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Summary.-Camber and twist is applied to the problem of reducing the drag due to incidence, of thin triangular or
swept-back wings, at supersonic speeds, with subsonic leading edges and supersonic or sonic trailing edges. Two cases
are considered: (i) with leading-edge suction forces ignored, (ii) with leading-edge suction forces included. It is found
that twist, especially towards the wing tips, is more effective in reducing drag, for given lift, for the larger values of
tan yjtan u, where y is the semi-apex-angle and ft is the Mach angle, and that camber is more effective for the smaller
values, though, in general, the best results are obtained by a suitable combination of camber and twist. For triangular
wings, with suction ignored, the maximum percentage drag reduction varies from about 10 per cent (for sonic leading
edges) to 50 per cent (for very slender plan-forms) and, if suction forces are included, from zero (for very slender
plan-forms) to about 10 per cent (when the leading edges are sonic). The effect of the swept-back trailing edge is, in
general, to increase the maximum percentage drag reduction for given lift if suction forces are ignored; but to decrease
the maximum reduction for smaller values of tan yjtan ft, and to increase the maximum reduction for values of
tan yjtan ft near to one, if suction forces are included.

------------_~

1. Introduction.-In Ref. 1, the effect of camber and twist on the pressure distribution and drag
on some triangular wings of zero thickness, at supersonic speeds but with subsonic leading edges,
is investigated. The shapes of some cambered and twisted wings are found such that the thrust
loading on the leading edges is removed or modified, while certain requirements with respect to
camber and twist, or aerodynamic properties, are satisfied. The effect of additional incidence
is also calculated. In Ref. 2, Part II, the effect of a change of Mach number on the aerodynamic
characteristics of a wing with given camber and twist is calculated.

In these investigations, no particular attention was paid to the problem of obtaining a wing of
minimum drag, but it was found that for some wings (mainly those with twist towards the wing
tips), with modified pressure singularities of strength P on the leading edges, there was a certain
range of positions of P = 0 for which the drag was less than that on the flat wing. For wings
with no leading-edge singularities, the drag was found to be greater than that for the corresponding
flat wing.

For a wing with given plan-form and given lift, in incompressible or subsonic flow, elliptic
spanwise distribution of chord load gives minimum lift-dependent drag. In supersonic flow,
wave drag appears, and it is necessary to consider the distribution of load over the whole wing.

* RA.E. Report Aero. 2585, received 6th March, 1958.



In this report, the use of camber and twist is applied to the problem of reducing the drag due
to incidence, camber and twist, for given lift of :

(a) triangular wings with subsonic leading edges, and unswept trailing edges
(b) swept-back wings with subsonic leading edges, and straight supersonic or sonic trailing

edges.

Unless a special effort is made, an infinite suction (corresponding to a singularity) will occur
(theoretically) on the infinitely thin leading edge, giving rise to a finite thrust locally. This
infinite suction will not occur in practice, neither is the practical wing infinitely thin. In in­
compressible flow, it is well known that the equivalent thrust at the leading edge does appear
(at least, when there is no leading-edge separation). It is not yet known, in the cases now con­
sidered, how much suction will occur; therefore two cases are considered*:

(i) with leading-edge suction forces included in the optimising process,
(ii) with leading-edge suction forces ignored in the optimising process.

Physically we are assuming, in the latter case, that the effect on the rest of the pressure distri­
bution, of the presence or absence of the suction force, is insignificant. It is known that this is
not always true, but it may well give useful results in some cases.

In Ref. 1, the surfaces corresponding to certain basic velocity potentials, and in Ref. 2, the
velocity potentials corresponding to certain cambered and twisted surfaces, are given. In this
report, the velocity potentials for three further (higher order) camber and twist solutions are
found using the results of Ref. 2, Part II, Appendix III.

The load distributions on the nine] separate surfaces z = - t5xn
-
2YS(n(> 2s) = 1, 2, 3, 4, 5;

s == 0, 1, 2) are found, where t5 is a small arbitrary constant, x is measured downstream from the
apex, y is measured to starboard, and z is measured vertically upwards, and general formulae for
the total lift, drag and pitching moments for the separate camber and twist solutions, for both
triangular wings and swept-back wings with subsonic leading edges, and straight supersonic or
sonic trailing edges are deduced.

In the numerical examples worked, one, two, three or four of the basic camber and twist
solutions are combined with that of the flat plate (n = 1, s = 0), so as to obtain the maximum
reduction of drag for given type of plan-form and given lift. The choice of surfaces is not entirely
arbitrary. It is possible, from a study of the grouping, etc., of the simplest combinations, to
choose the camber and twist distributions most likely to give optimum results.

The results obtained are optimum for the number of surfaces, from those available, which are
combined. The method can be extended to include a greater number of surfaces, but there are
already signs of convergence. Some general formulae (which could be used for more extensive
calculations on an electronic computor), will be given in a further report.

It is also shown how the position of the centre of pressure (at given lift) can be fixed in any
desired position, with a (generally) slight increase in the value of the corresponding minimum
drag.

2. Mathematical Analysis oj the Problern.-2.1. Formulae jor the Calculation oj the lY!inirnurn
Drag for Given Wing Cornbinations.-In the linearised theory of supersonic inviscid flow, the
drag due to incidence, camber and twist, for a wing with subsonic leading edges, is given by

T=D-S, (1)

where D is the drag component of the pressure integral, and 5 is the component in the free
stream direction of the suction force, which is determined by the strength of the singularities
in the pressure on the leading edges of the wing.

----_.. _-----_._- -----------_ ....__._---

* Deliberate design of wings with no leading-edge singularities, but still of low drag, is also possible, and further
work on this is in hand.

t Further higher order camber and twist solutions have been worked out and used since this report was written,
and will be given in further reports.

2



If CX r is the local surface slope in the negative streamwise direction, and Pr the load per unit
area, at any point of the surface given by s, = F(x, y), the local surface slope and load per unit
area for a surface given by

are (using linear theory):

and

n

Z = L (Arzr) ,
r=1

n

cx = L (Arcx r) ,
r=1

n

P = 2: (ArPr) .
r=1

where the A r are constants, (2)

(3)

(4)

Hence the lift L, and the pressure integral D, are given by:

L = sf (Alit + A 2h + .. 0 + AnPn) dS == ~1 (ArL r) , (5)

D = sf (AIPI + A 2P 2 + 0 •• + AnPn) (Alcxl + A 2CX 2 + 0 • 0 + Ancx n) dS

= 2: (A r2Dr) + 2: (ArAsDr,,) (r = 1,2, ... n; s = 2,3, ... n; r < s) , (6)

integration being over the plan-form of the wing, and where

i; = sf PrdS, '

Dr = sf PrCXr dS ,

are the total lift and pressure integral respectively for surface e., and

Dr,s(== Ds,r) = sf (PrCXs + PsCX r) dS

is the 'interference' pressure integral for surfaces s., s, (from the pressure distribution of one
surface acting on the surface slope of the other).

-If P r is the strength of the singularity in the x component, U, of the perturbation velocity on
the leading edge of the surface z; the strength, P, of the singularity for the surface z is given by

n

P = L (ArP r) ,
r=1

(7)

(9)

and the component, in the free-stream direction, of the suction force due to the leading-edge
singularity is (equation (140), Ref. 1):

S = 2npuJ:I p2 dx = 2npuf:1 (AIPI + A 2P2 + ... + A nPn) 2 dx

= L (A/S r) + 2: (ArAsSr, s) (r = 1,2, ... n; s = 2,3, 0 • on; r < s), (8)

where s. = 2npuJ:I p r2 dx is the suction force for surface z., s; s( == s, ,) = 2npuJ:l (2PrPs) dx

is the 'interference' suction force for surfaces z, and ZSl x = Xl at the wing tips, and
u 2 = 1- (tan vjtan s)".

The total drag is

T = D - S = L (Ar2Tr) + L (ArAsTr, s) ,

where T, = Dr - S" and Tr,s = Dr,s - Sr,s'

3
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For surfaces s., z, of the same given plan-form, it can be shown that D" S, and Dr, s, Sr, s are
proportional to L r2 and (LrL s) respectively. Hence, writing Dr/L r2 = d: Dr, s/(LrLs) = d; S1

Sr/Lr2 = s., Sr, s/(LrL s) = Sr, S1 and ArLr = an formulae (S), (6), (8) and (9) can be written (dn

d; ss S" Sr, s depend on x and the types of surfaces z., s.):
n

L = 2: a" ..
r~l

D = 2: (ar2d r) + 2: (arasd r, s) ,

S = 2: (ar
2s

r ) + 2: ta.a.s; .) ,

T = 2: (a,2t r) + 2: (arah') ,

(10)

(11)

(12)

(13)

(14)

=- d - s,

where d = D/V, S = S/V, the summation in each case being for r = 1,2, ... n; S = 2,3, ... n;
r < s.

For minimum d,
1 aD 2 »r.
D 3a

r
- I 'Oar = 0 , for r = 1, 2, ... n , ., (ISa)

and for minimum t,
1 »r 2 st.
T 3a

r
- I 'Oar = 0 , for r = 1, 2, ... n .

The n equations (ISa) or (ISb) determine the coefficients at> a2, ... an'

(1Sb)

(16)

(18)

(17)

(19)

Formulae giving the values of a, and minimum d (=- dop t ) are given in equations (16) to (26).
For minimum t (=- top t ) , d, and d; s are replaced by t, and t., s respectively, and dop t by topt in these
formulae. Combining two surfaces given by r = 1, 2, it can be shown that

a1 a2 2L(d)opt L
2d2-=d1,-2 = 2d~-=-d1,-~ = 4~d2 - (d~,~P = 2(~ + d~- ~) .

Hence the optimum d is given by

d 4d1d2 - d~ 2

opt = 4(d
1

+--d
2

- d
1

, 2 ) ,

1/d __ d, - dopt (2d1 - d1. 2)2
-d~- = ----d1 - - 4d~(d~+-d2 - -d1-,-~) .

For the combination of three surfaces given by r = 1, 2,3:

~l__ ~2__ ~~__ 2L(d)opt _ ~_L _
1/1 1/2 1/3 I/m 1/1 + 1/2 + 1/3 '

where
1/III = 2d1 d1,2 d1, 3

d2, 1 2d2 d2, 3 (20)

d3, 1 d3,2 2d3

and
11 1 = d2, 3d1,2 «; 3d1,3 + 4d2d3 - 2d3d1,2 - 2d2d1, 3 - d~, 3 }

1/2= d3 , 1d2, 3 + d3 , 1d2, 1 + 4d3d1 - 2d1d2, 3 - 2d3d2,1 - d~, 1 .

1/3 = d1, 2d3, 1 + d1, 2d3, 2 + 4d1d2 - 2d2d3,1 - 2d1d3,2 - dt 2

4

(21)



Hence

(d) opt = ld m/ (Ll1 + Ll2 + LIs)

= (4d1d2ds - dld~, 3 - d2d~, 1 - dsdt 2 + d1, 2d2, sds, 1) /

{4(d1d2+ d2ds + dsd1 ) - (dr,2 + d~,~ + d~,l) - 4(d1d2,s + d2ds, 1 + dsd1, 2)

+ 2(d1, 2d2, S + d2, sds, I + ds, I dl,2)} • (22)

For the combination of four surfaces given by r = 1, 2, 3, 4:

a1 a2 as a4 2L(d)opt L
Ll

1
- Lf;; = LIs = -.:1

4
= Ll

l V
- Ll

1
+ Ll

2
+ LIs + Ll

4
' ••

where
Lll V = 2d1 d1,2 d1,s s.,

d2, 1 2d2 «; d2,4

dS, 1 dS,2 2ds dS;4

d4, 1 d4,2 d4,s 2d4
and

Ll1 = Sd2dsd4 + 2d2, sds, 4d4, 2

+ 2{d2ds,4(d1,s + dl,4) + dsd2,4(d1,2 + dl,4) + d4d2,s(d1,2 + dl,s)}

- dl,2dS,4(d2,s + d2,4 - d3,4) - d1, sd2, 4(ds, 4 + d3,2 - d4,2)

- d-; 4d2,s(d4, 2 + d4, S - d2, s) - 2(d2d~, 4 + dsd;,2 + d4dL)

- 4(d2dsd1,4 + dsd4d1,2 + d2d4d1,s) ,

with corresponding formulae for Ll2 , LIs, Ll4 • Hence

(d)opt = t LlIV/ (LlI + Ll2 + LIs + Ll4)

= jSd1d2dsd4+ 22 (d1d2,sds,4d2,4) + t 2 (dr,2d~,4)
4 3

- 22 (dld2d~,4) - 2 (d1'2d2,sds'4d4')/[S.2 (d2dsd4)
6 s j 4

+ 22 u; sds, 4d4, 2) + 4 .2 {d1(d2, sds, 4 + ds, 4d4, 2 + «; 2d2, s)}
4 4

- 2.2 {(dl , 2 + dS,4)(d1,sd2,4 + d1,4d2,S - dl,2d3,4)}
S

- 2 2 {dl(d~,s + d~,4 + d;,2)} - S.2 (d1d2d3,4)]
4 6

(The number under the summation sign denotes the number of terms in the sum.)

For the combination of n surfaces given by r = 1, 2, ... n:

~ _ 2L(d)opt _ 1
zl, LIN n2 Ll r

r=l

(23)

(24)

(25)

(26)

where LIN is of the same form as LIm, Ll lV , but with N rows and columns, and zt , (r = 1,2, ... n)
is equal to LI N with each term in the rth column replaced by 1.

The formulae given above are quite general, and do not depend on the type of camber and
twist used, suffixes 1, 2, 3, 4, ••• it referring to arbitrary surfaces. The formulae giving minimum d
can also be used for thin wings with supersonic leading edges, or for symmetrical wings at zero
incidence.
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For orthogonal loadings, that is, loadings for which d; s = 0 for all values of rand s, the above
formulae for dopt reduce to those obtained by Graham". For example, the formula for the com­
bination of orthogonal loadings given by r = 1,2,3,4 would reduce to:

_1 _ l + l + l +1 (26 )d
opt

- d
1

d
2

d
3

d
4

' • • a

but to form these (unknown) orthogonal loadings, it would be necessary to combine known
camber and twist solutions, given by r = 1, a, b, c (say), and d2 , d«. d4 would be functions of the
ten quantities d, d, s (r = 1, a, b, c; s = a, b, c; r < s), so that the result (26a) could be expressed
in the same form as (24) with a, b, c in place of 2, 3, 4.

(27)
x fpx dS M

---=- = v
C c fPdS cL - ,

where M is the pitching moment about the apex, and c is the length of the root chord.

