UNCLASSIFIED

AD NUMBER
ADA800858
CLASSIFICATION CHANGES
TO: uncl assified
FROM: confi denti al

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Di stribution authorized to DoD only;

Adm ni strative/ Qperational Use; 21 FEB 1947.
O her requests shall be referred to National
Aeronautics and Space Adm nistration,

Washi ngt on, DC. Pre-dates fornal DoD

di stribution statenents. Treat as DoD only.

AUTHORITY

NASA, 31 Oct 1964; NASA TR Server website

THISPAGE ISUNCLASSIFIED




Reproduction Quality Notice

This document 1s part of the Air Technical Index
[ATI] collection. The ATI collection is over 50 years
old and was 1imaged from roll film. The collection has
deteriorated over time and is in poor condition. DTIC
has reproduced the best available copy utilizing the
most current imaging technology. ATI documents
that are partially legible have been included in the
DTIC collection due to their historical value.

If you are dissatistied with this document, please feel

free to contact our Directorate of User Services at
[703] 767-9066/9068 or DSN 427-9066/9068.

Do Not Return This Document
To DTIC



S g 4 S e it =




Reproduced jb'y
AIR DOCUMENTS DIVISION

a i el
A i ,il. \ |||I l|| "'I I il :iil: i-'.'.
1l i b

i

HEADQUARTERS AIR MATERIEL COMMAND
WRIGHT FIELD, DAYTON, OHIO




O 2

T

- -~

e
US. GOVERNMENT

IS ABSOLVED

FROM ANY LITIGATION WHICH MAY

ENSUE FROM THE CONTRACTORS IN -

FRINGING ON THE FOREIGN PATENT

RIGHTS WHICH MAY BE INVOLVED.







% NACA RM No. L6K29 CONFIDENTIAL

NATIONAL ADVISORY COMMITTEE FUR AERONAUTICS
RESFARCH MEMORANDUM

CATCUTATTIONS OF THE SUFERSONIC WAVE IRAG OF NONLIFTING WINGS

WITH ARBITRARY SWEEPBACK AND ASFECT RATIO

WINGS SWEPT BEHIND THE MACH LINUS

By Sidney M. Harmon and Marsaret D. Swanson
SUMMARY

Cn the basis of a rccontly doveloped thoory for finite swept-
back wings at supersonic speods, cslculations of tho supersonic
vave drag at zero 1if't were made for a serios of wings having thin
symetricel biconvex sections with wntaperod plan forms and vsrious
anglos of pweopback end espect ratios. The recvits are presented
in a unified form so that a single chert pormits the direct doter-
minaticn of the wave drag for this femlly of sirfolls for on exten-
slve range of aspoct ratlo end sweepbsck anglo for stroam Mach
numbers up to a valuo corresponding to that at which the Mach line
colncides with tho wing leading edgo.

The calculations shewed that in genoral the wavo-drag coeffi=-
b clent docreased with increasing sweepback. At Mech numbers for
vhich the Mach lines sre apprecisbly ahesd of tho wing leacding
J. edge, tho wave-drag coofficient decrvasod to on Important extent
with 1ncreasos in sspoct ratio or slondornoss ratlo. At Mach
numbers for wiiich the Mach lines approach the wing leading edis
(Moch numbers approaching a valve oqual to tlic secant of tho ancle

n of sweepback), tho wavo=-drag coofficiont docreased with reductions
= in aspcct ratio or slendernesa ratio. In ordur %o check the repults
S obtalned by the theory, a comparison wes mado with the results of
‘ toBta st the Langloy Memorial Aeronautical Laboratory of swept-

back ving ettached to a froely falling body. Tho veriation of
the drag with Mech nurmbor end aspect ratio au given by tho theory

o=

eppecrcd to bo in reagonable agreement with exyorimente for tho
range of Mach number tested.

INTRODUCTION

Recent dovolopments in sirfoil thocry for pupersonic specds
(rofcronces 1 and 2) indicate pronounced offccts of aweepback and
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CONFIVERTIAL NACA RM No. L6KZ9

egpect ratio on the draz. In roforence 1, o theory was developed
for coleulating the pressure distribution ot supersonic speeds and
zero 1lift for awept-beck wings of arbitrery linozr taper and mspect
ratio heving thin syrmotrical sirfoil sectlons of sherp lesding

edgen.

In the present paper, the method of reference 1l is spplied to
calculate the supersonic wave drag for & sorios of wings having
thin symmetrical biconvex sections ot zero 1lift with untapered
plan forms and various angles of swoepback and sspoct ratios. Tho
term "biconvex profile” ¢8 usod heroin refers to an airfoil saction
composed of two parasbolic ercs. In each caze, the wing ls con-
sldered to be cut off in o diroction perallel to the direction of
flight. In tho calcwlations the Mach number io veried from 1.0
to o value corrospondin; to that at which the Mach line coincides
with the wing loading odge. The recults of the czleulations are
presontod in o vnifiad form which permits tho {irvct dotermination
from e 2ingle chart of the weve drag for thlo famlly of winsgs for
an extonmsivo rengoe of owoepback anglo and asnaect retio for Mach
nwsbora from 1.0 to tho volue corrosponding to thzt at vhich the
Mach lino coincides with the wing leedins ode, or oqual to tho
socant of tho &nglo of swoopback. Although tho caleulations have
boon mado for ths biconvex profile, tho data may vo applicd to
indicatu corrceponding rosults for profilos approximatoly similer
to tho biconvox.

In order to illustrotc the posoidle applic2bility of the
theorg to o typicel swopt-bock wing, the calevl:ated drag of a wing
of 45° swcopback at zero 1ift ia comparod with tho rceults of
toots mado ot cupsrsonic gpoeds at tho Lanclo; Momorial Agronautical
Labvoretory on owept-bock wings atituched to o Ilroclyr falling dody.

SYMBOLS

coordinatecs of mtuclly pcrponc‘-.iculai‘ syotem of oxis
in wing

slope of cirfolil swrfaco
chord of eirfoil soction, moasurod in flight droction
thicknoss ratio of moctinon, meamrel in flight direction

anglc of swoop, deixroos
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ving semiepan measured along y-axis, semichords except
in appendix A

poramotesrr indicating spanvise position cqual to y/m,
senichorda

appcct ratio

olendsrnens ratio, ratic of wing semispen meagured alons
leading odge to maximum thickmecs of center section

distwrbance preppure

preezure coelfficlent, ratio of dicturbance prosswre to
dynamic prescure in free strean

velocity in flirht direction

X-~ccmponent of disturbance velocliy, 1oszitive in fli ht
dirocticn

w czusel by source lins with reversal in sign of n
z-~coumpenent of disturbance velccity
disturbance-velocity potentlal

nowrco factor requircd to maintain z Aven wedse angle

Mach number

M- - 1

coordinate moasured along y-axis wilch is chifted to tip
sectlon, semichords

coordinato measured along y-exis whiich: is shifted to
opposito tip section, semichordc

wvave draz at soction

wave~drag coofflicient at section without tip effoct

vave-drag coofficlent at cection Including tip effect

incroment in section wave-draz cocfiiciont ceused by wing
tips

CONFIDENTIAL




COMNFIDINTIAL, N/CA RM Ne. LGK:

increment in section weve-dray coefliclont couwasd dy wing
tip located cn same half ef wins £a rection

lacremeat in wave-drag coefficient a2t scctlen on one wing
panel caused by tip of epposite win_ nanel

wave-drag cecofficlent for wing without tip effect
o £y

wave=drig coelficient for wing incluvding +1p effect

increment in wave-adrag coefficient ceoused by tips, com-
plete wing

inecrement in wave-daas coefiiclent o ¢ wing »anel causzed
3w addacent wines Lip, eamleote Wi,

