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NATIONAL ADVISORY. COMMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

CALCUIATIONS OF THE SUPERSONIC WAVE DRAG OF NONLIFTING WINGS 

WITH AR3HRARY SWEEPBACK AMD ASPECT B/iTIO 

WfflGS SWEPT BEHIND THE MACH LUES 

By Sidney M. Harmon and Margret D. SvanBon 

SUMMARY 

On the baois of a recently developed theory for finite swept- 
back wings at supersonic speeds, calculations of the supersonic 
vave draf! at zero lift vere made for a series of vlngs having thin 
symmetrical biconvex sections vlth untapered plan forms and various 
angles of sweepback end aspect ratios• Tho raculto are presented 
in a unified form BO that a single clici-t permits the direct deter- 
mination of tho vave drag for this fomily of airfoils for an exten- 
sive range of aspect ratio end sweepback angle for stream Mach 
numbers up to a value corresponding to that at which the Mach line 
coincides with tho wing leading edge. 

The calculations shoved that in general tho wave-drag coeffi- 
cient decreased with Increasing Bwoepback. At Mach numbers for 
vhich the Mach lines are appreciably ahead of the wing leading 
edge, the vave-draG coefficient dccreaeod to en important extent 
with Increases in aspect ratio or slondornooa ratio. At Mach 
numbers for which tho Mach lines approach the wing leadinr; edt;e 
(Mach numbers approaching a value o<iual to the socant of the an^le 
of sweepback), tho wave-drag coefficient dr.croased with reductions 
in aspect ratio or slendorness ratio. In ordor to check the results 
obtained by the theory, a comparison was made with the results of 
tests at the Langley Memorial Aeronautical Laboratory of swept- 
back wins ettachud to a freely falling body. Tho variation of 
tho dra;> with Mach number und aspect ratio r>.:i  :,ivcn by tho theory 
appeared to bo In reasonable agreement with exjariments for tho 
range of Mach number tested. 

INTRODUCTION 

Eeecnt dovelopmcnts in airfoil thoory for supersonic speeds 
(references 1 and £) indicate pronounced effects of sweepback and 
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aspect ratio on the dra •. In reference 1, a theory was developed 
for calculating the pressure distribution at supersonic speeds and 
zero lift for swept-back wings of arbitrary linear taper and aspect 
ratio having thin symmetrical airfoil oocfcic.:-. of sharp leading 
edges. 

Di the present paper, the method of reference 1 is applied to 
calculate the supersonic wave drag for a oories of vings having 
thin symmetrical biconvex sections at zero lift vith untapered 
plan forms and various angles of ewoepback and aspect ratios. The 
term "biconvex profile" es used herein refers to an airfoil section 
cenrposed of two parabolic arcs. £1 each case, the ving is con- 
sidered to be cut off in a direction parallel to the direction of 
flicht. In the calculations the Mach number is varied from 1.0 
to a value corresponding to that at which tho Mach line coincides 
with tho wine loading edge. The results of the calculations are 
presontod in a unified form which permits tho dlreot determination 
from a single chart of the wave» drag for this family of win-^s i\->r 
an extensive range of sveepLack angle and aspect ratio for Mach 
numbers fr.au 1.0 to tho value corresponding to that at which the 
Mach line coincides vith the wing loading od,.;o, or equal to tho 
secant of tho angle of svoopbjck. Althou^i 'olio calculations have 
boon mado for th3 biconvex profile, tho data may bo appliod to 
indicate corresponding results for prof lion approximately similar 
to tho biconvex. 

In ordor to illustrate the possible applicability of tho 
theory to a typicel svopt-back wing, tho calciü..tod drag of a wing 
of U5 sveopback at zero lift is compared with tho results of 
tests mado at supersonic speeds at tho Lanclo;- Memorial Aeronautical 
Laboratory on evept-back vings attached to a freely falling body. 

SYMBOLS 

' 

¥- 

dz/dx 

c 

t/c 

A 

m « cot A 

coordinates of mutually perponc-icular nyBtem of axis 
in wing 

slopo of airfoil surface 

chord of airfoil section, moasurod in flight direction 

thickness ratio of  section, HMBU7V& in flight direction 

angle of swoop, degrees 
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. 

h vin<; scmiepsn measured alon# y-axia, seroichordB except 
in appendix A 

K pomaatw indicating opamrtse position equal to   y/m, 
semichorda 

A      aspect ratio 

l/t Blond3rnos3 ratio, rstio of •win;': aesUcpsn measured along 
leading od£o t:> maximum thiclcaecB Of center section 

p     disturbance pressure 

p/q    prsasure coefficient, ratio of disturbance proosure to 
dynamic pressure in free stream 

V      velocity in flicht direction 

u     x-ccmponont of disturbance velocity, positive in fliiit 
direction 

u u cauoe'.1. by source line with reversal in siyi of a 

v z-coaipenent of Aiaturbanco velocity 

$ dinturbonce-vclocity potential 

I source factor required to maintain a viven ved.^e angle 

M 1-Iach number 

ß = \jlf -  1 

y     coorrMnctj moasm-od alonj y-axis which is ehifted to tip 
section, semichorda 

yb     coordinate measured alone yaxin which ia ehifted to 
opposite tip section, oemichordc 

d      VQVD drs^ at Boction 

ca     \«ve-dra£; coefficient at section without tip effect 

ca     wave-drag coefficient at section including tip effect 

ASJ increment in section vsve-drag coefficient caused by wing 
tips 
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increment In ooctlcn ws.e-dra^ coef_'iciont canoed by win;; 
tip Xocatod on sane half of «Ins aa  roction 

Incranrcuit in wavj-dra^ coefficient at suction on one winy 
panel caused by tip of opposite win,. panel 

wave-dzis(, coefficient for wina without tip effect 

vnve-i?r;;:; coefficient for winp; Including tip effect 

increment in wave-drat; coefficient cau3cd "jy tips,  com- 
plete wing 

Increment in wtHng coefficient on a .:• Vine panel caused 
by adjacent v.ir." tip,  comnlote win^ 

Increment in wnve-drac coefficient on or.o line panel 
couso'd by tip of eppooite win- panel, complete wln,j 

drtjs cooffioiont obtained na cum of ccsfficionta for wave 
drat: and frlotion drag 

auxiliary variables which rcvlfc.ee   ::   and   y,    respec- 
tively, usod to indicate    ori-ln of Bouree line 

rrimoi"- vrluos of   A,    y,    f ,    y,,    h,    m,    dz/c"x,    and   z   indi- 

cate trtinaforirr-tlon involving multiplication by factor   ß 

Bubscripts: 

1, 2   win-33 rolatod according to tranaformr.ticn T.hich malroe yP 
and aß    equal respectively for two wind. 

