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S~TY RULES

OFTEEEXPERI~LY DETERMINEDCHARACTERISTICSOF

22RECTANGULARWINGSOFSYMMETRIC=PROFILE

ByJohnB.McDevitt

suMMARY

Thetrsnsonicsimilarityruleshavebeenappliedtothecorrelation
ofexperimentaldatafora seriesof22rectangularwingshavingsym-
metricalIiACA63A-seriessections,aspectratiosfrom1/2to6,and
thicknessesfrom2 to10percent.Thedatawereobtainedbyuseofthe

L transonicbumptechniqueovera Machnumberrangefrom0.40to1.10,
d correspondingtoa Reynoldsnumberrangefrom1.25to2.05million.

Theresultsshowthatitispossibletocorrelateexperimentaldata
: throughoutthesubsonic,transonic,andmoderatesupersonicregimesby

using.thetrsnsonicstiilarityparametersInformswhichareconsistent
withthePrandtl-Glauertruleoflinearizedtheory.-

Themultiplefsmiliesofbasicdatacurvesforthevariousaspect
ratiosaudthiclmessratioshavebeensummarizedinsinglepresentations
involvingonlyonegeometricvariable- theproductoftheaspectratio
andthe1/3powerofthethicknessratio.

INTRODUCTION

A unifiedapproachtowardanunderstandingoftiansonicflowshas
beenachievedonlyinrecentyears.Ourmeagerknowledgeoftransonic
flows,incomp=ison~th tiemorecompleteandcogentunderstandingof
subsonicandsupersonicflows,isduenotonlytothecomplexitiesof
themathematicsinvolvedbutalsotothelimitationsoftestfacilities
attransonicspeeds.

Similarityrulesfortransonicflowintwodimensionswerederived
byvonR&m& (reference1)andwereextendedrecentlybySpreiterk (reference2)andBerndt(reference3)to includewtigsoffinitespan.

%-
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Theserulesce+h%e showntocoincidewithoneoftiepossiblefarmsof
the”F&andtl=Gl&uertruleof subsonicandsupersonicflows.(Reference2.)
Althoughthesimilarityrulesdonotprqvidee~licitsolutions~eY~ , -_._.-_
suggestthemannerinwhicheqperimmtaldatacanbe correlated. ..

A recentsystematice~erimentalinvestigationoftheeffectsof
wingaspectratioendthicknessattransonicspeeds(referencek)has

.—
.

provided,experimentaldataideallysuitedtocorrelationusingthetran-
sonicsimilarityparameters.TheagalysisoftheseWta.ispresentedin
thispapertoprovidethetrensoniccharacteristicsofrectangularwings
of symmetricalprofiieandtohelpevaluatetheusefulnessofthetran-
sonicsimilarityparametersforthecorrelationof e~erimentaldata. —

Thesimilarityrulesarepresentedinslightlymodifiedformsto
-.

permita directmd convenientapplicationinthedatacorrelation.The
formofthedatapresentationwaschosensothatdirectcomparisonswith
thevarious linearizedtheoriescouldbe indicated.

Thecorrela.tion.isappliedtotheexperimentaldatqfor22rectan-. .
@a wingshavingsymmetricalNACA63A-seriessections,aspectratios
from1[2to 6,andthicknessesfrom2 to10percent.Thedatawere

.-

obtainedby use of thetransonicbumptechniqueovera Machnumberrange
ofO.kOto1.10,correspondingtoa Reynoldsnumberrangefrom1.25to

Thebasicdatafortheaspectratios1,2, k,and6 have
A

2.0’5million. %
beenpublishedinreferencek. Thebasicdatafortheaspectratios0.5,
1.5,and3 wereobtainedbyidenticaltestingproceduresbuthavenot . “k’~
beenpublishedpreviously.A descriptionofthewi?&modelsandthe
testingprocedureisgivenin-referencek.

SYMBOLS”

A

b

c

CD

c-

(C?P)min

hf

()baspectratlo ;

wingspan

wingchord

totaldragcoefficient
Cots:?) ““””- ‘-

minimumdragcoefficient

minimumpressure-dragcoefficient- . .

friction+ragcoefficient,assumedequaltominimumdrag
coefficientat 0.7Machnumber J

Y
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%pt

cm

Cp

()
Xy

F ;%

()
Xy

f .-
c’b

()
Xy

g .-
C‘b

h

()
L
5=

M

&r

MDD ~

~

s

t/c

x,y,z

u

7“

T

dragcoefficientdueto lift(~ - C%nin)

liftcoefficient
()
lift
w

liftcoefficientformaxtmumlift-dragratio

pitching-momentcoefficient,referredto 0.25c

( )
pitchingmoment

qsc

pressurecoefficient

ordinatedistributionfunction

thicknessdistributionfuqction

carober

camber

distributionfunction

parameterproportionalto theamountof csmher

maximumlift-dragratio

free-streamMachnumber
.

criticalMachnumber

drag-div~rgenceMachnumber

dynamicpressure

wingarea

thiclmess-to-chordratio

Cartesiancoordinateswhere
thefree-streamvelocity

x extendsin

angleof attack

ratioof specificheats(for

ordhate-amplitudeparameter
4

air 7.= 1.4)

3

.

thedirectionof



.