For the surface given by equation (2),

M = ~l (ArM,) = ~I (a r~:) = C ~I (arv r) , . . . . (28)

where M; = fPrx dS is the pitching moment about the apex of the surface given by s., and

M,/cLr = v :

If v is a given constant, the conditions for minimum d are the n equations (15a) and the
additional condition

2.2. Formulae for the Calculation of the Minimum Drag for Given Wing Combinations when the
Centre of Pressure is Fixed (at Design CL).-The distance of the centre of pressure of the wing
from the apex is given by

1 (dM) = v(dL) .
c

Hence it can be shown that

a, 2L(d)opt (vn - v)L - (vn - v)an
LI r = L1N_~- - n-I n-IL (vn - v,)L1 r L (vr - v)L1 r

r~1 r~l

(29)

r = 1,2, ... (n - 1), .. (30)

where, in this case,

a2,1 a2,2· .. ·. 0 ••••• a2, n-l
, .. (31 )

I an-I,1 an-1,2' .... 0 an-I, n-I

zl , is here equal to II N __ 1 with each term of the rth column replaced by 1, and

ar,r = 2 [dr(vn - V)2 - dn,r(vn - v)(vr - v) + dn(v r - V)2]/[(V n - v)(vn - vr)] (32)

(vn - vr)ar,s = [dr,s(v n - V)2 - dn,s(v r - j')(vn - j') - dn,r(v s - v)(vn - v)

+ 2dn(vr·- v)(vs - v)]/(vn - v)

= (vn - vs)a"r, (33)

remembering that d; r = dr, s-

6



For numerical calculations, a limiting process is avoided, if suffix n is chosen to denote a surface
for which 1J" =1= 1J.

If suction forces are included, dn d, Sl dopt are replaced by t n t, s, topt respectively in formulae
(30) to (33).

2.3. Variation of CD with CL (or with Incidence) for a Given Wing.-The shape of the final wing
is given by an equation of the form

"Z = L (A,zr) = CLof(x, k2y 2) ,
,=1

where k = cot y, CLO is the design lift coefficient, and f(x, k2y2) is a rational algebraic function
of x and k2y 2, whose coefficients are functions of ~ = {I - (tan y jtan ft )2)1/2. The wing is designed
to give optimum results with respect to the drag for given plan-form, given design lift and given
Mach number, though the optimum value of d, or t, and the percentage decrease when compared
with the corresponding flat wing, depend only on the value of ~ (for the triangular wing). The
addition of a small arbitrary function of y to the equation of the wing does not alter the pressure
distribution or local surface slope, according to the linear theory used in this report.

The drag on a given wing can be expressed in terms of the, design lift coefficient, C£o, and the
total lift coefficient, CL; or in terms of the drag at any lift CLOand the additional incidence, cx •.

A formula for CD in terms of CLOand .dCL, the additional lift, is given in Ref. 1, for the types of
wings considered in that paper. The general formula, using the notation of the previous para­
"'graphs, for the drag coefficient can be written in the form:

CD = k~~u) [toCL0
2 + tl,OCLO. .dCL + tl(.dCL)2] (34)

= k~~) [tlCL2 + (tl,o - 2tl)CLCLO+ (tl + to - tl,0) CL02] (35)

where

tl,o = i [2altl + a2tl , 2 + astl,a + ... + a"tl , ,, ] , (36)

and to is written for topt '

kE(~) 2 1~ toCL 0 = CD 0, the drag coefficient at design lift CL 0;

kE(~) the 'interference' drag coefficient of the given wing
~tl,oCLo.dCL = CDl,O, at lift CLO, and the flat wing of the same plan-form t (37)

at lift .dCL; J
k~~~) t,(.dCL) 2 = .dCD 1 , the drag coefficient for the flat wing at lift .dCL

(For a given wing, and design lift coefficient CLO' the coefficients of .d·CL and (.dCL)2 in (34), or
of CL and CL

2 in (35) depend only on the plan-form and Mach number.)

When the suction forces are ignored, to, tl,o, t, are replaced by do, dl,o, dl respectively in formulae
(34) to (37).

Formula (34) can also be written in the form

CD = CDO+ ClOi. + C2CX
2

, (38)
"where CDOis the drag coefficient at any arbitrary lift CLO' 01. is the additional incidence, and

c. = CLO+ kE
4
(u)5(x2~~~y2)1/2 dS - V~~(u) 5:1

(~r/2 Po dx (39)

C2 = ki(~) (1 - 2l(~)) , (40)

01.0, Po being J:he local surface slope and strength of leading edge singularity respectively of the
wing at lift CLO.
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If CLois taken as zero, formula (38) gives the drag coefficient at any small incidence, ex (measured
from the position of zero lift), CD 0 being the drag coefficient of the cambered and twisted wing at
zero lift (in this case the equation of the surface is of the form

z = CLO!(x, k2y 2) + exoX ,

where 2n/{kE(x)} . exo = CLO' and CLOis the design lift coefficient).

Formula (38) also give~ the total drag of a wing with thickness, if the wave drag due to thickness
is included in the term CD O'

For a triangular wing of zero thickness, for small AV(M2 - 1), where A is the aspect ratio,
tan y /tan fl ---7- 0 and x ---7- 1, and it can be shown that

C1 = CL 0 + 0 lG:~ ;r1'
- n 1 2CL

C2 ---7- kE(x) = 2~,
smce

- 2n
CL = CLO+ kE(x) ex •

Therefore, in this case,
- [- \ (tan y)3 1] 12CL 2

CD = CD 0 + CL0 + 0 I tan fl \ ex + 2a; ex

C- 1 2CL 2 • lv.Tf C- 0= DO +2~ ex ,approxImate y, I LO = .

(41)

(42)

Ward" gives the formula CD = CIJ O + i(2CL/2ex)ex2+ O(tilog2 t) for slender bodies of thickness t,
at incidence ex. It has been verified that the terms O{(tan y/tan fl)3ex } (= 0 (t3ex) in this case),
would come from the integral neglected by Ward.

When" ---7- 1, t.. r = 1 for all surfaces z" and t1 == i (see Appendix VII), and therefore
n

2: (2a,tl)
t r~l 2t
1,0 = L =, l'

Hence formula (35) becomes

CD = k~~':L [t1CL2 + (t1+ to - t1'O)CL02] . (43)

For cambered wings (i.e., wings for which the local surface slope is a function of x only),
t, + to - t1, 0 = 0 when x ---7- 1 (see Appendix VII), and CD = CD 1, i.e., no reduction is possible in
the total lift-dependent drag.

This result for x ---7- 1 agrees with the result recently obtained by Mangler", using slender-wing
theory.

3. The Load Distributions on the Basic Camberedand Twisted Surfaces.-In Ref. 1, the linearised
supersonic-flow equation is solved by the method of hyperboloido-conal co-ordinates", the velocity
potential being obtained in terms of two kinds of Lame functions, which are such that solutions
can be applied to the required swept-back plan-form and the boundary conditions on the Mach
cone of the apex are satisfied. The shapes of the corresponding cambered and twisted surfaces
are found, it being assumed that the surfaces all lie close to the plane z = O.

For our present purpose, it is convenient to separate the basic surfaces given by equations
of the form z = - oxn

-
2Y , (n > 2s), and to find their corresponding pressure distributions.

8



In Ref. 2, formulae for the velocity potentials of the surfaces up to n = 4 are given, and also
the shapes of surfaces with velocity potentials proportional to X4X , k 2y2X2X, k 4y4X, where
cot :' k = y, the apex semi-angle, and X = (x2 - k 2y2)1/2. Hence it can be shown that the
velocity potentials for the surfaces given by n = 5 are as follows:

TABLE 1

Surface Velocity potential, rp, on the surface

VoFs [f 4 fk2 2 2 fk44JXe4kE(~) 14X + 15 Y X + 16 Y

- V ofs [f 4 f k2 22 f k4 4J X
e4kE(~) 17X + 18 Y X + 19 Y

V sr, [! 4 I, k2 2 2 t. k4 4J X
e4kE(~) 20X + 21 Y X + 22 Y

------'--------------------------

where V is the free-stream velocity, ~2 = 1 - tan" yjtan2 ft, ft is the Mach angle, E(~) is the
complete elliptic integral of the second kind of modulus x , and 114,115, ... 122, F 3 are functions of
~ which are calculated in Appendix II of this report. The complete list of velocity potentials
for n = 1 to 5 is given in Appendix IV, from which the pressure distributions can be calculated.

Henceforth all forces are normalised by dividing by (np V2C2)j(k2E(~)).

Formulae for the local surface slope, 01." and the load per unit area, prJ on the basic cambered
and twisted surfaces, z., are given in Table 2 below:

TABLE 2

oz,
(X =--, oxz,r I

__1 --
1
- - - - - - -

1
- - - - - - - - - - - - - - - - - -

1

2

3

4

5

6

7

8

9

10

- ox

o
- - x2

e

o s--x
e2

o 4- -x
e3

o k2 2-- - yx
e2

o
- "2 (f4X3 - f5k2y2X)

e

=f4Z3 - f5Z5

o 5- C4 X

20
-x
e

30 2-x
e2

40 s-x
e3

50 4-x
e4

ox
X

o (x2
)- -+X

efl X

~~ F 1 [f5 (~ + 2XX) - f7(3XX)J

~~ F 2 [fn (~ + 3X2X) - f13(4x2 - k2y 2)XJ
~~ F 1 [f4 (~+ 2XX) - f6(XX)J

:~ F 2 [flO (~ + 3X2X) - fd4x2 - k2y2)XJ
o
"2 (3xX)
e

~ F s [f14 (~ + 4XSX) + f15k2y2 (f + 2XX) + f16k4y4 (~)]

- ~Fs [f17 (~+4XSX) +flSk2y2 (~+2XX) +fI9h4y4(X)]

~ F3 [f20 (~ + 4XSX) + f21k2y2 (f + 2XX) + f22 k4y4 (ir)]
---'---------'----------'-------------------------- --------------
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The surface Z7, which is a combination of surfaces Z3, Z5' is the simplest surface of thsi type with
no pressure singularities on the leading edges. Other such surfaces can be found by the com­
bination of surfaces Z4' Zo or of surfaces zs, Z9' ZIO'

The functions 11,11' .. .f13' FI> F 2 are functions of », which are given in Appendix 1. Some
numerical values are given in Appendix III.

4. The Lift, Drag and Interference Drags of the Basic Cambered and Twisted Surfaces.-As
stated in Section 2, for a surface given by a.:

the lift is t.. = fPr dS;

the pressure integral is Dr = fp/x r dS;

and the suction force is s, = 2np'K J:I P/ dx .

The interference pressure integral of two surfaces given by e., z, is

and the 'interference' suction force is

(44)

(45)

(46)

(47)

(49)

s; s = s, r = 2np'K J:I (2P rPs ) dx. (48)

Using the load distributions given in Section 3, it can be shown that the integrals in formulae
(44) to (48) are the sum of integrals of the form

f
C/kf c k2my2mxn _ c2m+n+I ..
o ky (x2 _ k2y2)1/2 dx dy = Ii T 2m,n for the tnangular wmg,

and

f

C/(h- hlf C+hY k2my2mxn _ .
(2 k2 2)1/2 dx dy = 12m,n for the swept-back wmg,

o hy x- Y
with straight supersonic or sonic trailing edges, where m, n are positive integers, and cot- I h is
the apex semi-angle of the trailing edge.

In Appendix V, it is shown that, for all values of m, n,

n(2m) t
T 2m,n = 22m+I(2m + n + l)(m !)2 ,

and a Table of numerical values is given.

In Appendix VI, it is shown that 12m,n* is the sum of terms of the formr (c + hy)Mk2my2m _
o Z dY=]2m,n,

and terms of the form

(50)

r 2N -1 C + hy _ _ c
o (ky) cosh -,ry--- dy = H2N - 2N + 1]Uv, 0 , (51)

where m, M, N are integers, and Z = {(c + hy)2 - k2y2Y/2. The integrated formulae for
]2m,M(2m + M = 1,2, ... 10), as functions of A are also given, where },2 = 1 - h2/k2.
--_..__ .. _-------_. --------

* Recurrence formulae for IN,n, IN,,., which have been programmed for an electronic computor, and some tables of
values will be given in a later paper.
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Formulae for L" D" S"D r, s> Sr, s for triangular wings, and for swept-back wings, are given in
Tables 3 to 12 (at the end of the report).

Formulae in terms of 12m, n will be given in a later paper.

Some general formulae, and relations between lift and drag (which are useful for checking),
are given in Appendix VII.

5. The Pitching Moment and Position of the Centre of Pressure.-The pitching moment, about
n

an axis through the apex, of the wing given by z = 2: (A .s.) is
r~l

n

111 = 2: (ArM r) ,
r~l

(28)

(27)

where M r is the pitching moment for the surface given by z; The distance of the centre of
pressure of the wing from the apex is given by

x M
C= cL = v .

The centre of pressure, G, of the flat triangular wing is at two-thirds the root chord from the
apex. The pitching-moment coefficient, CM O' about this chordwise position is given by

C~O = 2 (i - ~) = 2 (i - v) .

The distance, h, of the centre of pressure upstream of G is given by

(52)

(53)

CM O is unaltered by a change in CL (and hence it is the pitching-moment coefficient at zero lift),
but the centre of pressure moves towards or away from G for an increase or decrease respectively
in CL- It is shown in Section 2.2 that the centre of pressure can be fixed, for design lift, in any
position. If fixed at G, it would (theoretically) remain fixed for all CL- The same remarks apply
to the swept-back wing if CM O is taken about G, the centre of pressure of the corresponding
flat wing.

Formulae for M r for the triangular wing and for the swept-back wing, are given in Tables 13
and 14. General formulae are given in Appendix VII.

6. Numerical Results.-Some numerical results are given for triangular wings, and comparison
is made with a few results for swept-back wings. Further results for swept-back wings will be
published later.

It is shown in Section 2 that the minimum values of drag/(lift)2, (dapt or tapt), and the corre­
sponding coefficients a.! L, for the combination of given cambered and twisted surfaces, are
functions of the drag/(lift)2 of the separate surfaces, (dr or t r ), and the corresponding interference
quantities, (dr, s or tr,.). All forces were normalised by dividing by npV 2C2/(k2E (u)), but the per­
centage decrease in each case, when compared with the corresponding flat wing, with or without
suction, is independent of the normalising factor.

11
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The equation of the final surface is

"" kE(n) "" \ ia] L) I
Z = L, (A rZr) + F(y) =~ CLO L, I~ z, \ + F(y) , (54)

where CL O is the design lift coefficient, based on the area of the plan-form, and F(y) is a small
arbitrary function of y.

Numerical values of d; dr,,; t.; tr"" for tan yjtan t-t = 1,0'7338,0'7,0·3577,0·1184,0 are
given in Appendix X, where the equations of the surfaces z, (r = 1, 2, ... to) are also given.

In Table 15, which is given below, the maximum decrease in dragj(lift)2, with or without
suction, for different combinations of the basic surfaces, is expressed as a percentage of the
corresponding quantity for the flat wing (i.e., with or without suction respectively). Two
examples of wings with centre of pressure fixed are given. It is found that twist (local surface
slope a function of y only) is, on the whole, more effective in reducing drag for given lift for the
larger values of tan yjtan t-t, and that camber (local surface slope a function of x only), is more
effective for the smaller values, though, in general, the best results are obtained by a combination
of camber and twist.

In the limiting cases when:

(i) tan y jtan t-t = 1, that is, for a wing with sonic leading edges, there is no drag reduction
for any combination of camber only, but there is a reduction (of not more than about
to per cent) by the use of twist only, or certain combinations of camber and twist.

(ii) tan yjtan t-t -+ 0, that is, the effective aspect ratio y(M2
- l)A tends to zero, no drag

reduction is possible if suction forces are included, but a reduction, arbitrarily near to
50 per cent can be obtained by the use of camber only, or a combination of camber
and twist, if suction forces are ignored; that is, the lowest drag of a cambered wing is
equal to the drag of the uncambered wing with full suction (in this case, the theoretical
suction force on the cambered wing vanishes, whether or not it is included in the
optimising process).

