupersonicairstreamofthewindtunnel.A detaileddiscussionof
thetesttechniquewillbe foundinreference1.

Models

““
Themodeltestedis showninfigurel(a). Thebodyhasanogive

nosetangenttoa circular-cylindricalafterbody.Thefinenessratioof
.
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thenoseis4 andtheover-allfinenessratiois10. Thecruciformfins “
aretrapezoidalinplsmform. Thebasicfinshaveasymmetric-wedge
leading-edgeprofilesandblunt,unsweptt~ailingedgeswhicharecoin-
cidentwiththebodybase. Theaspectratioof theexposedfinsjoined

d

togetheris0.426.Thethicknessratiointermsof thelocalchordis
constantandequalto0.04.Duringthedevelopmentstageof theprogrem,
datawerealsoobtainedona fewmodelswhosefinshadsymmetrical-wedge-
andbluntleading-edgeprofiles.Thesemodificationsareshownin
figuresl(b)andl(c),respectively.

—

A holewasdrilledinthebaseof eachmodeltomovethecenterof
gravityforwardof thecenterofpressuretoprovidestaticlongitudinal
stability.Mostof themodelswereconstructedof 75S-Taluminum,
althougha fewweremadeof a magnesiumalloy(Dowmetal0-1). Thesur-
faceswerepolishedtithjeweler~srougetoa fairshine,carebeing
takennotto altertheprofileorroundtheedgesof thefins.Rough-
nessof thesurfacewasmeasuredon a representativegroupofmodelsas
a checkonuniformity.Graphsofthelocalsurfaceirregularitieswere
obtainedusinga stylus-typeprofilefollowinginstrument.~ical
graphs,attwomagnifications,areshowninfigure2. Itwasconcluded
thatthedegreeofroughnesson thesemodelswassufficientlyuniform
thatanypossibleeffectsofroughnessonfrictiondragwouldbe con-
sistentlyduplicatedfromoneroundtoanother.

Themodelswerelaunchedfrom.x calibersmooth-boregunsusing
plasticsabotsaspistonstopushthemodelsandtoholdtheminthe
properattitudeduringfiring.Thesabotssepsratefromthemodelsa
fewfeetfromthegundueto aerodynamicforces.Figure3 showsphoto-
graphsof a model,sabotcomponents,andassembliesreadyforlaunching.

.

●

✎

RangeofTestConditions

ThetestMachnumberwasvariedbetween0.6and10. Thecorre-
spendingReynoldsnumberrmge wasfrom0.9millionto I-6million. The
variationofReynoldsnumberwithMachnumberis showninfigure4. It
is seenthatunderair-offtestconditions,lReynoldsnumberispropor-
tionaltoMachnumber.Underair-ontestconditions,Reynoldsnumber
canbe varied(bychangingreservoirpressure)withinthelimitsshown.
Overmostof theair-onMachnumberrangetheReynoldsnumberwasheld
constantat7 millionas showninfigure4. ChecksweremadeatMach
numbersof 4.7and7.2todeterminethedependenceofdragonReynolds
number.
l~ests madefi stillaira-r- refe~ed toas ‘rair-off,lrwhilethose-de
withthesupersonicairstreamflowingthroughthetunnelarereferred -m,
toas “air-on.”

.
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REDUCTIONANDPRECISIONOFDATA

MethodofObtainingData

As a modelfliesthroughthetestsectionapproximatelyparallel
toanInvardistancescale,sparkshadowgraphsaretakenat fourposi-
tionsalongthescale.Theelapsedtimebetweensparkdischargesis
recordedby a chronograph.Fromthistime-distancehistoryof themodel
flight,thedecelerationduetodragisobtained.This,whencombined
withtheknownmassof themodel,issufficienttocalculatethedrag
forceusingNewtontssecondlawofmotion.Themethodisfullydeveloped
inreference1 andwill,therefore,notbe repeatedhere. A seriesof
typicalsparkshadowgraphsobtainedthroughoutthesupersonicMachnumber
rangeof thisinvestigationispresentedinfigure5.2

CorrectionforEffectofAngleofAttack

Despitethedesireto testthemodelsat zerolift,smallpitching
oscillationsofthemodelsinflight,causedby launchingdisturbances,
arealwayspresent.Thesepitchingoscillationsintroducesmallincre-
mentsof dragduetoangleof attack.Thedragdueto singleof attack
wasthereforeesttiatedandsubtractedfromthemeasuredtotaldragto
obtainthezero-liftdraginaccordancetiththerelation

CD= = cl)

whereACn istheintegratedaverage

- ACD

dragincrement

(1)

duetopitching.
SinceACX is,inturn;a function-ofs&le of attack,the.meanstile
of attack”& &s obta&edby integrating-thetimevariationofangle
of attackof eachround.The AC% wasthenestimatedtheoretically
usingtherelations JJ

2Thesmallblackrectanglesappearingintheair-offshadowgraphof
figure~(c)aregrainsofunburnedgunpowderl@ng on thelower
windowof thewindtunnel,whichresultedfromthefiringof a
precedinground.