Increnent in wave-drap coefficient on wio 1ing panel
caused by tip of opposite wing pancl, commlete wing

dreg cooffictont obteined ra pum of cooiTicients for weve
dreg end friction drag

< euxiliary variables which replece = and y, 1respoc-
tively, usod to indicate orisin of cowree line

Primet voluca of A, ¥, ¥,: ¥, By m, dz/0x, end =z indl-
cste trensforztien invelving multiplication by facter B

Subascripts:

1, 2 winza related accerding to truonafominztion vhich mokes yP
and mf equel respectively for Ui wilags.

Subscaipt notatiung for v eand W indicate o crigin of sowrce
line in terme of ceoordinates x and 7, zo3vectively

ANALYSIO

Bagic dats.= The presont analysis is based en thin-airfell
theery for smnll prossuce disturbences and & cuirtant veloeity of
sound throughout the flwid. The axce uged ore the rmutuslly per-
pendicular x, ¥, 2z sycten in vhich the x-axis is teken in tho
direection of flight positive te the resr, the y-axis is along the

CONFIDENTIAL
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span poasitivo to tho right, and ths z-axis is positive upwards.
Figwe 1 showa tlio symbols used to designato tlo wing-plan-form
paramctors. The prosent enalysis is mndo forr vntapored wings of
biconvex profilo at zero 1lift and is limlted to o Mzch nuxber
range from 1.0 to tho value correspending to thet at which the Mach
line coincides with tho wing leading edgo, thet 13, to & value
equal to the socant of the anrlo of sweepbacik.

Theery.~ If p d4s the dieturbonce prossvrs computod for one
swfsco of tho airfoil section, the wavo drag fur the recticn ie

and the scction weve-drag coefficiont

Cd=

vhere dz/dx 1ie the slopo of the swrfaco of the eirfoil at tho
point x. ¥For tho eymmotrical biconvex profilos (ccmposod of
parabolic arcs)

t

L=
an_e(s_x)
dx ¢ \2

whoro the thicknosa retic tfc may be considorol tlho sole shepe
paramoter. TFrom thin-airfoll thoory,
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vhore u is the disturbznce=velocity camponent in the x-directien,
talen positive in tho rflight irection. Tor a :iven swept-back

ving vith A = cot-]h, tho drag coefficiont in equation (2) et
the spanwise station y mey now be written a2

u(-?;-x+z)d::
c n

Tho denired integrand u in eguaticn (2) mur be detormined
by the procedure glven in reference 1. On the basis of the
linearized theory, referenco 1 derives a sclution representing an
ohlique (swepi-back) sowrce linc meking tiae =nle of sweepback A
with tho y-axis. Thiec solution utilized for thoe pressure fiold
or for the disturbunce velocity is the real part of

Yosp = I cosh™l 221 IZQ%— ()

BI:'V x|

wvhere the subgscript notation indicctes tha’ tho scuaee line starts

at tho origin of coordinates (x = 0, y = 0)« DLquation (M) 1s

shown1 in refercnce 1 to satisfy the boundary condition for a thin
faz\' .

oblique wodgo meking tho half-angle E;- ! in the taansformed
\dx/

coordinate system of rofcrence 1 (y'=yB, ='= zB) vhere

Y _w' xVi-m

x/] VOV n

in the physical coordinate system, the following relations botwecn

tho transtormed coordinates of refereuce 1 and the nhysical ccor-
dinatos aro used

. In crder to obtalin an oquel wedge angle
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end w refer, respectively, to the vortical velocities
Thus

wvhere w'
in the transformed end physical coordinatec systoms.

T L
w 32 32 w'g

The half-angle of the wedze is then determined as

ox tho regquired source factor in order to mailntzin the dosired
wedge angle 1s

=2 & )

I“?mu

By superpoaition of solutiona of tho wed:e type, swept-back

[ 1
wings of desirod profile shape and plan form cen be built up
In order to satisfy the boundary conditions ovor

. (roferonce 1).
the ourface of a blconvox wing, semi-infinito sowrce lines of
a oqual strength ere pleced along the leading end trailling edges
boslnninz at tho center section, in conjunction with a constant
At the tip, where tho

diotribution of sink lines along tho chord.
wing ie cut off, rovorsed semi-infinito esource and eink linos are

distributed so &8 to cancel oxactly the offoct of thoso originating
at the conter section in the ontire rogion of space outboard of the

‘o - K
tip. In the present snalysis, the tip is assumed to bo cut off in
The term "tip effect" rofers to the

tho direction of flight.
effoct of this wing cut-off. Tho form of tho intesrand u for
oquation (3) 1s givon in eppondix A.

In calculnting the wave drag over the wing, the distuwrbencos
due to tho elecmentary sowrces and sinks cre ovidontly limited to i
tho rogions onclosed by their Maech cones. Figjure 2 shows tho

typical Mach lines origineting from the sowrco llnos at the leading

and traeiling odges of the center end tip sectiocna over a wing of

CONFIDENTTAL
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45° gwoepback. Figure 7(a) shows the Mach lines for the infinitely
lons wing, and figure Z(b) includes the Mach linen sterting from
the tip mection. In each case the disturbance over tho wing caused
by the leading- and trailing-edgze source lines ie limited to thue
recion of the wing behind the carrosponding Mach lino. Tho romgions
affocted by each of tho Mach lines are indicated in figure =(b) as
roions I to IV, Reglon I roprepenta the part of the wing af'focted
Ly the aink line starting from the leadingz edgo of the adJjacent
tip; region IX represents the wing eres alfoctod by the sink line
starting from the opposito tip. Reglon IIT is influonced by the
rourco linu starting at tho leading edge of tho centor secticn and
includoa the entire wing; rogion IV ia influcnced by tho source
line starting at the trailing edpe of the center section.