The relation between the drag on the flat triangular wing with suction, and without suction,
is given by:

(55)

The ratio sdd1 varies from -l to 0 as tan y jtan t-t increases from 0 to 1.

Fig. 5b shows the estimated drag reductions due to camber and twist, with or without suction,
and the theoretical drag reduction on the uncambered wing due to suction. In each case, the
reduction is compared with the drag of the flat wing without suction.

Some of the results, the variation of CD, CM 0, and the position of the centre of pressure are
discussed after Table 15.

6.1. Detailed Results.-Some diagrams showing the maximum percentage drag reduction for
triangular wings, with or without suction, for different surface combinations, are shown in Figs. 1
to 3.

Some of the best results for triangular wings shown in Table 15 are now discussed. The shapes
of the wings are given, the variation of CD, CM O, and the position of the centre of pressure are
shown. In the equation of the wing surface, all lengths are now measured in root-chord lengths,
and a (small) function of y, which does not affect the load distribution and local surface slope, is
added so that Z cc= 0 on the leading edges. c'11 ° is the pitching-moment coefficient about the
two-thirds chord position, G, and h is the distance of the centre of pressure from G, measured
towards the apex.

12



TABLE 15
(The shapes of surfaces r = 1,2, ... 10 are given in Table 3, and in Appendix IV.)

Optimum Results jor Reduction oj Drag on a Triangular Wing

LId == dI - d
(Suction omitted)

LIt == tI - t
(Suction included)

-
I I

(1) tan y/tan fl -+ 0 (' slender' wings)

Surface Optimum Surface Optimum
combinations (LldJdI ) combinations (Llt/tI )

r (per cent) r
I

(per cent)

n=2 1,2 33·3 1Camber (surface slope a function
n=3 1,3 37·5
n=4 1,4 40·0
n=5 1,8 41·7 f of x only)

oxn

1, n 50n/(n + 1) 1, n 0
z =-- -+50n cn-l

N= 1 1,5 0 } Twist (surface slope a function 1,5 0
of y only)

N=2 1,6 2·7
N=3 1,9 6·3
N=l1 1, 11 12·0

oxNk2y2
1, N -+25 Camber and twist 1, NZN = - cN +! - 0

1,2,3 41·7
1, nv n2 -+50 1, n I , n2 0
I,N, n -+50

I
(2) tan yJtan fl = 0·1184

Optimum Optimum
r (LldJdI ) r (Llt/tI )

(per cent) (per cent)

1,2 27·8
} Camber { 1,2 1·9

1,3 29·4 1,3 1·7
1,4 29·4 1,4 1·6

1,5 0·3 Twist 1,5 0·1

1,6 0·6 Camber and twist 1,6 0·2

1,2,3 29·6
} Camber { 1,2,3 2·0

1,2,4 2·0

1,2,5 35·4 1,2,5 1·9
1,3,5 36·0
1,4,5 35·0

1,2,6 33·4 1,2,6 1·9
1,3,6 35·0
1,4,6 34·3 Camber and twist

1,5,6 32·8 1,5,6 1·2

1,2,5 20·6
(c.p. fixed

at G)
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TABLE IS-continued
----- ------_._--_.._--------_._-------_._---------

.~-----.-_..._.-_..••.._------_._.-
i

(3) tan r/tan It = 0·2

Optimum
r (LJd/d])

(p-r cent)

1,2 22'0 } Camber1,4 20'7

I
(4) tan r/tan It = 0·3577

Optimum Optimum
r (LJd/d1) r (LJt/t1)

(per cent) (per cent)

1,2 12'1
} Camber { 1,2 5·1

1,3 10·7 1,3 4·2
1,4 9·2 1,4 3·6

1,5 3'4 Twist 1,5 1·2

1,6 0'9 Camber and twist 1,6 1·4

{ 1,2,3 6·1
Camber 1,2,4 6·0

1,3,4 5·5

1,2,5 21'7 1,2,5 5·2
1,3,5 19'7

1,2,6 19'7

1,5,6 21'6 1,5,6 2·1
Camber and twist

1,2,5,6 25·1 1,2,5,6 5·3
1,2,3,5 22·3

1,2,3,6 6·3
1,2,5,6

(c.p. fixed 21'8
at G)

I
(5) tan r/tan II = 0·5,

Optimum Optimum
r (LJd/:l]) r (LJt/t])

(per cent) (per cent)

1,2 6·1
} Camber { 1,2 5·3

1,4 4·1 1,4 3·4

1,5 4·9 Twist

14



TABLE IS-continued

I
...._-_.__._ ....._.-

an rjtan!t = 0·7

Optimum Optimum
r (.ddjdl ) r (.dtjtl )

(per cent) (per cent)

1,2 1·7

}cambOC { 1,2 3·9
1,3 1·2 1,3 2·9
1,4 0·95 1,4 2·4
1,8 0·81 1,8 1·9

1,5 5·8
} Twist f 1,5 2·5

1,10 5·1 L 1,10 2·0

1,6 3·4 } Camber and twist f 1,6 2·6
1,9 2·2 L 1,9 2·45

1,2,3 2·4
} Camber { 1,2,3 5·5

1,2,4 2·3 1,2,4 5·4
1,3,4 2·0 1,3,4 6·7

1,2,5 10·9
1,3,5 9·6 1,3,5 3·4
1,4,5 9·2 1,4,5 3·5

1,2,10 8·45
1,3,10 8·1 »Carnber and twist

1,2,6 7·9 1,2,6 4·6
1,3,6 7·4 1,3,6' 3·8
1,4,6 7·3 1,4,6 3·4

1,5,6 9·2 1,5,6 2·6

1,5,10 5·9 Twist

1,2,5,6 14·0
}camber and twist

1,2,5, 10 10·7

an rjtan p, ~-= 0·7338

Optimum Optimum
r (.ddjdl ) r (.dtjtl )

(per cent) (per cent)