Subscript notatlona for v. and u indicato the crifin of source 
line in terms of coordinates x and y, readout!voly 

.AH/iLYSlJ 

Basic data.- Thu pvesont analysis is baaod on thin-airfoil 
theory for smell proonuris d.icfcvrbcncos and i. c-.-iant velocity of 
sound thrcuf^iout tho fluid.   The asofl used ore- the nutu&lly pur- 
pondiculfir x, y, z 3ystom In which the ::-a::Is i3 taken In tho 
direction of flight positive to the roar,   oho y-a::is io alon^ tho 
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span poaitivo to tho ri#it, and tha z-axis Is positive upvaröo. 
Figur* 1 shova the symbols used to Aealgaato til* vlns-plan-form 
parameters.    The present analysis is made for untapored wings of 
biconvex profile at zero lift and ia limited to c Mach number 
range from 1.0 to tho value corresponding to tint at vihich the Mach 
line coincides with tho vine l**Alng edeo.  thst i3, to a value 
equal to the socaut of the an?;lo of svocpbecjc. 

Theory• - If   p    is tho disturb.-nco pros3r.r> computed for one 
surface of tho airfoil section, tho wave draj for the cection is 

d - 
>c 

00 

dz „ p — dr. 
dx (1) 

end tho soction ncvo-drse coefficient 

4  c 
.;o 
£Mdx 
q. dx (-) 

vhere ds/dx is the Dlope of the surfaco of the eirfoil at tho 
point x. For tho symmetrical biconvex profiler (composed of 
parabolic arcs) 

dz    te dz     *c /c       \ 
dx     c   V2       / 

/' 
vhoro tlw thictoioBa rctic   t/c   may be considered tho sole shape 
parameter.   From thin-airfoil thoory.. 

£ - _£Ü£ - oH 
i~ ' V bx~   V 
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whore u is tha disturbsnce-velocity component in the x-direction, 
taken positive In tha fU&t liroction. For a Qtvwn svept-back 

vine trith A = cot~T», tlio drag coefficlont in aquation (C) at 
the apanvise station y may nov be written as 

°*<y) X + D- (31 

The desired integrand u in equation [?.)  nay je determined 
by the procedure given in reference 1. On the ono::.s of the 
linearized theory, reference 1 derives a solution representing an 
oblique (swapt-liack) source lino making fcio sivle of svoepback A 
•with the y-axis. T'LIC solution utilizecl for thw pressure fiold 
or for the disturbünco velocity is the real pjrt of 

UQ,0 • I cosh' 
•1 x - rapgy w 

vliero tho subscript notation indicates that tho source line starts 
at tho origin of coordinates (x = 0, y • 0) • liquation (!0 is 
ohovti in reference 1 to satisfy tho boundary condition for a thin 

/ dz \' 
oblique wedfco lacking the half-angle •, —-1  in the transformed 

\ dx i 
coordinate system of reference 1 (y* = yß, R' -  zß) whore 

/toV m£ m* Vi - 
\&x)  * V " T  m 

!.1' I. In order to obtain r.i->. cq.uc.1 vodco angle 

in thv physical coordinate system, the following relations between 
the transformed coordinates of reference 1 and tlio physical coor- 
dinates are used 

m' • mß 

hi* 

w = —£• 
öz 

¥ 
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where v1 and w refer, reopoctively, to tho vortical volocitiea 
in the transformed and physical coordinate systems. Thus 

dd bz' 
dz' dz 

The half-angle of the vodgo is then determined, as 

flz  w  « \|l - map2 

dx V  V 

o:.- tho required source factor in order to maintain the desired 
vodgo angla is 

X.I ds 15) 

By superposition of solutions of tho vei^s type, svept-back 
vlngp of desired profile shape and plan form can be hüllt up 
(reference 1). In order to satisfy the boundary conditions over 
the surface of a biconvex wing, semi-infinito source lineB of 
equal strength ere placed along the leading and trailing edges 
Docinnln;;» at the center section, In conjunction vith a constant 
distribution of sink lines along the chord. At the tip, vherc the 
•wins Is cut off, reversed scml-infinito source and sink linoB ore 
distrihutod so as to cancel oxactly the effect of those originating 
at the center section in the entire region of spnea outboard of the 
tip. In the present analysis, the tip is assumed to ho cut off In 
tho direction of fll'_ht. The term "tip effect" roftrs to tho 
effoct of this vine cut-off. Tho form of tho Integrand u for 
equation (3) is given in appendix A. 

In calculating tho vave drag over the Wing, tho disturbances 
due to tho elomentary Bources and sinks are evidently limited to 
tho regions enclosed by their Mach cones. F-Ljiire 2 shov3 tho 
typical Mich lines originating from tho sourco lines at the leading 
and trailing edges of the center and tip MOtlona over a wing of 
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^5 svoepback. Figure 2<a) shows the Mach lines for the infinitely 
lor.w vine, and figure r.(b) includes the Mach lines starting from 
the tip section. In each case the disturbance over the ving caused 
by the leading- and trailing-edse source lines is limited to the 
region of the vine uehind the corresponding Mach lino. The rogions 
affocted by each of tho Mach lines are Indicated in figure ; (b) as 
re.'iionB I to IV. Region I represents the part of the wing affected 
Vy tho sink line starting from tho loading odgo of the adjacent 
tip; region II represents tho wing are« affected by tho sink lino 
starting from the opposite tip. Begion III is influenced by tho 
fiource line starting at tjio loading edge of tho center section and 
Includes the entire wine» region IV is Influenced by tho source 
line starting at the trailing edge of the center section. 

Tho resultant velocity u at a point on the ving is made of 
tho component velocltlos Ci'.usod by eacli of those source and sink 
lines wher« tho influence of oach component is restricted to tho 
region uuhind Its Mich liiic. Tbe drag coefficient c  la therc- 

fore obtained by evaluating ir. equation (3) the integrand UQ Q 

over thL entire section (ro^Ion III), tho integrand M- 0 over 

part of tho section included in region IV, and the intef.ronds for 
the u-cowponents caused by the sink distributions along the pro- 
f:llo (fig. -(b) and appendix A, oquation (A?-))> The drag cooffl- 
clonts &ct\  and ^caTT &?e  obtained slmilurly by integrating 

along tho section In the ro^lons I and II, respectively, In addi- 
tion to the intonations for the u-componentc caused by th* source 
distributions along tho profile (appendix A). Tho limits of inte- 
grations for x along tho chord and for y along tho span, vhich 
represent the boundaries for the regions of influence for the 
individual u-i'unctionc required for e biconvox profilo, arc given 
In tho table in appendix A. 

