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Theproblemismnsideredofa wingwithreotiline=planformswept
sothatbothleadingandtrailingedgesliewithintheirreqeotiveMaoh
cones;moreover,theMachlinesfmm thetrailing-edgeapextntersectthe
leadingedge.Formulasanddesigncluxrtsarepresentedfortheliftin
sucha case,basedonqqrcpdmateformulasfortheliftdistribution
developed- I?ACATN 1991,1949. IIM3CWS cover a practicalrangeof
~e~.ratios - planf- ofmoderatetaper,withtipsparalleltothe

Thele~dge thrustanddragduetoliftm3alsoreadUy
calculatedfromthematerialpresented.N-rioal resultsandan applic~
tion of the Ohsrtsare Ln.cmlaea.

moDucmo19

RangeofApplicabilityof

Problemsinlinem?izedsumrsmiowing

.’
Formulas“

theoryarecharacterized
priamrilyby theorientationr=lativeto & wingboundariesoftheMaoh
linesarishgfromthevariouspointsofdisturbancedef~ those
boundaries.Therefore,evenwhentheplanformofm wingisspec~ied,
aseriesof~oblemsmises ifthewingisto flythroughanycmside~
ablerangeofM@ numbers.

Paradoxically,theproblemoftheflowathigherI&ohnmibershas
provedmorereadilyamnableto solutionthanthatat lomr speeds, I
becauseatthehigherspeedsthezonesof Mluenoe (Maohcones)sre
narrowandintel’ferenoeproblemsarefewer.W theoam oftheconvem
tionalswe~ack whg atan engleofattack,fourMaohnumberrangesmay
be saidto havebeentivestigatedto a sufficientextentthatthelift
anddragofw specifiedwingisreadilyobtainehle.Theaer~c
cbaraoteristicswerefirstcomputed(referen.oe1)forthatrangeofMaoh

f

.
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2 WA m 2093

nuuibersinwhichon+ytQecentersectionsofthewingsreincludedinthe
Machcopefromtheleading-@geapex;formulashavealsobeengiven
(reference‘2)fortht’”riefiltierrange,@ere theleading-edgeMachline
cutsthe-tip;foimulas(reference2) “andcharts(reference3)havebeen
givenfora thirdr&ge,wheretheleadir&@geMachlties@ndsaheadof
khe’w@j,btitheMach-lim”~o? thetrailing~dgeapexisbehindthe
~; ‘-d formulashave~eengiven(reference2) fortbefourthcase,in
whichthqtrail~~dge Machcopeincludes“p@ ofthetip,butnotthe
leadingqlge.- .. .

Thelastofthesecasesis illustratedinfigurel(a). Infigurel(b),
thesamewimgis shownat“a-r Machnumbersuchthat”thetrailing-
edgeMachlinenowintersectstE&lead~ edge.Inreference!,theflow
in sucha casewasinvestigatedandforqulasfortheloaddistribution
werederived.~ thepresentrepofi,theloaddistributionwillbe inte-
gratedto obtainformulasforthe“total.lift.Formulasfortheleadimg–
edgethrufiandthedragd~ to liftwi~ alsobe presented.

TheMachnumberrangetowhichtheformulasandchartsapplyisindi-
catedas a functionoftaperratio A andaspectratio A forseveral
anglesof sweepbackA infigure2. Theupper-limitcurvesaredetermined
by theconditionthatthetrailing-edgeMachlinetitersectsthew5ngtip .
attheleadimgedge. Abovethesecurves,theformulasofreference2 may
be used.A lowerMachnumber,range,~rgjngintothetransonicandsuch
thattheflowfieldofonewingtipextendslaterallyto includea partof
theothertip,isdefinedby thelower-limitcurves.Theflowpatternin

~.

sucha caseistoocomplicatedtobe treatedby themethodofthepresent
report.Machnuniberslowenoughtopermitwing-tipinterferencefall.
withinthescopeoftheapproximatetheoryofreference5.

Theproblemof~–tip interactionalso,ofcourse,setsa lower
limitontherangeofaspectratioscovered.Ontheotherhand,themethod
ofreferencek andthepresentpapermayintheorybe appliedtothecom-
pletersngeofaspectratiosto therightoftheboundariesshownin
figure2. However;th&necessaryformulashavebeendevelopedonlyupto
a certainpointbeyondwhichtheservicesofhigh+peedcomputingmac~
erywouldbe requiredfortheirevaluation.Bothmathematical.andphysical.
considerationsmaketheapplicationofthemethodtoveryhighlytapered
planformsinadvisable.Forcasesofmoderatetaperanda practic~range
ofaspectratios,chartshavebeencomputedto facilitatethecalculation
ofbothlR anddrag“dueto lift. The‘fomm+s andckrtshavebeen
develop+forwingswithtipsparalleltothestreamonly,butthegeneral
procedureisapplica%~e‘towingsyithrakedti~salso.