—

perturbation-velocitypotential .-. -.
.

slopeo? liftcurve,measuredat zeroliftcoefficient

slopeofpitching-momentcurve ...
—

pressure-dragfunction

drag-due-to-liftfunction .-.

liftfunction

pitching-momentfunction

pressure-coefficientfunction

Stiilarityrules
aroundthinwingsshow

THEORETICALCONSIDERATIONS

TransonicSimilarityRules

(references1,2j‘and.3)forthetransonicflow
howa wingcanbe affinelydistortedinorderto

retaina relatedpotentialdistributionwhenthefree-streamMachnumber
isaltered.Theserulesofcorrespondencecanbe shownto coipcidewith
oneof thepossibleformsofthe’Prandtl-Glauertrule,derivedfromthe
linearizedpotentialequationof subsonicorsupersonicflows(refer-
ence2). Thevariousresultsoflinearizedtheorycanbe expressedin
termsofthetransonicstiilarityparameters.md theuseoftheseparsm-
eter”swillbe consistentforboththelinearizedtheoryandthenonlinear
transonictheory.

ExperiencehasshownttitthelinearizedpotentialequationIsa
goodapproximationforsufficientlythinwingswhenthewholefieldof
flowissubsonicor.well-establishedsupersonically.Inthetransonfc
regimecertainnonlineartermsmustbe retainedto showthemixednature
oftheflow.Thenonlineartermsofthebasicpotentialequationare
importantonlynearsonicspeedandonlytherionlineartermsinvolving
derivativeswithresjecttothedirectionof theundisturbed”fluidmotion
needbe retained,sinceperturbationsinsonicflowdiminishmoreslowly
inthedirectionsperpendiculart-otheflowthaninthedirectionparallel
to it. Thisassumptionisvalidonlyforunsweptplanforms,whichisthe
onlycase to be consideredhere. Thebasicpotentialequationmaythere-
forebewrittenas

—
—

.

—

.-.
-.

-.A.

k

----

.-
-i

+ —

r
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(1-M2)q=+ qyy+ ~zz‘ (y+l)M’%%x (1)
*

where M isthefree-streamMachmmiberand T istheperturbation-
velocitypotentialnormalizedby divisionby thefree-stresmvelocity.
Thisequationretainstheessentialfeaturesofbothlinearizedand
lnansonictheoryandthesimilarityrulesmaybe obtainedfromthis
equationandappliedat subsonic,transonic,andmoderatelysupersonic
Machnumbers.

Similarityofflowaboutwingsof finite
stancyoftwoparameters(M%)A2 =d

spanrequiresthecon-

IF-l

Tixmi-
()XYwhere T isan ordinate-~litudeparameterand F ~;

natedistributionfunction.Ingeneral,T maybeusedto
chauesinprofilethickness,angleof attack,andcember.

istheordi-

denote
Theconstancy

oft~esetw~parameters@lies theexistence-ofan alternativesimilarity-”
..——

.
parameter

8 ()Xy‘sTa(x/c)F:%

whichisoffundamentalimportance.Sincetheratioof specificheats,
y isconstsm.tfora fixedmediumtheexpression(7+1)whichappears
inequation(1)hasnotbeenretainedinthes~larityparametersnor
inthefol.l~figshilarityrules.

Thesimilarityruleforthepressurecoefficientonthe
thewingmaybe writtenintheform

_F(+l-3 p{,T,(:/c;{,)]2~.%=[’b(:/C)c b J
c‘b

A[’x%)”(%)]””;

TheexpressionT a ,(32
)m iCYb represents

surfaceandcanbe expressedas i
,.!-.

a
()
XY

x ‘a(x/c)F;’: = (t/cY* [f&)

theslopeof the

surfaceof

9

.

(2)

airfoil

h
+ —~

()
‘y - —.a xl

t/c :’; t/cc]
(:)
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()where f ~,~
()

and g ;,; aretheairfoilthickuemandcamber
distribution‘tictions~th ~heoriginattheleadingedgeof theroot
chordandtheparsmeterh isproportionaltotheamountof camber.
Forairfoilshavingthesamethicknessendcsmberdistributionfunctions
thesimil~ityruleforthepressurecoefficientmaybe e~ressedinthe
moreut3eful form .

c-p= (t/c)

[

M2-1 “2’3P~ Xy
2 3~Wc)1’s# A ‘“ -t/c’t/c’C’b1\ (4)

Inthisequationa and t/c canbe simultaneouslyinterchanged,that
is, t/c maybe replacedby a, and a ~y t/c. Thisispossibleby
virtueofthepresenceoftheparameter

%“ Theformof thefunctionp,
however,maybe alteredintheprocess. ‘

F&m the

. ..-

-.. . . :-

GeneralizedForceandMomentCoefficients —-.

similarityruleforthepressurecoefficientthezeneral- .-.+
izedexpressionsforliftcoefficientandlift-curveslopeareo~tained

+=L’
[(t;:;:/a’A(t/c)’’g>,&>*] “(5)

1.

(t/c)v+~. [
#-l

‘l~’A(t/c)l/” a h
1‘Wv (6)

Whentheliftcoefficientvarieslinearlywithangleofattacktheparam-

?‘ter t c maybe omittedfromequation(6).

Thegeneralizedexpressionsformomentcoefficient,pitching-
momentslope,md centerofpressureare

c.P.= Ma
[(t%:/”’*@/c)~’s’~ k 1t/c’t/c “ (9)

b-

.- ..-— —

..-

,.-
.

.+

.
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Thetotaldragcoefficientmaybe emressedas

CD= cDf+ (c~)min+ ACD (10)

Thefriction-dragcoefficient@f cannotbe expressedintermsofthe
similarityparameterssincethetheoryneglectsallviscouseffects.
Thegeneralizedexpressionforminimumpressuredragis .

(n)

Althoughthesimilarityruleimpliesa generalizedti%-due-to-lifi ...

psmmeter ‘~s a moreuseful generalizede~ressionis

.

anda comparisonof ACD with CL= maybe obtainedfkm

(12) -

2
(t/c)-1~3‘~

[= ‘u (t;c)l‘2/3>A(t/c)l/3~ ~‘ */c’t/c1 (13)

● Inequations(X2)and‘(13)theratio A
t/c

maybe neglectedifthedrag
dueto liftshowsa parabolicvariationwithsingleofattackandwith
liftcoefficient.