FornulnB for soctlon wavo-drag coefficients.- The formulas 
for tho soctlon &ra£ coefficients obtained by Integration of tho 
u-functiono and by use of tfUBtlOB (3) are pres.ntod in appondix B. 
Those formulas give cxprosslcas for tho drag coefficient vithout 
tho tip effect c^  and aleo tho expressions for the Increments 

in Cg caused by tlie tip effect Ac^. 

Wsvo-drag coefficients for ccmplote ving.- In tho present 
Invostigntim tho section dra^ coefficients expressed by tho 
equations in appendix B were Integrated graphically to obtain tho 
results for the wing-drag coefficients. Subsequently, however, 
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analytical expressions for the inte'yations wore obtained. Thorse 
formulas for tho wing-drag coefficients are presented In appendix D. 

Bra» coefficient of swot-tack wlnfl at Mach number of 1.0. - 
Tho solution of the equations for c. fiven in appendix 3 shown 

tliat, for a symmetrical uritapered finlto swept-back wing at Mach 
number of 1.0 and zero lift, positive and negative infinite values 
for c^ aro obtained at various sections of tho ving. The inte- 

gration over the King of the limiting values for these infinite 
terms, however, gives z.jro. Although scans sections of the wins 
have Infinitely positive or negative drag, tho total drag cooffi- 
ciont over th.-j wine results la a finite value. Tho prediction of 
infinite values of drc;j at certain sections of the wing clearly 
•violates at those sections tho assumption of small disturbances 
from «blob the linearized theory is derived. The calculated values 
for tho totul drag coefficient at Mach number 1.0 aro therefore 
questionable. Tho formulas for the total drag at Mach numbor 1.0 
are presented in appendix B. 

Conversion of drag solution to series of related wings.- An 
examination of equations ("31), (33), and (B5) indicates that the 
drag solution obtained for ono valuo of m and M may bo applied 
directly to obtain tho drag for a whole series of wings in which 
each wing is at a certain appropriate Mach number. (Equation (Bl) 
is formed by adding expression (Bib) to tho right-hand side of 
equation (Bio).) For exawplo, equation (Bl) may be expressed in 
tho following form: 

(y),2(if 2&rfe m3X\ (6) 

where • ' (S- -) refers to the variable terms and where mp = m', 

end - = K. If thw subscript 1 refors to a wing at Mach numbor 
m 

corresponding to ßL and the subscript £. to any other wing at tho 

Mach numbor corresponding to p^, thon the drag coefficients for 

tho two wings may bfl obtained from equation (6) as follows: 

S   «U/x  ßi   VfiPi   ly 
(7=) 
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(7b) 

:.:auation (7) shewn that if   y.ß^ = yj.p&   and   m-^ • m.p,. 

(t/c)^ Pß (t/c)^  ootAj, 

X       S (t/c)/ pl "   S (t/o)8
2 cot J 

(6) 

vhero    of1        snd   er1       refr.:;1 to the 3panwioe poaiticn3   y-,    end 

"IT' ro3pootivoly. In a oirdlnv nanner, It can 150 showi that Jf 

tvo vlnfja arc related Rooor&ing to y-jß-i • y;:p£ oiid BjPi • "fßPf.» 

the section drag coefficients obtained for VingB 1 and 2 from aqua- 
tions (B3) &nd (B5) ara  in tha B.".D» rati^ aa that saproMed in 
t.-q.uatio:i (8). Equation (3), therefore, may ho centralized to apply 
t;-> the total dra» coefflcior.t at the Bastion ^r, 

^1 " Cd2 
(t/o)x

g cot Ax 

(t/c)...'•• cot Aj 

('.') 

«al 
vhore c4l and 04- rofs-? to the opnnvlaci positions j-y   and 

TtPl 
——•-i, respectively. 
P2 

The Ving-draa ooefflolenta for vlnga 1 and 2 arc given, 
respectively, by 

1 I""1 
(10) 
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*>*'k 
>hr. 

sd2 ^2 

11 

(11) 

.0 

By eubatitutine for the integrand c^  in equation (10) the rele- 

aygPg 
tionohip expressed In. equation (9) and by substituting 

for dy^ equation (10) may be written as: 
Pi 

«Th- 

2ootAl I** 
~  °d2 
g" cot Ar JQ 

dyfc 

°Di 
(t/c)^ cot A3 

Or  Ö  
(t/c)£" cot A2 

(1») 

Equation (32) permits a rapid fleterm!nation of the drag coeffi- 
cient for vintfs of arbitrary sveepbeck, aspect ratio, and thlcloiesB 
ratio (vithia limitations of airfoil theory) from data obtained for 
one Bwept-back vv.n,-; for the appropriate range of aspect ratio and 
Mach number. For this -jurpose, use of a ving of U5 avoepback ao 
the reference vine; la moat convenient. If the subscript £ is used 
to refer to tho parameters for tho ving of 45° avoepback and the 
subscript 1 is Cropped, equation (1£) becomes 

°D = 
CI>2 (V0)2 cot A 

(t/c)2
e 

(13) 

Urtiere Cp and Cj^ refer to vinss v*icse aspect rptios and Mach 

numbers are related by the follovinj.; equations: 
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Ai • A tan A 

ß2 = p cot A 
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(3*) 

(15) 

Tho foregoing analysis shovs that the remit*, obtained for a 
vine: of ^5° awciopback und a givon aspect ratio A£ enn bo trans- 
formed by means of oquation (13) to all wings for which tho n3poct- 
ratlo parameter   A t&n A • A- and the Mich number parameter 

P COt A = 0£" 

Tho grouping of the parameters as indicated la tho foregoing 
analysis permits the use of a single generalised chart for pre- 
senting tho drag results. This cliart is dleousaed in tha section 
ontitlod 'hoaults and. Discussion. " 

PranJ.tl-fllauert rulo modi find for Buparsori.c flows.- In con- 
sidering the linearised problem of auperaonio flow past u wing, it 
is often convuni'-nt to roaor the supersonic reanlts for a given 
vlng to a transformed wing at a reference Mach number of M£ = £. 
If this trrn3formation is us;;d s rulo rosotibiing tho Prandtl-Glßuort 
rulo (reference 3) for the subsonic case, whi»re M • 0 is 
tho roforettoe Mach numl>or, may bo obtained• T'iis rulo may be stated 
as follows: 

Tho atreenllne fluid of the super-ionic flow for a given body 
ot a atreaa Kaon number M may bo calculated b: multiplying tho 
£,ivon y- and z-dimensions, including those for tho Mach linos, by 

tho factor \JU'-  - 1 and then by c;:lcuiatin;; Sic flow about tho 

resulting transformed body at tho Mach nurabur Vf*. Tho pressure p 
and velocity iniremenfis u i'or tho givon body ;.t tho Mach numbor M 
can then bo obtained by multiplying tho calcul- ted pre3suro p and 
volocity Ineroa i;ts u at corresponding points of tlio transformed 

body by toe factor —~ . 
Mr'  - l 

It is lnteroatlna to note that the dorivatisn of formulas (13) 
to (15) as siven In this piper corresponds to utilizing tho solution 
for a transformed wing for tho whole femily of wings related to 
this transformation end then applying the aforementioned modified 
Prcndtl-GlEUort rule« 

f 
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RESULTS AND DISCUSSION 

Variation of section drag coefficient alon.^ span.- Figure 2, 
which was introduced previously to illuatrato the syotcm of Mach 
linee, eine shows tho variation of section dra^ coefficient oa 
along tho span. The data aro presented for a vlnj of k^°  eweepbnek 
and thicknoB3 ratio of 0.10. Fi£,uro 2(a) givoo tho results for • 
wing of infinite aspect rfitlo and figure Bfb) givss the results for 
a wing of finite apan. 