Tho rosultent volocity w at 2 point on the wing ia made of
tho camponunt velocitise consod by each of these source =nd aink
lineca vhore tho influcues of cach camponent is restrictod to tho
rosion bohind ita Mach linece Tho drag coofficiont cdm 3o there~

foro ebtainud by cvalueting in cquation (3) the intogrund Y,0
over the entiro scetion (rosion III), tho intogrand “c,O over
part of tho eoction includcd in region IV, and the intugrands for
the u~componcnts caunzed by tho eink distributiens along the pre-
file (fig. #(b) and sypondix A, oguation (AZ)). The drag cooffi-
clunts Ach and Acdn are obtaincd similurly by intograting

along the section in tho rozions I and II, rcepcctivoly, in addi-
tion to tho intogretions for tho u-componcnta causoed by the source
dietributiena along tho profilc (appendix A). Tho limits of intae-
¢rations for x aleng tho chord and for y aleng tho spun, vhich
ropruscnt thc boundariea for the roglons of influcnce for thoe
individual u~fwictione requircd for e biconvox profile, arv given
in tho tablo in appondix A.

Formulas for aoction weve=-draz coefficicnts.=- The formulea
for tho acction crag coufficionts obtained by intcgration of the
u-functions and by usc of ofuztion (3) aro pree.nted in appendix B.
Thoge formulas give expreasicas for tho drag cocfiicicnt without
tho tip offoct eq,., and alco the oxprossions for the increments

in ¢y causcd by the tip offoet AOcg.

Wovo=drap cocfficionts for complote wing.- In tho prescent
investipntion the scction dras cocfficicnta cxprogacd by tho
cquations in appendix B woroe intograted graphically te obtain the
rosultg for thoe wing-dreg coufficionta. Subscquently, however,

COLFTDENTIAL
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antlytical expressions for the intemraticne wore obtained. These
formulas for tho wing-drag coefficionts ars presented in appendix B.

Drac coefficlent of swept-back wing at Mach numbher of 1.0.~-
Tho solution of the equations for Cq given in appendix B shown

. thet, for a symetrical untapercd finito swept-back wing at Mach

number of 1.0 and zero 1lift, positivo and negative infinite valueo
for ¢y aro obtained at verlous sections of the wing. The into-

graticn over the wing of the limiting valuca for theso infinite
torms, hewevor, gives zoro. Althoush some goctions of tho wing
have infTinitely positivo or nezativo drag, tho total drag cooffi-
cient over tho wing results in a finito value. Tho prodiction of
infinito valuos of drai at cortaln sections of the wing clearly
violates st these sections tho essumption of small disturbances
from vhich tho linoarizsd thoory is dcrived. Tho calculatod valuce
for tho totul drag coefficlent at Mach number 1.0 are thersforo
guostionable. Tho formulas for tho total drag at Mach numbor 1.0
aro prescnted in appendix B.

Conversion of drag solution to serios of rolated wings.- An
examination of equaticns (A1), (B3), end (BS) indlcatos that tho
drag sclution obtained for ono valuo of m and M may bo applicd
diroctly to obtein tho drag for a wholo scrice of wings in which
oach wing 1s at & ccrtain appropriato Mach number. (Equation (Bl)
i formed by adding oxprcesion (Blb) to the right-hand sidc of
cquation (Bla).) For cxamplo, cquation (Bl) may bo oxprosacd in
tho following form!

N

8(LY =B p (18
ACEHOR-SIC Y (6

vhore F (ng’ mB) rafcrs to tho verieble terms and vhero »f = m',

and 1'1:'-1= K. If the subscript 1 rofors to a wing at Mach numbor

corrosponding to f, and tho subscript 2 to any other wing at the
Mach number corrcaponding to Pz, thon the drag cocfficiento for
tho two wings may be obtainod from oquation (6) as follows:

2 mp B
e o (E) Lyl n,By (72)
dm.l. TAC 1 By m1‘31

CCIFITENTIAL
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8 ey mBa [ yoPe
"dme T (c)2 B F(E;EE’ BB (7v)
Touation (77) shows that 17 ¥iPy = ¥zBy and myf) = m P,

cd‘alrz Gd

Cﬂg (t/c)ag Bl

ca’-)f- 2
€ (t/c)," cot A

wlhere ca, and cd: rofer to the spanwise peeiticns y; eond
oy >
¥1Pf,
=" reanoctively. In a sirdlcy manner, it can be shown that if
Ba

ticna (B3) cnd (B5) aro in the ecme ratic as that expressed in
equation (6).
to the total drag coefficient at the scction or,

two wings ere related according te yl[!l = ¥sB, and mby = mby,
the pection drzg coelfficients obtalncd tor wings 1 and @ from equa-

Tauation (8), therefore, may be generalized to apply

= (t/c)l2 cot Ay
cay = Can b1 (9) ~
(t/c) * cot A'_;
5 vhore cdl anil <:,‘-._‘2 rofes to the spenwleso posltions 1 and.
o 9P
a -;ﬁ-]-', reapectivaly.
Tho wing=drag coofficients for wings 1 and 2 arc glven,
roopectively, by
g (10)
Cp., = o= cy. 0, 10
Dy " hy | 4 N
ud
COLFIIFNT IAL
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Vhe
i (11)
et ] Cap 42
X

By eubstituting for tho integrend cq, in equation (10) the rela-

dyzPo
tionchip expressed in equation (9) and by substituting -B—‘—

1
for dy;, eqwaticn (10) mey bo written es:

(1'./c)]_2 cot Ay Bg
1 °a, Mo

ho(t/e)z? cot An Jo

(/)37 cot Ay
Po T a
“ (t/c)ah COtVAak

Dy

Equation (12) permits a rapid determination of the drag coeffi-
clent for wings of arbitrary swecpback, aspect retio, end thickness
ratio (within limitations of airfoil theory) from data cbtained for
one swept-back wing for the appropriate range of asgcct ratio and
Mach number. For this yurpose, use of a wing of 45° swospback as
the reforeiice wing lo most convenient. If the subscript 2 is used
to refcr to the paremeters for the wing of 45° swecpback and the
subgcript 1 1s dropped, cquation (12) beccmes

Cps (t/c)? cot A

(t/),°

(13)

vhere CD and. OD,, rofer to wvings vhose aepect raties and Mach

numbers are related Ly the following equations:

CONF IDENTIAL
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As = A tan A (1)
ﬁz = ﬂ cot A (15)

Tho forogzoing analysis shows that the rosults obtaincd for s
wing of k5% swospbamck und 8 glvon aspoct ratlo A~ can bo tranc-
formed by means of equation (13) to all wings for wiilch tho aspuct-
retic paramotor A ten A= Az and the Mach numbor raramcter

B cot A= D:_-

Tho grouping of tho porzmetoers as indicated in the forogoing
snalysie poermits tho use of a einglo genorallzed chart for pro-
gonting the dreg reculte., This churt is discuscod in the secction
cntitlcd "Results and Discussion.”