‘Amorerigorousequationis:ACD= (./l,4c#t)pLj4. The ref3ultS of
thisequationwerecomparedwiththoseof equation(2)fora discarded
roundhavingnearlymaximuma variationintime t1,4 anda computed
~ of8.3°andwerefoundtodifferby only4 percentof ACD.
Equation(2)wasthereforeusedforalldataroundsbecauseof its-. simplicity.

. mRiii3@-............
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ACD= c@ (2) ‘

inwhichthenormalforcecoefficientCN wascalculatedby oneof .+
threemethods,dependingonMachnumber.At Machnumbersbelow4> CN
wasobtainedusingthemethodofSpreiter(ref.2). AtMachnumbers
between4 and7.5, CN wascalculatedusingthemethodofNielsenand
Kaattari(ref.3)toobtainthenormalforcedueto thefinsandfin-
bodymutualinterference,andusingthehypersonictheoryofGrimminger,
Williams,andYoung(ref.4)to obtainthenormalforceonthebody.
AtM= 10,liftinterferencewasneglectedandreference4 wasusedto
calculatec~ of thecombination.Thedependenceofdragcoefficient

.-,

on angleofattackwascalculatedusingequation(2)and CN obtained
.—

by thesemethods.Theresultsarecomparedinfigure6 withtheexperi-
mentaltotal’dragdataatthreeMachnumbers.4 — --——

Precision

Possibleemerimentalerrorsfallintothreecategories:(1)errors
incurredintheangle-of-attackcorrections;‘(2)randomerrorsofmeasure- -

j md (3) systewticerrors.ment” Theseerrorsarediscussedinthe
follotingparagraphs.

Angle-of-attackcorrection.-Errorsdue-toangle-of-attackcorrec-
tionswere keptsmallby discardingmostoftheroundsforwhich 5
exceeded3°. A fewsuchroundswereretainedforMachnumbersatwhich
thedataweremeager.Thevaluesof E andof ACD/CD&_ofOrall

roundsusedarelistedintableI. Withsixexceptions(allair-on),
theratiosof ACD to correctedtotaldragarelessthan0.1. It is
estimatedthatthedragincrementshavebeen_obtainedwithinanaccuracy
oft2~percent.Theresultingzero-lift.dragformostro~ds should
thereforebe inerrorby nomorethan2-1/2percentduetoangleof
attack.At M = 10,wherethemaximumcorrectionof 46percentoccurs
(85percentof CD ),thepossibleerrorcouldbe ashighas21 percent

of CD-O. It is~~ectedthattheactualerrorsliewellwithinthese
limits.

Randomerrors.-Thefourvaluesof C
?

calculatedfromtheredundant
dataof eachround(seeref.1 fordetailsdiffersomewhatdue,primarily,
to inaccuraciesofmeasurementof timeanddistemce.Thearithmetic

41norderto eliminatesmallMachnumbereffectsdueto scatterof data
abouta chosenaverageMachnumber,thedatawereadjustedby anamount
aCD/bM(M~erage-M)●

5
Thevaluesof (Maverage-M)were,inallcases,less

than0.0.

.

.

—

-.
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meanisthereforetakenasthecorrectvaluefortheround.TheOcatter
aboutthismeanvalueisa measureof therelativeuncertaintydueto
randomcauseswithina round.Thisaveragesabout*3percentforall
rounds.TableI givesthemaximumscatterforeachround.

Thenetmagnitudeof errorina groupof roundsduetorendom
causes,suchas errorsinmeasurement,variationofmodeldimensions,
etc.,is indicatedby thescatterof datapointsfroma fairedcurveof
CD=O V8 M. At M = 2 theaveragescatterislessthan~ percentof
CD: whileat M = 10 it is*1Opercent.

Systematicerrors.-Thesumof smallsystematicerrorsintroduced
inthemeasurementof timeenddistance,airtemperatureandpressure,
andmodelweightwasestimatedtobe lessthan1 percent.