In figure 2(a), tho data aro shown for M«sch numbers of 1.1C0, 
l«3^3f and l.lilU. The lowest Mach number 1.100 represents a case 
In which the «lac leading edge divcrgos rspidly from tho Mach line 
(upper part of fi^. 2(a)J. In this case, tho Motion drag coeffi- 
cient C£ has a maximum value of O.o>'u at the couter section, 
thon drop3 sharply to zoro at a distance of 1.13 chords from tho 
center lino. Boyond this point, tho wing shows a negative drat;, 
which approaches asymptotically tho subsonic valuo cf zoro at an 
Infinite distance from tho wing center. Thio typo cf wave-drag 
distribution io similar to that Indicated in figure 11 of rofer- 
once 1 for a wing of 60° awoopback at a Mach number of l.U. 

For tho hij^ior Mach number 1.3'Oj the cponiTioo variation of c^ 

is markedly flatter. Unliko tho preceding caoo, the drag coeffi- 
cient does not havo its maximum value at tho center section but, 
at first, incroasco In tho outboard direction, then roaches a pook 
and falls to zoro at a distance from tho center of 6.6 chorda 
(not shovn in fig. 2(a)). 

At thii highest Mich number l.Ul'4-, tho Mach lino bocosuis coin- 
cident with the wing loading odgo. In this caao, tho wing giv&o 
a very hi,^i drag and tho section drag coefficient increases in tho 
outboard direction, approaching infinity at an infinito distance 
from the wing center. 

Figure 2(b) illustrates tho condition at which tho oopoct ratio 

la lose than 1/VM2 - 1. Tho calculated caso shown is for an aspect 
ratio of 1.86 and Mach number of 1.10. In thio caoo, tho two wing 
tips caueo incruaonto in ooctlon drag coefficient on each half of 
tho wing,namely, Acd_ and &c&T7-    The tip effect Acd  at a 

given diotanco from tho tip is independent of tho lapoct ratio. Tho 
tip offoct AcaTT> fcovovcr, is a function cf tho aepoct ratio. 
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Effect of vine; tip on winf-draß coefficient.- Ficure 3 Bhovs 
the typical variation with aspect ratio of tlio increment in CD 
duo to the tip ;^Oj). Tho dato are shown for a «tag of ^5° Bvoep- 

back and a thickness ratio of 0.10 for Mach numhors of 1.100, 1.3'*3, 
end l.lt-lU. The present analysis for the vjitapt-rud vin.;s indicated 
that if the aspect ratio is equal to or greatör than 2m/(mß + 1), 
the intonated valuo of Ac^T over tho win-; is zoro. On this basis, 

if the aspect ratio of tho win;; 13 creator- than l/^M^ - 1, tho 
total increment in drar contributed by tio is zero. As tlie aspoct 
ratio in ro&uced, the tip offset W^       «faich occurn when the 

aspoct ratio is anallor then l/^M2 - 1, hovovor, leads to an 
increase in &p. Tho tip effect ££$   then roaches a poak valuo at 
a certain aspect ratio, but as this aspect ratio -~  further decroeacd, 
£Dn drops sharply. In this case, at aope-ot ratios of approxi- 

mately 0.5, AC*)   booenes zero and UMM laiwi iio^tivo valuos 
With further reductions in aspect ratio« Foi.- applications to very 
small aspect ration, howovor, tho theory aay roqulra modifications. 
Tho data in figure 3 show that ss the Mnoh :iuribjr is increased, tho 
aspect ratio corresponding to Ktvo valuo of £CJJ becomes smaller. 

Tho tip effects shown in flgwa 3 f'^r t!io win*: of h&°  svuop- 
beck are similar for other vines of different avoopbsck at appro- 
priate aspect ratios. The- conversion formulas indicated in tho 
eoction entitled "Analysis" indicate that tho aspect-ratio effects 
for winr;s of different sveepbeck correspond ojulltatlvely fuv equal 
values of the aspect-ratio parameter A tan A« Th<^ Mach numbers 
for each of the vinrs differ, however. An aspoct ratio of 0.8 
(ig. 3) for the win:-, of U5° swoepback at a I'rch amber of 1.10 
for oxEiqnle corresponds t • an aspect ratio of 0.2 cot A at e Mach 

number equal to \'l •'- !(1.10)^ - lj tan2 A for arc other wing of 
sveopback uncle A- 

Variation of wJn^-diT.r; coefficient with tl.ch number, nveopback, 
end slcndsrnoro rabio.- Figure ': Show the v;.L-j.atio:i of CJJ with M' 
for difforont sireepback ancles with constant .-.londorness ratios. 
The slondernonr: ratio represents the ratio ^f tho wi.:if; nemiapan 
measured olon;.. tho loading ed.^e to tho maximum thickness of tho 
center section. Tlio dcta are- preeonted for inroop'back angles of 30°, 
^5°, 5'*= .5°, and 60° with •leaderassa ratios of S5 end 50. The 
win.^s in ftgore k for the different slendeivicsu ratios and cwuop- 
back angles cro assumod to have the s-imu ^-J.n'_> .-.wee- and tho sane 
profile ncrncil to the wing leadi.u.^ edge. Tho elc Tcrnoss ratios 
aro based on a thickness ratio of 0.10 measured i:. a direction 
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normal to the vlng leading edge. The thickness ntio t/c measured 
in the flight direction, therefore, varies with sweopback as coa A 
or lo equal to 0.1 cos A. The aspect ratio io reduced vitli sweep- 

hack by tho factor coscA The aspect ratio io rolated to the 
slendemoss ratio hy the formula: 

0.2 
(!) 

The plan forms for tho difforent wings are shown in figure k. 