Prandtl-Glovert rule modificd for suporsonic flows.- In con=
eldoring the lincurlzed problem ol ewporaonic flow past a wing, it
318 ofton convonient to reicr the superconic veavlts for a glven
wving to a transformed wing at s rofcrence Mach muber of M* = E,

If thls tronsformation is usced 2 rulo resumbling thio Irandtl-Gleuort
rule (roforence 3) for the subscnic cass, vhere M =0 1is

the rofcrence Mach number, mey bo obtaincd. Tals rulo may be statod
ag follows:

The strowaline fiocld of the supersonic flew foxr 8 glven body
ot a streoum Mach nuwmber M may be calevlatod Dy multiplying the
¢iven y- and z-dimonsions, including theso for the Mach linos, by

-~

tho fector M= - 1 and thien by canlenlating s Tlow sbhovt tho

rusulting traneformed body at the Mach numbor V#. Tho presswrs D
and voloclty inercments u for tho givon body ot the Mach numbor M
can thon bo obtained by multiplying the coleuleted pressuro p and
volecity incremonts uw at corresponding points of tho trensformod

body by the factor

M -1

It 1o interosting to noto that tho dorivasisn of formules (13)
to (15) as glven in this paper corrcsponds to utilizing tho solution
for & transform.d wing for tho whole femily of wings rolatcd to
this treneformotion end thon epplying the efcrcmontioncd medifiod
Prandti-Glzucrt rulc.

COITTIENTIAL
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RESULTS AND DISCUSSION

Variation of secticn drag ccofficient alons; span.=- Flguro 2,
vhich wae introduced previously to illustrete tiie eystem of Mach
linos, elso shows the variation of moction drag coefficient ¢y

elong tho span. The data are prosented for o wing of k5° sweepback
and thickness ratio of 0.10. Figuwre 2{a) gives tho rosults for a
wing of infinito sspect rutio and figwe 2(b) sivas the results for
a wving of finito apan.

In figuro Z(s8), the data aro shown Tor Mach mmbers of 1.1C0,
1.343, and 1.41%. The loweot Mach number 1.100 represcnts a case
in which the wing leading cdge divorgss rupidly from tho Mach line
(wppor pert of £is. ©(a)). In thie ceso, tho gecticn dreg coeffi-
ciont c¢3 has a maximm valuo of 0.0542 at the conter ooction,
then drops sharply to zoro at a distance of 1l.13 clicrds from the
contor line. Boyond this point, tho wing shows a ucgative drag,
vhich approachos moymptotically tho subsonic valuwe cf zoro st an
infinite distanco from tho wing centor. This type cf wave-drag
distribution is similar to that indicated iu fi/vro 1l of rofere
ence 1 for a wing of 60° sweopback at a Mach muwmber of 1.%.

For tho higher Mach numbor 1.343, tho epenviso varistion of ¢y

ie markodly flatter. Unliko tho preceding cseo, tho drag coeffi-
ciont does not havo ite maximm value ot tho contor scction but,
at first, incroascs in tho outbosrd adirection, then roaches a pesk
and fells to zero at a distanco from the centor of 6.6 chords

(not shown in f1g. 2(a)).

At tho highest Mach number 1.41%, tho Mach line bocomes coin-
cidont with the wing loading cdgo. In this caso, tho wing givee
8 vory high drag eud tho moction drag coefficlont incrocscs in tho
outboard direction, epproaching infinity st an infinito distanco
from tho wing contoer.

Figwro 2(b) 1llustratos tho condition at which thio aspoct ratio

is loss than 1/\[:42 - 1. Tho calculated czeo showa is for an aspoct
ratio of 1.86 ond Mach number of 1.10. In this caso, tho two wing
tips causo incruumente in soction drag coefliciont on cach half of
tho wing,namely, Ach and Acdn. Tho tip effoct Ach at &

givon distenco from tho tip 1s independent of tho 2s&poct ratio. Tho
tip offoct Acdn, kowover, im o function cf %o aspect ratio.

CONFTDMIITIAL
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Effect of wing tip on wing=drag ceoefficient.- Figure 3 shows
the typical varistion with aspect rutio of the increment in Cp
dus to the tip AOp. The datz are shown foxr & wing of 45° gweep-
back end a thicknosa ratio of 0.10 for Mach mmicrs of 1.100, 1.343,
and 1.414. The present analyois for the witapered wings indicated

that if the aspect ratio is equal teo or groater thon 2n/(xmp + 1),
the iuntograted valus of Ach over the winr~ is zoro. Oa this basis,

if the aspect retio of the wing ia greater than 1_/\’;1-2 -1, the
total incremeat in dras contributed by tin iz zero. As the aspect
rutio is roduccd, the tip offevct Ap whitch occuwrr vhen the

aspoct rotio is smmller than l’\f)\-fl5 -1, howover, lecads to an
incroase in Cp. Tho tip offoct ACp then ruschios a poek valuo at

@ cortain aspect ratio, but as this sspect 2atio Lz Dwrther decrocscd,
A’y drops sharply. In this caso, &t wapoct raties of aprroxi-
mately 0.5, &0p bocomos zoro and asswmes lar;s nogative valuoe

with further reductions in aspect retic. For aprllications to very
exall aspoct raties, howsver, the theory may rogrire modiiicaticns.
The data in fipwe 3 chow that aa the Mach nwrbor is increased, the
agpoct ratio correueponding to zoro value of &0p becomes smaller.

Tho tip offocta shown in fisurc 3 £or the wins of 45° ewsop-
beck aru similar for ethor wings of difforent swuopbeck at appro-
priato zspect ratiea. The conversion foxmmlas indlested in tho
soction entitlod "Anclynis" indicate that the aspuct-vratie cffecto
for wings of ditffcront swecpback cerrsspend qualitativoly fur cqual
veluea of the aspoct-ratie paramotor A tan L. Thoe Mach numbors
for each of the winrp &lffer, howsver. An nspoct retio of 0.8
(fig. 3) for the wing of 15° sweepvack at a Mech maber of 1.10
for exerple correovonds bty en azpsct retio of 0.8 cct A at e Mach

nuber ogusl to \rl + !_(1.10)2 - lJ tan® A for any cther wing of
gveephack anrle A

jariaticon of wing=drag coeffTiclent witl _l"f..ch nuriber, sweepback,
£nd mlonderpocs ratlo.- Figwre % ehowe tho veriation of Cp with M’
for difforent swecpback anglee with constant slenderness ratles.
The elordeornces ratio represcnts the ratio of tio wing nemispan
monoured alon: the leuding edze to tho maximm tiiiclmess of tho
center gection. Tho data are presonted for sweenback ansles of 30°,
459, 52.59, and 60° with slendernsss vatios of 25 end 50. The
winas in Tiswre 4 for tho different slendorness »ctles end swecp-
back snglos cro asewnsd to have the sosme wing 2reo and tho mamo
Yrofile ncrmal to the wing luading cdge. Tho £l. .lcrncse rotios
arc beecd on a thickmess ratio of 0.10 meamwed i & dirvection

COIIDENTTAL
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normal to the wing leading edge. The thickness ratio t/c measured
in the flight direction, thorefore, varies.with sweopback as cos A
or is equal to 0.1 cos A. The aspect ratio is reducod with sweop-

beck by the factor cos°A The aspoct retio is related to the
slendornoss ratio by the formulas

A= 0.2 (%) cougA

Tho plen forms for the different wings are shown in figuro k4.