A potentialsourceof systematicerrorsnearMachnumber7 wasthe
deformationofmodelsduetohighstressesfromtheaccelerationof
launching.AtMachnumbersbelow7, thestressesof launchingwere
safelybelowthestrengthof thematerial.ThedataatMachnumber10
wereobtainedusing a longerbarreledgun,whichbecsmeavailablenear
theend~f thetestprogram,sothatthelaunchingstresseswerewithin
safelimitsherealso. At M = 7.2,however,itwasevidentfromthe
shadowgraphsanda fewrecoveredmodelsthatthelaunchingstresseswere
sufficientto deformsomeof themodels,anditwasnecessaryto discard
thedatafromtheserounds.

THEORETICALCONSIDERATIONS

Thezero-liftdragof theconfigurationwasestimatedby summing
up thecomponentdragforces
totaldragwas
finwavedrag,

Valuesof

consi~eredto
friction,and

theheaddrag

calculatedusingvarioustheories.The–
bemadeup of
basedrag.

HeadDrag

h&d drag(nosewavedrag),

of ogiveswerecomputedinreferences7 and
6 by themethodof characte~isticsandwerecorrelatedinthesereferences
usingthehypersonicsimilarityrule. Thevaluesof headdragusedhere
weretakendirectlyfromreference6 forMachnumbersUp to8. Thevalue
of thehypersonicsimilarityparsmeterassociatedwiththismodelat a
Machnumberof 10 isbeyondtherangecoveredinreference6. Therefore,
theconical-shock-expansiontheory(refs.7 and8) was usedto estimate

m thewavedragat thisMachnumber.

.
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FinWaveDrag

Thefinwavedragwasestimatedby integratingpressuredistributions
obtainedby themethodofJones(ref.9). Thecontributionof theoppo-
sitefinwasnotconsideredbecause,dueto theseparationofwingpanels
by thebody,carry-overwaspossibleonlyatMachnumberslessthan1.5.
Theeffectof interferencebetweenad~acentwingpanelswasbelievedto
be small,particularlybecauseofthehalf-wedgeprofileof theleading
edge,andwasignored.

FrictionDrag

Theskin-frictldndragwascalculatedusingthetheoryof Chapman
andRubesin(ref.10)forlaminarflow andthatofVanDriest(ref.11)
forturbulentflow.

Bodyfriction.-Thesetheorieswereappliedon themodelbodyby
assumingtheaveragefrictioncoefficienton thebodytobe thessmeas—
on a flatplateat thesamefree-stresmReynoldsnumber.Theeffectof
theinitialthicknessof theturbulentboundarylayerattransitionwas
accountedforby calculatinganoriginfora fullyturbulentboundary
layerwhichwouldhavethesamethicknessasthelaminarboundarylayer
at transition.TheReynoldsnumberlimitsof theturbulentregionwere
thenbasedon thelengthofrunfromthehypotheticalturbulentorigin.
Theskintemperatureusedinthecalculationswastheprefiringtemper-
atureof themodels(roomtemperature).Thischoicewasbasedon calcu-
lationswhichindicatedthat,duringtheextremelyshortflightinthe
windtunnel(1/100to1/20second),virtuallyno temperaturerisetakes
placeat themodelsurface.

By useof thisapproach,thedependenceofbodyfrictionon transi-
tionlocationwascalculatedatthreerepresentativeMachnumberswith
Reynoldsnumberscorrespondingtothoseof thetest.Theseresultsare
plottedinfigure7. It is evidentfromthefigurethattheabilityto
predictthelocationof transitionis importanttotheestimationof
CDf. At lowMachnumbers,anapproximatelyfourfoldincreasein

cDfbody
occursas theboundarylayerchangesfromalllaminartoall

turbulent.At M = 8, theincreaseisthreefold.Inordertoobtain
thebestpossibleestimatesof skinfriction,transitiondataobtained
by studyingthetestshadowgraphpictureswereused. Theestimatedskin
frictionisthereforenota purelytheoreticalresult.Thetransition
datawereobtainedatMachnumbersbetween1.5and3 butwereappliedat
allMachnumbersabove1.5. Thelocusoftheappliedexperimentalvalue
of RT/R asa functionofMachnumberis showninthefigure.

—

.

.

—
.