5e symbolsqset+arelistedtithea~endix.....

— -—— — — — -—_—
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GeneralOutlineoftheProcedure ‘

Inreference4 it wasfoundthat,whentiteractiontakesplace
betweentheflowfieldsoftheleadingandtrailingedges,thewingplan
formappearsto comprisetwoprhcipalregions,separated(fig.l(b))by
theMachlinearisingatthepointof intersectionofthetrailing-edge
Wch lineandtheleadingedge.Aheadofthisline(regionI)theflow
ismostreadilydescribedh termsofcoticalfields.Behindthisline
(regionII),thefluwismorenearlytwedimensional,andtheloadingcan
be approximatedby thewell-lmownmibsonicfla+plateformula,corrected
inmagnitudeto givethepropervalueofthepressureattheleadingedge
ofeachsection.Theformlasforcorrectingthetwtihmsionalloading
aregiveninreference4. Foran infinitelylongwing,ofcourse,the
loadtngapproachesthesubsonicflat-plateloading,correctedfortheangle
ofyawaccordingto simplesweeptheory. .

Thetotalliftisfoundus- fortheloadinginregionI theconical–
flowsolutionsofreference2 andinregionIItheformulasgivenin
referehce4. likomtheintegratedliftandtheleading-edgethrust,the
dragdueto liftcanbe calculated.Theleading+dgethrustinregionI is
thesameasthatforthetriangularwingwiththesameIea_dge sweep,‘
endhasbeengivenby Jones(reference6), Hayes(reference7), Robinson
(citedinreference8), endothers.Thedisturbanceerisingatthe
trailingedgeaffectstheleading-edgesuctionb regionII. Formulasare
derivedforcficulatingtheresultingthrust,fromwhichthedragdueto
liftfollows.

FORMOIASFORLIFT

. RegionI

Conical+lowsmethod.–Theterm“conical-flowsmethod”isusedto
designatebrieflya methodofsuperpositionof conicalflowfieldsldevel–
opedbyLagerstrom(reference9) as an extensionofsome‘earlierworkby
Busemamn(reference10). Thus,theloaddistributionona swept+ackwing
is calculatedby superposingontheconicalloadhgofan infinitetriqngu–
larplateotherconicalflowfieldsofsuchmgnitude@ orientationas
to cancelloadingontheportionsofthetri~ platelyingoutsidethe
boundariesofthespecifiedswept+ackwing. Thisprocess,as appliedat
thetrailhgedgeofa swept+ackwing,ismorefullydescribedin
reference2.

1A conicalfieldisoneinwhichthevelocitiesareconstantalongrays
emanatingfroma point(theapexofthecone).

—._ .._ —— _ _ _.—.
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~ fi~e l(b),regionI hasbeenfurther
andIbby tti-Mach13nefromthetrailing-edge
regioninwhichtheloadingismodifiedby the

I

dividedintoregionsIa
apex.RegionIb isthe
additionofthefieldsused

to cancel theloadbehindthetrailingedge. h regionIa,theloadingis
simplythatona triangularwinghavingthesam apexangleastheswept-
backwing.

TheconicalflowfieldswereoriglnaUyderivedmostconvenientlyas
velocity,ratherthanpresswe,fields.me loadingisobtainedfromthe
velocityby theltnesxizedrelation

&_Au_—
~v

where u isthestreamwisecomponentoftheperturbationvelocityonthe
uppr surface,V is the streamvelocity,aud Ap/q isthecoefficient
ofliftingpressure.

Loaddistributioninretion1.–~ termsoftheconicalvariable
I a = py/x, the loadingover~hetriangular

‘*=i&
where

IT@ is gi~n by

(1)

.

(2)

isthestreamwiseconqmnentoftheperturbationv?locityalongthewing
centerline(a=O) @ ~ isthesamevelocitycomponentelsewhereon
thewing.

Csmcellationoftheloadinthewake,asdescribedinreference2,
is accomplishedby superposingfirsta symmetricalfieldhavinga conshant–
loadregioncoticidentwiththewaketo csmceltheperturbationvelocity
~ throughoutthewake,andthenan infinitenunberof Inffitehimal.ly
loadedobliqueele~ntsto canceltheremaininglift.Figure3 showsthe
comtant-load region(shaded)ofa siugle“oblique”flowfield.

Cancellationof ~ inducesonthewinga pressuredistribution
(equation(51) ofreference2, corrected)proportionalto

..

