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SUMMARY

TestswereconductedintheAmessupersonicfree-flightwindtunnel
to evaluatetheuseflilnessof availabletheoryforthecalculationof
lift-curveslopeandcenterofpressureof low-aspect-ratio,triangular,
andrectangularcruciformwingsincombinationwitha longslenderbody.
Testsweremadei.ntherangeofMachnw.ribersbetween1.3and6.2sndat

●

Reynoldsnumbersfrom2.8millionto16.omillionbasedonmodellength.
Theresultsshowthattheoreticalcalculationsgivethelift-curveslope

* nearzeroliftwithintheexperimentalscatterandthecenterofpressure
withinabout3 percentofthebodylength.Thevariationofminimumdrag
coefficientwithMachnuniberispresentedforbothmodels.Estimates
basedon experimentalvaluesof lift-curveslopeanddragindicatethat
thetriangularwing-bodycombinationiswe moreefficientandmaydevelop
a lift-dragratioof4.5at a hfachnumberof 6.oforpower-onoperation>,—
neglectingbody-basedrag..

INTRODUCTION

Manytestsofwingsandwing-bodyccmibinationshave
theresultscomparedwithlinearandmor”eexacttheories
berrangebelow3. IntheMachnunberrangeabove3, on

beenmadeand
intheMachnum-
theotherhand,

thereareveryfewcomparisonsavailable(references1 and2). Thepres-
entinvestigationisintendedtoprovidesomedataforlow-aspect-ratio>
triangular,andrectangularcruciformconfigurationsinthisspeedrange
atReynoldsrnmiberscorrespondingtoa 10-foot-longmissileflyingbetween
80,000and100,000feetaltitude.Theusefulnessof availabletheoryis
investigatedby comparingthecalculatedandexperimentallydetermined

m aerodynamiccoefficientsintheraugeofMachnumbersfrom1.3to 6.2.
TherangeofReynoldsnmibersbasedonbodylengthwas2.8millionat
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M= 1.3to16.o millionatM = 6.0. The”effect
theaerodynamiccoefficientswasinvestigatedat

a

SYMBOIS
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M testl&chnuniber

.% free-streamdynamicpressure,poundsperfootsquared

Q dotileintegralwithrespectto timeoftheangleof attack
function,secondssquared

R Reynoldsnumberbasedonmodellengthandfree-stream
conditions .

s maximumcross-sectionalareaofmodelbody,feetsquared ....

t time,seconds

v horizontalprojectionoftheinstantaneousvelocityofmodel
centerof gravitynormalto tunlielcenterline,feetper
second

xC.g.‘xc+ distancefrommodel’noseto”centerofgravityandcenterof
pressure,respectively,feet

Y horizontaldistancefrom

a angleof attackofmodel
degrees

u 2Ycf

tunnelcenterWe, feet

relativeto localflightpatti,

Subscripts

1,2,3,4 refertotties,positions,and
exposureoftheshadowgraphs
respectively

12,14, referto intervals
es,etc. 2 and3, etc.

EXPERIMENTAL

velocitiesattheinstantsof
in stations1,2, 3, and4,

betweenstations1 and2, 1 and4,

TECHNIQUESANDMODELS

Facility

Theexperimentswereperformedinthesupersonicfree-flightyind
tumneloftheAmesAeronauticalLaboratory.Thisfacilityisa short
ballisticraugewithina variablepressure,supersonic,blowdownwind
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tunnel.Detailsoftunneldesignandoperationaregiveninreference3.
Thefeaturesof-thefacilitypertinenttothepresentinvestigationare
mentionedbelow.

Themodelisfiredfroma smooth-boregunlocatedinthewind-
“tunneldiffuser.As itpassesupstreamthroughthe1~-foot-longtest
section7 shadowgraphpictures,4 inthehor.i.zontalplaneand3 inthe
verticalplane,aremade. A chronographrecordstheInstantsofexyosure
oftheshadowgraphs,completinga t~e historyofthemodelposition.
Twotypicalshadowgraphssreshtnm”infigure1.