—

.
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& Finfriction.- Theskinfrictionof thefinswascalculatedassuming
theseinevalueo~ ~ aswasobtainedforthebody. Theeffectof immer-
sionof thefinrootinthebodyboundarylayerwasignored;however,
transversecontaminationofthelsminarfinboundarylayerby theturbu-
lentbodyboundarylayerwasassumedto occur.Thecontaminationva~
assumedtooriginateat thefin-rootleadingedgeand,atMachnumbers
below6, to propagateat an angleof 9-1/2°fromthestreamdirection.5
At Machnumbersgreaterthan6, theMachangleislessthan9-1/2°.
Sincetheeffectofthisconditionon therateof transversepropagation
is notknown,theratewasassumedtoremainunchanged.AtMachnumbers
above7, in anyevent,theareaaffectedby contaminationwaslargely
blsnketedby turbulentboundarylayerdueto transition,therebymini-
mizingthepossibleerrordueto thisassumption.Withthetransition
boundarythusestimated,thetheoriesof references10 and11were
appliedinthessmemanneras on thebody. Thecalculatedvaluesof
skinfrictionsoobtainedwereaboutonethirdto onehalfas largeas
thebodyfriction.

Totalskinfriction.-Thetotalestimatedskinfrictionas a function
ofMachnumberis showninfigure8 as thesolidcurve.Thedisconti-
nuitieswhichappearat M = 4 andM = 7.2 aredueto changesinthe
testconditions.As indicatedinfigure4,theReynoldsnumberchanges
discontinuouslyatthesetwoMachnumbers.At M = 4,thereisalsoa
changeinstagnationtemperaturefrom2200°Rankineair-offto 1200°
Rankineair-on.

. Evaluaticaofmethod.-Inorderto evaluatetheerrorsintroduced
by directlyap~lyingthesetwo-dimensionaltheoriestothisthree-
dimensionalbody,theproceduredescribedwascomparedto a secondmore
rigorousoneby applyingbothto thespecialcaseinwhichtransition
wasassumedtooccurat thenose-bodyjuncture(Fkn/R= 0.4infig.7)
at allMachnumbers.In thesecondmethod,theHantzscheandWendt
theoryforlaminarflowon cones (ref.13).,wasapplidto theogive.
LocalReynoldsnumberwasusedinsteadoffree-streamReynoldsnumber.
To obtainthelocalReynoldsnumberrequired,theaveragevaluesof
density.andvelocityon theogivewereused. Flowoverthecylinderad
thefinswastreatedas two-dimensional.As before,allowancewasmade
fortheinitialthicknessof theturbulentboundarylayerat transition,
andthelineof transitionon thefinswasdefinedinthesamemanner.

%?xLsisthesingledeterminedexperimentallyforsubsonicflowbyCharters
inreference12. A fewobservations,usingtheChina-claytechnique,
of thephenomenonatMachnumbersbetween1.5and3 weremadeduring
sometestsconductedintheAmes1-by 3-footsupersonicwindtunnels
No.1 andNo.2 inwhichtransitionwasinducedby severalmeans.These’
includeda wiretrip,wing-bodyintersection,anda speckon theflat

. surfaceof a wing. Theobservedanglesofpropagationagreedapproxi-
matelywiththatfoundforsubsonicflow.

.
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Curvesof thefrictiondragcoefficientobtainedby thetwomethodsare
comparedinfigure8. Theresultsagreewithin3 percentbelow M = 7.2 .
andwithin8 percentaboveM = 7.2,indicatingthatlittleadvantage
istobe gainedbyuseof thesecondmethodwhichalthoughmorerigorous
isalsomoretedious.Theproximityof thesetwocurvesto thesolid

.

curveisfortuitousandonlyindicatesthattheassumptionoftransition
at theshouldergivesa closeestimateof cDf forthisparticular
investigation.Thiscanbe verifiedby referenceto figure7.

BaseDrag —

Becauseof thelackof anadequatetheoreticalapproachto the
estimationofbasedragofbodieswithfins,thepresentestimatewas
basedon experimentaldata(refs.14 through19)togetherwiththelimit-
ingcurvegivenby pb = O. Dataforbothfinnedandfinlessbodieswere
considered.Ithasbeendemonstrated(ref.19)thatthepresenceof fins
atornearthebaseofa bodycanhavea stronginfluenceonbasepres-
sure,at leastat lowsupersonicMachnumbers.Suchparametersasplan
form,thiclulessratio,andnumberoffinshavealsobeenshownto signif-

—

icantlyaffectbasedrag. In additiontotheseparameters,onewould
expectfintrailing-edge-profileshapetobe important,particularly
whendatainvolvingsharpendblunttrailingedgesarecompared.Avail-
abledatainthelowMachnumberrangeof interest(i.e.,1.5<M<2,approx-
imately)aretoomeagertopermitanyattemptat correlationofthese
effects.Oneothereffect- theinfluenceWhichthehollowbasemayhave
on thebasedrag- isnotclearlyunderstood.Thesmallamountof exist- “
ingexperimentalevidenceinthisconnection.(e.g.,ref.18) wouldseem
to indicatethat,forslightlysupersonicMachnumbersat least,a small
reductioninbasedragistobe expectedwhenthesolidbaseisreplaced

.

by a hollowchamber.However,no explicitconsiderationofthiseffect
hasbeenmadeinthepresentestimate.