A comparisonof dragdueto lifttiththelimitsfordragwithfull
leading-edgesuction(ellipticspanwiseloading)anddragwithno lqading-
edgesuctionmaybe obtainedby use oftheexpression

. or,whenwrittenintermsofthegeneralizedlift-curveslopeandassum-
inga linearvariationof CL with a, —

[ (t/c) l/3cq-J2~ ~t/c)mJD s (t/,)-c=

scA(t/c)1~3
(14)

h
Intheprecedinggeneral&ede~ressionstheargument— vanishes

t/c
forsymmetricalprofiles,@/3 venishesat M = 1,andinthecase

of two-dimensionalflow A(t/c)is doesnotentertitothesimilarity
rules..
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UseoftheStiilarityParameters

Thegeneralizedcoefficientsandderivativescanbe appliedonly
toexperimentaldataforwingshavingthesamethicknessandcamberdis-

tributionfunctions.Forconstantvaluesof
* ‘d Z% ‘hege”erd- ~

izedexpressionswillremainoonstantandtheflowpatternswillbe stii-

lariftheMachnumbersarechosensothat ~~A and
M2-1

~a
remainconstant.Thiswillbe possibleonlyifthewingshave’equti.
valuesA(t/c)L/3,andthussimilaritycanexistonlyifthewinggeome-
triesarerelatedina specialmsmner.ThevariationsofMachnumber
withthickessratioandwithaspectratioforseveralconstantvaluesof

ml ~d ~3 aresh:wninfiguril(a).TheVariations. -
betweenaspectratioandthicknessratioforseveralconstantvaluesof
A(t/c)~/3areshownin”figurel(b).

Accordingto smallperturbationtheorythethicknessratiomustbe
smallbutno restrictionisnecessaryconcerningthemagnitudeofthe
aspectratio.A givenvalue of A(t/c)l/3mustalwayscorrespondtoa
smallthicknessratioandthereforea systaaticsurveyofairfoildata
shouldcovera widerangeof A(t/c)1\3valuesaswasdoneforthe
analysisofthispaper. (Thevaluesof A(t/c)~13fortheseairfoils
aretabul&tedintable1.)

Forwings-havingunequalvaluesof A(t/c)1i3theuseofthetwo .

parameters
*

end A(t/c)l’3suggeststwodifferentbutessen-

tiallyequivalentformsofdatacorrelation,oneshowingthevariation
of thegeneralizedcoefficientswith A(t/c)l/3forconstantvaluesof

thespeedparameter
M2-1

M’=-l 4
(tC1213

~theothersharingthevariation@th

m
forconstantaluesof A(t/c)113.Forconvenience,thecorre-

$-1
lationinthispaperwillbe madeforconstantvaluesof (t/c)=/s and
theresultssummarizedforconstantvaluesof A(t/c)1\3.Thus,theuse
ofthesimilarityparameterspermitsthemultipleftiiliesofbasicdata
curvesforvariousaspectratiosandthicknessratiosto.besummarized
ina presentationinvolvingonlyonegeometricvariable,theparemeter
A(t/c)l@.

The actual flowaboutwingswillalwaysviolateto someextentthe
assumptionsnecessaryinthederivationof smalldisturbancetheory,
whichassumesthattheflowdeflectioniseverywheresmall.Thetheory
alsoignorestheexistenceof~ stagnationregionattheleadingedge

.

.

“

--

—=

—

-:

i. “.
—

L-r

.-

—
—

*
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andofa boundarylayer.A theoryfortransonicflowmustalsoconsider
theextentandpositionof themixedsubsonicandsupersonicflowregions. “
Althoughtheessentialpropertiesof shockwavesand.ofPrandtl-Meyer
flowcanbe approximatedintermsof thespeedparameter,providedthe
flowdeflectionangle-issmall.(references1 and~),a successfulcorre-
lationofexperimentaldatawillbepossibleonlyiftheboundariesof
themixed,flowregionsforrelatedairfoilspossesssimilitudeof size
andpositinn.

Theusefulnessofthesimilarityrulescanbe determinedonlyfrom
a systematicsurveyof expertientaldata.

Slender-WingTheory

A solutioningeneralisnotknownforthenonlinesrtransonic
potentialequation

(1)

Fortwo-dimensionalflowthepartialderivatives~ ~d % sre
@own tobecameverylargeas theMachnumberapproaches1. However,
forwingsofslenderpw fo~, thatis, wings of sufficientlylowaspect
ratio,thesederivativesmaybe consideredtobe ofthessmerelative
magnitudeasthepartialderivativesqn and Pzz andthenonlinear
term (7+l)M%x&, whichisofthesecondorder,cauthereforebe
neglected.Thus,forslenderwingsthelinearizedequation —

(Lh?=)q=+ qlw + Cpzz = o

canbe usedthroughoutthetransonicspeedrange.

Forvanishinglysmallaspectratios,orfor
atnesrsonicspeedswherethecoefficient1-M2
entlyof 9=, thelinearizedequationreducesto
twodimensions

moderateaspectratios
becomessmallindepend-
Laplacetsequationin

forwhichsolutionsareweldknown.Suchsolutionshavebeengivenby
R.T. Jones(reference6)forthecaseof slender,pointedwingsandby
variousauthors(see,e.g.,references7 and8) forslenderwing-body
combinations.Thesl’bnder-wingtheoryfurnishestheinterestingresult
thatalltheliftiscarriedupstresmof thepointofmaximumspanandL thecenterofpressureof a rectangularwingofvanishingaspectratio . .