(Au).“=- ‘0 F(@tip, q))
K(~)

(3)

—— —. -.—— ——— –——.-————
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where K(~) isthecompleteellipticintegralofthefirstldnd

ofmodulus“~, and F istheincompleteintegralwithargumnt

(4)

Eachoftheobliqueelements’inducesonthewingtheperturbation
velocity(equation(50) ofreference2)

(5)

where ~ isthedifferentialof uA obtainedby differentiatingtith
resyectto a, or

muoa
‘a”= (*2) s/2 b (6)

UncorrectedliftinregionI.–in orderto obtainthetoth liftin
region1,2we firsttite~atetheuncorrectedloadingofthetriangular
wingovertheentirearea,obtaining

h=
{[

4muo ~ l+m “ 1 _= S+az m—.~;co (1+11)s J- Cos ~(l+a,)– 1
+

qa l+az

. — :- =J)+(,:JICOS+ :--==J;-COS-.;]},%2 (Tn+lz q
<

(7)

where a2 isthevalueof a correspondingtotheraythroughthepoint ‘
of intersectionxz,yz ofthetrailingedgeandtheMachlineseparating
regionsI and~. (Seefigs.1 and3.) W termsofthewimgp=oa
paramters,

?Formlaswhichfollowareforthecompletewing3thatis,theleft-
sideisincluded.

—.—----- — — .~ . ..————.. . ——.. . _ ___ ——.——.——
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When ~=m (untayeredwing),thesecondpartofequation(7)becones
indeterminate.~ thiscase,

i [6+==Y=-2]} (9)

Wakecorrections.–Thewakecorrectionsaretobe intematedover
regionIb. ihtegrationof
yields

!% . –16m2x12
qu mq--

where

thesymmetricalwakecorrection~equation(3))

%{’-* [’”-WW

coxl=—1+

(10 )

(U)

isthe x coordinateoftheintersectionofthetrail~dge Machline
withtheleadingedge. (Seefig.3.)

Foreachobliqueelement,thereductioninliftisgivenby

in which

(13)

isthe x coordinateoftheintersectionoftheMachlinefrom Xljyl
wfththetrailingedge(seefig.3)snd

qcxa=2 (14)q-
isthe x coordinateoftheapexoftheelemnt a.

.,

t.

—
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. LiftinregionI.–ThetotalliftinregionI“isthengivenby

(JL Lo (AL)O+2 “a4L&
+ ——

\~I ‘~ qa J–qaoda
(15)

()Thequsatity~ -Q
&co’ qa~

isplottedagainstmt h figure4 for

severalvaluesoftheratio m/m~ Thislatterparamteristheratio
ofthetangentsofthesemiapexsnglesoftheleadingandtrail~ edges
audisconstantforanyonewhg throughthelkchnwiberrange.

into
Such

RegionII

Tip-effectproblems.–Infigurel(b),
twosectionsby theMachlinefromthe

regitiII isshowndivided
le&ng edgeof-thetip.

a divisionisactuallyan oversimplificationoftheproblem.While
. regionIIacanbe treated?by themethodofreference4, insuch.away

asautomaticallyto satisfytheKuttaconditionatthetrail~ edge,the
tipeffect,whi6hmodifiestheliftinregionIIb,hasnotbeendeterndned
soastotakethisconditionintoaccount.Inthecancellationrethod
usedto determinethetipeffect,a so-called“primarytipcorrection”is
firstobtainedbysuperposingconicalflowstoreducetheliftto zero

.

u

alongandoutboardofthesideedge.A
furthersuccessionofsteps(reference2)
isreqtiedto csmcelliftintroducedin
thewakebehindregionITb,andthereafter
outbomdofthetipwithtithe~ch cone
from @,@ (seesketch)sadsoon. The
correctionsobtainedby thisprocedure
alternateinsignandbecomesuccessively
smallerinmagnitude,whileincreasingin
mathematicalcomplexi~.Since,moreover,
it isknownfromexperimentsthatthe
assumedflowinthetipregionsisatvar-
iancewiththephysicalflow,itwouldbe
illogicalto attemptanypreciseevalua-
tionofthesecorrections.A simplefop
mulawillthereforebe given,following
thederivationoftheprimarytipcorrec-
tion,forobtaininga fairestimateofthe
“see_ correction”; furthercorrec-
tionswillbeneglected.

‘ Load@ ‘in reRicUlrI.–Exceptfortip
losses,theliftinregionIImaybe

.—.... . .. .——.——.- .—.——--- . . -— ____ — . . —— ———.——— --
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calculatedby integratingouttothetiytheapproximateloaddistribution
giveninreference4. Thisloadingm

,.

/---

[W-.Jx-cowo -.
~=4ci
qa [-(x-o) l(lm@Y)

(16)

whichis merelythe mibsonictwo-dimensionalflat-plateloading,applied
on sectionstakennormaltothestream,andwitha correctionfactor
insertedtoln?ingtheloadingattheleadingedgeintoagreementwiththat
derivedfortheswept~ackwingby theconical%luwsmethod.Thetheoreti-
calloadingata subsonicleadingedgeis,of course,infiniteinanycase,
withtheinfinityentering,asthereciprocalsquarerootofthedistance
totheleadhgedge. Thecoefficienta isa measureofthestrengthof
theleeding-edgesingularityh theloadingontheswe=ack wing.