Thebasedragdataonwhichthepresentestimateisbasedareshown
infigure9 plottedagainstMachnumber.Thesedatacovera widerange .
ofvaluesinthelowsupersonicMachnumberrange.On theotherhand,
asMachnumberincreases,allthedata- forfinnedandfinlessbodies
alike- appearto convergetowarda single&’ve ornarrowband. Accord-
ingly,a probablecurvehasbeenfairedwhichaveragesthefinnedbody
dataat thelowMachnumberend,butfavoringsomewhattheconfiguration
mostcloselyapproximatingthepresentone(ref.18). AboveMachnumber
6.Ij it wasnecessaryto extrapolatethecurve. The extrapolationwas
basedon thelimitingcurveandtheassumedconditionthatatthehighest
Machnumbers%@%) % const.= 0.9. Thebasepressureon thefins

max

—

—

wasassumedequalto thaton thebodybecaus-e,witha span-diameterratio %–
of2, itwouldbe expectedthattheinflowfromthetipandfromthebody

.
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. baseregionwouldsomodifythetwo-dimensionalfinbasepressureas to
causeittoapproximatethebodybasepressure.

Figure10 shows

Summationof ComponentDrags

thesummationof thecomponentdrags,obtainedby
theforegoingmethods,andtheresultingestimate.of totalzero-lift
drag. It is seenthatthelargestcontributiontothedragat lowMach
numbersisthebasedrag,whichcontrolstheshapeof thetotaldrag
curveinthisregion.At thehigherMachnumbers,whiletheslopeof
thetotaldragcurveis stillinfluencedprimarilyby thebasedrag,
sincetherateof changewithMachnumberof theothercomponentsis
small,skinfrictionandheaddragbecomethelargestcomponentspercent-
agewise.

RESULTSANDDISCUSSION

ExperimentalTotalDrag

Theexperimentalcurveof zero-liftdragcoefficient,CD~oj versus
Machnumberisplottedinfigureil..Theessentialfeaturesof thecurve
arethatthedragcoefficient,fromsubcriticalMachnumbers}increases.
sharply through M . 1 toa maximumandthendropsratherrapidlyin
thelowsupersonicregionto values well belowthesubcriticalvalue.
AboveMachnumber5 thecurveflattensoutandtheslopeappearsto
slowlyapproachzero.Theslopeof thecurvethroughM = 1 andthe
peakvalueof CD- arenotwelldefinedbecauseof insufficientdata
inthisregionand,further,becauseno correctionshavebeenapplied
foreffectsof tunnel-wallinterference,atsubsonicandtransonicMach
numbers.eThelarge“bucket”appearinginthecurveat M = 1.5 is
believedduetovariationof thebasedrag. Thisphenomenonwillbe
discussedlaterin somedetail.

Thedatanear M = 7.2 appearhighwhencomparedwithadjacent
points.As explainedearlier,thisistheMachnumberatwhichstruc-
turalfailureoccurredon severalmodels.Shadowgraphsof therounds
whichwereretainedshowedno evidenceof failure;however}it ispossible
thatsmalldeformations- yetlargeenoughtohaveappreciablyaffected
thedrag- couldnothavebeendetectedfromtheshadowgraphs.Forthis
%It isbelievedthatsuchcorrectionswouldhavebeensmallbecausethe

. ratioofmodelcross-sectionalareatotunnelcross-sectionalareawas
of theorder10-4andtheminimumdistanceto anywallwas10times
themaximumfinspan. Supersonicroundsforwhichthereflectedbow
waveintersectedthemodelwerenotused.
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reason,andbecauseof thelargedrag-due-to-liftcorrectionsrequired .
atM= 10,theuncertaintyin
greaterthanat thelowerMach

Comparisonof

Thetheoreticalvariation

theexperimental curve aboveM = 7 is

numbers. —.—

TheorywithExperiment —.

ofdragwithMachnumberiscomparedwith
theexperimentaldatainfigure12. fiecomparisonshowsthat-theexperi-
mentaldragisreasonablywellpredictedby theory.Thelargestpercent-
agediscrepancyoccursintheregionofMachnumber5, wherethepredicted
CDao isabout18percentabovethemeanvalueoftheexperimentalpoints.=
ThroughtheMachnumberrange1.5 to 3,thepredictionagreeswithexperi-
mentwithin5 percent.Thisgoodagreement_isto somedegreefortuitous
becausetheuncertaintyinthebasedragestimateisof thesameorderof
magnitude.AtMachnumber10thetheoreticalpredictionoverestimates
theexperimentalvalueby about5 percent.Thisiswithintheaccuracy
of theexperimentat thisMachnumber.