Tho results in figure k  show that, in General, the drag coef- 
ficient decreases with increasing sweopback. At Mäch numbers for 
which the Mach lines are appreciably ahead of the wing leading edge, 
increasing the olöadorness ratio or aspoct rctio gives important 
reductions in calculated wave-drag coefficient. At Mach numbors for 
which tho Mach lines approach the wing leading edGO (M—»sec A), 
however, short wide wings give appreciable reductions in wave-drag 
coefficient. Tho figure also indicates that tho liighcst wave-drag 
coefficients for the normal range of aspoct ratio occur at a Mach 
number equal to soc A. 

Effect of aopoct ratio on wing-drag coofficiont.- Figure 5 
indicatoa the effect of aspect ratio on tho wavo-Urag coefficient 
for tho wing. The data in figure 5 show tho wavo-drag-coofficient 

Cj) tan A 
jorraaotor  g plotted against tho Ropoct-ratio paramotor 

100 (t/c)'1 

A tan A Those rooulto are shovn for various values of tho Mach 

numbor paramotor yM2 - 1 cot A, which corronpjnd to a range of 
Mach numbor from 1.0 to the secant of tho angle of sveepback, 
or 1 < M < soc A. 

Figure 5 shows that for a given valuo of tho Mach number 
parameter, tho maximum wave-drag coefficient occurs at a definite 

aspoct ratio. For example, if A = ^5° and yM2 - 1 cot A • 0.310 
(that is. M = I.05) tho maximum value of CQ occurs at an aspect 
ratio of 0.65. If tho aspoct ratio is decreased to values smaller 
than 0.6^, Cjj drops vory sharply. Similarly, as tho aspoct ratio 

is increased from 0.85, CU also docrcasos. Thus, in general for 

tho Mach number paramotor corresponding to V/M2 - 1 cot A 3 0.3IO 
tho maximum valuo of Cjj occurs at an aspoct ratio equal to 

O.85 cot A 

Application of ourvoo of figure 5 to vingB of arbitrary BWOOP- 
back and aopoct ratio.- Tho scale labels and curves of flguro 5 
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apply to tha series of winrjs that muy be dcr'.ved from a basic 
10-percent-thick, 45° awspt-baok vino   The l';"ool3 express the 
transformation equations (13) to (15) •    If   A   is set eg.ur.1 to ^5° 
ond   t/c   ia set oqutl to 0.10 in these labels to correspond to 
tho basic vine, the ordlnatetf becom« simply   Op,    the abscissa   A 

(r.spoct ratio), and tha curve pr:rasietor   \'li2 - 1.    Uio results in 
figure 5 may be applied to nil nvept-back wings covering; a mags 
of aspect r.ntio from   0   to   10 cot A   corresponding to a rcneo of 
Ifecli number from 1.0 to    soc A»    The dc;ta apply specifically to 
untapered Irinas with biconvex profiles at zero lift with the «tag 
t^ps cut off in the direction of flight.   The results, hovever, may 
bo sppliod to indicate approximate results for profiles similar to 
the biconvox. 

Tho following oranrplo ia Riven in order to illustrate the use 
of figure 5.    For a JLven win/; 

A = 70° 

A .3 

t _ 
c 

0.06 

M = 8.20 

In order to find CD: 

^ 

A tan A • Q.Zh 

\ilf - 1 cot A = 0.71? 

Prom fi,7ure 5, for   A tan A = ö.£l|.   nnd \)li:   - 1 cot A » 0.715 

CD tan A 
= O.Ol^H 

100 (t/c)' 
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therefore 

% 0.00236 

Camgrtgoa of theory vlth experinientr.l results«- B'lguro 6 
shows a conparison of the theoretical results for vevo-drr.s cooffi- 
cient with data obtsincd from unpublished testa aadi at the Langler 
Laboratory for svept-back vin^s attached to e.  freely falliiiß body. 
The comparison is shown for a winrj of li5° svoepback for tvo aspect 
ratios? at zero lift. The r.apeot ratios for the experimental wings 
based on ovor-nll span vore 3*6 and 5«*>« BacaUBO of the small 
thickness of the Vint section relative to the thickness of the 
fuselage (0.7--: in. to 10.75 in.), the calculations caaumod that 
the fuselage acted aa a perfect reflection plane. Cn thin basis, 
tho aepoct ratios of 3«6 arid ^.k  corresponded to iT'pect ratio3 
of £.65 end h.k2,    The experimental vine bad an NACA 65-OO9 profile 
taken in tho direction normal to tho wing loading edge or a thick- 
ness ratio of 0.063'' in tho fli<-jht direction; «heroes, tho cal- 
culated rocults are based on a biconvex having tho same ma;:imum 
thickness ratio aa the oxporimental profile. The calculated drag 
coefficient Op was obtained by adding tho skin-friction drag 
coefficient of O.OO^T to tlio calculated wave-drag coefficient. Tills 
value of 0.0027 for tho skin-friction drag coefficient was obtained 
as the minimum drag coefficient from tho unpublished experimental 
rosult3 and tliia value appoaro somewhat lev. The compariaon is 
shown for a ranrje of Mach number from 1.0 to 1.£'5« The plan form 
of tho win^s are shown in f injure 6. 

Tho comparison in figure 6 indicatos that tho calculated 
values of tho vave-drac; coefficients are of tho order of mnrnltudo 
of the experimental results. Tho agreement appears to bo closor 
for the vine of higher aspect ratio than for the vine of smaller r.spoct 
ratio. It should bo noted that in addition to the approximations 
inherent in tho linearized theory, the calculations do not take 
account of factors such as fuselage interference, boundary-layer 
effects, and tho exact profile. 

CONCLUDLXr EEMARKS 

A theoretical investigation has been mado cf the supersonic 
vave dreg of untapered svept-back wings at zero lift. The vine 
section was biconvex and tho wing tip was considered to bo cut off / 
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in the direction of flicht.    The investigation was limited to a 
range of atreim Msoh -lumber from 1.0 tc n value corresponding; to 
that ab which the Mach 15.no coincided with t.io ulna leadinjj odgo. 
For this range of Mach number, the following conclusions have been 
drawn: 

1. In General, the calculated %/ave-dra,;; coefficient decreased 
vtth Increasing nveoptack. 

2. At Mach numbers for whioh the Mach linos are appreciably 
ahead of t!io win;, leading edgo, increasing the alendcrneran ratio 
or aopoct ratio (jnvo important reduction in too calculated viavo- 
drag coefficient. 

3« At Mnch numbers for which the Mach linos approach the wing 
leading od;.;e (Mach ma&ora approaching a value o^ual to the secant 
of t3:e an^le of uveepback).  decreasing the aleii&emees ratio or 
aspect ratio reduced the calculated wave-Crag coefficient. 

h. The highest calculatuO. wtiVo-dr.'ü£; coefficixvta for the 
uortr.l ranc:o af aspect ratio occurred at a Mach naaber equal to 
tha Meant of the angle of aweopback. 