1,2 1·3
} Camber { 1,2 3·6

1,3 0·9 1,3 2·7
1,4 0·7 1,4 2·2

1,5 5·9 Twist 1,5 2·6

. 1,6 3·6 Camber and twist 1,6 2·7

{ 1,2,3 4·9
Camber 1,2,4 4·6

1,3,4 3·9

(7) t

(6) t
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TABLE IS-continued

r

~~~ ..~~ ~-~ ~ -- ~_. -~-~--------------------------~~.--- ---

I I
(7) tan rltan It = o· 7338-continued

Optimum
(;Jdldr)

(per cent)
r

Optimum
(;Jtlt!)

(per cent)

I
(8) tan ?Itan It = 1. In this case s; = 0, and thus ;Jdldr = ;Jtlt!

1,2,5
1,3,5

1,2,6
1,3,6

1,5,6

1,2,5,6

9'4
g·O

7·5
7·2

13·1

13·2

Camber and twist

1,2,5

1,5,6

1,2,5,6

4·6

2'7

4·8

Camber and twist {

Camber

Twist

{

Optimum
r (;Jtltr)

(per cent)

1, n 0
1, n!, n2 0

1,5 5'9

1,6 4·1
1,5,6 8·1

-----------

Examples 1: tan y Itan f-l = 0·7338.
(a) The surfaces given by r = 1,5,6 are combined to give optimum d. The percentage decrease

in d ( J)IV), when compared with the corresponding flat wing (with suction omitted) is given
by:

(LId). = 13·1 per cent.
d«. optimum

If full suction is realised, the corresponding Atltr = - 3· 0 per cent.

If only half suction is realised, the corresponding (Atltr)r/2Sl1ctiolJ = -+- 6·2 per cent.

The shape of the wing is given by

Z = - ~~~x) CL O' {(1'4225 - 10· 2017k 2y 2) (x - ky) -+- 4.6640k 2y 2( X
2

_ k2y 2)} .

At design CL O' C"Io/CL O = 0·0255.

The variation of the position of the centre of pressure with CL , for design CLO = O' 12, is given
below:

0·08

0·0191

0·10

0·0153

0·12

0·0127

0·14

0·0109

0·16

0·0096

Fig. 6 shows the shape of the wing for semi-apex-angle y = 18 deg, M = 2·47.
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(b) The surfaces given by r = 1, 2, 5, 6 are combined to give optimum d.

( ~dd) . = 13· 2 per cent.
1 optimum

If full suction is realised, the corresponding 11 tltl = - 4· 0 per cent.

If only half suction is realised, the corresponding (iJtjtl )r/ 2 suclion = +- 5·8 per cent.

The shape of the wing is given by

Z = - ~;~~) CL o{(1'3011x - 9·5164k2y 2)(x - ky) +- (0,0816 +- 4· 2626k2y 2)(X2 - k2y 2)} .

At design CL O' CrvlojCLo = O'0124.

The variation of the position of the centre of pressure with CL , for design CL O = 0·12, is given
below:

CL 0·08 0·10 0·12 0·14

hje 0·0093 0·0074 0·0062 0·0053

Fig. 7a shows the shape of the wing for y = 18 deg, M = 2·47.

0·16

0·0046

(e) Surfaces given by r = 1, 2, 5, 6 are combined, to give optimum t. The percentage decrease
in t (== TjV), when compared with the corresponding fiat wing (with suction), is given by:

( ~ t) . = 4.8 per cent.
1 optimum

The effect on the pressure integral is given by

iJd
-d

l
= - 0·4 per cent.

The shape of the wing is given by

Z = - k;~~) CL o{(1' 7224 - 2·8113k2y 2)(x - ky) - (0,3907 - 1· 1349k2y 2)(x2_1?2y2)}.

At design CL O' CMojCLo = 0·1150.

The variation of the position of the centre of pressure with CL , for design CL O = 0·12, is given
below:

CL 0·08. 0·10 0·12 0·14

hje 0·0863 0·0690 0·0575 0·0493

Fig. 8 shows the shape of the wing for y = 18 deg, M = 2·47.

0·16

0·0431

Examples 2: tan yjtan f-l = 0·3577.

(a) Surfaces given by r = 1, 2, 5, 6 are combined to give optimum d.

( ~d) . = 25.1 per cent.
1 optimum

If full suction is realised, the corresponding iJtjt l = - 18·1 per cent.

If only half suction is realised, the corresponding (iJtjtl )r/ 2 suction = +- 9·1 per cent.

17
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The shape of the wing is given by

z = - ~~~u)_ CLo{(0'6456 _ 10· 1298k2y2)(x - ky) + (0,5079 + 4· 2681k2y2)(x2_ k2y2)}.

At design CLO ' Cuo/C.o = - 0·1049.

The variation of the position of the centre of pressure with eL , for design CL 0 =: 0·1, is grven
below:

CL 0·06 0·08 0·10 0·12 0·14

hie -0·0874 -0·0656 -0·0524 -0·0437 -0·0375

Fig. 9a shows the shape of the wing for y = 9 deg, M = 2·47.

(b) Surfaces given by r = 1, 2, 3, 5 are combined to give optimum d.

( ~~) . = 22·3 per cent.
1 optimum

If full suction is realised, the corresponding iJ tltl = - 18· 5 per cent.

If only half suction is realised, the corresponding (iJtltl)l/2suction = + 7·2 per cent.

The shape of the wing is given by

z = - k~~u) CL O{ - (0,4517 + 2· 1406k2y2)(x - ky) + 1·591O(x2- k2y2) - 0.3864(x3
_ k3y 3)} .

The local incidence at the apex is negative in this case. At design CL O' CMo/CLO = - 0·1161.

The variation of the position of the centre of pressure with CL, for design CL 0 = 0·1 is given
bclow: .

C1• 0·06 0·08 0·10 0·12 0·14

hie -0·0967 -0·0725 -0·0580 -0·0484 -0·0415

Fig. 10 shows the shape of the wing for y = 9 deg, M = 2·47.

(e) Surfaces given by r = 1, 2, 3, 6 are combined to give optimum t.

( ~ ~) = 6· 3 per cent.
t, optimum

The effect on the pressure integral is given by

iJd
d~ = - 5·1 per cent.

The shape of the wing is given by

kE(u)
z = - 271:' C1• 0{3 · 1438(x - 1?y) - (2,1233 + 0·1427k2y2)(x2 - k2y2) + 0·6973(x3

- k3y 3) } •

At design CL O' CMo/CLO = 0·2132.

The variation of the position of the centre of pressure with CL, for design CL 0 = O' 1, is given
below:

CL 0·06 0·08 0·10 0·12

hie 0·1777 0·1332 0·1066 0·0888

Fig. 11a shows the shape of the wing for y = 9 deg, M = 2·47.
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(d) Surfaces given by r = 1, 2, 5, 6 are combined to give optimum d. The centre of pressure
is fixed at the two-thirds chord position, G.

(~d) , = 21.8 per cent.
1 optimum

If full suction is realised, the corresponding i1 tjt1 = - 11· 4 per cent.

If half suction is realised, the corresponding (i1tjt1h / 2 s11et ion = + 9-5 per cent.

The shape of the wing is given by

z' - k~~x) CL o{(1-3491 - 12· 3324k2y2) (x - ky) + (0,1519 + 5.2376k2y2)(x2- k2y2)}.

CM O = 0, and the centre of pressure remains at G for all CL (linear theory). Fig. 12 shows the
shape of the wing for y = 9 deg, M = 2·47.

Examples 3: tan y jtan It = 0·1184

(a) Surfaces given by r = 1, 3, 5 are combined to give optimum d.

(~d) , = 36.0 per cent.
1 optimum

If full suction is realised, the corresponding i1tjt1 = - 16·4 per cent.

If half suction is realised, the corresponding (i1tjt1) 1/ 2 suction = + 18-2 per cent.

The shape of the wing is given by

z = - k-;~x) CLO{ - (0,0600 + 1·8726k2y2)(x - ky) + 0.5390(x3 - k3y 3)} .

The local incidence at the apex is negative in this case. At design CL O' CMOjCL o = - 0·2827.

The variation of the position of the centre of pressure with CL , for design CL O = 0,05, is given
below:

0·10

-0·0707

0·07

-0·1010

CL 0·03 0·04 0-05 0·06

hje -0·2356 -0·1767 -0,1413 -0-1178

Fig. 13a shows the shape of the wing for y = 3 deg, M = 2·47.

(b) Surfaces given by r = 1, 2, 5 are combined to give optimum d. The centre of pressure is
fixed at G.

(~d) , = 20-6 per cent.
1 optimum

If full suction is realised, the corresponding i1tjt1 = - 19·9 per cent.

If half suction is realised, the corresponding (i1tjt1) 1 / 2 s11ct ion = + 6-9 per cent.

The shape of the wing is given by

kE(x) ,
z = - ~ CLO{(0 ' 5646 - 5·1086k2y2)(x - ky) + 0'601O(x2 - k2y2)}.

CM O = 0, and the centre of pressure remains at G for all CL (linear theory). Fig. 14 shows the
, shape of the wing for y = 3 deg, M = 2-47.

For this low value of tan y jtan It, very little drag reduction is possible if suction forces are
included (see Table 15). But if suction forces are omitted, larger percentage decreases « 50 per
cent) can be obtained by combining four or more surfaces.
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In the limiting case, when tan y jtan Ii ->- 0, that is for very slender wings, for which the
effective aspect ratio V(M 2

- I)A --;.- 0, it is shown in Appendix X that no drag reduction is
possible if suction forces are included. This is in agreement with the results of slender wing
theoryI 3, 14 , 26 , 27 . But if suction forces are omitted, a drag reduction arbitrarily near to 50 per cent
can be obtained; that is, when the order of the camber is very large, the drag of the cambered
wing without suction tends to that of the fiat wing with suction, for the same lift. This result
agrees with a similar result obtained by S. H. Tsien'", using conical camber, which is a special
combination of chordwise and spanwise camber and twist.

In Fig. 4, the maximum percentage drag reductions for triangular wings (with or without
suction), are plotted against tan y jtan Ii for the simplest camber or twist combinations. The
effect of adding camber to any combination is: to increase (ildjdl)opt towards a limit of 50 per cent
for tan yjtan liC'-'"' 0, and to decrease (ildjdl)opt and (iJtjt1)opt towards zero for tan yjtan Ii =~ 1, with
corresponding changes for values of tan y jtan p < 1. The effect of adding twist to any com­
bination is: to decrease (lldjd1)opt towards zero for tan yjtan Ii = 0, and to increase (ildjd1)opt
and (,1tjtt)opt towards a limit of about 10 per cent for tan yjtan Ii = 1, with corresponding
changes for values of tan y jtan It < 1. The estimated (probable) optimum results for the best
combinations of both camber and twist are shown in Fig. 5.

The relation between the drag coefficient C; and any CL is given by equation (35) in Section 2.
The variation of en and of CIJ l' (the coefficient for the pressure integral only), with C., for
Examples l(b), 2(a), 2(c), 3(a) is shown in Figs. 7b, 9b, lIb, 13b.

For a swept-back wing, with supersonic or sonic trailing edges, as the angle of sweepback
n j2 - a, of the trailing edges is increased:

(i) if suction forces are ignored, the maximum percentage reduction in drag for given lift,
when compared with the corresponding fiat wing, in general, increases, the greatest
percentage reduction being 50 per cent (as for the triangular wing) for very slender
wings;

(ii) if suction forces are included, the maximum percentage drag reduction, in general,
decreases for the smaller values of tan y jtan Ii, but increases for values of tan y jtan p
near to one, with no reduction possible for very slender wings.

The possible reductions for a wing with sonic leading edges, for a few simple camber and
twist combinations are compared with those for the corresponding triangular wing.

Swept-back wing Triangular wing
----------------------

Y = It

r Optimum
(/It/tt)

__________I__~er~~~t_)_
as a + It

1,2 +16·7
}camber1,3 +15'()

1,4 +13·6

1,5 + 1·1 Twist

1,6 + (j'6
}camber and twist

{

{

r

1,2
1,3
1,4

1,5

1,6

1,5,6

Optimum
(/It/tl)

(per cent)

()

o
()

5·7

4·1

8·1

Further calculations for the swept-back wing will be published later.
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6.2. Leading-Edge Suction.-Graphs showing the variation of the suction force along the
leading edges of some triangular wings (l(a), 2(a); l(c), 2(c)) designed for (fJd/d1)opt, or (fJt/t1)opt>
are shown in Fig. 15. \

The suction force per unit length of leading edge is 2np 'K P', where P is the strength of the
singularity in the perturbation velocity, u. Hence, writing

(suction force per unit length of edge)/(ip V 2c) == Cs ,

and measuring x, y in root-chord lengths,
for wing 1(a):

2n(CS/C£0
2

) = O'6793x(I'4225 - 5·1008x2 + 5· 1706x3
) 2 ;

for wing 2(a) :
2n(CS/CL 0

2
) = O'9338x(O'6456 + O'8652x - 4·8021x 2 + 3·8065x 3

) 2 ;

for wing l(c):
2n(CS/CL 0

2
) = O'6793x(I'7224 - O·5638x - 1·4056x2 + 1·0148x3

) 2 ;

for wing 2(c):
2n(CS/CL 0

2
) = O'9338x(3'1438 - 3·6172x + 1·5425x2

- O·1273x3
) 2 .

The suction force vanishes, with that on the corresponding flat plate, when tan y /tan p = 1.
When tan y /tan p is small, the leading-edge suction force on the minimum-drag wing, designed

for optimum d, is small, and tends to vanish as (fJd/d1)opt ~ 0·5 for tan y/tan p ~ 0, so that, for
small effective aspect ratio, the pressure integral tends to become the total lift-dependent drag,
and is equal to the drag of the corresponding flat wing with suction forces included. The
(theoretical) optimum shape of a very slender wing is given by z = {- 2CLOj(nA)}x" (that is,
camber near the tip), where n is large, A is the aspect ratio, CLO is the design lift coefficient,
and x, z are measured in root-chord lengths.

7. Discussion and Conclusion.-It has been shown, using linear theory, how camber and
twist can be used to reduce the drag due to incidence, on a triangular or swept-back wing, with
subsonic leading edges and supersonic or sonic trailing edges. The percentage drag reduction,