ComparisonofExperimentwithNOLResults

Forcemeasurementsona modelnearlyidenticaltotheonetested
herehavebeenmadeinthe40-by 40-centimeterwindtunnelsof theNaval
OrdnanceLaboratoryandarereportedinreferences20 and21. Theresults “
of thesemeasurementsarecomparedwiththepresentresultsinfigure13.
In general,theNOLresultsindicatea more~apiddecreaseofdragcoef- - .
ficientwithincreasingMachnumberthando.thepresentresults,anda
maximumdisagreementof20percentoccursatMachnumber3.5. Although
thecauseofthedisagreementisnotknown,itispossibletoaccountfor
differencesof thismagnitudeon thebasisof differencesinstresm
ReynoldsnumberandtransitionReynoldsnumber.Thiscanbe demonstrated
quicklywiththeaidof figures4 and7. If,forexample,theMachnumber
is chosenatwhichforbothteststheReynoldsnumberisthesame .
(M= 2.4; R = 3.6 million),figure7 indicatesthatthedifferencein
measurementsof thetotaldragmightbe completelyaccountedforby a
differenceintransitionReynoldsnumbers.

Boundary-LayerTransition

Transitionwasobservedon a numberoftheair-offshadowgraphs.
Onesuchshadowgraphisshowninfigure14forwhichtheMachnumberwas
7Theonlyviolationofgeometricalsimilarityisthatthemodelof the
presentinvestigationhadfinstaperedinthicknesstogivea constant
thicknessratio,whiletheNOLmodelhadfinsof constantthickness
equalto 3.13percentoftherootchord.

14m- ~ .s$

“*
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3.29, andtheReynolds
sitionisindicatedby

13

numberof thefreestreamwas4.9 x 106. Tran-
thearrows.Fortheserounds,transitionReynolds

number~ wasdeterminedandplottedagainstfree-streamReynolds
numberR. Theresultssreshowninfigure15. Thediameterofthe
circlesindicatestheestimatedaccuracyof themeasurementswhichis
ratherpoor,duetouncertaintyinpickingthetransitionpointand
becausethepositionof thispointwasfoundtovsrywithtime,angle
of attack,andmeridianposition.Withintheaccuracyof thedata,
transitionReynoldsnumberis shownforthislimitedrange
(2.9x 106< R <5 x 10°)to be independentofthefree-streamReynolds
numberandtohavea valueof approximately1.6 million.Thisvalueis
lowincomparisonwithusualwindtunnelandfree-flightexperience.
Thereasonforthisearlytransitionisnotclear,particularlysince
thelowtemperatureof theskin relativeto stagnationtemperaturewould
leadto theexpectationof transitionata relativelyhighReynolds
number.Streamturbulenceisnota factorsincethedataof figure15
wereobtainedformodelsflyingthroughstillair. It ispossiblethat
surfaceroughnessof themodelswassufficientto lowerthetransition
Reynoldsnumber.

Locationoftransitionby inspectionof theair-onshadowgraphsis
extremelyuncertain,largelybecausethebodyboundarylayerisobscured
inthepictureby turbulenceintheboundarylayeron thewind-tunnel
windows. As wellascanbe determined,transitionoccursin somecases
at theReynoldsnumberdeterminedfromtheair-offshadowgraphs,while
inothersthereisevidencethatsomelsminarflowexistsat local
Reynoldsnumbersashighas8 or 10millions Forlackof a more
definitelydeterminedvalue in thistestrange,theair-offvalueof
transitionReynoldsn~ber wasassumedinthetheoreticalcalculations
toapplyovertheair-onrangeaswell. If,instead,atMachnumber10
transitionshouldbe foundto occurat a Reynoldsnumberof 10million,
thetheoreticaldragcoefficientwouldbe reducedby about14percent.
Stmilarly,intheregionofMachnumber5, it wouldbepossibleto
accountfortheentirediscrepancybetweenthepredictedandexperimental
valuesof dragcoefficientiftrsmsitionwereassumedto occurata
Reynoldsnumberof7 millioninsteadof 1.6 million.It is evidentfrom
theseconsiderationsthata betterunderstandingof themannerinwhich
boundary-layertransitionisaffectedby otherconditionswouldresultin
a moreaccuratepredictionof frictiondragand,hence,totaldrag.
Furtherresearchinthisdirectionisneeded.