5. The naximum irtvo-drac coefficient occurred et a dofinito 
cEpect ratio vhich ie determined by the Much number and an^le of 
evcepback. 

C. For aapect ratios t^roater than   l/V/M* - 1,    where   H   io 
the Mach number,  the increment in wre-dvag coefficient for the 
wing, contributed, by th<, tip '.ras Eero. 

7» Thu variation of the drag with Mach nuBDeV obtained for 
one uvoopbr.ck angle for appropriate unpoct retloa Bay be presented 
in a unified form no that the dra,'j for the ooqpleto range of awcop- 
bsck anglo, aspect ratio,, and Mach number nay bu diroctly determined 
from a single chart • 

8. A comparison of the theory for s Mach nuntibor ranr;o frvfla 1.0 
to 1.2J with results obtained from tests of evert-back vinga attached 
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to a freely falling hody Indicated that the calculated value» vere 
of the ordor of magnitude of the experimental results. 

Lengley Memorial Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Lan&Ley Field, Va. 
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FOEMUIAS FOR TUS MISG-BAND  U  XH EQUATIOII (3) FCR FEJITE 

UTITAFTKED SNK2T-BACK TOIGS OF BICafTV-ii; 2R0FHJ5 

AT EEUO LIFT     m = cot A <?. - 

• 

In ordax* to satisfy the 'boundary condition for c finite svept- 
back vlng of biconvex profile, tho inte£?'an&   u   la equation (3) 
may be expressed in torma of components cauoof. by elementary source 
linos es followi 

U " "0,0 + uc,0 + \0 + 5c,0 

" (£»0,0 - 5^,0 + J^,0 " |%o) 

r , -. 

" \%/mrh 
+ Va,-Ii " (DV*^ * i^i/m,-h) I (Al) 

vhero tho subscript notation indicatec tho origin of the source 
lino. Til-) bars ovor u refer to the sovrce Xfnaa  caused by the 
opposite ving panel; that is, ü indicates a s .vu'co lino with a 
reversal in tha sign of m. 

In equation (Al)., tho u-functions are civon by the real pr:rte 
of the folloviUj e:3xresoions: 

^ P|7-u-a(x-g)| 

- ,  , T  u-i * " £ * «^(7 - O u  (x, y) - I cosh    

/ 

V ß|y - ?, :r(:: - g) \ 
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where   £   -,    _„«_ 
:i 

source llneB. 

dx     ^ 

önd ^ •»«* (5), the factor 

I - 6*1 —_»__ 
C JT   .  

Tho oyxabol   ~   in equation (AI) refers to an liiucgniwon 

Won which represents tho influenco ef the unifor» distribution of 
sink .linos alone tho chord of the Mconvox pr.file.   This 3yjabol 
is defined by the fallowing e:T'J^oso--ono: 

tatecration opera- 

fg,,/*' 7) - « coeJl-l j-g-^b - „J 
Jx-ßy Q& 1 -ffl(x -g)j 

dx V"T  coah A _*    5 _ 
! Pjy-rj 
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vhere, for a biconvex profile 

lt(tM v 

* ^. - aftjS 

Equation (A£) may "bo expror.sod M s function of   ——S,    that io 

=»„ ,(*, y) - (y - n) * 

Tivjn 

^n(*,7).-<y-*)*UL^ 

Tho limits of 1 nte&atlOM vlth roprf1. to   ;-.   for tho section 
draf. coefficients and vlth regard to   y   for the total •winri-drng 
cocff icienta arodlnousoo*.   Tho u-compononta cawed. by each of the 
clwp.antary aourco linos are zero at all points outside of tho 
respective Mach conoa.   Tho functions for tho vr. :.''ocxand In oqrta- 
tlon (3) are therefore evaluated alon^ tho ooctioi:. for values of   % 
beginning at tho forward boundary of the Mach c::rus.   This lntoT.Tn- 
tlon gives tho ooctleii-drfc:.;-coefficient compa'.enta«   Similarly, In 
order to obtain tho ving*-drag ooofficlont, the soction £rac coeffi- 
cient components obtained from tho roopootivo u-funetione ero 
evaluated alon;* tho vin^ sp^n for veluoo of   ;••   c^ttinod vithin 
tho Mach cono.   Tho following tablo refers to one slAe of the ving 
(x   and   y   pooitlvu) and chove the» limits of intonation for   x 
tnd   y for tho required u-functions: 
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u-caErpiienta 

Limits of integration 

X y 

Lover 
.Limit 

Upper 
limit 

Lover 
limit 

Upper 
Unit 

h 
"0,0         "0,0 

I'fa 1+ c 
m 

0 

uc,0            uc,0 

DUc,0          5^,0 

yfi + c £ + c 
n 

0 h 

§V»,h 

|(mß + 1) - yp 2 +  c m 

mc 

aß + l 

Af A>-äJ\ 
V             mp + 1 / 

o  /if A<—9LJ\ 
\          " nß + 1/ 

h 

h/m, -h 

L- 
ctym, -h 

yß - |(nß  i- 1) 

I 
i 

V 
*- +   C 
m 

I 

h(wß + 1)  - mo 

li 

1 - mp 

/                       9.     N 

\               mP + 1) 

0    ' Ji"   A <     3»  \ 
V        ""' " afl + I,' 

i ____, _j 
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IIACA EM No. LÖK« 

FORMULAS FOR WAVE-DRAG COEFFICIENTS FOR FEIXE U2TAPERED 

SWEPT-BACK W9U8 OF SYMETRICAL 3IC0KV:X\ PROFILE 

AT ZKRO LIFT     m = cot A ^ ~ j 

Section Drag Coefficients 

In the following analysis the quantitios y and K ere 
employed uondimonsioually in terms of the eomlchurd. The equations 
for the drag coefficients in all cases refer to the real parts of 
the indicated expressions« 

Section drag coefficients without tip offget.- The section drag 
coefficient for tho ftiven winy at a spunvise position y and Mach 
number M without the tip effect was found to üo as follows: 

The term 2m roprosents o convenient intonation limit 
1 - icp 

which indicates the intersection of the Mach line frOB the center- 

section trailing edge with the wing leading od^o. For y = Km<  £m 

I - mB 

cd(y) 
0» 

.-1 K + 2 coah"1^-] 
*Vc/  \  \      Km' my" 

• -efagJl««« «ft-»*>'*• 
3£ - ,* I        *' 

- »(ae3 - sc - I) cosh"1 !&.W*} + ? 
2u'(:c * l) 

... incfac1 - 3) cosh"11*1,a + l?'|ac(l - m'2) 
2m1 L 

-\/(l-m'£)[(K, £)2 - (»•)8]jM (Bla) 
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Tor   y - Km > —St—,    the follovine e2j>ro3aion ia added to o<iua- 
1 - up 

tlou (31*i). 