Tho results in fipwre L ghow that, in generel, the drag coef-
ficiont docroasen with increasing sweopbacks At Mach numbors for
wvhich the Mach linosare approciably ahead of the wing leeding edgo,
increasing the slendorness ratio or aspsct ratio glves important
reductions in calculatod wave~-drag coofficiont. At Mach numbers for
which the Mach linos approach the wing loading edge (M-—3moc A),
hovevor, short wide wings give approciable reductions in wavo-drag
coefficient. The figuro slso indicatus that tiwo highest wavo-drap
coofficionts for tho normal range of aspoct ratio occur at a Mach
nuabor equal to soc Ae

Effoct of aspoct ratio on wing-drag coofficicnt.- Figuro 5
indicatos tho offect of aspect ratio on tho wavo-drag coefficlent
for the wing. Tho data in figure 5 show tho wavo-drag-coofficlont

tan A
peramotor —-cl( / )2 plottod against tho aopect-ratio paramoter
160 (t/c
A ten A Thoso rosults are shown for various values of the Mach
mmbor paremotor \M° - 1 cot A, which corrospond to a range of

Mach nurbor from 1.0 to the secant of tlio anglo of swoopback,
or 1<M< oec A,

Fimuro 5 shows that for a given valus of tho Mach number
percmoter, tho meximm wavo-drag cocfficiont occurs at a dofinite

aspcct ratio. TFor cxemplo, 1f A = 45° and \an -1 cot A = 0.310
(that is, M = 1.05) tho maximm value of Cp occurs at an aspoct
ratio of 0.85. If tho espoct ratio is docrcased to values emaller
than 0.8, Cp dropo vory charply. Similarly, as tho cspoct ratlo

18 increascd frem 0.5, Cp also docrcasos. Thus, in general for

tho Mach mumber paremoter corrosponding to VME - 1 cot A = 0,310
tho maxirmum valuo of Cp occurs at an aspcet ratlo equal to

0.85 cot A

Applicuation of curvos of figure 5 to wings of arbitrary sweop-
back and aspoct ratio.- The scale labols and curves of figuro 5

CONF'IDENTTIAL
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amnly to tho series of wings that mey be derlved from a bmsic
10-percens-thick, 45° nwept-back wing. Tho 1l2bels expreas the
transformation equations (13) to (1%). If A is sct cgual to 45°
anid tfc 1o set oqu:zl to 0,10 in theso labels to correspond to
tlio basic wing, tho ordinates becomc simply Cp, tho abacicea A

{cspect ratio), and the curve parameter \2 - 1. Tho rosulis in
figare 5 moy bo appliod to all awept-back winss covering a rango
of agpect retio from 0 to 10 cot A corxresponding to a ronpo of
Hach number from 1.0 to soc A. Tho data apply s»ecifically to
wtaperod wings with biconvex profilos at zoro 1lift with tho ving
t1ps cut off in the diroction of flight. The results, however, may
Yo appliod to indicoto spproximate results Tor profiles simllar to
the biconveox.

Tho folloving ermmple iz gilven in order o illustrzite tho use
of figuro 5. For n glven wing

In order to find Cpt

A ton A = 6.2'{-

VI - 1 cot A = 0.725

From figure 5, for A tan A = 8.2% and \IH{A = Xcob A= 0,715

Cp tan A
— = 0.0123
100 (t/c)=

CONFIDRENTTAL
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therefore

Cp = 0.00286

Comparison of theory with experimentrl regulta.- Figuro 6
shown a compariaon of the thoorotical results for wevo-dirag cooffi-
cient with data obteincd Trom unpublishod toats mnde at the Langley
Leboratory for swept-back wings attached to 2 frecly falling body.
The comperison is shown for a wing of 45° sweophack for two aspuct
ratios at zoro 1lift. The copoct ratios for tho exporimental winga
besed on over-all gpan verc 3.6 and S5.h. Boccuso of the emall
thickncas of the wing sectlon relatlivo to tho thicknecse of the
fusolage (0.72 in. to 10.75 In.)}, the calculationy spsumod that
tlie fusola;e acted as a porfect refloctlion plane. Ca thia banis,
tho espoct ratios of 3.6 and 5.4 corrosponded to empoct ratios
of 2.65 end 4.L2. Tho oxperimental wing had an NACA 65-009 profilo
taken in tho diroction normal to the wing lending cdro or a thick-
ness ratio of 0.0635 in the flicht direction; wherces, tho cal-
culated roculits cre basod on 2 biconvox having the same maximum
thickness ratio sa the oxperimental profile. The eulculated drag
cooificiont Cp wao obtainod by adding tho skin-Iriction drag

coofficiont of 0.0027 %o tho calculated wave-0r:;, ccefficient. Thia
valuo of 0.0027 for the skin-friction drag cocfficient was obtained
ag the minimmn dras coofficient from the vnpublishied oxperimental
reaults end this valuo appesrs gomevhat lowe. The comparison io
chown for a range of Mech number from 1.0 to 1.25. Tho plan form
of tho wings aro shown in figure 6.

Tho comparigson in figure 6 indicatos thet tho caleulatod
valucs of tho wavo-drag coefficionts are of tho order of marnitude
of the exporimental rosulta. Tho agroement znpoars to bo cloaor
Tor the ving of highor espect ratio than for the wing of smaller espoct
ratio. Tt should Lo noted that in eddition to the approximations
inherent in tho linecrized thoory, tho calcmlations do not tako
account of factors such ae fusolago interforonce, boundary-layer
effocta, and tho oxzct profile.

CONCIUDIIG REMARKS

A theoretical investigation hoa boen mads of tho suporasonic
wvave dreg of untspered swept-back wings at zero 1ift. The wing
soction wus biconvex and the wing tip was considored to bo cut off
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Iin the direction of flicht. The investigation weo limited to a
range of stream Mech aumber from 1.0 tc a value corrosponding to
ot st which the Mach line coincided with tie wing leading cdgo.
For thic range of Mach number, the follewing conclusions have been
drawns

1. In general, the calculeted vave-dra; coefficient docreused
vith lacreaning sueepback.

2. A% Mach numbers for vhich the Mach lines are spprecicdbly
ehead of tho win:; leading edge, increasing the slonderness ratio
or angpoct rztio pave nportant reducticon in tlio calculatod vavo-
drag coefficlont,

3+ At Mach numboers for which the lioch linos spproach the wing
leading edje (Mach nvmbers approaching ¢ value cgiol to ths secunt
of the nngle of swocpback), decroasing the slendernuess ratlo or
aspect ratlio rcduced the calecwlatoed wuvo-dnes coeiliciocnt.