4 It ismostconvenientto descri%ethele~dge singu@rityti
terms“ofthecoefficientb theperturbationvelocityu of (mx~y)l/z,
wherethequantity(mx-py)is ~ t-s thespanwisedistsmcetothe ,
leadingedge.Thiscoefficientisthen u~nE@y sailthestrengthof
thesingularityin u isthelimitof itsvalueas By approachesmx
(theleadingedge).T!hecoefficientu isa nondimnsionslformofthe
samequmtity:

u=(+ifp)pm
and is a function of x.

(17) .

Inlinewiththegeneralprocedaeoftheconlcal%lowsmthod,the
coefficientCA of (mx~y)-112 correspondingtothetri~
velocitydistributionisfoundfirst,sadisthencorrectedto tske
accountoftheeffectsof cencel@gtheloadinginthewake,by thes-
metricalcancelingelement
expressionfor u is

1u(x)= —
● Va&

where

andby theoblique

[ J

a.
CA + (f@. +

o

elements.we r&ilt~

Q&a
da 1

-—— —. —— —

(18)

(19) “’

.
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istheuncorrected(i.e.>tri~ ) coefficient;

—

“(AC)O=4% r[— K(k)E(k,~)-(k)F(k,~)
ti~K~~) l+m ‘1

(20)

J%(1–TO)with k =
(l+@(To+q) ‘ i

$-=sin-’ ‘m, *T .=”
PTO o x-~

isthesymmetricalwakecorrection;and.

is thecorrectionfora single

(~%)mx~coaT-
a - (mpi)x~co

Theupperlimitof integration
,

1K(~)E(~,~o)– E(%)F(%,*o)1}
(a)

obliquetie element,with

Is

(l+ll)x+o
a. (22)= ~ (la)x~co ~

Equation(18)forthecoefficientofthele~dge sigulsrityis
mathematicallycompleteforpointsimmediatelybeyoridXl,yl alongthe
leedingedge,butiftheaspectrdio isveryhighortheMachnumber
verylow,theMachlinefrom X2,y2 mayintersecttheleadhgedge

—. _—. __ ___ _. ___ ..._. .__. ___ —-—_ ——___
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— —Much lines 0

(seesketch)endbring~out further
modificationsoftheflowonthe
outboardportionsofthewing. The
onlyeffe6tofthismodificationon
theformulaspresetiedhereinisthe
introductionofadditionaltermG
intothee~ssion for a for
valuesof ~x beyondX3, sndin
stillmoreextremecases,beyond
x= andsoon* Evaluationofthese
termsby theconical~lowsmethal
involvesmulti@etitegrationendis
imprac%icslexce~withtheaidof
hig&speedconrputimgmachinery.
Eachsuccessivecorrection(to u)
is initiallyzeroandenterswith
zeroslopeat x~ zeroslopeand .
curvatureat xs Snaso on,sothat
thethree-terme~ession for u
givenby equation(18)maybe used
withsatisfactoryaccuracyforsome
d.istsmcebeyondthelastvalueof
x (x~ forwhichitisstrictly
valid. Znpractice,thethirdterm
b equation (18) m& alsobe neg-
lectedforvaluesof x onlyslightly
greaterthan xl.

rcharts giving~E!! as a function of ~ forthevaluesofIll m
thetape~atioparameter~ coveredinfigure4 erepresentedin

%
figure5 asan aidto comptihg.Thecurveswerecomputedusingequa-
tion(18)andarethereforeexactonlyup to x= (shownby a vertical
markineachcm-ve). ThepointsX= arealsoindicated(by Xts)~ a
morepracticsllimittowhichuseof%hscurvesmaybe”extended.(These
pointsareoffthescalefor ~ = 0.8 and0.9infigure~(a)).Whenthe
_ are~tapered(m/~ = 1.0),asymptotes .

f

fls 1+11 1— —.—
m m G

derivedfromsimplesweeptheory,maybe drawn.Therelativepositions .
ofthecurvesinfigure5(a)@ theirasy&totessuggestthata further
extensionbeyondX5 willprobablynotintroduceanyseriouserrorin ,,
thesecases.

Thecurvesareforthemostpsxtregulexenoughto p&mit interpola- .
tionWithtnfiervalsof0.2of ~. However,at ~ = 1.0thelines

.-
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,

diminishto a pointontheverticalaxis;a curvefor ~ = 0.9 was
thereforeinsertedinthechartsformoderatevaluesof m/~. With
m/~ lessthan0.5, ~ = 0.9 represents,if x>x1, suchefireme
taperthatthesuccessivepoimtsofreflectionoftheMachlines
(xa,X5,...) tdse@ace withtia verysmallfractionofa chord-length
audnousefulcurvecanbedrawn.No curvesaredrawnfor mt smaller
than0.2becauseoftheti~interferencelimitationdiscussedtithe
introduction.