8/tr    L-3     h-i g-g 1   - \KJ conh :(IT-f Kin1 

ij2 ^-1 sk-ifLi 
3,,'l-m'H a»' 

Cm'(K - 1) 

+ 

+ S^(l - m'a) [(K - £)s - (Eü1)2]    ? (31b) 

\oiore   a' - aß. 

For tile ßpoclal c~ao   m =     ^j1,    thu Ifcch line coincides 
fa2 - 1 

vlth the vln^ loading ed^a, and the exprcasj.on for the dran coeffi- 
cient obtained aa a Uniting caae    (in' —»1)    for all valuoa of   y 
becomes: 

c, (y).5/i,\  a jy'3 coah"1 Z—Ll-t ae» «Vo/ I y' 3 
y'<3r' + ^(y'-l)-2| 

fpn     ! I (32) 

Vhui'O 

y' = yß 

At the center 3ection, idiero   y   or   K = 0,    equation (Bla) bocamea: 
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1=9  3*u >/i-EV=        "* 

At the center coctior., for y - 0 and m = :z,    equation (Bi.) 

becn«c3: 

-1(1)» 
focrgggnt :Ln auction drri   roa^fi'-iür'.t oaunoft oy wlnp t^pa." 

The increment In   cfl    touted by the tlpa depends on various factors, 
ouch 03 the ::vocp s*v.;lo, aspKcb ratio., and Ma oh number.    The following 
typou oecur in an uataperod via,-;: 

I. If the •>cpect ratio of the wing ia equal to or cp-eater 
then l/vllR - 1 oach tip ".ffocts rolely its own half of the Ving. 
In this caoe tha effect of tV.o tip io limited to the re^on of t-io 
wing outboard and rearward of the front Mach line cricinating fron 
this tip.    (S&'j fig. 2(b).)    The region of the -win;; affected ia 

between values of    y    from   h - — to    h. 
afl -i- 1 

The increment in section drag ooeffioient at 8 Mach number   K 
end Bpenwiea position   y   cr.uagd by Ihe tip v.»n ..'CT_J3  bo bo ao 
fOIIOVD: 

> 

^dT(y)--f*T»< It Vo / ian»£ 

2 _: (l - m'i:)yr' + 2m' 

}<f. - n'2 '••a' 
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vhere tho (subscript a indicates that tho x-3xiB is shiftod to the 
tip cection, and ya' •---  y ß and ia' •--- nß. El tho plan form of the 

wine 

y = " + ya 

In equation (B'j) values for   ya   may be t::>:cn from   - —-  
nß + 1 

to   0.   Whon tho Mach linu is coinoJdont irith tho lending ed^e of the 

airfollj that i3,    ra =    ~~ ,    tho expression for   Aca_   hecameti: 

V'M1 - 1 

«Wt\8 

Acdl(y)^(2) COCll 

IVI 
r^T 

II. If the QBDOct ratio of the win« is lean then 

v/«2-! 

0k) 

the 

tip on tho opposite vinti contributes an iiici'oment in c. in addi- 

tion to that discussed under type I. The increment in c^ at a 

section caused hy tho opposite tip irao obtained in tho follovinL form: 

Ac *n 
(y) • S (c)2 m ra <!^7y* • •ioh • • *0\/K • •'0i • •m,)?" (a'^ *)2 

JL-(lA + a *) - 3h 'y,0' + £h,£ - m' 
;--.• - F(h'-m') 

coah       »V 

23rb
,3-6ar1>

,8a, + 3y1,
,(£h,2-m»2)-eh,3 + 3«,2h,-»,3J 

3m3 yi - m'2 

a V& n-ffi'2,) - 2(h' - m') 
cooh 

Um'(yb' - h' -:-m') 
) 

) 

(B5) 
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^fJfSOL^JtsSr^ S ~?8 s — to the 
In the plan fc• of the vinG    

b  ***'    * " *' «* *' = hß. 

y = yb - h 

The limits for jv to he used in equation (B5) depend on the 
value of aspect ratio A relative to -the parameter   •— •  Thus 

aß + 1 

(a) If the aepoct ratio of the vine -O greater tlian , 

nß + 1 the front Mach line frota the opposite tip intersects the trailing 

edfro at a veluo of   y.   = -^   •" m>      so that ••rlues for   y,     in 
%1>       i - nß b 

oquntiou (35) »ay be taken from   —*» bo   £h   at tiio tip. 
1 - tfp (Seo fly. 2(b).) 

(b) If the t.spcct ratio A is equal to or loos tlian ——-, 

nß + 1 tho front Kaoh line from the opposite tip intorcects the contor 
section and values for yt in equation (35) ro.y be taken frcan h 

to Ph. In this ess«, tho increment in Ac^ discussed under 
type I is obtained at spanviso positions of y  from -h to 0. 

When m * • •••   •   . oquation (B5) becomes: 
^^1 

r   r   

£ Igy-b,J - frb '~h' 4 3yb'(a'; -1) - i%"' + 3h' - ljy/r^h"' I 

\ZJ'b, + 1 

ocw xmmxia 
f 

• 
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The total ln<  
the Mpa ia given ty 
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The total Increment In dra« coeff!,.<«„+ • 
tica la crtv», >,,.      QrQS coefficient QT; c aoctlon cauced by 

**& " ^d-r + Ac,, 

and the total drag coefficient at the section lo 

WlnG-Drsp Coefficients 

Wln-^-drag coefficient Trithout tip 

Is equal to or leso than —- 
£££££t£.- If the acpect ratio 

• • -"• •,  the vi-nj-Cr"'j coefficient without 1 - mp the tip effect ia 

- 6A'  coch"1 i- - 1/A,2(l - m'V + km'(\' + a') a' 

+ CA 

• (^'3 i 3A V£ - A.3) cosh-i AHJjij. n>a) + fa. 

an-    j f 
*«*   A-. Aß   and   n-=IEp 

• 
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fan If tho aspect ratio is -rcater than     —— •,      the wlnß-drag 
1 - lap coefficient without tip effect is, 

°    *v°'     Viaa'3[      \ A'm' A'm'   / 

- 64' confab A.  - V'A.2(l . m,.) + W(A, + ar) 

- \/A-
L
(I - a-2) + ta.(a, . A1) + g^.^T^i I 

r  r • 
• ~rrr. im'3 Icooh"1 VU - a'a) • &»' 

3«l3\/l - m-   I        [ ^,8 

- cosh"1 -"Ü - »'0 - 8»' 1 
am' 