4. The hishoes caleulatod wivo-drag cosfiicloats for the
norntl rango of aapcet ratio occurred st o Mach maibor equal to
the secant of tho anglo of sweepback.

5. The meximm wvave~drag cocfficlent occvrrod &t a dofinite
aspoct 1atio vhich le determined by the Mach :mudbexr and angle of
ewveepback.

€. For ampoct ratiop greater than l/ M -1, whero M in
the Mech nutber, the incroment, in wave-drag cociflclont f'or the
wing contributed by the t1p wss gero.

Te The verintion of the dray with Mach numder obtainsd for
ono swocphack angle for appropriste aspoct inutios mey boe presented
in o unified form no that the drog for the completc range of sweep=
bock anglo, arpoct ratlo, and Mech number moy bu diroctly detormined
fram a single clinrt.

8. a cemparison of tho thoory for e Mnch nimdber ronge from 1.0
to 1.25 with rozulto obtained from togots oif swopb-back wings attached
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to a freely folling body indicated that the calcvlated values were
of the ordor of magnitude of the exporimental results.

Lengley Memorial Aeronnuticcl Laboratory

Nationzl Advisory Cormittee for Aeronautics
Langley Field, Va.
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APTEIDIX A

FORMUTAS FOR TS INTGRAMD u IN EQUATICHR () TCR FLNITE
UNTAPTRED SWEPT-PACK WIS OF BICORVAY ZROFILE
AT FERO LIFT Im = cobi g E]

& finito swopt-
back wing r.i‘ ‘uicnnvox proifile, the ini.e,;'md. w in equation (3)
mey be exprensed in torms of compononte caunod by clonentary pourco
lince a8 followa:

U =Y,0* Y%,0 " Y%,0*%,0

-’\- 3% 1"00 Duco,

r ’
) !uh/m.-h W —ﬁh/m_. -h (%uh/m,h b %:511/31, -h)} (A1)

wliore the subscript notation indicates tho crigin of the source
line. Thn bors ovor u reler to the sovrce lines cousod by the
cppoeito wing panel; that is, W indicates 2 source lino with a
revorsul in tho eign of m.

In equaticn (Al), the u-functions are civen Ly the real perts
of the following expreesiona:

X EemiE(r - g)
u n(I- ¥) = I cash 1 - i ]

= Bly - n - nlx - 8|

£ + mp® )
= i X=g v
u (x, y) = I cosh . = :
&M B|y - 4w §‘)l
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Wiere ¥, 1 represents the
For the by

origin of the elementar:: 8source lineg.
convex profile,

and from equatson (5), the Tactor

The symbol %

tion which ronresents the influencs or
6ink lines along the chord of
is dofineq by the 1

in oquation (A1) refoms 50 o

: Integration opera=
the mirom Glatribugs
the biconvex o

on of
vfile. myig Syubel
ollewing ceirressions:

0 i .
-] X - -9 o= on
%’u“ 1(7-.- ¥) = / -d—I cosh ™t ‘,%é-—l’i’___’l)_- a
(<X |,X'By dfa ﬁry ~1- m(x _g),

f,’--n 5

: - mlnZ e -

’——%_\‘l il coan™l X 76 g
n ﬁ'y - '?’

x- g
cosn™t ﬂf—.-l)——.—- (az)
!1 . o= - é)[f
J=n |
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CONF TDENTIAL

where, for & biconvox profile

-

X =~ C

a function of “e=-32, that ig
T

Equaticn (AZ) may bo exprosscd an
J

L. (x § o Bl el
B ol 7 = - £ n)

X IJ;'ﬁ.M(x, g) ==(y - r.)f'!

—

&
& Bt

= &r s 5l

x for tho section

Tho limits of intogrations with remrd 4o
i drag coefficientes and with regard to y £or tho %otal wing-drag
coelT)clonts sre diccuzoed. The n-components caused by ench of the
d olementary sowrce linos cro zero ¢t all polnts cubside of tho
reopecitive Mach cones. The functicns for tho u-iitegrand in equa=~
+ion (3) wre thorofore ovaluztod alony tho poctiun for valucs of X
bopinning at the forwerd bowndary of the Mach conc. This intorra-
tion gives tho sactlon-drug-coelfficiont comporents. Similarly, in
order to obtain tho wing~drag coofficient, the soction drag coeffi-
cient camponcnts obtained from the rospoctive u-Dinctions aro
valnatod elone tho wing opun for veluos of » conteined within
the Mach conz. Tho Tollowing tablo refora to one sido of the wing
(x and y pooitivu) =nd shows the limita of inte yation for x
¥ for the required u-functionst

COXTFIDENTIAL
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Limits of Intcgration
u-corponenta = v
TLower Upvex Lever Upper
limit limit limit limit
¥9,0 ¥g,0 .
i v/ Liec 0 >
1 1.- | o
20,0  po,0
Ye,0 Ye,0
S
+c +cC 0 h
Lo & n
D0  Pl,o
T L
Tomp o+l
v
h/m,h 1 h ar / 3
2 a EA 2P L SeBl)
m(r:.£5+l) B 2t \.‘f L > =) h
1
=
h/m,h 4
b u/m, o (if AL EB
l “nmp o+
!
|
hup & 1) - mc
1-m
E1 /m, -h i h
1/, = H ] P
2 yBeo(mp + 1) &4 ¢ (a. LD -——‘—!-n-—\ h
5 o n o + 1 .)
—uh/m -h ,
S 0 ./:s A= \
\ “mf o+ 1
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APFFNDIX B

FORMULAS FCR WAVE-DRAG COEFFICIENTS FOR FINITU UNTAPERED
SWEPT-BACK WINGS OF SYMITRICAL BICORVIX IROFILE

AT ZERO LINT im: cot A 3
=2

Section Drag Coefficlonte

In tho following analysis the quantitios y and K are
cmployed nondimensionally in terms of the semichord. The equations
for the drag coefficients in ell cusos rofer to tho real parte of
the indicated oxprossions.