-- will,at sonicspeed,be at theleadingedge.Thetheory,however,is
,“ unabletopredicttheeffectsofprofilethicknessandisrestrictedto
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theliftingcase.A solutioncsmnotbe obtainedforthezero-liftpres-
suredrag.

Thetheoryofreference6 providesthefollowingexpressionsfor
theliftanddragcoefficients:

A%=: AU2(fullleading-edgesuction)

Thealternativee~ressions

(t/c) ‘=5 =: A(t/c):’3

(t/c)@‘~ = ; A(t/c)lia(fullleading-edgesuction)

(16)

(17)

“

.

,-:—

willbe usedinthedatacorrelationtoobtaina cmparisonbetween -
theoryandexperimentforthe”wings.oflowaspectratioatthesonic
Machnumber.

DATACORRELATION

Beforebeginningthedatacorrelationitmightbewelltopoint
outthattheexperimentaldatawereobtainedbymountingsemi.spsnwing
modelsinthehigh-velocityflowfieldoftheAmes16-foothigh-speed
wind-tunneltransonicbump.Thestreamlinesof thebumpflowfieldare
slightlycurvedwith”Machnumbergradientsi!?thePl=e ofthe~ng
model.TypicalMachnumbercontoursarepresentedinreference4.
Thesegradientsaremostpronouncedat-thehigherMachnumbersandfor
thelargeraspectratios.Theeffectsofthe-nonuniformityoftheflow
fieldareunknownbuta certainroundingoffofanysharpbreaksinforce
andmomentcoefficientvariationwithMachnumbercanbe expected.

MinimumPressureDrag

The&ag-s@ilarityrulecannotbe.applieddirectlytoa correla-
tionofminimumdragdatasincesmallperturbationtheoryignoresthe
existenceoffrictiondrag:Thefrictiondragcoefficientisbelieved
to changelittlewithMachnumberinthetrsmsonicrangeandthecorre-”
lationcanbe appliedtotheminimumpressuredragcoefficient.The .- ~
minimumpressuredraghasbeencalculatedby subtractinga constanh
frictiondrag,assumedequaltotheminimumdragat0.7Machnumber’,
fromtheminimumdrag,thatis,

(CDp)min= cDmin- (cDmin)M=O.7 (18)
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with

ized

Thebasicdatacurvesforthevariationofminimumdragcoefficient
Machnumberarepresentedinfigure2. Thevariationofthegeneral-

(hJmti
—

$-1
coefficient

(t/clS/a
withthe’speedpqrameter

- isshm
infigure3 as an htroductivestepto thecompletelygeneralizeddata
correlationoffigures4 and5. (Thesymbolsusedinfig.3 represent
theactualtestdatapointsandwereincludedto showthemannerin
whichthedatahavebeenfaired.)

me datacmwes forthewinm ofaspectratio6 infigure3 maybe
closelyrepresented

ratiothevaluesof

M2.1
value of —

(t/c)2/3

by a conmon&ve, i%icatingthatat thisaspect

“%)min maybe consideredto dependonlyonthe
(t/c)5@

andthattheflowisessentiallytwo-dimensional.‘

Theaspect-ratio-6wingsalsoexhibitwe negativevariationofthe
forcecoefficientwithMachnumberwhichis characteristicof two-
dimensionalflowsat so~icspeed.Thisvariationisa consequenceof
therelativevariationsof localandfree-streamdynamicpressures.
ThelocalMachnuuibersareeffectivelyfrozenatnear-sonicvalues as

. thefree-streamMachnuniberincreasesthroughthetiansonicspeedrange.
(Seereferences9 and10.) It isinterestingtonotethatthe~eri-

(1dCDi mentalvaluesof — forthewingsofaspectratio6, figure2,
dM =1

agreequalitativelywiththevaluesimpliedby thefollowingrelation-
ship(anexacttheoreticalresultapplicableto symmetricalprofiles
ofanyshape,reference10):

(19) -

Thisagreementoccurredinspite.ofthefactthatthetestconditions
arenotidealanddonotagreewiththeconceptof an infiniteand
uniformflowfieldassumedinthetheoreticalreasoning.

Theloweraspectratios showincreasingeffectsof three-dimensional
flowandthesmallerthicknessratioshaveprogressivelylowergeneral-
izeddragcoefficientswiththeexceptionofthethinnest(2-percent-
thick)wingmodels.Thesethinnestairfoilshaveunusually large values

(mp)mn
‘f -- whicharebelievedtobe largelytheresultof theboundary

layercreatingan effectivethiclmessconsiderablylargerthanthe
L actualprofilethickness.Thegeneralizeddragcoefficientsarethen

magnifiedforthethinairfoilsby the5/3powersoftheratiosof
effectivethicknesstoprofilethickness.

k
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Thecompletelygeneralizedcorrelationofminimumpressuredragis
presentedinfi~es 4 wd 5. (Thesymbolsusedfithesefiguresandin
theremainingfiguresofthereportrepresentvalues taken from faired
curvesofprelhinarycrossplots.A differentsymbolhasbeenusedto
representthedataforeachparticulartingtested.)Thetransonic
correlationforconstantvaluesof -A ispresentedfifiwre 4
merelyto illustratetheinabilityofpresentingdataatthesonic

velocityusingsimultaneouslytheparameters-A md ~t;&

Thecorrelationforconstantvaluesof
M2.1

m
ispresentedin

figure5. Thecorrelationisbestatthesonicvelocitysmdthecurve
forthisparticularlyinterestingMachnumberisrepeatedinfigure6.
Althoughthedatafor2-percentthickmesshavebeenomittedfromthe
precedingcorrelationbecausetheextraordinarilylargevaluesinterfere
withtheadjacentcorrelationcurves,thesedatahavebeenincludedin
figure6 to showthepronouncedeffectoftheboundarylayerforthese
thinnestprofiles.