Uncorrectedlift,regionII.–In ordertofindthetotallift(“except
fortip.losses)inregionII,a doubleintegrationwithrespectto x mmd
y isperformdonequation(16).A firstintegration,withrespectto
Y) yie~ fortheindefiniteintegral .

The values of By tobe sub
stitutedas limitsinequation(23)
areindicatedinthesketchtothe
right.Alongtheleadingedge,the
right-handmemberofequation(23)
reduoesto zero;alongthetrail-
edgeitbecomes

* u(x)Ay.upo-(mph (24)

Thenthe
(onbothwing
losses,is

total lift in regionII
halves ), exceptFortip

-1

\
\\

(23)

/
. . ..-—. --— -.-———— ————.--- —-—. -_— -— --- .——-— — -— —- –-—--—
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~ ~ “(’’(’1“-%+%94
.

.
where

‘2 = J(l+m)(x%.) ‘4 = d~

(25)

f. = J(l+IUJ(XA ~ f5=-

Theindicatedintegrationsmaybe performdn~ricald.yorgraphi–
cay, usingvaluesof u(x) tabn fromthechsrts.

Primm=y tip correction.—A methodofapproximatetugthetip-induced
reductioninloadinRisdescribedinreference4. Theuncorrected
loading along
l)yreplacing

thetipsectionisdeterminedby equation(16),simplified
u(x) by theconstant

()~Us=um
. .

(26)
.,

Theassumptionisthenmadethatthelifttobe canceledoutbo&dofthe
tipisa continuationofthisloadingalonglinesparalleltotheleading *
edgeofthewing. Thecancellationisaccomplishedby mesnsofthe%ip

——- ..— .— .—— .—— —— --- —-.—. — .
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solutions” ofreferem’es2 d 9,
flowfieldshavingconstant
pressureover a regi6nboundeilby
thetip anda rayextending
outwardfroma point Xc,s on
thetip.

b cmcel~ thecylindri–
calfieldassumedb thiscasey
therayswouldallbe parallel
totheleadingedge. (See ~
sketch.) Thestreamwisecom-
ponentofvelocityonthewing
dueto onesuchelementis

‘c m+tc+autc
~ Cos-=

tc-m
(27)

where ~ istheconstantvalue
ofthestreamwiseperturbation
velocityontheelementsnd
tc/P istheslopeofa rayfrom
itsapex ~,s. Thisvelocity
isnmltipliedby 2PV to
convertto pressmeW by

as m’t%--ixc- gw— dtc=dtc B(tic)<.
dtc

to obtaintheliftontheUferential’ofareashowninthesketch.Then
titegathgwithrespectto tc from-1 to O givesthetotalliftinduced
onthewingby thesinglecancelingelementat %. Theresultmy be
written -

1 w ~ = 2%mt2ct2.— c
(“E-:) ‘l-Eci

(28)
qa tic Wa(qa)

where Ec, as showninthesketch,isthedistemceof Xc,s be~ the
leadingedge,divided%y thetipchord ~, or

xc-(E@/d
EC’=co+(@/~)_@s/m) (a)

—.—.-. ..— —— -— -—-- — --.—— ._ — ~.—— —— —— _—— ..—
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Sincealong thetip,&romequation(16),

or

U(EC)

~ACATN2093 ,4

.

(30)

where X is thetaperratio
be givenby thedifferential

Ct/co, thecancelingvelocities~ must

(31) ‘

Thentheprimxytipcorrectionto thelift(bothtip ticluded)
4

()- NmlA/z23*t%‘l-EC)’AIL = _ 4%2ct2 c

‘a tip
[ G+

f
= (1-+C)2-&1 1%c

dEc

(Ec l–%-EC ) 1
Ec

whichmaybe inte~tedby partsto give

(32)

*

—— ..— . .——.
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.

where K and E arethecompleteellipticintegralsofthemodulus

lhthecaseofanuntaperedwing,

()
AIL =
= tip

equation(33a)

-3KC02G
~ ‘s

Secondarytipcorrection.- The
primarytipetrectJustderivedis
actuallyan overcbrrection,since
theloaddistributionofwhichit
isthetntegraldoesnotgoto zero
atthetrailingedge.Theresidual
liftinthewakeistheresultof
superpositionofan imfinitentier
ofconicalfields.mdtherefore
cannotbe csmceledidenticallyin
anysimpleway. Numericalresults
indicate,however,aspointedout
inthepreviousreports(references
2 and4),thatthemajorpartof
thetipeffectarisesintheC-
cellationoftheinfinitepressure
attheleadingedge. IiIdete~
ingthesecondarytipcorrectionto
theloading,therefore,itmy be
assumedasanapproximationtht
theresidualvelocityfieldinthe
wakeisconicalwithrespecttothe
leading-edgetip,thevalueofthe
velocityalonganyray tm (see
sketch)betngdeterminedby thevalue

15

reducesto

(33b)

attheinterjectionxbj~ oftheraywith
Kuttaconditionissatisfied,althoughsome
inthewake.

thetrailingedge. 5us the
pressuredifferencesremain

An expressionforthecorrectiontothetotalliftresultingfrom
thisapproximatecancellationofthetip-inducedvelocitiesatthe
trailingedgehasbeengiveninreference1 asequation(~), fromwhich
~y be written .