Method8ofMeasuringAerodynamicCoefficients

Generaldescription.-Themodelisdesignedtoexecutebetweenone-
halfandoneandone-quarterpitchingoscillationsinthetestsection
andisdisturbedatlaunchingsoas to oscillatewithan amplitudeof
about~“ inthehorizontalplane.SmaU oscillationsinthevertical
planeresultfromaccidentaldisturbances.Thecompletemotionin
3 dimensionscannotbe studiedbecauseof inadequatedatainthevertical
plane.Instead,theprojectionof themotioninthehorizontalplaneIs
used,assumingthattheinteractionbetween.pitchandsideslipisnegli-
gible. .-

Theaerodynamiccoefficientsarecalculatedfromtherecordofmodel
motionasa functionoftime.Foranexampleof suchdata,seefigure2.
Twomethodshavebeenusedfordetermininglift-curveslope,pitching-
moment-curveslope,~ center-of-press~eposition>CLG>c%, xc.~e,
fromthebehaviorofmdels oscillatinginpitch.Onemethodconsistsof
measuringtheflight-pathcurvatureduetoliftandtieotherconsistsof ...
measuringthechangeinpitching-moment-=curvesloperesultingfromlarge
center-of-gravityshifts.

Lateral-movementmethod.-Thismethodusesflight-pathcurvatureas - 1
a measureof lift.UsingNewtontssecondlawof
taneousaccelerationofthecenterofgravityof
tunnelsxismaybe writtenasfollows:

motion,theinstan-
them-l normaltothe

a=fi= C% a qoS

dt2 m... (1)

.
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~is equationassumesa linearliftcurveandneglectsthecontributions
ofthedragforce,andtheliftforceduetopitchingandplunging.
Thesecontributionsareusually,butnotalways,negligiblesocarewas
exercisedto seethattheomissionswerepermissible.Thedirectionof __
thelAftforceis,by definition,perpendiculartotheflightpath,but
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themaximumobservedinclinationoftheflightpathrelativetothe
tunnelaxiswas0.5°.Theerrorinthee~erimentallydeterminedlift
introducedhereisgivenby thecosineofO.~Oandisthereforesmall.

Thetimevariationof singleofattackineqktion(1)canbe obtained
usingtheangle-of-attackmeasurementsfromtheshadowgraphpicturesand
twoassumptionswhichdefinetheformofthemotion.Theassumptionsare
thattherestoringmomentisdirectlyproportionalto theangleofattack
andthedsmpimg
plungingrates.

Equation(2)is

momentisdirectlyproportionaltothepitchingand
Thisleadstoa variationof angleof attack.givenby

~=e ‘H(Ecoswt -F sinut) (2)

fittedtotheobservedvariationof a withrespectto
timeby a least-squaresproceduredescribedinreference4. Inthisway,
thefourunknowns,w, k,E, andF, areevaluated.!I!hecompletesetof
4 shadowgraphsisrequiredtodeterminethesinewavesothemethodof
leastsquaresisnotstrictlyrequiredbutisusedasa convenientand
systematicmethod.

Conibiningequations(1)and(2)
accelerationasa functionoftime:

C%L’%6e-k-t$=Z=_
dt m

givestheinstantaneous

(ECOS f.Jt- F Silld)

Integratingwithrespectto t givesthefollowlngequation
velocityasa functionofthle:

lateral

(3)

forlateral

V.2.V1+QfJ’te-e(E COS Lot- F SiIIut)dt (4)
dt m t,J.

inwhich V1 isthelateralvelocityat thefirststation.A second
integrationgivestheequationof lateraldisplacement.Theintegrals
areevaluatedbetweenlimitscorrespondingto thettiesandlateral
positionsintwoshadowgraphstations.

Thedotibleintegralonthe
the13mitsareknown.

Y= = Y~

rightcanbe evaluatedsinceboththeintegrand
Forbrevity,itwi~ be designatedQ12.

%##
+ v=(t2- tJ +~ Qlz (m) -
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Inthisequation,theunknownsare C% w VI. me

be eliminatedby usingdatafromthethirdstation:

NACARM A~24
. .—--

—..
colMatltV1 can“-

(5C)

Solvingequations(~) and(%) simultaneouslyyieldsthefollow@g “
expressionfor c%:

.