At thesonicspeedtheminimumpressuredragis seentovarylin-.
earlywithaspectratioandwiththesecondpowerof thethicknessratio
forvaluesof A(t/c)l\3lessthanaboutl’ascanbe expressedby

(26)

Forvaluesof A(t/c)l’3greaterthanabout1 thegeneralizedcoeffi-

cient
wt~53

approachesrapidlyandasymptoticallytowarda constant

valueforwhichtheminimumpressuredragvarieswiththe5/3powerof
thethicknessratioinaccordancewiththedragsimilarityrulefor
sonic,two-dimensionalflow.Theextrapolatedtwo-dtiensional-flow
value for M=l,(C~)mti= 3.55(t/c)513,w@sobtainedbyplotting
againsttheinverseparameterl/A(t/c)l/3.Thecalculatedtheoretical
pressuredragfora double-wedgeprofile(referenceU) issomewhat
higher.

Thecorrelation-ofminimumpressuredragissummarizedinfigure7
by crossplotttigfromthefairedcurvesof.figure5. Thepredicted
criticalMachnumberslforNACAP OXXQrofilesayegiveninreference13

~ “. -1.95. The compressibilityhagandmaybe approximatedby (t/c)=/s
~InreferenceX2F2aplanhasshownthatthesectioncriticalMachnumber,
accordingtofirst-orderlinearizedtheory,isrelatedtothethick-
nessratioby a constantvalueof thespeedparameter,theconstant
dependingontheparticularprofileshape..

.
.-

—

.—

-.
.

—
—.

—

.-

. .
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rise becomesnoticeableat slightlyhigher
Ma-l

~= -1”80”

Machnumbers,thatis,for

Thefundamentalimportanceof thesimilarityparameterA(t/c)l@
isclearlyevidentfkomthesummarizationofminimumpressurebag as
presentedinfigure7. The curves offigure1 andthevaluesoftableII
maybeusedwithfigure7 forconvenienceincalculatingtheminimum
pr&ure drag
Machnumber.

forg~venvaluesofaspectratio,thickness,ratio,and

Lift

Thevsriationoftheliftcoefficientwithangleofattackis
essentiallylinearatm~derateanglesofattackthroughout,theMach
numberrangeforaspectratiosgreaterthan1.5. Theloweraspect
ratios,however,showan increasinglynonlinearvariationofliftwith
angleof attackandapproachthetheoreticalsin?a variationfor
vanishingaspectratio.Forconveniencetheliftanalysiswillbe
restrictedtoa considerationofthelift-curveslopeevaluatedat zero-
liftcoefficient,whichprovidesa closeapproximationforliftcharac-
teristics’atthemoderateanglesofattackforwhichthesimilarity
rulescanbe expectedtohold.

Thevariationof lift-curveslope.withMachnumberis shownin
figure8 andiscomparedwiththetheoreticallift-curveslopescalcu-
latedby applyingthethree-dtiensionalPrsndtl-Glauerttransformation
totheWeissingerlifting-linetheoryof”reference14. Theagreement
betweentheoryandexperimentforaspectratiosgreaterthanabout3 is ‘“
satisfactoryonlyinthesubcriticalMachnumberrange.

AbovethecriticalMachnumberan abruptdecreaseinlift-curve
slopeoccursforsameof thewingsof largeraspectratioandthicbess
ratioandisbelievedtobe theresultof theformationof strong
velocitydiscontinuitiesandflowseparationattheairfoilsurfaces.
This“bucket”typevariationinthelift-curveslopeisa phenomenon
apparentlydependenton a combinationof thiclmessandaspect-ratio
effectsincethesmallerthicknessratiosendsmalleraspectratios
showno suchirregularitiesinthelift-curvevariationwithMachnumber.
Indeed,itwillbe showninthefollowingdatacorrelationthat thi~
erraticvariationoccursonlyforthewingshavingvaluesof A(t/c)1i3
greaterthanabout1.6.

- Thevariationofthegeneralizedlift-curve--:l:PePar~eter

‘)
(t/c)’’”Id# ~ withthespeedparameter

*
isshownin

*
*
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figure9 as an introductivestepto thecompletelygeneralizeddata
correlationoffigure10. A comparisonoffigures8 and9 showsthat
thecurvesforaspectratio6 haveconvergedtowarda singlevariation
atthetransonicspeeds,indicatingthattheflowisessentiallytwo-
dimensionalforthehigheraspectratios..:_Forthesewingsthelift-
curveslopeshowsthecharacteristicnegativevariationtithMachnumber
atnear-sonicspeeds.

()Thecorrelationof (t/c)l/s‘“da -o forseveralconstantvalues
M2-1

‘f w“
ispresented.infigure10. Thecorre~tionandcomparison

withtheoryaregoodforthelargenegatiye-v.alues”of.th~espeedparam-
eter(i.e.,lowMachnumbers)anda reasonablygoodcorrelationis
indicatedatnear-sonicspeeds.At supercriticalMachnumbersand .
valuesof A(t/c)l@ greaterthem1.6thepoorcorrelationsuggestsa
separatedflowforwhichtheconceptsof smallperturbationtheory
wouldbe violated.ThevalueA(t/c)l/a= 1.6appearstobe theltiit-
ingvalueforairfoilswhich.donotexhibitnoticeableirregularitiesin
‘lift-curve-slopevariationwithMachnumber.

At M=l,andforsmallvaluesof A(t/c)l@,theexperimentallift
agreeswellwiththelifting-lineandslender-wingtheories.Hence,
withintheindicatedlimits,theliftmaybe approximatedby’thefollow-

.

,-

.—

..