Section drag coefficlonts without tip effoct.- Tho section drag

coofficiont: for tho glven wing ot a spanwise position y snd Mach
nubor M without the tip effect was found to bo as follows:

Tho torm 2n
vhich indicates the intorsoction of the Mach line frem the conter-

section trailing cdge with the wing leading vdszo. For y = Km< -

roprosents a convonlent intogration limit

cm
1 -mp

-1 "{(1 it m'a) + &

Shas
<K = l h
\ } coo em'(v ! l)

+ h(ex? - 3) coan’l L% m'h + rCY(l * m'a)

\hl -2 [t 4 212 - g ]} :’\/
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FTer y=Xnd> —EE"-—, the following expression is edded to equa~
1-8
tien (Bla).

s

n
[-

(-E): n 4!(1{3 co:—!h-l %——

1
- — 2 cosh

3L - m'él

-1 k{1 - m'_Q_)__-._?:
ml

+ 2(a3 - % + 1) coon
ca'(K - 1)

& . -|
+ 1’.2\!,(1 - m'E) I_(K 8 2)2 b (m')z] ‘ r

vhere m' = nfi.

For the spocial cose m = -——l-__:-_-, the HMaochi line coincides

e -1
with the wing lcading edsge, and the exprcasien for the drag coeffi-
cient ebtained os a limiting case (m'---1) fox £ll values of y
becomes:

2 I -
Ca (V)=§(-t-') mc;,"3 cesh 1y
-] Kt \C y'

vhere

¥

At the coenter section, wiere y or K = 0, wcauvation (Bla) becomes:

CONF IDENTIAL
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0 ) B

F—— pic)
8 ‘Jl - np° N

1 . -
At the center rection, for y - 0 and m = r, oquztion (BL)

beconea?

Cd‘?

<3

Increreat in geebion drap cosffiriont covsed Tx wing Hipg.-

o= soe

Ths dncrement in ¢y cauwed by the tips depeonds wn verleus factors,

cuch as the uwoep =2rilo, sgpect ratlo, end Mich aumbzsr. The followlng
tyoen cezwr In on wnbavored wings .

I. IT the =2opeet ratlo of the wing is cauil Ge or greater
then lNIf‘ - 1 onoch tip nffocts rolely ibz own hielf of the wing.
In thic came thu el'font of tho tip la limit:d %o the region of tlo
wving ocuthcard =nd rzarwerd of the front liach iina criplnating fron
this t1p. {Seo fig. £(D).) The resion of whe wing affoected 1o

P
between valuos of y fran h = —aee 45 5.
md + 1

The Incremont 1n section dras; coeffictent =% & Mach mmber M
ent spenwics porition y couscd by ths tip oz Jawd to be as
follows:

an'”

CONTITENT TAL
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viiere tho cubscript a indicetos that tho x-axis is shifted to the
tip section, and y¥,' - yuﬁ snd n' = mp. T the plan form of the
wing

y=h+y,
Zn

m + 1
o0 €. Whon tho Mach lino is coincidont with the leuding odge of the

In equation (B3) velues for y, may bu talen from -

ponpam |

eirfoil; that is, n = —_-1 tho oxpression for Ach bocones:
Vi - 1

lk(t\e Te LYt 2

ACdI(Y) = - -‘;) e - coghr ~ Iy-ﬁ-

——
17y + 1 o \
= (’_57;3" o A IHJ (Bk)

- o ———
"

II. If the aampoct ratio of tho wing ig lesc then -—__%__—- tha

)
VIE - 1
tip on tho opposito wing contributoas an increcnoud in e a in addi-

tion to that discussed wmder type I. The Incremont in cy at o
socction caunod by the oppoeite tip wao obtalned in tho following form:

8 t2 (yb' Il v, Py 1Y l-., . Y \¥
Acdn(y)--,-‘(;) m\\:s (|E({yb'-loh'-rm|)\1!:’bl-r(h'-m).! 'kmy.bl/

2

2 i - iy ! 1y
' z 2 = o T - 2 -n")
= b -\ll'r+m")"3h'y, 't 'E e m'® | lcooh R L

12 L ., 1t
S = gL |

2 2 . - =
3 _____‘:_-:___._:‘ 3. :’.blsh| +3yb'{\:h |2_m12 - out3 ety _m|3]
VL - u'?

~,

-1 yb'(l + m'E) - 2(h' - n") \

ey [ "o ]
on (yb h' +m ) /
COIFPIDENTIAL
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whero the Subacript b Indicates that
oppoaito tip aoction, and vhere yb' =

In the plan form of the wing
J = Iy - h

The limits for Y, to be ueed in oguation (B5) depona on the
value of agpect ratic A relative to the paramoter *  Thus
o+ 1
(a) I7 tho acpoct ratio of the wing 1o greater than —-E-'i—,

m3 4+ 1
the front iach line from the opposito tip Intersects the trailing
- 2(h -~ m)

1l-ms
, &h-m _——

oquation (B5) ray bo taken from —1—-3— ¢ £h  at the tip,
: -

(Seo f£ig4. 2(1).)

edeo at o velue of T, g0 that vrineg for yb in

{b) If the tepoct ratio 4 14 equzl o or loss thay -E.L-

L4
mE o4+ 1
the front Mackh line fycm the oppcoite tip intercocta the centor
Section and values fop ¥, In oquation (35) Wy be taken fram p
to “h. In thig case, tho inevement 1y Acy  discuspod under

type I in oblainod at Epanvico positiong of Yag Trom -h g 0.

Weon m oz ek ogquation (B5) bocomogs

—

[+

e ee—

8rsv g1 ¢ 1 [ ' ' 2 12
Acdn_"; 5) m{yb E(\?yb 10n -) yp'=2(nt-1) 8
.~

3 5\ = Toips .2
-(gyb'=-3h'yb'+2h'“-1) Gonhlyb }'1 + )]
\ “b ]

PR P 2 ) e a3 Ve ]
L2 IEyb' '5yb"11'+3yb'(uh' =Ll})eop? +3h'-1_5\/1-n'|

3

V' + 1 -1
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The total increment in drag coefficicrt at 2 seoction cauced by
the 4ips 1o glven by

Acd = ACdI + AchI

and the tctal drag coefficient at the section ig

Cq = cdm+ Acd

Ving-Drog Coofficiente
}I_:l_rl,_:-drﬁ coefficlent ¥lthout tip offccto.~ I
is equal to or losg thap .0

Y ~II—!I-3, the wing-Grng coefficient without
the tip effect is

the acpect ratio

8/
D=zl

' A'n!

I 12 - 1 forey }
% m]’ N (3!\’ cosh lé—"‘_‘i";

GA' COSh.l i’- - VA’Q(J_ -m' ) + h‘n'(’{' + n')

—__.7.: Pl . . v
EA"]J' s B '-'-']-Z:_—..——_:!"m"’ conyy ™t & (1 n' ) + 2n!
3mv3J = m,cl Em'z

~ - 12 -
.(2111'3 + 3A'"m'c . A'J) cosh-l i(.]_'."i)_*'__‘i'
(A 1 n)

( .3_6Am.2)ca-ll+m’-,'
EA h ‘f

vhers A' . ap and n' = ng
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If tho eapect ratio is Freater than J_._"Q_l:n the wing-drag

coefficiont without tip effect 1a,

z 2 | - 1 Sea b g -
Cp = -§ 3)‘ oA 38" (coan™ A +£E- + cogh lﬁ.__'__';'m_)
@ xic lan|3 A'n! A'm'

1-n¥) . bt (At 4 ;')

z
- GA' coah™l i’ - \,’A"‘(

il ‘JIA'E(l -n%) s dmiar - any 2 - m'i;!