Thebucketinthetotaldragcurveat M = 1.5 (fig.11)isa rather
surprisingphenomenonforwhichno definiteexplanationhasbeenfound.
It isbelievedtobe a basedrageffectresultingfromthecombined
8see, fOr‘Q le,figures5(e)and~(f).Notetheturbulent“bursts”
alongthebody,eachofwhichisrevealedby a weakshockwaveat its
leadingedge. In figure5(f)oneprominentshockwavefroma burstis
indicatedby anarrow.
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effectsof transitionshiftacrossthebaseof themodelandthe
influenceof thefinshockwaves.Inreference22,Chapmanshowedthat
forsimilarbodieswithoutfinsthedifferencebetweenlaminarandturbu-
lentbasedragcoefficientsata Machnumberof 1.5andReynoldsnumber
of2.0millionwas0.04. Inthepresenttestthechangein dragcoef-
ficientat M = 1.7 wasapproximately0.04. Furthermore,itisthe
Machnumberrangebetweenapproximately1.5and2 inwhichtheMachlines
fromthefin-tipleadingedgessweepacrossthemodelbase. It seemsat
leastplausible,therefore,thattheverticalsideof thebucketmaybe
associatedwithtransitionshift,whilethehorizontalsidemaybe
associatedwiththe.influenceofthefins. Onlyonepieceof evidence
hasbeenfoundwhichdoesnotagreewellwiththeforegoinghypothesis:
AtMachnumber1.7,theReynoldsnumberat thebodybaseis2.2million
which,tobe consistent,shouldcorrespondtoboundsry-layertransition.
ThisvalueissomewhathigherthanthetransitionReynoldsnumberof
1.6millionobtainedathigherstresmReynoldsnumbers(seefig.15).

.

—

.

—.

--

—.

ReynoldsNumberEffects

TheeffectofReynoldsnumberon thetotaldragwasfoundtobe
smallat thetwoMachnumberswherechecksweremade. Figure16 shows
thechangeinthetotaldragcoefficientatMachnumbersof 4.7and7.2
whentheReynoldsnumberisapproximatelydoubledfrom4.0millionand
7.2million,respectively.Thefollowingchangesintheviscousflow
wouldbe expectedto occurwithincreasingReynoldsnumber:

1. Forwardmovementof transition,increasingtheratioofturbu-
lentwettedareatolaminarwettedareaandtendingto
increasethedragcoefficient

2. Decreasein‘theaverageturbulentshearcoefficientbecauseof
theincreasedReynoldsnumberof theturbulentrun,tending
to decreasethedragcoefficient..

3* Slightdecreaseinthefrictiondragcoefficientof thefins

4. Slightreductionof thebasedragcoefficient

Apparently,inthepresentcase,thecompensationoftheseeffects
isnearlycomplete.At lowerMachnumbers,orwhere ~/R variesover
a widerange,increasedsensitivityofdragcoefficientto chsmgesin
free-streamReynoldsnumbermightoccur.

—

—
,

.
—
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FinLeading-EdgeShape

Theeffectson thetotaldragof twochangesinfinleading-edge
profileweredeterminedfroma nr&berofmodel=firedduringla~ch~n
development.Oneprofile(fig.l(b))issymmetricallybeveledat a 20~
halfanglemeasuredina planenormaltotheleadingedge. Theother
profile(fig.l(c))isblunt,beingcomposedof elementsof thesurface
ofrevolutionformedby rotatingthefinplanformaboutthebodyaxis.
Thetotaldragsof theseconfigurationsarecomparedwiththatofthe
basicconfigurationinfigure17. Replacingthebasicleadingedgewith
thesymmetricalbevelisseentohavealmostno effecton thetotaldrag,
whilereplacingthebasicleadingedgewiththebluntleadingedgeresults
ina nearlyconstantticrementalincreaseof about0.02intotaldrag
coefficientatMachnumbersbelow5. Thiscorrespondsto an increase
of 4 to 10percentintotaldragcoefficientldependingonMachnumber.
If theincreaseisattributedentirelytothechangeinfinwavedrag,
however,itrepresentsan increaseinfinwavedragof 100percent.It
appearsfromthisconsiderationthatsmallchangesin finleading-edge
profiledo notsignificantlyaffectthetotaldragof theconfiguration.