. 4.
—-,-

—-

ingequation:

M=l
CL+x,

A(t/c)l~s<1

Forincreasinglygreatervalues of,A(t/c)~is

()asymptoticapproachof (t/c)l@ ‘ti~ to
indicated.tietheoreticalresultofG%%ley
double-wedgeprofileinsonic,two-dimensional
figure10.

.

(21)
—

a rapidandapparently
a constantvalueIs
andYoshihara=fora
flowisincludedin

Theresultsofthedatacorrelationforlift-curveS1Oe aresumma-
2?-

rizedinfigureU forthosevaluesof A(t/c)lissnd ~~ where
—

a goodcorrelationwasindicated.

eThistheoreticalvalueofthelift-curveslopewascalculatedin >.
Air-ForceTechnicalReport6683,UnsymmetricFlowPatternsatMach
NumberOne,by GottfriedGuderleyandHideoYoshih~a. K
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Thevariationofthedegreeof-staticlongitudinalstabilitywith
Machnumberispresentedinfigure12. Thepitching-moment-curveslope
d~/dCL wasmeasuredfor ~ ratiosof O, 1,and2 radians.(The

t/c
valuesof a indegreesaretabulatedintableIII.)

Forthelargeraspectratios
~

variessmoothlywithMachnumber
dCL

inthelowsubsonicandinthesupersonicregimes,althoughat different
levels,butbehaveserraticallyathighsubsonicspeeds.Thiserratic
behaviorisprobablyduetothesamecausesastheirregularitiesofthe
lift-curveslopeatthecorrespondingMachnumbers.AtMachnumbersup
tothecriticaltheeffectsof compressibilityarerelativelysmallas
ispredictedby linearizedtheory.At trsmsonicspeedsa largechange
inthecenterofpressureoccursforthewingsoflargeaspectratioas
theaerodynamiccentermovesfromthevicinityofthe~-percent-chord
pointof subsonicspeetitowardsthe40-percent-chordpoint.Onlyfor
verylowvaluesofthe aspectratioisthisundesirablechangeincenter
ofpressuresubstantiallydecreased.

dCmThecorrelationofpitching-moment-eweslope— forvarious
F-1 dCL

valuesofthespeedparameter~ ispresentedinfigure13.
Althoughconsiderablescatterof &ta is’evidentthecurveshavebeen
fairedfavoringthedataforthethicknessratioof 4 percentwhichdo
showa goodcorrelation.?hevalues of g for ~

dCL G
= O represent

thepositionofthecenterofpressureandforallvaluesofthespeed
parameterthecenterofpressureisshowntomoveprogressivelytoward
theleadingedgeastheaspectratiobecomessmall.At transonicspeeds
thestabilityderivativevariesalmostM.nearlywithA(t/c)l/sfor
valuesof A(t/c)l/Slessthanabout1 withthecenterofpressure
locatedattheleadingedgeforvanishingaspectratioat zeroangleof
attack.Forvaluesof A(t/c)1i3greaterthanabout1 thestability
derivativesmaybe consideredconstantandindependentofbothaspect
ratioandthiclmessratio.

Thepitching-moment-curveslopecorrelati~ntiissummarizedinfig-
ure14. Whenusingthesecurvesto esthate —dCL forparticularvalues”

of aspectratioandthichessratiotheliftcoefficientcorresponding
a

h a ‘iven‘alue‘f ~ canbe approxtitedby useof theident”ity

.



16 .JwNwQ@TUib. . . .-

Inthisequationtheliftvariationwithangle

NAcARMA51L17b
.

of attackhasbeen
assumedtobe
obtainedfrom

Equation

linear.Numericalvaluesfor-(t/c)1\3C~.canbe
thesummary curvesof figureIi.- ~

.?
—

Dr~ Dueto Lift . .—

(I-2)willbe usedforthecorrelationofthetiag-due-to-
liftcoefficientACD. Thecorrelationwillbe madeforsever~con- -.
staatvaluesof ~ (a inradians),sinceit isnotalwaysknown

-.

t/c “-.<
beforehandifitispossibletorepresentcloselythedragduetolift
by a parabolicvariationwiththeangleof.attack. ----..-.

Thevariationof (t/c)113AQ M2-1withthe–speedparemeter—
~2 (t/c)2/3 -:

forthevariousthiclmessratiosandaspectratiosisshowninfigure15.
Theapproximatelimitsfordragwithfullleading-edgesuction(elliptic
spanwiseloading)anddragwithno leading-edgesuctionasgivenby
equation(14)havebeenevaluatedusingthesunmkrycurvesoffigure11
forthelift-cuxveslopeandarepresentedinfigure15to showthq .-
de&ee of leading-edgesuction.At transonicspeedsthedragforcefor -
thelargeraspectratiosand-thicknessratiosisactuallysomewhat

.*–a

higherthanthevaluecorrespondingtoa resultantforceperpendicular
totheplaneofthewing,suggestingthatsomeincreaseIDsepsrati6n v
andviscouseffects.occurswithincreasingangleof attack.

Thecorrelationof (t/c~A# forseveralconstantvaluesof- - ~
Ma-l .

m“ “d $
ispresentedinfi.gure.16. Thecorrelationcurves

--—

forconstant
G

arepresentedintheleft-handside.andsummarized

intheright-bendsideoffi
Y

e 16. A poorcorrelation.is indicated
forlargevaluesof A(t/c)l3 at thelargenegativevaluesofthespeed
parameterwherethedegreeofleading-edgesuction.apparentlyischang-
ingrapidlywithMachnuniber.Whentheresultantforcebecomesnormal
tothechordlinethedrag-due-to-liftcorrelationisconnectedinti-
matelywiththeliftcorrelation.Fortransonicvalue;ofthespeed
parametera reasonablygoodcorrelationof (t/c)~3~ isindicated .-
andthevarioust% curvesmaybe closelyrepresentedby a common
‘curveastheyshouldfora parabolicvariationof ACD with a.