when compared with the drag of the corresponding flat wing having the same lift, depends only
on the value of tan y /tan p (where y is the semi-apex-angle, and p is the Mach angle), for the
triangular wing, and on tan y jtan p and tan y jtan a (where a is the trailing edge semi-apex
angle), for the swept-back wing; but in each case, the wing must be designed for given plan-form,
given Mach number, and given design lift coefficient.

It is found that, on the whole, twist (surface slope a function of y only), especially towards
the wing tips, is more effective in reducing drag, for given lift, for the larger values of tan y jtan p,
and that camber (surface slope a function of x only) is more effective for the smaller values,
though, in general, the best results are obtained by a combination of camber and twist. For the
triangular wing, if suction forces are ignored, the maximum percentage drag reduction varies
from about 10 per cent (for sonic leading edges) to 50 per cent (for very slender wings); and if
suction forces are included, from zero (for very slender wings) to about 10 per cent (when the
leading edges are sonic). Graphs showing the probable optimum results, with or without suction,
are shown in Fig. 5.

The statements 'assuming no suction', 'assuming i-suction', etc. (also used by previous
writers), may be misleading. It is known that linear theory works fairly well away from the
leading edges, but that it breaks down at the leading edges, and that singularities, which appear
because of the linear-theory approximations, do not really exist. Camber and twist may be
chosen so that these singularities do not occur theoretically; ·it is plausible then to expect that
linear theory will give good agreement over the whole aero foil. Further work is in hand on
optimisation of camber and twist with this restriction on their choice. In the present work, it
has been assumed when necessary that, physically, the presence or absence of the leading-edge
suction force, predicted theoretically, will not affect the remainder of the pressures.
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In this report, camber and twist is chosen so that either 'part', or the whole of CD is a minimum
for given Cr.. The statements 'minimum drag assuming (1) no suction, or (2) i-suction, or (3)
some fraction of the suction, or (4) full suction', mean that suitable camber and twist is found
which modifies the leading-edge singularities, and the whole pressure distribution, so that, for
given C1-> (1) CDP' or (2) Cnp - tCDS' or (3) CDP - (some fraction of CDS)' or (4) CD = Cnp - CDS,
is a minimum. The values of CD, CDp, etc., so obtained can then be compared with the corre­
sponding quantities for the flat wing, or with the total theoretical CD (i.e., with full suction),
of the flat wing in each case.

The 'part' not 'optimised' could be considered as a partial guess at the part due to over­
estimation of the effect of the singularities.

Experiments with different wings, of the same plan-form and section, should give some
indication as to which kind of camber and twist will give the best results.

It has been shown that the centre of pressure can be fixed in any position, with a corresponding
(slight, for larger values of tan y jtan fl) decrease in percentage drag reduction. If fixed at the
centre of pressure of the corresponding flat wing, it remains fixed for all CL (according to linear
theory). The positions of the centre of pressure at design lift coefficient, CL O' and of the centre
of pressure, G, of the flat wing, are shown in Figs. 6 to 14. The variation of the positions of the
centre of pressure with CLare given in Section 6.

For a swept-back wing with supersonic or sonic trailing edges, as the angle of sweepback of
the trailing edges is increased, the maximum percentage drag reduction, for given lift, when
compared with the drag of the corresponding flat swept-back wing, increases when tan yjtan fl
is near to one (to at least 16 per cent when tan yjtan fl = 1), or when suction forces are omitted,
but decreases for the smaller values of tan y jtan fl when suction is included.

The same methods could be applied to a wing with swept-forward (supersonic or sonic) trailing
edges, when the percentage drag reductions would be less than those for the triangular wing,
except when full suction is included, when they would, in general, be greater for the smaller
values of tan y jtan fl.

The optimum results for the triangular wing, obtained by superimposing 1, 2 or 3 types of
camber andjor twist on the flat plate, are shown in Figs. 1 to 4. Further reductions could be
obtained by combining a large number of surfaces, but, in most cases, the results seem to be
converging. The combination of four surfaces with the flat plate, in a few cases, was found to give
scarcely any improvement on the results already obtained with three surfaces and the flat plate.

If further results are required, it might be simpler to combine some of the 'optimum' surfaces
already found rather than to start again with a larger number of basic surfaces.

The variation of the suction force along the leading edge, for wings designed for minimum
drag, is shown in Fig. 15, and is compared with that for the corresponding flat wing. For wings
designed with camber and twist to give no (theoretical) leading-edge singularities, the results
will, in general, be less favourable than for designs with full freedom of camber and twist, but
some calculations, which will be reported later, show that, by including some higher-order solu­
tions, results more favourable than at first expected can be obtained.

Tsien'" has made use of conical camber to reduce the drag, for given lift, of some triangular
wings with subsonic leading edges. He obtained an appreciable reduction when suction forces
were ignored, but scarcely any reduction when suction forces were included, except for values
of tan y jtan fl close to one.

Conical camber can be derived from the chordwise and spanwise camber and twist used in
this report, with the restriction that the load distribution is that of a cone field. It thus seems
that higher percentage drag reductions are likely to be predicted by the use of suitable chordwise
and spanwise camber and twist than by the use of conical camber. This is certainly the case
when full suction forces are included.

Acknowledgement.-Acknowledgement is due to Mrs. J. Turner for the help she has given with
the computation, and for her careful preparation of most of the drawings.
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LIST OF SYMBOLS

Aspect ratio

Coefficients depending on x (see Appendix II)

Constant coefficients (cj. equations (2), etc.)

Lame function coefficient (see Appendix II)

ArLr
Constant coefficients (cj. equations (30) to (33))

hjk

Coefficients depending on x (see Appendix II)

Lame function coefficient (see Appendix II)

2: Cr (r = 0, 1, ... Rj2; or r = 0, 1, ... (R - 1)j2)
r

cj. equation (38)

Coefficients depending on x (see Appendix II)

Drag coefficient (suction included)

Drag coefficient (suction ignored)

Drag coefficient at lift coefficient CL 0 (cj. equation (38))

Lift coefficient

Design lift coefficient

Any arbitrary lift coefficient (cj. equation (38))

Pitching-moment coefficient (at zero lift)

Pressure coefficient

(suction force per unit length of leading edge)j(tp V 2c)

Length of root chord

Coefficients in load distribution formula (cj. equation (VIL1))

(Normalised) pressure integral

(Normalised) pressure integral of surface z,

(Normalised) 'interference' pressure integral of surfaces s., s,

DjL2

D r jL 2

Dr,s/(LrL s)
Complete elliptic integral of the second kind of modulus x

Functions of x , given in Appendix I

Functions of x, given in Appendix IIr: C + h(ky)2N cosh:" Y dy
o ky

cote
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LIST OF SYMBOLS-continued

Distance of centre of pressure of triangular wing from the two-thirds chord
position

J

C/(k- h)J C+hY . (lly)2mx"
-(2 =- /..2 2)112dx dy

o ky X I~ Yr i0- hyt(lly)2m dy
o Z

Complete elliptic integral of the first kind of modulus x

cot r

(Normalised) lift

(Normalised) lift for surface z,

(Normalised) pitching moment about the apex

(Normalised) pitching moment of surface z, about the apex

Free-stream Mach number

Strength of leading-edge pressure singularity

Strength of leading-edge pressure singularity of surface z,

(Normalised) load per unit area

(Normalised) load per unit area of surface z,

21\1 +- N (in Appendix VII)

2m +- n (in Appendix VII)

(Normalised) suction force (cf. equation (1))

(Normalised) suction force for surface z,

(Normalised) 'interference' suction force for surfaces z" z,

Sr!L r
2

Sr,,!(L,LJ

(Normalised) drag clue to incidence, camber and twist c.= D - S

[ I I ! 2m I " I 1J!? ~tn, II C h--- 0

TjV =-= (D - S)!V

d, - Sr = (Dr ,- Sr)!L r2

dr,s - Sr,s = (Dr,s - Sr,s)!LrL,).
Perturbation velocity in the free-stream direction

Free-stream velocity
(x2 _ k2y 2)1/2

Distance of centre of pressure from apex of wing

Chordwise co-ordinate (measured downstream from the apex)

Spanwise co-ordinate (positive to starboard)

Normal co-ordinate (positive upwards)
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LIST OF SYMBOLS-continued

Z - [(c + hy)2 - k2y 2J1/2

Ol Local surface slope ( = - ~~) (measured in radians)

tx ; Local surface slope of surface z,
(3 - (M 2 - 1)1/2

y Apex semi-angle

LI See Appendix II

LI III, LI IV cf. equations (20) and (24)

zl, cf. equations (26) and (31)

LIN cf. equation (26)

Ll N _ 1 cf. equation (31)

Lid - d1 - d

Lit - t1 - t

~ Small dimensionless constant

v

(nj2) + cos-1 A

(1 - tan" yjtan2 f-t)1/2

(1 - h2jk2)1/2

Coefficients depending on u (see Appendix II)

Mach angle

Mj(cL)

Myj(cL r )

p Free-stream density

a Apex semi-angle of the trailing edge (of a swept-back wing)

ep Velocity potential
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APPENDIX I

11 = 14 = {(2u2
- l)E(u) + (1 - u2)K(u)}/(2u2E(u))

15 = 3{(1 + u2)E(u) - (1 - u2)K(u)}/(2u2E(u))

16 = {(2 + u 2
- 3u4)K(u) - (2 + 2u2

- 6u4)E(u)}/(2u4E(u))

17 = {(2 - 3u2 + u4)E(u) - (2 - 4u2 + 2u4)K(u)}/(2u4E(u))

110 = {(2 + 2u2
- 4u4)K(u) - (2 + 3u2

- 8u4)E(u)}/(2u4E(u))

111 = 3{(2 - 2u2 + 2u4)E(u) - (2 - 3u2 + u4)K(u)}/(2u4E(u))

112 = {(8 - u 2 + 5u4
- 12u6)K(u) - (8 + 3u4 + 7u4

- 24u6)E(u)}/(6u6E(u))

113 = {(8 - 1lu2+ u4+ 2u6)E(u) - (8 - 15u2 + 6u4 + u6)K(u)}/(2u6E(u))

F 1 = 1/(fs/6 - 31d7)

F 2 = 1/(f11112 - 110113) .
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APPENDIX II

Calculation oj the Functions j14,]15, ... j22' Fa

Solutions of the linearised supersonic-flow equation, in terms of the Lame functions of the
'M' class of degree n = 5, are given in Ref. 2, Part II, Appendix III.

I t is shown that there are three solutions for the velocity potential, and that the shapes of the
corresponding surfaces are given by: (m = 1,2,3)

0(1 - u
2

) .(1 b )(kll] ) [l( 4 2 b) 5Z", = -- E(u) -- . - a", +", m () U - a",u + m x

+ t(1 - u2)(a",u2 - 2bm)k2y2xa + (1 - u2?b",k4y4XJ+ j(y) , .. (11.1)

all lengths being measured in root-chord lengths. 0 is a small arbitrary constant, j(y) IS a
(small) arbitrary function of y, and

i-r = 1 [1 \ a", + 2u
2

- am _ 3 ( 2 - 2a", +~:~- 2b,,,- )
m am2_ 4b", 2( u2bm (1 - U 2)2,,2(,,4 - am,,2 + bm) (1 - ,,2)(1 - am + bm)2

+ U

2
- ; 2( 2-am )+ 2

4 I E (" ) - \2 ( am-1 )
(1 - ,,) 1 - am + b.; (1 - u )(1 - am + bm) \ (b",(1 - a", + b",)

+ t[a",2 - 2bm- 2am(am2- bm) ~ am4+ 4am2bm~ 14bm2- 4amb",(am2- 3bm)] IK(,,)] , (II.2)
bm(1 - am + bm) \

where am are the roots of the equation

27a",a - (60,,2 + 42)a",2 + (32u4 + 68,,2 + 16)am- 2,,2(12u2+ 8) = 0,

b; = ,,2amj(12u2+ 8:"-- 9am) ,

(II.3)

(IrA)

,,2 = 1 - tan" yjtan2 Il, and E(,,), K(,,) are complete elliptic integrals of the second and first
kind respectively, of modulus x .

The shapes of the surfaces corresponding to velocity potentials proportional to ~X, k2y 2x2X,

k4y4X are given by:
a

z' = 2: [k4)"n'(1 - am + bm)zm] == - 0(Alx5 - Blk2y 2xa+ Clk4y4X) ,
m=l

a
z" = 2: [k6),,,/,(1 - am + bm)zm] == 0(A2x5 - B2k2y 2xa+ C2k4y4X) ,

m=l .

a
z" = 2: [k8),m fff(1 - am + bm)zm] == - 0(Aax5 - Baky2xa+ Cak4y4x) ,