Theleast-squaresfittothevariationofangleof attackwithtine
.est~lishesthepitchingfrequencyf. Thismakesitpossibletoobtain
thepitching-moment-curveslopeaboutthecenterof gravityfromthe
relation

Thecenterof
resultsusing

ix
—.-

-.=,.

#.-

(7)

pressurecanbe obtainedfromtheliftandpitching-moment F
therelation:

.
___

(xC.p.- Xc.g.z )
c~= -c% (8) -

.

Pitching-momentmethod.- Therelationbetweenlift-curveslope,
centerofpressure,andpitching-moment-curveslopegiveninequation(8)
suggeststhattestsbe madeof similarmodelswithwide~ separatecenters
ofgravity.Solvingequation(8)simultaneouslyfortwosuchtestsdeter-
minestheunknownsC% andXc-p. sinceC% foreachtestisgivenby- ~ .
equation(7). Thismethodhasalsobeenusedinthisinvestigation. .

Thelateral-movementmethodisinherentlymoreaccuratethanthe
pitching-momentmethod.forthisfacilityandyieldsmuchsmallerscatter
in C%. Bothmethodsgivereli~leresultsforcenterofpressure,but
thelateral-movement-methodresultsco”ntainlessscatterherealso.
valuesof CL obtainedwithbothmethodsarepresentedsubsequently,“
butt? V&hZe: of xc.p./Zfromonlythelateral-movementmethodare
presented.

Drag.- Fromthetimehistoryofthemodelpositionjdecelerationand- -: -
hencedragweredetermined.Thesecalculationsarebasedonthe

.-
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assumptionthat CD isconstant.D&ailsofthispartofthedata
smalvsisareincludedinreference3. Since,inthesetests,angles

7

of
atta~klargerthan8.00weresometimesobser%d,theVarying-drtidueto
liftwasimportant.Theeffectof thisvaryingbag, althoughnot
treatedexactly,wasaccountedforapproximatelybysubtractingfromthe
indicatedaveragevalueof CD an approximatevalueof dragdueto lift ,
givenbythemeanvalueduringtestof (1/57.3)C% Xa2.

Models

.Themodelswerewing-bodyconib@ationsandwereconstructedof
variousmetalschosento givethedesiredweightsandcenter-of-gravity
positions.T&bodies wereconecylindersof finenessratio15witha
noselengthof 6 bodydiameters.Wingsof triangularandrectangular
planformwereused. Theaspect=tio oftheexposed-wingpanelsjoined ‘
togetherwasO.&. Theprofileswereof constatthicknessexceptfor
bevelledleadingedges;theconstantthiclmessresultedina constant
airfoilsectionof O.~1 thicknessratiofortherectemgularwinganda
thicknessratiovaryingfkom0.026at therootto 0.160atthetiponthe
triangularwing. Thisdesi~ compromisewasacceptedtoreducecostof

. themodels,?inditisbelievedthattheliftandcenter-of-pressure
resultswouldnothavedifferedsignificantlyifthesameairfoilsection
hadbeenusedonbothmodels.Detailedsketchesofthemodelsareshown
inpart(a)offigure3 andphotographsarepresentedinfigure4. .-

Themodelswerefiredfroma smooth-bore20-mm.gunandwereheld
inplasticsabotsdesignedto givesupportandto imparta pitching
disturbancetothemodelat separation.A sketchofa typicalsabotis
giveninfigure3(b),anda photographispresentedtifigure4. The
pitchingmotionresultingfromthisinitialdisturbancewasrecordedas
describedaboveto givethedatarequired.As maybe seeninfigure3(b)
andfigure4,themodelsleftthegunwithan initialangleof attack,
andtheplaneofthisanglewasparallelto theplaneof thek-shadowgraph
group.

ALC-ULATIONS,‘mEoRETIcALc!