Thesonicdataarepresentedinfigure16(c)endarecomparedwith
CL2

thelow-aspect-ratiotheoryforboth ACD= —
~..

and ACD= C~ (where
SA

theliftcoefficientisgivenby CL= Thesesummarycurvesshow;&). -.n-

—
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thatthedragduetolift,forlow-aspectratios,isgiven
by

A% ,=: I&;
M=l

0.5<A(t/c)l/3<1.3

17

approximately

(22.)

Onlyforverylowval.uesof A(t/c)l~gdoesthedragdueto lifttend
towardtheformalresultof low-aspect-ratiotheory,ACD= ~ k=.

Thedrag-due-to-liftcorrelationissummarizedinfigure17. Since
thecorrelationcurveswerefoundtobe ne=ly tidep=dentof ~y
especiallyinthetransonicspeedrangeandforthemoderateangies6f -.
attackused,thepresentationismadeonlyfortheratio +=l.

A comparisonoftheinduceddragforconstantliftcoefficientmay
be obtainedfroma considerationof thegeneralizedparageter
(t/c)l/” 4% Thev&iationof thisparameterwith ti-1

CL2” (t/c)=\3‘orCOn-
stantvaluesof A(t/c)l/Sisshowninfigure18as derivedfromthe
liftanddragsunmarycurvesof figures11and17. A consistently
decreasingdragdueto lift,forconstantliftcoefficient,is indicated
forincreasingaspectratio.It shouldbe remembered,however,thatthe
correlationof datadoesnotapplyatthehighsubsonicMachnumbersfor
valuesof A(t/c)l\sgreaterthan1.6. Forthesewings,of large
aspectratioandHge thicknessratio,a reversedanderratictrendof
largeinduceddragresults,probablyfromthelargeeffectsof shock-
inducedflowseparation.

ADDITIONALCONSIDERATIONS

MaximumLift-DragRatioandOptimumLiftCoefficient

Thevariationofthemaximumlift-dragratio~d thecorresponding
optimumliftcoefficientwithMachnumberis-showninfigures19and20.

Themaximumlift-dragratioisexpressedby thefamiliarformula

(3). =ij~ (23)

providedthevariationof ND with CL isparabolic.TheValUeofthe
thefrictioncoefficientCDf fortheconditionsunderconsideration
maybe takentobe 0.~6. Fromtheequiva t expression
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it is apparentthattheinclusionofthefrictiondragdoesnotpermit

()
a generalizedexpressionfor L intermsofthesimilarityparam-

E-
eters.A correlationofdatamustconsider,.ind’ividually,e&chseparate
valueofthethiclmessratio.Althoughnogeneralizedcorrelation
appearspossiblea fewremarkswillbemadeconcerningtheeffectsof
aspectratioandthiclmessyatioattransonicspeede.

At lowspeedsandlargeReynoldsnumbers,themaximumlift-drag
ratioshowsa dependence”principallyonthevalueoftheaspectratio.-
AbovethecriticalMachnumber,wheretheminimumpressureWag becomes

—

large,thelift-dragratiosarefoundtobe essentiallyindependentof .– --
theaspectratiobutindicatea pronouncedde~endenc”e’onthe.thickness _ ~
ratio.Thisindependenceofaspectratio-atkransonicspeedsisillus-
tratedby thesonicdatainfigure21wherethevariationwith A(t/c)1\3
ofthetwoexpressions

[w%l[s”(’lc)-”~‘d[%$+%m(’’c)-=
()L’usedtiequation(23)for D ~~ isshownforseveralthickness

ratios.Thetwovariationshavea compensatingeffectthatleadstoa
maxtiuulift-dragratioessentiallyindependentofaspectratio.

Theoptimumliftcoefficientisrepresentedbythefoliowingfor-
mulawhenthedragpolarsareparabolic: “-

“pt=m “: “ ’25)

Thebasicdata curves of figure20showthatthevalueof C~pt at
near-sonicspeedsdedreas”es“with-bothdecreasitiaspectratioand

—

—

—

— . .——.

-.
—
..

.. ——

decreasingthicknessratio. ,... -

Thelinearvariationoftheforcecoefficientswithaspectratio
..

atthesonicspeedischaracteristicofthe,wingshavingvaluesof
A(t/c)l\3lessthanabout1.

—
Thefollowingempiricalformulaswere

obtainedby substitutingequations(20),(21),and(22)intoequa-
tions(23)and(25) .

L
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Thefrictiondragcoefficientmaybe closelyapproximatedby 0.006and
thecalculatedvaluesfromtheseformulasagreecloselywiththesonic
e~erimentaldatafortheaspect-ratiorangeof 3 to 1.

Drag-DivergenceMachxer ..

Thedrag-divergenceMachnumberMDIImaybe definedas theMach
numberatwhicha definiteandabruptincreaseindragcoefficient
occurssmdisusuallychosenas theMachnumberforwhichtherateof
chsngeofdragcoefficientwithMachnumberreachessomearbitrary
value,say0.1. A newdefinitionfordrag-divergenceMachnumberfollows

\ froma considerationofthesimilarityruleforthedragcoefficient —---

DifferentiatingwithrespecttotheMachnumbergives

r ‘-1 >A(t/&/”~= (t/c)M DIL_
‘%’ $1 .