<4

L2}

11\ s
! - 1< mt
N A '3lcosh-lﬂ (1 n'/ 4+ in
2n'”

1 -
a3l - ]

-1 A '(l - mv;) - omt
~ cosh — 2

on'”

~1 A1+ n®) - oy
+ (31\'1!1'2 -3 1\.'3) coah™t A e(m';;? -):-')

;o a3
2 - 1 vy 15 Cont
+ (3A'm'c + .am,.'i - A'3) cosh 1l A (l + n J ot en
m'(A' + m)

1

-~ o 12
+ (EA'3 - 6A'm"') coon™t Lt m'"”
&1'

Incroment in vino~drag coai’ficimit caus_o_q’_l‘;;: Mians $ipa.- If
the aspect ratin of the winz is equal to or (mrecter than 1/8, the
contribution of the wing tipa to the wing=dra;. coofficlent ie zero,

CONFIDERTTAT,
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If tho agpect retio of the wing 1o oqual to or greater thsn ;‘-?--i-
+
the total ircremert in Cp ceused by tho local tip, or AGDI,
zoroj and tho increment &Cp 1s obtained seololy frem tho effoct of

the tip loczted on the cppcoite half of tho winyg, or MDII' For
this caso, Integraticon of equaticn (BS) ovor tho wing ylolds:

= —( ) ":_._"'"'..—'.. (A' - m")(A' + n')2 ccen™t m_______:A' +'1
Jm'3\‘,l - m' A' v+ m

+ (A" + ')A - m")2 cosn™l 2 DAL
|.A.' - ml‘
* |C1n" A'Q(E + m'E,ﬂ coan™t X AL !1 - A" ,
3m| " A f

If tho aspoct ratio of tho wing is loss llen %, the
+
increment ACp 1o affected by both wing tipee Tor this caso,

intogration of equaticna (53) and (BS) ylolda:

= -8-\ )21.1 ——— (A' & m')(A' I m')2 Ccnh-l n'A' +°1
1.4 3ml3J;L -m _‘__ A"-"'—+ o

' SEal - e 1Ll-mA' o3 o) om' -A\Ll-n'2)
+ (A + 2n*)(A' - m')" coph™ =2 - op 08h T et
A - ' 2

2m

= (211!'3 - 3m'PAr 4 A'3) cosh™l L2 A'(l + m':')
fom'(ut - A"))

il “6!:1"‘ A"(”+m"’)J coeh” -—-+——”'m‘(m'- ')+A'2(1 m'a)
3m3

A1 -12m' = A'_ {'_—2
+ ;;'—3- cosli 'A' Al >
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Total wing-drap coefficient.- The total wng érag 1c obtainod
es tho swm,

wiiers the componentan CD.:: ond A0 are caleulzted from the fore-

going cquationa for the wing-dreg coefficlent oppropriato to the
acpoct ratio of the wing.

Wing-dras coefficiont for cpocinl cudge m = %-- When the Mach

1line coincidos wilth tho wing leading edse ( = %), the wing-drag

\
coefficlent obtained for £ll aspect ratics ca a limiting cuse (m® —- 1)
1o equal to the real pert of tho Tfollowinz exrresciont

; 1 A'+2 a1 oaany { 2 -
(comn™ RL22  cogyel —'-:"--) +ANZ - 4%F) conn™t L.
Al AT : A'

&

T ’.‘A'(l - 3AT+ 1)- BJ\!i—-'F." + (6a a0 - 3arE) i .,1}/-

Wing=Drog Coofficlents at Mach Number of 1.0

Tho drag coofficiont for tho winz at M = 1.0 may be cxpreesed
in terma of tho follcwing forrules vilch were obbalned by inteygrating
over tho wing tho liniting valuos for ¢y in squatione (Bl), (B3).

[

and (E5) as the factor P = \‘H::' - 1 approazhes zorc?

CONI' IDFIT TAT
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(1) If the aspect ratio of the wing is equel to or greater
than m

cD:%(E’% | m[("K3+6K+h) log, (I;:+9.)-3K3].ogeCK

+ (ux3 - 6z - 2) log, (K + 1) + KK - 9)]. ax

~ fhfm _
+J m[(-I'? + €~ 1) Tog, (K - 2) - (23 - & - 4) Log,(K + 2)

o

+ (hK3 - 61:) log, (K‘r‘ - 1) + 2 log, E ; i - 63 log, K] dK

o3 L

. jth r
+ ‘ l‘I-('."'-hﬁ k-2, ][lo’ ?("h+"In)]
Jh-2m

o n

[(y + h)3 33(7' s he) . 3h+ V)] [io" oy + h)]
Ye

’9 [lnge my + m)]

. =
(7y-3h-r’-m)(y-h+2m)} ay

s
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In equaticn (B6), the first two intogrnls roprosent tho drag
cosfficient for tho wingz without the tip offect; wheress, the last
integral roprosents the offect of the tips L\CDE. For this case,

in vhich the aspect ratio is equal to or e,z-oator then 2m, the tip
effect ACDI 18 zero; hence the integral for the section increments

in c3 18 not given in eguation (B6). Ijuetion (BE) hes been
solvod for a aweepback angle of 45° and tho rosults for this Bwocp
angle may bo convertod to other wirgs of u:o*t_‘ vy sweepback by the
famulas (13) to (15). For the wing cf 15° aweepback, m = 1 end
end A 22, equation (BG) ylclds the followlu; result:

Cp = (t)«[(-’J + 104 + 16) log, (A +2)

3x
+ (-A3 + 1A - 16) log, (& -2) + f’.l‘(."x‘r" = L") log, A - hA] (37)

(2) If the ecpoct ratio of the wing ia 'm':l\r than <m, tho
upper lirdt of tho firs Intezal in equation (£9) ic reduced from 2
to h/m. tho mecond intomyrzl vanishos, and tho lowsr limit for tho
third intesral 18 reduced from h = Zm to zorce For thig e a0,
however, in which tho aspoct ratio is loas than &, ACDI i not

zero, and tho followlng intomral must bo adled to fl.cse in squa=~
tion (BF) to obtuin Cps

———

’.Zm m * “WQ

g2 10 /Fa 3Yu\ 5 g(;,,, + Zm)
SOHN CRIE

=a

, = )y o)

lim

&,  (38)

=y-h
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For the wing of 45° sweephack, m=1, end A <2, equaticna (B6)
end (B8) yield the smme result for Cp s that obtained for valuoa

of A greator than 2, as expressed by equation (B’{) In this caso,
tho real part of log,(A - i used.
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