,,

__ .... .. —.— .- ——— ——— -——.-
..—.— —.—=
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~

0d(An/@
dtm [

(+’ : +=-(1-4]”.}
(34)

where @,fi (see sketchp. 15) is the point of intersection of the tip
I&ohline with the trailing edge, tm is ~ tires the slope of a ray
fromthele~dge tip, xb,yb istheintersectionoftheraywith
thetrailingedge,Au istheV8hCitY to be cmceled at xb,ybj
and All? is &(&,@).

Againexperiencehasshowntheintegalterminequation(34),which
tivolves very lengthy computing,to be considerablysmiler thanthe term
in Au*. Since only an approximatetip correction fs desired, it will
suffice, therefore, to calculate

(%‘a tip

Fromreference4,

where E* isthe

equation (45),

&*
F

=—J“&-
streamwise.distanceof

expressedas a fictionofthetip chord;

(36)

fi,# fromthe leading’ edge
that is,

It iseasilydeterydnedthat

andconsequently ,.

* _ ~(l+m)
E- m(l+%)

. .

( 37)

d

.

0

\

—— — ——— —
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Withthesevalues,and A@/Va fromequation(36),equation(35)hecoms

Totaltipcorrection.–Thetotaltip
approximationdiscussed,isthealgebraic
Exceptfortheoccurrenceof asjct and
resultantexpressionisa functionof m

correction, to tlm degree of
sumof equations (33) a (38).
L tithe coefficient, the
and ~ only, independentof

(1$6 ALthetiplocationpValuesof —Crsctz~ ~p havebeenplottedin

()
figure6, ha formsimihrtothechartof ~ (fig.4).

-r

m6thcii,a samplecalculationwill.be outlined.
willbe calculatedforanunta~red

As a summryofthe
Thelift-curveslope c&

l&footchordand&oot span,sweptback45°andflyhg ata
numberof1.o8. 5n cotA = 1.0,~ = ().4,m = 0.4,& = 0.4
fromfigure4,

()$_ *Z=13.30?co
W ~

= 1330squarefeet

wing of
Uch
and, “

(Itshouldbe notedthat ~ = cotA)

Withvaluesof u obtainedfromfigure5.(a),graphicalintegrationof
equation(25)gives

531squarefeet()L=
qa

II
Sincethelead~dge sweepisk50,thetipisat x = 20, end,from

figure5(a),
@@@) &=o.518* ‘omfiwe 6> ‘hce ‘=1)

()AL = –1.69
C&
— = -219 square-feet

G
tip P

———. —--— ————.————
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Conibiningthethreecomponentsofthelift,we obtain~ = 1642square
feetand

()c~=$ -& = 4.10

DRAGDUETOLIF1’
.

The drag due to lift can be foundas the integral aroundthe airfoil
of the incrementalpressure puV ttis the sloye w/V of the swz?ace.
ti the case of a thin flat airfoil, this calculation gives merelythe
lift times the engle of attackovermostofthe,surface.However,as is
discussedinreferenceU inconnectionwiththetwo-dimensionalwingin
subsonicflow,an hfinitepressureactingontheleadingedgeresultsin
a suctionforce,whichtendstoreducethetotal.drag.Whenthew- is
sweptbehindtheIkchlinesfromitsapex,a similarsuctioncanexistin
supersonicflow,shoe thepressmeona subsonicleadingedgeistheoret-
icallyinfinite.

Hayes(references 7 and12), Robinson(see reference 8), andothers
have derived the formulafor the suction force on a mibsonicleadhg .
edge by assumingthe flow near the leadhg edge to be essentially twc- .
dimensionalandaypl@ng the results of tw~nsional potential. theory.
5 simpleresult obtatied b that mannerhasbeenverified for the long
swe~ack wingby application of th6 somewhatcliff erent approachof
reference 13. .

.+

J.

By the tw~nsional approach,the suction force is foundto be “
proportional to the squareof the strength of the leading-edge singularity
in the perturbationvelocity u. This quantity has already beendiscussed
in connectionwith the lift in region II, wherethe strength of the
le~dge singularity wasdefined as the coefficient of the inverse
squareroot of -y. ~s coefficient is CA (equation (19)) on the “

I a.
forwardpart of the wing and CA + (N). + &da (seep. 8)

behindthe trail~dge I&ch line. l&omRo&nson~swork,thelongitudi-
nal componentof the suction
maybe expressed, for region

force per unit length in the x direction
1, in termsof CA as fol-1-ows:

.
andsjrni1nly fortheremxtnderofthewing,with CA replacedby the
correctedcoefficient.