Theoreticalvalues
eachconfigurationwere

of lift-curveslopeandcenterofpressureof
calculatedat severalpointswithintheMach

numberrange.An approximatetheorysimilart; thatofNielsen
(references5and6)was usedforbothconfigurations.Inthereference
papers,tkeapproachisto combinethecalculatedliftofthevariousparts.
ofthemodelaloneandtheliftinducedoneachpartby theothers.The
loaddistributiononthebodyaloneis.calculatedusingslender-body

.
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theory.Theliftdistributiononthetwoexposedwingpanelsjoined
togetherisestimatedusingStewsrt~spaper(reference7)forthe
triangularwingandthepaperby Lagerstrcm(reference8)forthelow-
aspect-ratiorectangularwing. Theliftinducedonthewingsby thebody
upwashfieldisestimatedusingtheslenderwing-bodytheoryofSpreiter
(reference9). Thepointof applicationof thisliftcomponentistaken
asthecenterofpressureofthetwowingpanelsjoinedtogether.The
liftinducedby thewingonthebodyanditspointofa~licationare
estimatedby reducimgtheproblemtotheplsmarcaseina mannersimilar
tothatdevelopedby Morikawa(reference10). Superpositionof these
componentsof lift-andpitchingmanentgivesthedesiredestimatesof
c% ~ xc.p./z*

In thepresentinvestigation,a modifiedtheorywasusedinwhich
fourdeparturesfromthemethodasdescribedweremade,as suggestedin
reference7, inordertomakethetheoreticalflowcorrespondmore
closelywiththerealflow~Theliftonthenoseofthebodywascalcu-
latedusingKopaltstables(referenceU), andtheliftcarry-overfrom
thenoseontothecylindricalportionofthebodywasevaluatedby means”
ofTsien’spaper(reference12),usingtheexactratherthantheapproxi-
materelationbetweenlocalvelocityandpressure.Incalculatingthe
liftcarry-overontothebodyfromthewing,thefactthatthesemodels
havenobodyaftofthewingwasaccountedforapproximately.Inaddi-...
tion,inthecaseoftherectangularwing,thesumof liftonthe
rectangularwingandtheliftonthebodydue-tothepresenceof’~s
wingwasincreasedby accountingforthefact.thattheflowconsistedof
a shock-waveexpansionflowinsteadoftheMachwavetypeof flowassumed
inreference6. Thiswasdoneby multiplyingthispartoftheliftby
theratio

C&S .E.
K=—

C L.T.
k

inwhich C~S.E. isthelift-curveslopeoftheactualprofileintwo-
dimensionalflowcalculatedusingshock-expansiontheory,andc~L.T. is
thessmequmtitycalculatedusinglinearizedtheory.Thisproc~durewas
usedinreference2. Thetheoreticalcontributionofeachpartofthe
configurationstotheliftispresentedinfigure5. Theneteffecton
theestimatedlift-curveslopeoftherectangular-wingmodelintroduced
by thefourmodificationsislargeathighMach

RESULTSANDDISCUSSION

numbers.

Theexperimentalvariationof C~ withMachnumberforthetwo
modelsisgiveninfigures6 and7 forbothtypesofanalysisofthessme
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testfirings.Comparisonofthetwosetsofresultsindicatesa fair r
consistencybetweenthetwomethodsexceptthatthelateral-movement
methodyieldssomewhatlowervaluesof C

La
at thehigherMachnumbers

andyieldslessscatteratallMachnumbers.Forpurposesofdiscussion,-
theresultsofonlythelateral-movementsaal.ysiswillbe considered
becauseoftheapparentadvantageinaccuracy.Thesmallnumberofdata
pointsontheseplotsresultsfromtherequirementthat,displacements
froma straightflightpathof 0.15inchor greatermustbe observedin
ordertoobtainreliableanswers.Onepossibleexplanationof the
remainingscatterintheseresultsisdescribedintheappendix.The
valuesof C& predictedusingthemodifiedtheorywerewithinthe
apparentbandof experimentalscatterof*9percentfromthemedisnvalue
forbothmodelsat allMachnunibersatwhichtestsweremade. Thisindi-
catesthatexistingtheoreticalresultsareofvalueinthisMachnumber
rangeforsimpleconfigurations.