m=l

respectively, where (writing a2ba - aab2 + aabl - alba + a.b; - a2bl == zl),

k4),/ = )Ll (a2ba - aab2) ,

k4),/ = )Ll (aabl - alba) ,

k4
)' a' = )Ll (a1b2 - a2bl );
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k
6
A/, = ,,2(1 2,,2)Ll [b 2 - bs + ~2 (a2bs - aSb2)] ,

k
6A 2" = ,,2(1 2,,2)Ll [bs - bl + ~2 (aSbl - albs)] ,

k
6A s" = ,,2(1 1 ,,2)Ll [bl - b2+ ~2 (alb2 - a2bl)] ;

kSA/
1f

= (1 _ 1,,2YiLi [:4 (a2bs - a3b2) + :2 (b 2 - bs) - (a2 - as)] ,

kSA/If =(1 _1~2)2Ll [~(asbl - albs) + ~ (bs - bl) - (a3 - al)] ,

k8 As!1f = Tl _1,,2)2Ll [~(alb2 - a2bl) + :2 (bl - b2 ) - (al - a2)] .

Hence the three basic camber and twist solutions are obtained:

where

(II.8)

(II.9)

.. (II.lO)

F 3 = 1/(AdI4 - As/15 + As/16)

= 1/(BdI7 - Bs/18 + Bs/19 )

= 1/(Cd20 - Cs/21+ Cs/22) .

Numerical values of am; A,n', A,n", Am!l! are given in Appendices VIII and IX. Some numerical
values of /14' ... /22' F; are given in Appendix III.
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APPENDIX III

Numerical Values 0] the Functions ]1' ]4' - - -]la; ]14' .. -]22; F 1, F 2 , Fa

tan y

tan It 15 17 111 l1a

0 1 0·5 3·0 1-0 0 1·5 3·0 1·0 0
0·1 0·99 0·5135 2·9600 1·0624 0·0048 1·5751 2·9744 1·1040 0·0142
0·1184 0·9860 0·5176 2·9470 1·0816 0-0066 1·5993 2·9669 1·1370 0·0194
0·2 0·96 0·5390 2·8831 1·1774 0-0176 1·7163 2·9358 1·2929 0·0508
0-3 0·91 0·5690 2·7929 1-3093 0·0359 1·8786 2·9002 1·5044 0·1010

0-3577 0·8721 0·5870 2·7391 1·3870 0·0478 1·9740 2-8826 1·6267 0·1333
0·4 0·84 0·6000 2·6999 1·4429 0·0571 2·0430 2·8713 1·7143 0·1578
0·5 0·75 0·6300 2·6Q97 1·5703 0·0799 2·2007 2·8495 1·9123 0·2163
0·6 0·64 0·6585 2·5247 1·6894 0·1030 2·3476 2·8338 2·0944 0-2735
0·6140 0·6231 0·6622 2·5134 1-7048 0·1062 2·3670 2·8321 2·1182 0-2813

0·6873 0·5276 0·6814 2·4558 1·7842 0·1228 2-4656 2·8243 2·2390 0·3212
0-7 0·51 0-6845 2·4463 1·7969 0·1257 2·4817 2·8235 2-2583 0·3284
0·7112 0·4942 0·6874 2·4378 1·8086 0·1282 2·4960 2·8225 2·2757 0·3342
0·7141 0·49 0·6881 2-4357 1·8116 0·1289 2·4997 2·8223 2-2802 0·3358

0·7338 0·4615 0·6930 2·4211 1-8317 0-1331 2·5246 2·8205 2·3109 0·3453
0·8 0·36 0·7085 2-3743 1·8952 0·1473 2·6038 2·8167 2·4066 0·3786
0·9 0·19 0·7300 2·3093 1·9820 0-1685 2·7125 2·8146

I

2·5365 0·4306
1·0 0 0·7500 2·2500 2·0625 0-1875 2-8125 2.. 8125 2·65625 0·46875

tan y
114 115 116 117 118 119 120 121 122tan It

0·6140 3·4980 0·6358 0·0156 -0-1688 -1-9562 -0,0340 0·0229 0·1688 0·4616
0·7 3-4050 0-7320 0·0224 -0,1495 -2,0586 -0,4520 0·0195 0-1844 0·4914

tan y F1 F2 Fatan It

0-1184 0·3147 0·2992
0·3577 0·2692 0-2259
0·5 0·2534 0·2011
0-6140 0-2455 0·1875 0-5687
0·7 0-2417 0-1798 0-5454

0·7338 0·2405 0·1771
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APPENDIX IV

Velocity Potentials of the Basic Cambered and Twisted Surfaces

X == (X2 _ k2y 2)1/2

r J~__~~__I __
1 I - ax

2

3

4

o 2
X

e
o
·····xX

ell

3Fl f2 [/5X2 - 17(X2 - k2y 2)JX
Camber

0 a
Twist5 ~. k2y 2x F - r3j x2 - /,.(x2 - k2y 2)JX

e2 1 e2.. 4 u

0
2F2 ; [/10X3 - 112(X3 - 1<2y2x)JX

}cambOC and twis

6 _ ~k2y2x2

e3 e

14Z3 - 15Z5
0

7 C2 (x2 - k2y2)X

8 o 5 ; 1"3(/14X4 + 1151<2y2x2 + 116k4y4)X Camber.- - x
e4 e

9

10
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APPENDIX V
. fC/kIc k2"'y21/tXn _ C21/t+n+l

Evaluation of the Integral ( 2 _ k 2 2)1/2 dx dy = Ii T 21/t" , ,
o I,y X Y

Hence

----- Where m, n are Positive Inteiers------~----·-· .._--

(V.2)

(V.3)

(VA)

for all values of m, n.

If m = 0,

.. (V.S)

If n = 0,

n
To,,, = 2(n + 1) .

n(2m) !
T 21/t,0 = 2 2m-l-1(2m + 1)(m!)2'

A table of values of T 21/t' n used in the numerical calculations is given:

Values of T2m,"

~T
:rr; 8, n

35/2304
7/512

35/2816
35/3072
35/3328

5/512
7/768

35/4096
35/4352
35/4608

I
1 I 1 I 1 I 1 In -T -T -T -T
:rr; ~' n :rr; 2. " st 4, " :rr; 6. n

0 1/2 1/12
I

3/80 5/224
1 1/4 1/16 1/32 5/256
2 1/6 1/20 3/112 5/288
3 1/8 1/24 3/128 1/64
4 1/10 1/28 1/48 5/352
5 1/12 1/32 3/160 5/384
6 1/14 1/36 3/176 5/416
7 1/16 1/40 1/64 5/448
8 1/18 1/44 3/208 1/96
9 1/20 1/48 3/224 5/512

33
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APPENDIX VI

. I C/(k-hlIC+hY k2my2mx" _
Eualuation of the Integral -(...~ k22)1/2 dx dy = 12m,,, ,

o ky X Y
Where m, n are Positive I ntegers-----~----~

if n is odd;

I::
hY

-cX:i-=.x~2y2)T!2 dx = !z [(c + hy)" 11 + n-J,Z (c + hy)"-lk2y2

+ ... + (~_=_1)(~= 3L 5 (c + hy)3(ky)"-2
(n - 2)(n - 4) ... 2

- i~=_l)(~ - 3) -= ~ (c + hy)(ky)"]
(n - 2)(n - 4) ... 2

+ (n_=l)i~_i- 3) ',' . 1 (lLY)" cosh:" c,+_~)l
n(n - 2) ... 2 ky

if n is even.
Hence, if n is odd,

_ IC/(k-h)IClhYl~2"'y2mx"

12m,,, = -('-2-=:' 12 2)1/2 dx dy
o ky X IL Y

is the sum of integrals of the form

I

c/(k-hl .t±h!)~~~my2m dy =]
o Z - 2m,M'

If n is even, there are also terms of the formr , c + hyo (ky)2,\ cosh-1 -ky-- dy == H 2N·

It can be shown that
c

H 2N = 2N+-I ]UV,O.

., (VJ.1)

., (VI.2)

., (VI.3)

(VIA)

., (VI.5)

Putting Y = -~----" (h + k sin 0)k2 _ h2 ,

C
2m+M I"'/2

]2m,M = k;,.4m+2MII _cos-
1

,1 (1 + a sin O)M(a + sin O)2m dO #

where .1.2 = 1 - h2jk2, and a = hjk*.

* Recurrence formulae for IN,n, IN.n, which have been programmed for an electronic cornputor, and some tables of
values will be given in a later paper.
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Formulae for the integrated values of]2tn,M(2m + M = 1,2, . . . 10) are given below (in + COS-I;.

is written as (e)):

0,0

0, 1

0,2

2,0

0,3

2,1

0,4

2,2

4,0

0,5

2,3

4,1

1
e211 (0)

1
cA3 {(O) + l1a}

c3

~IT (H63 - 70112+ 15114)(0) + dol1a(945 - 420}.2 + 29114 + 22AH+ 24118)}

3

;11 (i(63 - 77112+ 18114)(0) + Ihl1a(945 - 525J.2 + 4114 - 4J,H)}

e3

1111 {-H63 - 84112+ 24114)(0) + rb},a(945 - 630112+ 24114)}

e4

0,6 1113{-l(f(231 315112 + 105114 - 5116)(0) + orhl1a(3465 - 2415112+ 273114 + 39116 + 38118 + 401110)}

2,4

4,2

6,0

0, 7

2,5

(76072)

e4

1113 U6 (231 - 336J.2 + 119114 - 6116)(0) + 2tol1a(3465 - 2730112 + 273114 - 4},6 - 4118)}

c4

1113 U6 (231 - 357112+ 140114 - 8116)( 0) + ortol1a(3465 - 3045112 + 378114+ 8116)}

e4
1113 {l6 (231 - 378112+ 168114 - 16116)(0) + dol1a(3465 - 3360112+ 588114)}

5

;15 {1\ (429 - 693112+ 315114 - 35116)(0)

+ l1a(.<L2_9__ 'Lo_'[112+ .<l;~~'L114 + _5~q_116 + _~3_}8 + _2_9_1110 + .:11112)}
16 16 00 560 :L6~ • 210 7

35
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Zm, lV[ I

1

G, I

0,8 e"
A17 Lh,((Wl5 12012A2 + G930A4 -- 12GOA" + 35A8)(0)

I ).a( \'/: "~'i '1.2 f 1 ,\ ~ 7A4 ~ ~ gA" +- .i?d'nA8 -f- (,R,N\,AIO -1-- I?;; AI2 +p14)}

4, 4 ~':;7 L ~H()4:~5 12870A2 I 80 19k1 lS84A" +- 48A8)(O)

-I ~Aa(;;L:'i "'4"'A2+~~~'A4 \;;;;'A6+/oALt-n\AIO)}

(i, 2

0,9

2, 7

4,5

7

<-;,,~ ~I!J C~H(121SS 27885A2 1- 21450J.4- (1l60AIl + 480A8) (Ii)

t- pa(1","(';; ;;jl.,"l';A2 + 7Y~_7.}.4 -- )J~~.:q6 + HAS ~ ""'JAIO)}

8,1

0,10

c7

1:1\1 L h,(1215S -- 28600A2 + 22880A4 - 7040A" + 640A8)( 1i)

+ pa( 1"/,,"'; "'h7,4.SA2 + "H,,;;-'A4 __ Bijl'J.6 + ~A8)}

e8

A
2 1

L ~;; (46189 109395A2 1- 90090J.4 -- 30030A" + 346SA8 - G3AlO)( Ii)

! paC"',,'"H!! ""J~07A2 + IJI1\ " l A4 -'-25Si~'oH"A" + HHl~l>J.8 + tiHplO + HAI2+ r';t,,%AI4+ thAI" + :lAI8)}

8

2, 8 ~21 L~,,, (46189 -- 111826A2 + 94094A4 32032J.6 + 3773A8 - 70AIO)( 0)

+ ~ Aa(' ;;,,'2
H" ""/,7 SA2 +'q}jW' A4 ~ "H-iF-A" + -V'rN\d~A8 - rH o A10 ~ "\?oJ.12 ~ TN\- AI4~ .\ AI6)}

8

4,6121 L',;;(46189 - 114257A2 + 98527A4 34463,16 + 4180,18 - 80A10)(0)

-i~J.a(4Il,,\r" - "S~;~!l"A2 + "V,iS4 !l,14 -- ;;'H2" A" -- 'Hb-~,18 + ,,-?o,1IO+ 7'0,112 + T\f-o,1I4)}
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2m,MI

6,4

8,2

10,0

S

~21 bh(46189 - 11668822 + 10338924 - 3746626 + 475228 - 96210)(a)

+ t2a(1-Jlill.J! - .':L~Hll8U22 + li'4~lo".7.24 - !'.Hb-i!.}.6 + 31J8i '\:i'1. 28 +3f,;-210 - rfJ5212)

~:1 bh(46189 - 11911922 + 10868024- 4118426+ 56322s - 128210)(0)

+ i2a(HaV.J! - ll.Jl~F.!!.22 + ±olioU24 - ±H~1!.26 + "ii\2otAs + ;r\-210)}

s
~ {-Sl(.±.!U"B."'1. - '§JL7~'L"22 + 357524 - 143026 + 22028 - 8210)(0)
221 32 11>

+ !Aa(Hi2~.!!. - .1..7.%l.7_22 + ..'7.Jl;rfi-J'-.1.24 - Jc5a\*Ji 26 + '7gV512S)}

When A= 1, the swept-back wing becomes triangular. It has been verified for all the values
. . • C2m +n +1 . T

2m + M = 1,2, .. 10 that, m this case 12m, It = k T 2", , 11 (see Appendix V).

When the trailing edges of the swept-back wing are sonic, A = x .
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APPENDIX VII

Some General Formulae for the Lift, Drag, 'Interference' Drag, and Pitching Moments
of Cambered and Twisted Surfaces

All forces are normalised by dividing by (npV2C2)/(k2E(u)).

(VII.2)

(VII. 1)

2k [brX
R

2 2 ]Pr = ---, .. -- .. + Xj(x, ky) .xc": I X

For the surface given by z =-~ - oxn (1~y)2m/cl<-t, where R :c= Zm + 17, the load distribution can
be put in the forms

or

(See Table 2), where the c; are functions of x, and by = 2: c.; and the incidence is
r

«. =-:: onxn- I (1?y )2"'/cR--I
. (VII.3)

In this Appendix, each summation 2: is for r cc."" 0, 1, ... R/2 if R is even, and r = 0, 1, .. .(R -" )/2
r

if R is odd.

Therefore, for a triangular surface:

the lift is

the pressure integral is

Dr = IPray dS = ~n 0
2~ (cyT2(m+r),R-2rln-l)

= n;~~ ~ l22~I~t~j-f~~J!J 2 ~ ;

(VIlA)

(VII.S)

and the suction force is

I' U02 1
S, = 2npu 0 Pr2dx = E(u) br22I~ . (VII.6)

The interference pressure integral for two surfaces given by z, =.ccc: - rhn(hy )2"'/cR- t,
z, - oXN (l.:y )2M/C() 1, where Q'.=' 211,1 + N, is: (Values of s in 2: are the same as for r, with Q

in place of R)

Dr" = I (lJra, + psar) dS

= 4n0
2
L: (c,T2(", + s ), Q ..2s+n_l) + ~~-~L: (c r T 2(M I- r), R - 2 r :V-I)

n s n r

= R 42~Q [17 ~ (z2;~4~~~ t-+"1~)-!J2) + N ~ (2~r~7=\~J~Jr!)f]2)] ;

and the interference suction force is

(VII.7)

S 2 Je (2P P ) d 2u0
2 i»,

r, s =c: npu 0 r, X = E(~) R+ Q .

3S

(VII.S)



The pitching moment, about the apex, for surface z, is

M r = JPrx dS = 4~C~ (CrT2r,R-2r+l)

c6 ( cr(2r)!) (R +- 1)
=R+-2~ 22r- 1(r !)2 = R+-2 cLr. (VII.9)

The corresponding formulae for a swept-back surface with straight supersonic, or sonic, trailing
edges are:

(VII. 10)

where a = hjk;

o., = n~6R2:Q [n~ (cJ2(11l+S),Q-2s+n-l) +- NL; (C,I2(M+r),R-2r+N-l)J,

(VII. 11)

(VILI2)

(VII. 13)

(VILI4)

" (VII.IS)

For cambered triangular surfaces of the form Z = - bX"/c"-t, m = 0, R = n, and it can be
shown that

D = (n +- 1)6 L
r 2 r

6
Dr,s = n + N [n(N + l)L s + N(n + I)LrJ

2
n + N inI), + NDr ) ;

d = (n + 1)0.
r 2L r '

d = 0 [n(N + 1) + N(n + 1)J
r,s n + N L, L,

= 2 [n(N + 1) d + N(n_j~l) d J .
n+N n+l r N+1 s.i >

,,0 2 b 2

s. = E(,,) 2~;

S 2" 02 i».
r,s = E(,,) it+ N'

39
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(VII.20)



For triangular cambered (surface slope a function of x only) surfaces with sonic leading edges,
x = 0, and

d ,= (n + l)(N+!)
r,s n + N

d = _(n + 1)2 = t .
r 4n r,

(VII.21)

(VII.22)

In the limiting case, when x -+ 1, i.e., tan y /tan;.t= (M2 - 1)1/2 tan y --»- 0, for the cambered
surfaces z, ,= - r5x"/e"-l, Zs =---= - OXN/eN

1, b, = n, L, = n, and hence (n, N 1)

d = n + 1), 2n
t --l.-t·
r~-2- s,

1
s, = 2n

and therefore t, + t s = t".11 and t; s = 2t r = 2t s '

s.. = ~-~ ~ 1~-2) _
2 t r, s - 1 ,

s = - ---- ..
',S n + N

Also i., = 1 for all n, N(
ox"

1) for surfaces z; c= - n-1' z ,
e

oxN k2y 2

C'Y/1-···

4 (hllk2y 2

= 3 for all n, N(?::- 1) for surfaces z, = ---ell!l ,z,.

i, = ; for all n ?::- 1 for cambered and twisted surfaces z,

There are indications that similar results hold for higher powers of k 2y 2 in z, and z;

oxN 1~2y2

eN 1-1'--
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tan y

tan Il

APPENDIX VIII

Numerical Values of am, bm

1-~2---

o

0·1

0·2

0·3

0·4

0·5

0·6

0·7

0·721l

0·8

0·9

1·0

0·666667

0·664970

0·659505

0·648970

0·630543

0·598776

0·544852

0·459468

0·436934

0·338897

0·184935

o

0·047619

0·047377

0·046607

0·045153

0·042697

0·038677

0·032358

0·023469

0·021341

0·013161

0·004078

o

1·11l11l

1·103081

1·079320

1·040976

0·990590

0·933138

0·876653

0:829013

0·820339

0·790825

0·750701

0·666667

0·1l1l11

0·109729

0·105663

0·099180

0·090794

0·081362

0·072022

0·063494

0·061748

0·054722

0·040478

o

41

2

1·987504

1·950064

1·887832

1·801089

1·690307

1·556272

1·400408

1·364949

1·225834

1·042142

0·888889

1

0·987535

0·950562