• (3A'm'2 - BB-3 . A,3) C0Qh-.i A'fc • »*) - ga» 

am'C'.'  - :"') 

• (sA*'a + a«.3 . A,3) QOBh-l VU-nn-2; + rm. 
2m'(A' + a:') 

+ (SA'3 - 6A'ffi''
:) co^"1 * + »'' 1 

2n' 

Ir.oronont in ving-dray; coefficient «used by vlar; tips.- If 
the aspect r.atio cf the win? is c-qaoX to or Qreatw t2:an   l/p,    the 
contribution of the «lag tips to the Wing-drag coefficient la zero. 

f 
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0m If tho aspect ratio of the vine Is enval to or greater thr,n   •— , 
E# + 1 

tho total ir.crejnont in   Cp    caused by tho local tip, or   ^Cj)_,    iB 

zero; and tho increment   £CQ   io obtained solely fron the effect of 
the tip locatod on the oppcaito half of tho wing, or   £GQ    •   Tor 

this case, integration of equation (B5) over the vine yioldo: 

8/t>£^r (A1 - £m')(A' + n'J^ ccsh • I» —."I »'Ai+ 1 
A' + m' 

+ (A' + £:n')(A' - m')2 conn'1 2 ' m'A' 
|A' - m'| 

!öa,n - A'^fe + m'2)    cosh"1 ~ - -—Jl - A,£ / 
I. A 'J A'        -im'V 

+ JLLlgn'* -A 
3n'3' F-^Tf"A    ( 

L}2 If the aspect ratio of the winp in lens tlifn   ———,    the 
mß + 1 

increment   £CD   is affected by both vine tipst   For this case, 
intocration of equations (E3) and (E5) ylolds: 

tct.snfJ.—i— (A' - an')(A' + m')2 ncoh"1 n'A' + X 

A1 + m' 

.2 ) 
+ (A1 + 2B'J(A' - m')2 cosh'1 1 I m'A'- 2m'3 cosh'1 gm'' A'U " "^ ' 

I*'  ' «'I a»-2 

- (a»'3 - 3m'2A' • A»3) Cosh-l 5^ " A'k + ".'9 
jam'fm' - A')I 

A'3 , -1 an' - A'     A'   . s\ 
+  cosh •*• — — - S—A. - A'8  I 

ta,3 m'A- 3m'V y 
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Total viag-ararr coefficient.- The total wf.ng drag 1B obtainod 
EB tho etm, 

°D=CD„+ÄCD 

vhors tho components   Cj)     ond   iCp   aro calculated from the fore- 

going oguationn for t!ie Ytfng-dreg coefficient appropriate to tho 
aspect ratio of the wing. 

Wing-drag coefficient for cpoclil cuae   n a -.- When tho Mich 
 — I 

lino coincides with tlio \Anr, leading ed/je   (a. • •- j,    the ving-drag 

coefficient obtained fov ell aspect ratios en a limiting case    (m1 —» 1) 
is eq.ual to tho real part of tho following exprooflar.: 

(JÖ (|f n fill fcosh-l Ali^+C0Dh-l W,'.\ + . ,(, . A,£)  ocBh-l 1_ 
«\c/       I  U    y A. A.    J A' 

fftag-Dmg Coefficients at Mach Hroabor of 1.0 

Tho drag coefficient for tho wing at   M = 1.0   nay he expressed 
in terran of tho following forrtulr:3 «blob ware obtained by integrating 
over tho wing the Halting valuoa for   c4   in equation« (Bl),  (B3). 

and (E5) as tho factor ß = «,/M2 - 1 approaches zorc: 

CONFBTESTIAT. 
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(1) If the aspect ratio of the wing i3 oqrial to or greater 
than   i-m 

C^ = L (1J 5/  I     mj(-K3 + 6K + k) l0ge (E + S?) - 3K3 l0ee 2E 
üiO 

+  (UK3 - QC - 2) loae (K + 1) + KT?(K - ?)]  dK 

'fh/m 

m|(-E3 + AC - 0 lcge (E - r.) - (K
3
 - 6K - h) log^E + 2) 

+ (UE
3
 - öc) loge (r

1 - l) + 2 loge ^-i - uK3 lOCo K! <3E 

+ p    jfc -d3 + iÜL-LZl - 81 [l0i;e *(:- - h + *>] 

+ ["(I_tj0l + »fa2 - ^) • jfiLU&l [loge n(y + h)] 

-(£-?-») K*—'] 
+ ^-—^y - 3h - Jsi)(y - h + 2m) 

ltm3 

\diere   E --- £ 
a 

! 
ajr) (B6) 

CQEFUMiTIAL 
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» 

In equation (B6), the firat two integrnlo represent the drag 
coefficient for tho wing without the tip effect; whereas, the last 
integral repreaonta the offect of the tip3 ^T),— » Tor thia case, 

in -chich the aspect ratio io eqinl to or greater than f^a, the tip 
effect ACJJ_ is zero; hence tiie integral for tho 3ection Increments 

in c^ ia not given in equation (DC). Equation (Bo) hes Leen 

aolvod for a ewoepback angle of 1*5° and tha ranulto for this ovoep 
an-^io way bo converted to other wir.^a of arbitrary sweepback by the 
fowaulas (13) to (15). l]or the wing cf 'i?0 sweepback, • •= 1 and 
and A > 2,    equation (Bö) yiolÖ3 the following result: 

°D = Jn (c)l^-3 + 1U + ^ l0S° (A + ?) 

+ (-A3 + 12A - 16) loge (A - 2) + 6A(^
&
 - li) logg A - 4AJ     (B7) 

(£) If tho aspect rotio of the winß ia ,-amllor than   Cm,    tho 
upper limit of «10 first integral in equation (B6) it reduced from 2 
to   h/a,    the second integral vanishes,  and the lower limit for tho 
third integral ia reduced from   h - ::m   to zero.   For this Cü3O, 
however,  in which tho aopoct ratio io loss than   2a,    /£^     \a not 

zero, and tho following into^ral must ho added to t.osc in r,qui- 
tion (Bß) to obtain   C^: 

0  /t •; a 
^1     3n\o)   b 

IQ 
/. . y.i3    3ya^ , • s 1 lo-» 
\ca^       a /        ° 

ß(yn + £m) 

+ ;= io 
ya • v» ay> (38) 

whore 

ya = 7 - h 
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POT the vrtng of ^5° BWäepbaclr,   m s 1,    end   A < 2,    equations (B<5) 
end (BÖ) yield the same result for   Cp   aa that obtained for values 
of   A   greater than S, aa expressed by equation (S?)i   In thia csso, 
the real part of   logQ(A -2)    is used. 
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