Theexperimentallydeterminedcentersofpressure,obtainedby the
lateral-movementmethod,wereusuallyforwerdofthepredictedpositions
as showninfigure8. Themaximumdiscrepanciesbetweenexperimentand
theorywereobservedononemodelof eachtypeat M = 4.5; in eachcase
thediscrepancywasabout5,percentofthebodylength.Theforward
movementof thecenterofpressurewithincreasingspeedwaswell
predicted.

Thetestsshowthattherectangularwingexhibitsslightlysuperior
effectivenessas a stabilizerforthetestbodybothbecauseitscenter
ofpressure”isfartheraftandbecauseithasa higherlift-curveslope.
Thissuperiorityisgainedat theexpenseof a largedxagincreaseover
that ofthetriangularwingas is showninfigure9. ~s figure
presentsthevariationwithMachnumberof thezero-liftdrag, c~nY
ofbothmodels.

Althoughdirectmeasurementof liftand“dragat constantangleof
attackwasnotpossibleinthisinvestigation,a comparisonof lift-drag
ratioswasmadebasedontheassumptionsthat

CL = c&,a

and

neglectingtheliftanddragofwhatevertrimming
Theanglesofattackformaxtiumlift-dragratios
7.5°orless. Sincethesmplitudeof oscillation

devicemightbe chosen.
at M= 6.o were-
ofthetestmodelswas



usuallyabout5.0°,itisfeltthatextrapolationto
introduceimportanterrorsinthecomparisons.When

NACARMA52C24 -.

7.5°shouldnot - 8
thevalueof CD_~-

JILLu

wastakentobe thetotalmeasuredvalueat zerolift,theattainable
lift-dragratiosofthetwomodelsat M =6.0 are4.Oand3.4forthe 5-
triqngularsadrectangularwingmodels,respectively,atcorresponding
liftcoefficientsof1.4and1.7. .,-

To estimate’theperformancewhichmightbe realizedinpower-on ..-
operation,thedragwasreducedby subtract~gtheestimatedbody-base
drag(basepressureassumedequalto 0.3of...thefree-streqmstatic _
pressure).Thisassumptionisconsemativeas judgedfromthedataof
reference13althoughtheMachnumberrange-ofthereferencetestwas
somewhatlower.Thetriangular-wingmodel~gainapyearedmoreefficient
having,at M = 6.o,an (L/D)muof,4.5at CL =‘1.2,ascomparedto= -
(L/D) of 3.6at CL = 1.6fortherectsmgular-wingmodel.These .
value%%fattainablelift-dragratiosareconsideredencouraginginview
oftb.factthatextremeaerodynamicefficiencywasnotthebasisfor
design.Thecompwativeefficienciesofthetwomodels“tightbe altered
somewhatby usingthesameairfoilsectiononboth”models,butthechanges
fromthepresentresultswouldprobablybe small.

Theresultsoftestsindicatednomea&irableeffectofReynolds
numberonthelift-curveslope,center.ofpressure,ordragofthe
modelsat M = 6.o intherangeofReynoldsnumberfrom~.3to 16.o
million.Thiscorrespondstoa Reynoldsnumberrangebasedonmean
exposedchordof1.2to 3.6million.

CONCLUDINGREMARKS

(references5 aid6), whenalteredto account
section,liftcarry-overfromthenoseonto
thebody,andtheabsenceof anafterbody,

ThetheoryofNielsen
fortheeffectsofairfoil
thecylindricalportionof
predictsvaluesof C% withinthe-eqerimentalscatterandtheme~
center-of-pressurepositionswithinabout3 percentofthebodylength
forbothmodelsatMachnumbersbetween1.5and6.o.

Althoughtherectangularwingis slig$tlymore’effectivethanthe
triangularwingas-astabilizerforthetestbody,esttiatesofthelift-
ingefficiencyofthetwomodelsindicatethatthetriangularwingis
superioras a liftingsurface.Estimatesofthelift-dragratiosfor
power-onoperationwithno allowancefortheeffectsofa trimmingdevice
indicatethatvaluesashighas 4.5maybe attainedat a Machnumberof6*o*

...

.-.

—

r
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AmesAeronauticalLaboratory,
National.AdvisoryCommitteeforAeronautics, .

MoffettField,Calif.
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APPENDIX

11.