Thedrag-divergenceMachnumbermaynowbe definedas theMachnumber
forwhich

dQj

+
= constant

andthisimpliesthefunctionalrelationship

(27)

(28)

Fortwo-dimensionalflowsitfollowsimmediatelythattherelationship
betweendrag-divergenceMachnumbermd thicknessratioforsymmetrical*“
tingsat zeroangleof attackisgivenby a constantvalueof l-~=

(t/’)2/~”‘
“
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The.experimentaldrag-divergenceMach

cient
(%= 0,

arecorrelatedinfigure
dCD/dM

evaluationhasbeenmadefor
m=~;

NACARMA31L17b

numbersforzeroliftcoeffi-

22. Forconveniencethe ._

Accordingtofigure22the

two-dimensional-flowvaluefor MDD isgivenapproximatelyby
l-MDD2

—..
= 1.7!5““asisindicatedby theasymptoticnatureof thecurve.

m“ —

CONCLUDINGREMARKS
-,=...

data
NACA
2 to

Thesimilarityruleshavebeenusedto &orrelatethee“kperimental
fora seriesof 22rectangular,symmetricalwingshaving
63AOXXsections,aspectratiosfrcm1/2to6,andthicknessesfrom ‘T” .:
10percent.Thedatawereobtainedby use.ofthetransonicbump

techniqu~fora Machnuhberrangeof 0.40~o 1.10smdReynoldsnumbe~
rangeof1.25to2.05million.

Theresultsof.thecorrelationhaveshownthat,withtheexceptiori
ofwingshavinglargevaluesof A(t/c)lJ3athighsubsonicMachnumbers
whereanerraticvariationof theforceandmomentcoefficientswith
Machnumberwasindicated,itispossibleto correlateexperimentaldata
throughout.theMachnumberrangeusingthetransonicsimilarityparam-
eters.Theuseofthegeneralizedcoefficientshaspermittedthepres-
entationof experimentaldatafora widerangeofaspectratiosand
thicknessratiosby.aunifiedmethodthroughouttheMachnumberrage,
andtheformofpresentationusedhaspermitteda directcomparisonof
thedatawiththe-knownresults oftheory.

At thesonicMachnumbera linearvqriationoftheforceandmoment
coefficientswithaspectratiowasfoundtobe a universalpropertyfor
wingshavingvaluesof A(t/c)l\slessthanabout1. Forincreasing
valuesof A(t/c)l/3greatertlisn1 thegeneralizedcoefficientsat
thesonicspeedSHOWa rajid‘andasymptotic”approachto constantVaues,
indicatingthata transitionfromthree-dimeqsionql-flowcharacteristics
(wheretheforceand~ent coefficientsvarylinearitywithaspect
ratio)totwo-dimensional-flawcharacteristics(wheretheforceand
momentcoefficientsareessentiallyindependentoftheaspectratio)
occursneartheparticularvalueof A(t/c)liaequalto1.

Thedatacorrelationwassummarizedinpresentationsinvolvingonly
onegeometricvariableA(t/c)l/s.Thesummarycurvesmaybeusedas “
designchartsforestimating”thetransoniccharacteristicsofrec$angnlar
wingsprovidedthe-airfoilprofiledoesnotdiffergeatlyfromthe
NACA63A series.Althougha correlationof experimentaldatawasnot
possibleforthem&ximumlift-dragratioandtheoptimumliftcoefficient

..
.—

.

—

,

.
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.

thesummarycurvesforminimumpressuredraganddragdueto liftmay
be usedto estimatethesevalues.

AmesAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

MoffettField,Calif.

.

.

.
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TABLE1.-VALUESOFTHEGEOMETRICPARAMETER
A(t/c)l/sFORTHEWINGMODELSTESTED

—.

NACARMA51L17’b
—.

. ..

.

.-

I-—
6

6

6

4

4

4

4

3

2

2

2
—

t/c

0.10

.08

.06

.10

.08

.06

.04

.04

.10

.08

.06

A(t/c)l/s

2.784

2.58&

2.352

1.856

1.724

1.568

1.368

1.026

.928

.862

.784

A

2

2

1.3

1.3

1

1.

1

1

1

.5

.5”

>/c

).04

.02

.04

.02

.10

.08

.06

.04

.02

.04

.02

4(t/c)1/3”

0.684

.542

● 513

.ti

.464

.431

● 392

.342

.271

.171

.136

‘=w=-

.

..

—

9

—-- -—+ —.= .,<
.- . -—

--

“.

.
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TABLEII.- NUMERICALVALUESOF (t/c)“a,
(t/c) 2/3, AND(t/c)‘/3

t/c

O*I2

.ll

●10

.09

.08

.07

.06.

●O5

.04

.03

.02

(t/c) ’/s
o● 493

.479

.464

.448

● 431

.412

.392

.368

.342

.311

.271

(t/c) 2/3

0.243

.230

.216

.201

.186

●170

.154

.136

.UT

●097

.073

(t/c) 5/s

0.0293

.0254

.0217

.0181

.0148

.OIL8

●0092

.0068

.00468

.m292

.00147

~“

25 ---

. . ..



26 NACARM A51L17b
.

.

T%BLE
FOR

111.- VALUESOFTHEANGIXOF
VARIOUSVALUESOFTEERATIO

ATTACK(INDEGREES)
* (INRADIANS)

Angleofattacka, degrees

%/c ~
_, 0.5radian1.0radian1.5radians~2.0radians
t/c

0.10 .2.87 5*73 8;60 --

.08. 2.29 4.58 6.87 --

.06 1.72 3.kk 5.~6 6.87

.04 -- 2.29 3.44 4.+

.02 -- -- 1.72 2.29

=!5=--”-

.

—
—.

,

.

-. -- -—

-.

?.—



NACARM A51L17b

/.40

1.20

,60

I .40

.20

0

27

/.40

}.20.

/.00
8
<’Q

.80;
c
*

s
.60

.40

.20

0
6 4 2 0. .04 .08~12

Aspect ratio, A Thickness ra fro, t/c

(o) The functional voriotion of uspect rotio ond thickness rotio
with Mach number.

Figure /.- Requirements for simllit ude of transonic flow.
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