0·890340

0·808960

0·709326

0·595150

0·471012

0·444048

0·342758

0·219831

0·126984

0·99

0·96

0·91

0·84

0·75

()·64

0·51

0·48

0·36

0·19

o



APPENDIX IX

Numerical Values ofA ' ~ " A "'.. , ~, '"

k8
" •Al

..- ._-. ---------
f0 2·62500 -1,68750 0·06250

I
1

I0·1 2·69840 -1,74222 0·06U3 0·68660 114'06225 -12,70684 0·32045 86·20341 10177·588 0·9
;

0·2 2·93344 -1,91772 0·06934 0·78825 29·67611 ._.. 3·33745 0·40779 22·81665 654·9521 0·96

0·3 3·37805 -2,24977 0·07930 0·99635 14·03547 - 1·61400 , 0·53905 11·15200
I

137·3924 0·91

0·4 4·11647 -2,79575 0·09651 1·39406 8·49012 :- 1·02646 0·80435 7·10968 I 47·44718 0·84

I
i

0·5 5·24759 -3,59616 0·12636 2·13750 5·74962 - 0'93854· I 1·33448 5·22539 . I 21·88458 0·75
i

I0·6 6·82132 -4,56100 0·18108 3·46218 3·99047

I

- 0·67115 2·36691 4·13520 12·33554 0·64

0·7 9·07704 -5,52492 0·29250 5'75745 2·74579 - 0·65701 4'32642 3·53619 8·15027 0·51
I

0·7112 9·42255 -5,63968 0·31157 6·1183":; 2·63678 I - 0·66066 4·64624 3·28446 7·85596 0·4942

0·7211 9·75534 -5,74514 0·33006 6·46478 2·54675 I - 0'66486 4·95533 3·49116 7'60481 . 0·48

0·8 14·04160 -6,88558 0·56013 10·78680 2·00364 ! - 0·73407 8·90245 3·75386 I 6.181681 0·36

0·9 23·96306 -8,93885 0·97539 20·41064 1·77704
,

- 0·85380 17·92285 3'06294 I 5·45887 i 0·19, I
I i i Ii i

tan ,,/tan p I k4~'
-----,-----:-------,--- -- --- ----



APPENDIX X

Triangular Wing-Numerical Values of ti., dr,s; t., tr,,, tan rJtan,u = 0,7338, (dr,r == 2dr; tr;r == 2tr) x2 = 0·4615

r Zr

I 1 - (jx 1 2 1·923941 1·895608 I 1·881686 2·474180 2·426818

2 (j 2 1·039434 1·923941 2·078867 2·183459 2·257038 2·582909 2·641195

C=bffj
- - X

c

I3 (j 3 1·194144 1·895608 2·183459 2·388288 2·538991 2·689460 2·830092- -x
c2

4 (j 4 1·377634 1·881686 2·257034 2·538991 2·755268 2·783406 2·990803- ~x

c3

Twist
s

2·431522 2·474180 2·582909 2·689460 4·863045 5·071779& - - k2y 2x 2·783406
c2

Camber and twist
(j

2·699749 2·641195 5·0717796 __ k2y 2x2 2·426818 2·830092 2·990803 5·399497
c3

r i; t],r t2,r t3,r t4,r ts,r t6,r

1 0·752024 1·504048 1·593306 1·636966 1·663251 1·743092 1·794006

2 0·915446 1·593306 1·830891 1·976545 2·075004 1·998040 2·113852

3 1·104222 1·636966 1·976545 2·208444 2·376255 2·181104 2·358642

4 1·302473 1·663251 2·075004 2·376255 2·604945 2·323410 2·555314

5 1·713052 1·743092 1·998039 I 2·181104 2·323410 3·426106 3·739158

6
I

2·068936 1·794006 2·113852 I 2·358642 2·555314 3·739158 4·137873I

I
I I ----



APPENDIX X-eontinued

Triangular Wing-Numerical Values of d" d" .. tan i'/tan ~ = 0·7, Xl = 0·51

:

(2tl1 = 2}1

I

I1 -h 1 1·9127 1·8796 1·8643 1·8511 2·4656 : 2·4115 2·3688 2·8037
;

2
d

1·0267 1·9127 I(2d1l=2'0534}1 2·1506 2·2215 2·2677 2·5609 2·6112 2·6400 2·9771--xl
c

6
I

3 -(;IxI 1·1728 1·8796 2·1506 (2tla=2' 3456). 2·4908· 2·5960 2·6577 2·7885

I
2·8798 3·1575

-
1(2tl,=2'7016}4

s
1-3508 1-8643 2-2215 2·4908 2·8593 2-7498 2-9451 3-0912 3-33a7-Cis' I

I
I
I

8
s

1·5320 1-8511 2-2677 2-5960 2·8593 (2tls=3-0640) 2-8186
I

3-0686 ! 3-2602 3-4771-Ci xl
: I
!

, Id I

5 - Ci kly·x 2-3983 2-4656 2-5609 2·6577 2-7498 2-8186 i(2tlo=4-7966} 4-9905 5-1302 i 6-5855

Id i
6 - ca kly·x· 2-6500 2-4115 2-6112 2-7885 2-9451 3-0686 ! 4-9905 (2tle=5-30oo}1 5-5345 7-0168

I I
i

s I
9 - Ci klyllxl 2·9255 2-3688' 2-6400 2-8798 3-0912 3·2602 5-1302 5-5345 '(2d.=5·851O) 7-3501

I
;

I
I d I

10 I - - ktytx 4'9649 2-8037 2·9771 3-1575 ! 3-3337 3·4771 6'5855 7-0168 7'3501 1(2d1O=9'9298)

I c' I i II



APPENDIX X-continued

Triangular Wing-Numerical Values oj i., tr, s» tan y jtan,u = O·7, ",2 = 0·51

r

I
Zr t; t1, r t2, r t3, r t4, ,· t« r t5, ,' t6• r t9, r tlO, r

1 - (jx I 0·7346 (2t1 = 1·4692) 1·5589 1·6036 1·6314 1·6462 1·6935 1·7420 1·7737 1'8357

2 (j 2 0·8940 1·5589 (2t2 = 1· 7880) 1·9298 2·0274 2·0921 1·9432 2·0543 2·1299 2·1474- -x
c

3 (j 3 1·0771 1·6036 1·9298 (2t3 = 2· 1542) 2·3177 2·4366 2·1222 2·2919 2·4156 2·4024--x
c2

I 2·3177 1(21, ~2·5418)4
1

(j 4

1'
2709

1
1·6314 2·0274 2·7094 2·2659 2·4868 2·6558 2·6256--x

c3

8 (j 5 1·4608 1·6462
I

2·0921 2·4366
I

2·7094 (2t8=2'9216) 2·3715 2·6383 2·8466 2·8043--x
Ic4

5
(j

- - k2y2X 1·6495 1·6935 1·9432 2·1222 2·2659 2·3715 (2t5=3'2990) 3·6018 3·8316 4'4732c2

6
(j

__ k 2y2x2 1·9922 1·7420 2·0543 2·2919 2·4868 2·6383 3·6018 (2t6 = 3,9844) 4·2849 4·9843
c3

9
(j__ k2y 2x3 2·3249 1·7737 2·1299 2·4156 2·6558 2·8466 3·8316 4·2849 (2t9 = 4· 6498) 5·3961
c4

I

10
<5 I_ - k4y 4x 3·3758 1·8357

I

2·1474 2·4024 2·6256 2·8043 4·4732 4·9843 5·3961 (2tlO=6' 7516)c4

i ,
---



APPENDIX X-continued

T~iangula~Wing--Numerical Values of dn dr• s ; t., t,... tan rltan p = 0.'3577, "I = 0·87205

58

2'533439

64636

1·731748 2·3323911·478070 I 1·6170071·266720 I 1·306216

-ax 1 2 1·782636 1·687146

I
1· 244 2·2887 2·1740

I

~
:

--xl , 0·880465 1·782636 1·760930 1·763738 1·773600 2·227927 2·201272c

e
0'916195 1·687146 1'763738 1·832389 1·890558 2·210661 2·245122--xli

cl

I Is
1·988264--x' 0'994132 1·636244 1·773600 1·890558 2·213120 2·293638c8

I

" 1·908894 2·288764 2·227927 2·210661 2·213120 3·817787 I_ -klylx 3·847113cl

" 2·245122 2·293638 3·847113- Ci kBylxl 1·976767 2·174058 2·201272 3·953534

t; tL F t.. r ta.r t40 r t&.r I te•rI

0·585662 1·171324 1·230185 1·267308 1·292864 1·276311
,

1·306216

0·673296 1·230185 1·346592 1·427868 1·487450 1·417965 1·478070

0·774391 1·267308 1·427868 1·548783 1·642031 ! 1·526734 1·617007
i

I
0·882970 ; 1·292864 1·487450 1·642031 I 1'765940 1·613788 ! 1·731748

1·084236 1·276311 1·417965 1·526734 1·613788 2·168472
I

2·332391I

1

3

2

4

5

6

1

2

3

4

5

6



APPENDIX X-continued

Triangular Wing-.Numerical Values of d., dr,s; t.. tr,s, tan v/tan r, = 0,1184, ~2 = 0·9860

I I

--

I - ox 1 2 1·690196 1·539986 1·452816 2·070965 1·895328
I

2 a 2 0·776470 1·690196 1·552940 1·476218 1·428765 1·899199 1·795377- -x
c

3 a 3 0'719981 1·539986 1·476218 1·439962 1·418289 1'791546 1·731226- -x
c2

,

4 a 4 0·707526 1·452816 1·428765 1·418289 1·415051 1'719606 1·688400- -x
c3

a
5 _ - k 2y 2x 1·461410 2·070965 1·899199 1'791546 1·719606 2·922819 2·787716

c2

I

a
6 __ k 2y 2x2 1·352096 1·895328 1·795377 1·731226 1·688400 2·787716 2·704192

c3

r t; tl •r
I

t2•r t3• r t4•r t5• r ta."
I

1 0·513743 1·027486 1·041853 1·052911 1·061892 1'052880 1·062009

2 0·533342 1·041853 1·066683 1·086558 1·102995 1·084731 1·100945

3 0·557350 1·052911 1·086558 1·114700 1·138588 1·111681 1·134997
I

4 . 0·584759 1·061892

I

1·102995 1·138588 1·169518 1·134974 1·165007
I

5
I

0·750881 1·052880 1·084731 1·111681 1·134974 1·501763 1·541476I
I

6
I

0·794247 1·062009 I 1·100945 1·134997 1·165007 1·541476 1·588494
I ---



APPENDIX X-c01ztinued

Tl'iangulal' Wing (So~ic Leading Edges)-Nume,-ical Values of d, = t; d,.• = t, .. tan "I/tan f.' = 1. ~ = 0

r s, t, tl . , t2., s: t4. , ts. r to., . te"

1 - dx 1 2 2 2 2 2 5/2 5/2

2
dX"

9/8 2 9/4 12/5 5/2 18/7 27/10 45/16--c

3
s

4/3 2 12/5 8/3 20/7 3 43/15 43/14--xB
c"

~

1-~x44 25/16 2 5/2 20/7 25/8 10/3 3 105/32

8 I-~xi 9/5 2 18/7 ·3 10/3 18/5. c4

d (n+ I)" n 3(n + 1) 4(n + 1) 5(n+ 1) 6(n + 1)
........

--",.. 2c·- l 4n "*"4 n+2 n+3 n+4 n+5
!

i d
13/5 5/2 27/10 43/15 26/5 11/25 1--Xk"y2 3

c" i

i d I
95/32 5/2 45/16 43/14 105/32 95/166 1_ -x"k"y" . 11/2cB .

I I



APPENDIX X-continued

Triangular Wing--Numerical Values of dn d; s; t., tr, so tan r'itan fl = 0, u = 1

Zr

I

1 1- <5x

<5 22 - - x
c

dr

3/4

2

5/3

5/3

3/2

3/2

7/5

7/5 4/3

4/3 9/7

2

9/5

9/5

5/3

1/2

1/2 1

1

1

1 1

1

1

1

1

1

1

1

<5 33 --x
c2 2/3 3/2 7/5 4/3 9/7 5/4 5/3 11/7 1/2 I 1 1 1 1 1 1

1 I 1

1 1

1

1

1

1

1 1

1 I 11

1/2

1/2

2/3

2/3

11/7 3/2

52/21 7/3

I
i 3/2 13/9

3/2

6/5

13/9

11/9

n+7
n+5

3/2

5/4

11/7

11/9

n+6
n+4

5/4

5/3

9/7

11/7

I

II n + 5
n+3

5/8

7/6

4/3

3/5

n + 1 1
zn+2

7/5 4/3

I 4/3 I 9/7

n+3I n+ 4

I----~ -": I l-n-9+-/5-2_1-~-I----!-~~I--8-/3'-I--5-2/-2-1'1---I--
1-'-1-i-1-i-1-

--1-1-
4-/3
-14/3

I I i I I I I

9/5 II 5/3 1 II 1 I 1 I 1 l' 4/3 4/3
1 I !

N+7IN+8 I :

N+3! N+4

<5 58 --x
c4

--------_._~-----------.:_-----.:_-~-------------.:_------_----.:_----.:_----.:---'----'----



TABLES 3 to 14

All forces and moments are normalised by dividing by (np V2C2)/(k2E(x)).

TABLE 3

Formulae for the Total Lift on Triangular Surfaces

r
I

z; Lr

1 - c5x c5

2 c5 2 s- -x t;c

3 c5 a i c5F1(4/ 5 - 3/7)- -x
c2

4 c5 4
c5F2(4/ 11 - 3/13)- -x

ca

c5
i c5F1(4/ 4 - la)5 - - k2y 2x

c2

s
!c5F2(4/ 1O - 3/12)6 _ -- h,2y2x2

ca

7 14Za ---- 15Z5 ic5

c5 Co s
8 XU 8 Fa(8/ 14 + 2/15+11a)c4

s c5
9 __ h,2y 2xa - "8 Fa(8/ 17 + 2/18+119)c4

c5 c5
10 _ - J?4y4x "8 Fa(8/ 20+ 2/21+122)(;4

- -----~-..,-..._..,_.-

Camber

Twist

Camber

Camber and twist

Twist

50



TABLE 4

Formulae for the Pressure Integral for Triangular Surfaces

r
I

Dr
---------

1 02

2 ~02!J1

3 ~02F1(4f6 - 3f7)

4 ~02F2(4fn - 3fd

5 k02F1(6f 4 - f6)

6 trs 02F2(2f 10 - f12)

7 k02(12f 4 - fs)

8 !02F3(8f14 + 2f16 + f16)

9 - j o02F 3(1 6f 17+ 8f18 + 5f19)

10 02

128 F3(16f20 + lOf21 + 7f22)

TABLE 5

Formulae for the Suction Force on Triangular Surfaces

r
I

(E(u)fu)Sr

1 !02

2 H0!J1) 2

3 ~02(Fd6)2

4 202(FJn) 2

5 3 02(F f.)2"2 1 4

6 !02(FJ10)2

7 0

8 Y1> 02F32(f14 + f16 + f16) 2

9 ylJ02F32(f17 + f18 + f19)2

10 11J 0 2F32(f20 + /21 + 122)2

51
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TABLE 6

Formulae for the 'Interference' Pressure Integral for Triangular Surfaces

(Dr" 1\ r is the interference pressure integral for the two surfaces given by z" zs)

r, S

1,2

1, 8 ~(52 2 + F1(415 81.,) ~

1,4 A{52:8 + 5F2(41n - :~lIJ,

1,5 l{52i 1+ 8F1(414 - lG)]

1,6 1'(j024 + 5F2(411O - 8112)J

1,8 /,02i40 + 8F3(8114 + 2115 + 11GfJ

1,9~,5214- F3(8117 + 2118 + 119)J

1, 1O,wr 1 + Fa(8120+ 2121 + 122)1

2, s ~ {52 [l + F 1(815-- 617)J

2, 4!{)2 [J1 + 5F2(41Jl --- 81dJ
2,5 A,52 [4]1 + 6F1(4/1 lG)J

2, (, ,1"{)2 [jl + lOF2(411(J 81dJ
2,8 i', ,)2 D:l + F:)(8114 -1- 2115 +11(;)J

2,9 1"4,)2 [2J; - F a(8117 + 2118 + 119)J

2,10 ,\ ,52 [~ + 8F3(8120 + 2121 +122)J

8,4 iW;4F1(415 - 817) + 5F2(4111 - 81dJ

:3, 5 ~,)2F1[ 1614 - 41G + 215 - 17J

a, 6;\025F2(4110 - 8112) + 8F1(215 - 17)J

8,8 :I"" {)2t20F 1(415 -- 317) + 3F3(8114 + 2115 + fIG)]

3,9 a"oj ,5213F 1(215 - 17) - F 3(8117 + 2118 + f19)J

8,10 ,,\i'Pi F1(815 - 317) + 6Fa(8120 + 2121 + 122)J

4, 5 fit (52124F 1(414 -- 16) + 7F 2(2111 - 113)J

52



TABLE 6-continued

r, S

4,6 i(PFz[1O(411O - 31d -I- 7(2111 - 11a)]

4,8 -fJ 0Z[25Fz(4111 - 311a) -I- 3Fa(8114 -I- 21'5 -I- lis)]

4,9 -Ir oZ[7F z(2111 - Id - 2Fa(8117 -I- 2118 -I-119);

4, 10 4\oZ[3F z(8111 - 311a) -I- 16Fa(81zo -I- 21n -I- Izz)]

5,6 -,]sozL6F1(614 - Is) -I- 7Fz(2110 -- 11z)J

5,8 ,hoZ[120F1(414 - Is) -I- Fa(16114 -I- 8115 -I- 511s)]

5,9 rl4oZ[18F1(614 - Is) - Fa(16117 -I- 8118 -I- 5119)J

5, 10 6\oZ[3F1(814 - Is) -I- F3(161zo -I- 81z1 -I- 512z)J

6,8 l6oZ[50Fz(4110 - 311z) -I- F a(161J4 -I- 8115 -I- 511s)J

6,9 s\-oZ[21Fz(211O - liz) - F3(16117 -I- 8118 -I- 5119)J

6, 10 I 2hoZ[9F z(811O - 311z) -I- 8F3(16120 -I- 81z1 -I- 512z)J

8, 9 ~troZF3[16114 -I- 8115 -I- 511s - 10(8117 -I- 2118 -I-119)J

8, 10 Th ozF3!l6114 -I- 10115 -I- 711s -I- 48(81zo -I- 21z1 -I-122)J

9, 10 6hozF3:24(1612o -I- 81z1 -I- 512z) - 5(16117 -I- 10118 -I- 7119)1



TABLE 7

Formulae for the 'Interference' Suction Forcefor Triangular Surfaces

(5". = 5." is the interference suction force for surfaces given by s, z.)
---_._._-----------

1, 2 2/J1/(3/1)

1,3 j/JI(FJJ

1,4 '11Jl(FJll)

1,5 flJl(FJ,)

1,6 'llJl(FJ10)

1,8 l/JIFI(fu +111 + 11.)

1,9 -lIJlFa(f17 +118 +118)

1, 10 l/JIFa(f1O + 1m + IIJ

2,3 :/JI(FJJ/l)

2,4 tt/JI(FJll/IJ

2,5 i/JI(FJJ/1)

2,6 IIJI(FJlo1/1)

2,8 1,/JI(Fal/l)(fl' + 111 + lIS)

~, 9 - f/JI(Fal/1)(f17 +118 + 118)

2, 10 flJl(Fal/1)(f8O +In +In)
3,4 \f,./JI(FJ.)(FJll)

3,5 3/JI(FJI)(FJJ

3, 6 ¥/JI(FJ.)(FJl~

3,8 f/JI(FJrJF8(fu + 111 + lIs)

3,9 - f lJl(FJ.)F8(f17 +118 +11.)
3, 10 f/JI(FJI)Fa(f8O + 111 + IsJ

4,5 ¥/J I(FJll)(FJ,)

4,6 2/JI(FJll)(FJl,;)

4,8 i/JI(FJll)Fa(/1' + 111 + 11.)

4,9 - i lJl(FJ ll)Fa(f17 +118 +118)
4, 10 IIJI(FJll)Fa(fm + 1m + IsJ

5,6 ¥fJI(FJJ(FJ10)

5,8 f/JI(FJ,)Fa(fu + 116 + 11.)
5,9 - f/JI(FtfJFa(f17 +118 +118)

5, 10 ffJI(FtfJFa(f1O + 111+ I.J

6,8 t/JI(FJlo)Fa(/lf. + 111 + 11.)

6,9 - t;/JI(FJ1U)Fa(f17 +118 +118)

6, 10 t/JI(FJ10)Fa(f8O + In + I.J
8,9 - A/JIFal(f1' + 111 + 11.)(/17 + 118 + 11.)