APPARENTSCATTERIN C~

Themethodofdataanalysisdescribedinthebodyof thereportis
basedontheassumptionoflinesrpitching-momentcharacteristics.
Experimentalresultsformanysimilarconfigurationsindicateseriously
nonlinearcharacteristicsat largeanglesof attack.Sincethepresent
investigationwasrestrictedto smallangles,nonlinearitiesprobably
didnotcontributeimportanterrorsintheresults,butmayhaveintro-
ducedsomescatter.Suchpitching-momentcharacteristicsarefrequently
wellrepresentedby theexpression

cm=C%a + constantas”

Assumingthisinthepresentcase,theoscillatorymotionresultingfrgn
sn initialdisturbanceis complicated,butitmaybe seenthatsincethe
restoringmomentisdisproportionatelylargeathighanglesof attack
thepeakswillbe sharperthaninthecaseof a sinewaveofthesame
frequencyandsmplitude.

Assumethattheactualoscillationis giveninthesketchby the
solidline

a-

/ \
-.
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Considerfirstthatthe.positionsoftheshadowgraphimagescorrespond .
tothecircledpoints.Ifa sinewaveispa.s.sedthroughthesepoints,- J—.
indicatedby thedtishedcurve,it isseenthattheareaundereachloop
ofthesinewaveis significantlylarger.thamtheareaundertheact- %“
curve.Sincethelift-curveslopeisobtainedby comparisonofthe
lateralmovementof’themodeltotheintegrationof thiscurvetwice

-.

withrespectto time,asdescribedinthebodyofthereport,itmaybe”
.-.

seenthatthevaluesof Q inequation(6) will be-toolargesadthe
analysiswillunderestimatetheaveragelift.:purve.slope.Ontheother... .
hand,iftheshadowgraphscorrespondtothe ~ points,thelift-curve
slopewillbe overestimated.

Theresult’sofanexsdinationofalltes:trunsforconditionsat ... ~
.

whichduplicatedatawasobtainedsupporttheabovecontention.Two
testswhichfittedthepatternforunderesti~tion,includingeachtype

-.

ofmodel,gavedecidedlylowanswers.Shnilarly,threetestswhich
fittedthepatternforoverestimationgavedecidedlyhighanswers.I?ine
tests,whichfittedneitherpattern,eitheragreedwellwithoneanother .-
orgaveresultswhichfellinsidethescatterof otherruns. —

Threetestsdidnotagreewiththecorrelation.Twoofthethree
didnotfiteitherpatternandgavehigl.amwers.Theamplitudeof
pitchingoscillationinoneof thesecasesw& smallandtheaccuracyof *
measuringy maynothavebeensufficient;thepitchingsmplitudeinthe
othercasewasgreaterthan10°andmayhavegoneintotheseriously

.

nonlinearlift-curve.range.Thethirdtestfittedthepatternforunder- L-
estimationandgave.ahighanswer.Thepitchingamplitudeinthislast
casewassmallenoughto indicatethataccuracyofmeasuringy may
againhavebeenmarginal.

Itisbelievedthattheerrorsintroducedby thenonlinearities
a

discussedabovedonotseriouslyimpairthevalue”oftheexperimental.
,=—

results.Themedianpointofthescatterprobablyrepresentsquitewell
theaveragevalueoflift-curveslopeovertheexperimentalrangeof
angleofattack..

.
_...
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(a)Triangular-wingmodel,a = -3.0°.

(b)Rectangular-w@model,a = 6.6°.

Figurel.-Typicalshadowgraphsofmodelsinflightat M= 6.o.
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(b) Assembled test round

Figure 5-Concluded

I

,,

>“. ,
.,,

, .

1

,, : #



,

.

.

.

.

NACARMA52C24

“-

-’+%%---”
A-16856.1
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(b)Partiallyassenibledtestround.

Figure4.-Photographsoftestconfigurateions.
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(b) Pitching- moment method.

Figure 6.-Concluded
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Figure Z- Vorlotlon of C4 with Mach number for rectangular - wing model
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Figure Z-Concluded.
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Modified theory
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(o.) Triangular wing,

Fi~m 8.-Variation of center:of-pressure location with Mach rwmbe~
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