+

.—— —. —. ——
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Fora givenwing,thetotaldragdueto liftistheresultofsub-
tractingthetotalthrustfromtheproductoftheliftandtheangleof
attack;thatis,

ps

J’=CmD =aL-2 -#x ‘
o

or,h coefficientform,

%=$(%%’J%%.

(39)

(40)

where S isthetotalareaofthewing. Writing

&

J‘a!r
{f

1
-#X= E!?LJ- cA2fh+

o m o

(42)

so that

(43)

withthefinalintegrationtobe performednmmricallyorgraphically.

.

.?

–--—-—.—— — L —.—-—. —. —.. ..— — . . —
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AJ?l?LICATIOIiANDDISCUSSION

RACATN 2093

Lift-Curve Slope

The l~wve slope C% has been calculated for two families
ofuntaperedwings,with m constantat0.2and0.4,andwithvsryingI
aspectratio.Theresultsareplottedagainstthereducedaspectratio
PA infigure7. 5 circledpointsindicatetheactualcasesforwhich
calculationsweremade;thefairedcurvesareonlyapproximateions,since
theyignoreslightdiscontinuitiesin c~ature associatedwiththeonset
of interactionbetweenthewakeandleadingedge,andhighe~rderdis—
continuitiesassociatedwithsuccessivereflectionsofthetrailin~dge
Machlines.

Twopoints correspondingto taperedwingswith m = 0.4 and
~ = 0.6 erealsoincluded.lhonecase(j3A=,1.6),andinthecase
oftheuntaperedw5ngwiththesamespan(~ = 1.2),thetrail~dge
Wch linesdidnottitersectthelead~dge, andthevaluesof c~
wereobtatiedby theformulasofreference1. It shouldalsobe mm-
tionedthatthere~iningvalueswee within2 or3 percentwithvalues
calculatedentirelyby thecotical-flowsnmthod,theformerbeingslightly
lowerthanthelatter.

Thecurvesfortheuntaperedwingsmaybe seentobe approachingat
theupperendthevalue.2xm/~~ givenby simplesweeptheory.At
thelowerend.,thecurvesshouldapproachtheoriginalongtheline
C&=$A givenby low=aspect~atiotheory(reference14).As previously

.

.,

mentioned,thepresentcalculationscannotproperlybe extendedbelow
PA= 1 becauseof interferencebetweentheflowfieldsoriginatingatthe
tips. However,twosuchcaseshavebeenincludedfor m = 0.2 because, &
withsonmchsweep,thewingareasaffectedaresmallandtheinterference
lossesshouldbe negligible.Resultsintheselattercasesmy be compared,”
becauseofthesmallapexsnglerelativetotheMachangle,withtheresults
oftheslendea theoryofreference5.This comparisonisshownin
figure7,slthougha discrepancyinplanformlessensthes~ificanceof
theagreement.s Theresultsofreference5 havealsobeenplottedfor
m= 0.4,inwhichcasetheassumptionofextremeslendernessisno longer
justified and introduceseaappreciableerror.(Itshouldbe mentioned
thattheasymptotefortheslende~theory

m
s isbelowthevalue

givenby simplesweeptheoryby thefactor

%Phetheoryofreference5,whileapplicableto anyswe~ack winglying . ‘
wellwith theleading-edgeMachcone,hasbeenworkedoutonlyfora
limitedfamilyofplanforms,havingstraightleadingsadfilleted
trailingedges,and,consequently,a slighttaper. J

— —— ___
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DragDue to Lift

IIIfigure8,thedrag-risefactorCD/CL2isplottedforthesame
familiesofwings..CoWarisonismadewitha theoreticalminimmfor
slenderwingsinsupersonicflightobtainedbyR. T.Jonesinanunp-
lishedan&is. Using
assumingthewbg tohe
deriveda mhimum“wave

a methodsimilartoHey-est (reference12)md
narrow comparedwith
drag”coefficient

c%.=&CL’

theMachcone,Joneshas

(44)

whereAx istheas~ctratiodefinedinthestreawise,imteadofthe
spanwise~direction;thatis~ if.2 (nmricallyeq~toq) isthe
ove~ lengthofthewing,

~ = 12/s “ (45)

Thewavedrag istobe addedto the“vortexdrag,”whichisthe
induceddragofsubsonicflow,calculatedfromthes-wise loading.
Usingtheminimminduceddragcalculatedfromlifting-linetheorygives
asthendniaumsupersonicdrag-risefactor

.

Itmaybe seenthatthedragriseoftheconstant%hordswept~ack
wingsisfairlyclosetotheminimum,especiaUyatthelowervaluesof
m forwhichequatim(k6)wasderived.

AmesAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

MoffettField,Calif.,Mar.15,1950.

——...— .. ..- —-,_._——. ..—. . -.— — .—-— — ---
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SYSTEMOF“NOTATION

General

fre=tream velocity

free-stream~ch number

&
densityofair

-c pressure
()
$?

pressuredifferencebetweenupperandlowersurfaces,or
local lift

angleofattack,

lift

liftcoefficient

dragcoefficient

rootchord
tipchord

semispan

wingarea

rad.ism

u

()-ILC@
()Dg
WingDimmsions

.

ove~ lengthofthewingh thestreamwisedirection

@e ofsweepoftheleadingedge

taperratio(~/co) .

.

●✌

✎✌
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.
.

A

X,y

X@”

x~YYb

XC>B

xl, yl

X2, yz

ti,y+

Xll, s

E*

!=

aspect ratio(4s2/S)

Coordinates

Cartesiancoordinatesinthestrean
styeamintheplaneofthewing

direction andacross the

coordinatesofapexofobliquetrail~dge element(see
equation(14))

coordhatesofpetitontrailingedge,withinthetip-Machcone

coordinatesofpointontip;apexoftipelement

coordinatesof intersectionoftrailing-edgeMachconewith
leadhgedge(seeequation(lI))

coordinatesof intersectionoflkchlinefrom Xl,ylwith
trail= edge(seeequation(13))

coordinatesof intersectionoftipMachlinewithtrailingedge

coordinatesof intersectionoftipandtrailingedge

streamwisedistanceof fi,fi.backfromleadingedge,asa
fractionofthetipchord(equation(37))

distanceof ,xc behm leadti~dgetip,asa fractionofthe, ..tip chord(equation(~)j

Inthefollowing,allslopesarenmasuredcounterclockwisefroma
lineextendingdownstreamfromtheapexofthewingor ofthepertinent
elementarysector:

slope of leadhgm edge=
slopeofMachlines

P cot A

%
slope of trailing edge
slope of I&ohlines

slopeofrayfromtheorigin
a p:

Slope of MachlilleS =

to
slope of ray fromtrailin~dge apex= @&

slope of Machlines

._.._ ----- _~. ._..__ -—.—— .———— —— ..— -———-. . — .—--—— -~.—.— — ——.— .
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(Au)O

(Au)a

, NACATN2093

slope ofrayfromle~dge tip ~v=
S1OP of&ch lines“ x..&l

u

slope of ray fromapex of elemmt a YVa= P—slope of BQchlines X%

slope of ray from apexof tip’ element= P=
slo~e of Mach1-s x=

thevalue of a correspondhgto a tra~dge elem3ntof
whichtheapexliesonthel&chforeconeofthepointatwhich
theloadisbeingcalcubted(equation(22))

a(~,yp) (equation (8))
thesmallest value of “ to along which

ahead oftheleadingedge
isbeingcalculated.For
‘o = to = =/(x--co)

thesmallestvaluesof ta
aheadoftheleadingedge
isbeingcalculated.For
Ta = ta = (W+ya)/(X+

cm effect
a pointon

cancellation of pressure
the point at whichpressure
the leading edge,

alongwhichcancellationofpressure
canaffectthepointatwhichpressure
a petitontheleadingedge, f.

.

StreamwiseComponentsofPerturbationVelocity

basic(uncorrected)perturbationvelocityas givenby solution
fortriangularwing

valueof ~ at a=o

constantperturbation
wake(equation(6))

constantperturbation
oftip

(eqmtion (1))

(equation (2) )

velocity on canceling (oblique) sector in

velocity on csnceling sector otibosrd

sptrical trail@yedgecorrectionto UA (equqtion(3))

&la, correctionto w dueto singleobliquetrail~dge .

elemint(equation(5))

valueoftipcorrectionto u atthepoint @,fl (equation(36)) “

,
.—— — .— —— —-— — —
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C* *U8 of coeffihientof (@y)%’2 fi uA attheleadti
edge(equation(19))

.

.

(Ac)o decrementin C
?

dueto reflection”
(equation(20)

~ da decrementin CA dueto reflection
<da

(equation(21))

u lead~dge correctioncoefficient

us valueof,u at lead~dge tip

k modulusofellipticintegral,deftied
subscripts)

of (Au)o at leadingedge

of (Au)aat leadingedge

deftid by equation(17)

whereused(alsowith

p or~ argumentofellipticintegrals,definedwhereused(alsowith
subscripts)

F(k,c?)incompleteellipticintegral.of
andargumentqI

thefirstHnd ofmodulusk

K,K(k) completeelliptictite~elofthefirstldndofmodulusk;
thatis, K = F(k,~) ~

E(k,q) incompleteellipticintegralofthesecondkind

E,E(k) completeellipticintegralofthesecondkindofmodulusk;

E(k,@
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Figure4- Chart for thecomputationof the 17ftin regionX.
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