8, 10 .~IJIFa·(f1!l + 116 + 11.)(f8O + III + II~

9, 10 - j-/JIFal(f17 + 118 + 118) (flO + 111 + I~

54



1

2

3

4

5

6

8

9

10

TABLE 8

Formulae for the Total Lift on Swept-back Surfaces

45(]0.2 - J2.0)

45
ell (Jo 3 - J2.l)

12 5:1 [(/s - 17)JO.4 + (2/7 - 15)]2.2 - 1714. oJ

55



TABLE 9

For'mulae for the Pressure Integral for Swept-back Surfaces
._-_._. --_ ..... --_._-----_.._.- -------------------_.

__. ~ _.1._.-

2

3

4

5

6

8

4a''(]0.'fl - 1",.0)

8a'"3c-h (210.4 - J2.'I. - J4.0)

d"'1' .
36· c,J r~(f6 -- /7)Jo.. - 'ls(7/6 - 12/7)1 2.4 + -.1,(2/" + 3/7)J 4.", - "1\(4/" + 6/7)J.,rJ

64 ~:? i';'(/n - /1:J1o.! _. ift(17/n - 31fuJJ",.• + -l.(fn - 8/uJJ"'4 + -h(4/n + 3/18)J..",
._. '!J\(8/n + 6/1J J a.o]

4"21':1''-63e8 175/14JO.I0 + 5(27/16 - 31f14)],.a+ (4/14 - 99/11 + 63/1. )J f.8 + (8/'4 + 12/16+ 21fl.)J',4

+ (32/14+ 48/1&+ 84/1.)J a.8 - (64/14+ 96/16 + 168/1.)J Io. rJ

9

10

56



TABLE 10

Formulae for the Suction Force on Swept-back Surfaces

57



TABLE 11

Formulae for the 'Interference' Pressure Integral for Swept-back Surfaces

r, S

1,2

1,3

1,4

1,5

1,6

1,8

1,9

4<52
3c11 [/lc1 2.0+ 3(f1 + 1)(Jo.s - 12.1)]

4<52
C2 [{I + 3F1(fs - 17)}10.4 + {l - 3F1(fs - 217)}12.2 - (2 + 3Fd7)ho]

4<52
1,10 C4 [FJ2JO.0 - FS(f20 - 121)12,4 + {l - FS(f21 - 122)}h2 - {I + FJ22}16.0]

2,3 3C~2 [171 + F1(fS + 317)! H4+ 21* + 3F1(fs - 17)! 10.s -1* + F1(51s - 917) 112. 3

-1* + F1(fS + 317)I14,1J

2,4 ~~:: [61* + 4F2(fll - lIs)! 10.0 -171 + 2F2(1l111 - 21f1S) 1124 + II + 2F2(fn - 611s)I14.2

- 21K + F2(21n + 31d !10. oJ

2,5 ; [3F1(f4+10)H4+ 6F1(314 - 10)]0.5 + li; - 3F1(514 - 310)!12.s -1~ + 3F1(f4+10)I14.1J

2,6 ~;c: [24F2(f1O - 112)]0.0 + 1}~ - 2F2(1l11O - 21112)112.4 -1.k - 2F2(fl0 - 6112)I14.2

-171 + 2F2(2110 + 3112) l10.oJ

2,8 ::5 U~~ + 3F S(f14 + 2115 + 8110)! u, + 40 (* + FJ14) 10.7 - 21 }~ + F3(19114 - 18115) 112.5

+ l}; + FS(f14 - 30115 + 24110)!14.3 - 31}~ + F3(f14 + 2115 + 8i 10)!16.1J

2,9 ; [t 171 - FS(f17 + 2118 + 8119)! tt, - ¥FJ1710,7 + t l}; + F3(19117 - 18118) 112.5

- t 1}~ + F3(f17 - 30118 + 24119)I14.s - t 1~ - FS(f17 + 2118 + 8119)! 10.1J
-----~--
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2,10

3,4

3,5

3,6

3,8

3,9

TABLE II-continued

~ [t FS(f20 + 2121 + 8122)Hs + J.,fFaf20JO.7 - i Fs(1 9120 - 18121)J2.s + i l~: + FS(f20 - 30121 + 24122)! J4,S

- tFs11 + FS(f20 + 2121 + 8122) i j6,lJ
02

C5 [8{3F1(fs - 17) + 4F2(fn - 11s)}Jo.7 - 2{3F1(31s - 517) + "2F2(71n - 131d}]2,s

+ {3F1(fs +17) + 2F2(fn - 71d}]4.s - 3{3F I(fs +17) + 2F2(fn +11S)}(]S,l - H s)]

1202

5c4 F1[3(3j4 - ls)Jo.s - (714 - 41s - 51s + 517)J2.4

+ (214 + I« + 1017 - 51s)J4,2 - (414 + 21s + 517)]s.0]

02

C5 [16F2(f1O - 112)Jo.7 + 2{9F1(fs - 17) - FPllO - 13112)}J2,s + {F 2(f1O - 71d - F1(151s - 2717)}}4 3

- 3{F2(flO + 112) + F1(fs + 317)}(]s,l - H s)]

402

35cs [75{3F](fs - 17) +1]4Fs}]0.8 - 3{5F1(1l1s - 1817) + Fs(23114 - 21flS)}]2,6

+ {5F 1(41s + 317) + F s(2114 - 4911s + 3511s)}J4.4

+ {20F1(41s + 317) + Fs(8114 + 1411s + 3511s)}(Js,2 - 2J8.0)]

4C~2 [- tFafI7JO.S + ls-{l89F1(fs - 17) + Fs(23117 - 21118)}]2.s

+ T~s{63F1(1217 - 71s) - F s(2117 - 4911s + 35119)}J4.4

+ T~s{63F1(21s + 317) - F s(8117 + 14118 + 35119)}(]s.2 - 2J8,O)]

3,10 ~~2 [t Faf20JO,8 - "ir;F3(23120 - 21121)J2,s + {3F1(fs - 17) + dsFs(2120 - 49121 + 35122)}J4.4

- 3F]{(fs - 217)Js,2 +17J8.0} + ThF s(8120+ 14121 + 35122)(]s,2 - 2Js.0)]

02

4,5 C5 [8F1(314 - ls)Jo.7 - 2{F1(914 - 51s) - 8F2(fn - 113)}J2,s

+ {F 1(314 + ls) - 16F2(fll - 211s)}hs - {3F 1(314 + ls) + 16FJ1S}]S,l + 3F1(314 + ls)Hs]

3202

4,6 C6 F2[~(f1O - 112)Jo,s - -ls(17110 - 31f12 - 281n + 281dJ2.s + ds(3110 - 24112 - 77111 + 1471dJ4.4

+ T~s(12110 + 9112 + 7111 - 421dJs,2 - T~s(241]0 + 18112 + 141n + 2111s)Js.0]

4, 8 ~ [1O{4F2(fn - ld + Faf14}]O,9 - {J.j-F2(51n - 9113) + F s(9114 - 811s)}J2,7

.+ HF2(fll - 91d + i F3(f14 - 2411s + 1611s)}J4.s

+ {iF2(5111 + 311s) + t,F3(5114 + 811s + 161Is)}(]s,s - 3JB,] + 3H s)]

02

4, 9 (Ji [- 1OFafldo,9 + {32F2(fll - 113) + F3(9117 - 811s)}J2,7

- {4F 2(7111 - 1311s) + iFs(f17 - 2411s + 161]9)}J4.s

+ {2F 2(fn - 71d - t,F s(5117 + 811s + 16119)}]s,s

- {6F 2(fll + 113) - i Fs(5117+ 811s + 16119)}(Js.1 - H s)]
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TABLE II-continued

~-,s l-~~--------_·- ----~------- --- --------- ----------- ------- --._.._--...--

4,10

5,6

5,8

5,9

5,10

02

(;i ilOFa120Jo.0 - Fa(9120 - 8121)J2.7 + {16F 2(fn - l1a) + t Fa(f20 - 24121 + 16122)}]4.5

- 16F2{(fn - 211a)J6.a + l1aJs.1} + iFa(5120 + 8121 + 16122)(J6.a - 3JS.1 + 3Hs)]

02

C5 [3F1(f4+16)H6 + 2{4F 2(f1O - 112) + 3F1(314 - 16)}J2.5

- {8F 2(f10 - 2112) + 3F1(514 - 316)}J4.a - {8Fd12 + 3F1(f4+16)}J6.1]

40 2

7c6 [15F1(314 - 16)Jo.s - {3F 1(1l14 - 616) - 7Fd14}]2.6 + {F 1(414 +16) - 7Fa(f14 - 115)}J4.4

+ {4F 1(414 +16) - 7Fa(f15 - 116)}J6.2 - {8F1(414 + 16) + 7Fa116}Js.0]

40 2

5e6 [{9F1(314 - 16) - 5FaldJ2.6 - {3F 1(714 - 416) - 5Fa(f17 - 1Is)}]4.4

+ {3F1(214 +16) + 5Fa(flS - 119)}J6.2 - {6F1(214 +16) - 5Fal10}]s.0]

6,8 ; [20F2(f10 - 112)]0.0 - c\Q{F2(511O - 9112) - 2FJ14}J2.7 + H5F2(f1O 9112) - 2Fa(19114 - 18115)}J4.5

+ T\{5F2(5110 + 31d + 2Fa(f14 - 30115 + 24116)}J6. a

- H5F2(5110 + 3112) + 2Fa(f14 + 2115 + 8116)}(]S.1 - Hs)]

6,9

6,10

8,9

8,10

02

() [~{12F2(f1O - 112) - 5FJdJ2.7 - t{6F2(711O - 13112) - Fa(19117 - 1811s)}J4.5

+ H6F2(f10 - 7112) - Fa(f17 - 3011s + 24110)}J6.a

+ t{6F2(f1O +112) - Fa(f17 + 211S + 8110)}(Js.1 - Hs)]

~ [¥FJ2J2.7 + {8F 2(f1O - 112) - tFa(19120 - 18121)}J4.5

- {8F 2(f1O - 2112) - iFa(f20 - 30121 + 24122)}]6.a - 8Fd1JS.1

- tFa(f20 + 2121 + 8122)(]s.1 - Hs)]

402

9c8 Fa[ - 25117Jo.10 + f(27114 + 31117 - 27118)J2.8

- 19{27(23114 - 21115) + 5(4117 - 9911s + 63110)}J4,6

+ s\-{9(2114 - 49115 + 35116) - 5(8117 + 1211s + 21110)}J6.4

+ s\-{9(8114 + 14115 + 35116) - 5(32117 + 48118 + 84110)}(Js.2 - 2J10.0)J

402

63cs F a[175120Jo.lo - 5(31120 - 27121)J2.s + (63114 + 4120 - 99121 + 63122)J4.6

- (63114 - 63115 - 8120 -- 12121 - 21122)J6.4 - (63115 - 63116 - 32120 - 48121 - 84122)Js.2

- (63116 + 64120 + 96121 + 168122)JIO.0]

402

9,10 35cs Fa [75120J2.8 - (69120 - 63121 + 35117)J4,6 + (2120 - 49121 + 35122 + 35117 - 35118)J6.4

+ (8120 + 14121 + 35122 + 35lIs - 35110)J8.2 - (16120 + 28121 + 70122 - 35110)J10.0]
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TABLE 12

Formulae for the 'Interference' Suction Force for Swept-back Surfaces

r, S

1,2

1,3

1,4

1,5

1,6

1,8

1,9

1, 10

2,3

2,4

2,5

2,6

2,8

2,9

(E(u)/u)Sr.s

02 2
(1 - a)3 311

02

(1 _ a)4f F d 5

(j2

(1 - a)5 '?;FJl1

02

(T - a)4 fFJ4

02

(1 - a)5 ~ FJ10

02

(1 _ a)6 i F3(f14 +115 +116)

- 02

(1 _ a)6 iF3(f17+118 +119)

02

(T _ a)6 tF3(f20 +121 + 122)

(j2 6 Fd5
(1 - a)5 57;

(j2 4 FJll
(1- a)6 9 h

02
6 Fd4

(1 - a)5"5 T
02

2 FJlO
(1- a)6 9 h

(1 ~2 a)7 f ~3 (fa + 115 +116)

- 02 F
(1 - a)7 f 11

3
(f17 +118 + 119)

3,4

3, 5

3,6

02

(1 _ a)6 3Fd5 . Fd4

(1 ~2 a)7 \-"4. FJ5 . FJlO
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TABLE 12-continued

3,8
62 ,

(f - a)8 !Fd5 . F3(f14 +115 + lIs)

3,9 - 62
(1 _ a)8!Fd5 . F3(f17 +118 +119)

3,10 62
(1 - a)8 !Fd5 . F 3(f20 +121 +122)

4,5 62
(1 - a)7 :J."["-Fdn· Fd4

4,6 62
(1 _ a)82Fdn . Fd10

62
4,8 (1 _ a)9 ~Fdll . F3(f14 +115 +116)

4,9 - 62
(1 _ a)9~FJll' F3(f17 +118 +119)

62
4,10 (1 _ a)9~FJll . F3(f20 +121 +122)

5,6 6
2

12Ff Fi(1 _ a)7 -r 1 4' 2 10

62
5,8 (1 _ a)8 !Fd4 . F3(f14 + 115 + lIS)

_ 62
5,9 (1 -alB !Fd4 . F3(f17 +118 +119)

62
5,10 (l--=- a)B !Fd4 . F3(f20 +121 +122)

62
6,8 (1 _ a)9 fJd10 . F3(f14 +115 + lIS)

- 62
6,9 n- a)9!Fd1O . F3(f17 + lIB +119)

62
6,10 (1 _ a)9 fJdlo . F 3(f20 + 121 +122)

_ 62
8,9 (1 _ a)1O }F32(f14 +115 +11s)(f17 + lIB +119)

8,10 (1 ~2a)10}F32(f14 +115 +11s)(f20 +121 +122)

9,10 (1-=- ;)10 }F32(f17 +118 +119)(f2o +121 +122)
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TABLE 13

Formulae for the Pitching Moments of Triangular Surfaces

r M r

1 jcc5

2
3

411 co

3 '!cc5F1(415 - 317)

4 ~cc5F2(4111 - 3113)

5 !cc5F1(414 - Is)

6 -r\scoF2(411o - 3112)

8 !scc5F3(8114 + 2115 + lIs)

9 - !scoF3(8117 + 2118 +110)

10 ,lscc5F3(812o + 2121 +122)
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r

1

2

3

4

5

6

8

9

10

TABLE 14

Formulae for the Pitching Moments of Swept-back Surfaces

20(H2+ JO.3 - J2.1)

40
3c11 (2JO.4 - J2.2 - J4.0)

30
2c2 F 1[(J5 + 317)H4 + 6(J5 - 17)JO.5 - (515 - 917)h3 - (f5 + 317)J4.1]

Itc4 F 3[3(f14+ 2115 + 8116)H6 + 40114JO.7 - 2(19114 - 18115)J2.5 + (f14 - 301]5 + 24116)J4.3

- 3(f14+ 2115 + 8116)J6.1]

-0
12c-4 F 3[3(f17 + 2118 + 8119)H6+ 40117JO.7 - 2(19117 - 18118)J2.5 + (f17 - 30118 + 24119)J4.3

- 3(fl7 + 2118 + 8119)J6.1]

o
i2c4 F3[3(J20+ 2121 + 8122)H6 + 40120JO.7 - 2(19120 - 18121)J2.5 + (f20 - 30121 + 24122)J4.3

- 3(J20 + 2121 + 8122)J6.1]
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EXPLANATION :-
PTS. A,B.C; a. b. C AS IN
FIE! I (a.)
PTS. q,H,J, ETC. qlVE
(A dj d ,) op~ FOR SURFACE

COMBINATIONS: .,;I'.2,S;
't";1.2,IOj ...... =1.3.10; ETC.
PTS. 9, n, ETC. t'llVe:

(Al:./l:..)op\o FOR ... :1,3,4;
","""=1,2,4; ETC.

'3 4- S G 8 9 10
SUCTION FORCES IGNORED.

2

3 4 5 6
SUCTION FORCES INCLUDED.

FIG. lb. Maximum drag reduction on triang­
ular wings for 'three-surface' combinations

tan y/tan f.l = 0·7.

e

4f----,~____9c=F=---__+-_::_-_l

6f----+--,1----+------I

(£l':\ ;%
\l:.')opl:. 0

oE:..._'--_.l..-_~_.l-_.J____'

SURfACES ....=1

10f----+---f--I-------I----t------I

f-6~ %
\ d.Yopl:.

SURFACES

10

,10

9

------- F

o

s

a 9

IGNORED.

SURFACES.(SEE APPENDlXW)
l' r

I] 5JTWIST2. 10
3 CAMBER.

4 6 tAMBER
B ~Jf>TWIST.

G54

3 4 5 6

SUCTION FORCES

SUC TlON FORCES INCLUDED.

FIG. la. Maximum drag reduction on triang­
ular wings for 'two-surface' combinations,

tan y/tan It = 0·7.
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POINTS K, L GIVE (Ad/d)opt. FOR SURFACE
COMBINATiONS 1"=1,2,5, s ; 1"'=1,2,5,10

"t- ; 1

,... e 2,3,4
1"'=5
,...;IQ

FL.AT TRIANGjULAR WINGj

CAMBER
TWIST
CAMBER AND TWIST

FIG. lc. Maximum drag reduction (suction
ignored) on triangular wings for' four-surface'

combinations, tan y/tan fJ, = 0·7.

FIG. 2a. Maximum drag reduction on triang­
ular wings for 'two-surface' combinations,

tan y/tan It = 0,7338,



2 345
SUCTION FORCES IGNORED

2 .3 4 5
SUCTION FORCES INCLUDED

FIG. 2c. Maximum drag reduction on triang­
ular wmgs for 'four-surface' combinations,

tan J!/tan fl = 0·7338.
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FIG. 2b. Maximum drag reduction on triang­
ular wings for 'three-surface' combinations,

tan y/tan!t = 0·7338.
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FIG. 3b. Maximum drag reduction on triang­
ular wings for 'three-surface' combinations,

tan y/tan f.l = 0·1184.
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FIG. 4. Maximum drag reduction by the usc
of simple camber or twist (triangular wings).
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FIG. 6. Shape of Wing Ia, y = 18 deg.-Designed for minimum
CDp/Ci (suction forces ignored) at M = 2·47.
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FIG.7a. Shape of Wing Ib, y = 18 deg.-Designed for minimum
CDp/CL2 (suction forces ignored) at M = 2·47.
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FIG. S. Shape of Wing Ic, y = 18 deg.-Designed for minimum
Cn/Ci (suction forces included) at M = 2·47.
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FIG. 9a. Shape of Wing 2a, y = 9 deg.
-Designed for minimum CDP/Ci at
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FIG. 10. Shape of Wing 2b, y = 9 deg.
-Designed for minimum Cn p/CL2 at

M = 2·47.
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FIG. lla. Shape of Wing 2c, y = 9 deg.
-Designed for minimum Cn/CL2 (suction

forces included), at M = 2·47.



FIG. lIb. Variation of drag with lift for Wing 2c, y = 9 deg.-Designed for minimum
CD/CL 2 at M = 2·47. Design CL O = 0·1.
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FIG. 12. Shape of Wing 2d, y = 9 deg.
-Centre of pressure fixed at G; designed

for minimum CD P/CL2 at M = 2·47.
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FIG. 14. Shape of Wing 3b.-Centre of pressure fixed at G;
designed for minimum CDp/Ci at M = 2·47.
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