CONCLUDINGREMARKS

Free-flighttotaldragdatahavebeenpresentedfora finnedmissile
configurationatMachnmbersbetween0.6and10,andReynoldsnumbers
between0.9millionand16million.Itwasfoundthata-tMachnumbers
above7,thedragcoefficientsarelessthanhalfthe M = 0.6 value
smdthevariationof dragcoefficientwithMachnumberis considerably
lessinthisrangethanit is in theMachnuber rangebelow5. AtMach
numbersof 4.7and7.2itwasshownexperimentallythatthedragcoef-
ficientwasaffectedonlyslightlyby changesInReynoldsnumber.It
wasalsoindicatedexperimentally that the shape ofthefinleading-edge
profileneednotbe an importantconsiderationinminimizingdragsolong
as extremebluntnessis avoided.

Comparisonofthetheoreticallypredicteddragwiththeexperimental
dataintheMachnumberrauge1.5to 10 indicatedthatthezero-liftdrag
ofmissilesgenerallysimilartothetestmodelcanbe estimatedby the
useof existingtheoryandexistingbasepressuredatawithreasonable
accuracythroughouttherangeof comparison.In thepresentexamplea
maximumerrorof18percentoccurrednearMachnumber5. Below M = k
andabove M = 7 theerrorreducedto lessthan8 percent.Thetwo
principalcausesofuncertaintyintheestimatearetheeffectsof fins
on thebasedragat lowsupersonicspeedsandthelocationofboundary-
layertransitionthroughoutthespeedrange.

AmesAeronauticalLaboratory
NationalAdvisoryCc?mnitteeforAeronautics

MoffettField,Calif.
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T!ABLEI.-TABULATIONOFEXPERIMENTALSCATTERAND
ANGLE-OF-ATTACKCORRECTIONSFOR

BASICCONFIGURATION

M

0.598

●901

1.06

1.32

1.46

1.48

1.53

1*57

1.58

1.95

2.09

2.30

2.56

2.91

3.29

3*99

4.04

4.57

4.57

4.64

4.68

R,
millions

0.86

1.28

1.54

1.9

2.2

2.1

2.2

2.3

2.’3

2.9

3.2

3.5

3.8

k.3

4.9

6.6

6.8

7*5

6.9

4.2

4.2

ScatterinCjy
percent

4.4
-3.8
.4
-*6

.::;
1.5
-1.2

-::;

-1.2
2.0
-1.2
1.7
8

;:3
-2.9
.8

-1.7
●9

-1.2
1.9
-2.6
1.1
-1.6
1.1
-1.9

-?:;
.2
2

;:0
-2.0
.4
-.
.2

i:?
-1.2
7.6
-7.7

a)
deg

2.8

2.3

1.0

1.7

1*5

~.8

1.4

1.6

.6

1.5

2.4

2.9

1.8

.9

3.2

2.7

.8

1.8

1*5

3*7

1.2

r

iCD/CD@o

0.043

.029

.004

.011

.010

.013

.008

.OH.

.002

●010

.027

●043

.017

.005

.068

.060

.006

.021

.(322

●153

.014

—..

.

=%$= ‘“”“’
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TABLEI.-TABULATIONOFEXPERIMENTAL
ANDANGLE-OF-ATTACKCORRECTIONS

SCATTER
FOR

BASICCONFIGURATION- Concluded

M R, Scatter~ CD> E, ACD/CD=o
millions percent deg

4.72 4.3 ~*9 o●090
-:::

5.33 6.7 2.9 3.8 .176
-2.4

5.43 7.0 1.8 4.1 .2(24
-1.3

5.49 7.0 2.7 2.8 .087
-2.6

7.18 7.1 5.4 1.6 ●027
-2.3

7.19 7.3 8.0 3.3 .100
-10.0

7.21 15.0 1.0 .009
-::1

7.29 15.6 2.0 2.9 .085
-2.6

10.0 15.9 3.0 5*9 .411
-2.6

10.0 16.0 .8 8.3 .846
-*9
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Figure 1- Sketch of test configuration.
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(c) Mdifkd sectibn A-A.
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(a)M=l.06; R = 1.5 X 108;airoff

(b)M=l. x; R=2.3x10S; airoff

.

(C) M= 2.91; R= 4.3 x l&; airoff

Figure5.- Shadowgraphsofmodelsinflight.
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“

.

.

(d)M = 4.70;R = 4.1x 10e;airon

(e) M = 6.84; R = 11x 106;airon ,.._____
.

.

(f)M = 10.0;R = 16 x 10!?;airon

.

Figure5.-Concluded.
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M= 3.29;R = 4.9x 106

Figure14.- Typicalshadowgraphfromwhichtransitiondatawereobtained.
(Arrowsindicatebeginningof transition.)
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Figure15.- Variationof transitionReynoldsnumberwith
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