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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 y/tan g, where y is the semi-apex-angle and # 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 y/tan p, and to increase the maximum reduction for values of
tan yp/tan u 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.

* R.AE. Report Aero. 2585, received 6th March, 1958,



In this report, the use of camber and twist is applied to the problém 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,
(i) 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 ninet separate surfaces 2 = — dx" *y*(n(> 2s) = 1, 2, 3, 4, 5;
s =0, 1, 2) are found, where 6 is a small arbitrary constant, x is measured downstream from the
apex, y 1s measured to starboard, and z is measured Vertlcally 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 (» = 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. Mathemalical Analysis of the Problem.—2.1. Formulae for the Calculation of the Minimum
Drag for Given Wing Combinations.—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, U ¢ )

where D is the drag component of the pressure integral, and S 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.
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If «, is the local surface slope in the negative streamwise direction, and p, the load per unit
area, at any point of the surface given by z, = F(x, y), the local surface slope and load per unit
area for a surface given by

n

z = 21 (4,2,), where the 4, are constants, = .. (2)
are (using linear theory):
a=éwmm, R
and
ﬁ:iM@L e w
Hence the lift L, and the pressure integral D, are given by:
L:JM@+A%+”=HMWﬁ52MLL“ B
D= [(pi+ Aot -+ Ap) (A + Asoa+ . + 4ya,)dS
=>(AD,)+> (4,AD,) (=12 ...0n5=23,...0,7<s), (6)
integration being over the plan-form of the wing, and where

L= [pas,

D, = fp,a,ds,
5

are the total lift and pressure integral respectively for surface z,, and

D, (=D,) = J (prats - pa,) dS

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

If P, is the strength of the singularity in the x component, #, 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

P:émfm o

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

S:::2nprﬁjpzdx:::anxfﬁ(Aifﬁ-+_A2P24—...—#14WPJ2dx
0 0

=Z(A,2S,) —}—Z(A,ASS,,S) r=1,2,...ns=23,...0,7r<5s), .. (8)
where S, = 2mp xfxl P} dx is the suction force for surface z,, S, (= S,,) = 2np xJ‘xl (2P,P,) dx

0 0
is the ‘interference’ suction force for surfaces z, and z, ¥ = x at the wing tips, and

x* = 1 — (tan y[tan p)*
The total drag is
T=D—S=>(AT)+> (4,4.T,)), O )
where T, = D, — S,,and T, , = D, ., — S, ..

(76072) A2



For surfaces z,, 2, of the same given plan-form, it can be shown that D,, S, and D, , S, , are
proportional to L, and (L,L,) respectively. Hence, writing D,/L?=4d, D, J(L.L)=4d,,,
S,/JL?=s,, S, J(LLL)=s,, and A,L, = a,, formulae (5}, (6), (8) and (9) can be written (4,
d, . S, S, depend on » and the types of surfaces z,, z,):

n

L=3>a, .. (10)
D=>(aM}d)+> (aad,), .. .. . .. (1
S=>(ass)+ 2 (aas,), .. .. . o (12)
T =2 (@) + 2 (aat;,), (18)

where ¢, =d, —s,, ¢, ,=4d,, —s,,. Hence

t= T =[5 @) + 3 (et || > a,T R e 70

=d—s,
where d = D/L* s — S/L? the summation in each case being forr = 1,2,...#%n;s =23, ...
r < S.
For minimum 4,

1¢D 29L

Dia, Ia—a—yzo,forr—l,Z,...n, . . . .. (15a)
and for minimum ¢,

1¢T 223L

Té‘(lz—z—a;l*r:o,fOI'?:l,z,...%. .. .. .- .- (156)
The » equations (15a) or (150) determine the coefficients a,, a,, . . . a,.

Formulae giving the values of 2, and minimum 4 (= d,,) are given in equations (16) to (26).
For minimum ¢ (= ¢,,), d, and 4, , are replaced by ¢, and ¢, , respectively, and d,,, by 7, in these
formulae. Combining two surfaces given by » = 1, 2, it can be shown that

L L T 2L(d)op L (16)
Uy — dvo 2, —dy, Add, — (dy)? 20, +dy—dig) o o .
Hence the optimum 4 is given by
4d.d, — d;
Aot = L L2 .. .. . . .. .. .. ..
P4, + dy — dy ) (17)
Ad = d, — ,,OZPD‘ — ._(Zd —d, 2) : (18)
4= 4 T Add s d—dy .. . .. .. - ..
For the combination of three surfaces given by » = 1, 2, 3:
@ Ay a4y 21;(61)0pt . L (19)
Al AZ A3 AIII A1+A2+A3, o o o o o
where
Ay = 25l1 d1,2 d1,3
dss 2d, ds3 .. . .. .. .. .. o (20)
a1 @, 2d
and

A, = dz, sdl,z +- dz, 3d1,3 + 4dzd3 - 2d3d1,2 - 2d2d1,3 - dgs
Ny = doodlys + doslys + 4dody — 2ads — 2udyy — By Y. .. .. .. (21)
Aa - dl, 2d3,1 —l‘ dl, 2d3,2 + 4d1d2 - 2dzd:?u _ 2d1d3,2 - diz
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Hence
(@)opr = 341/(41 + 45 + 44)
= (4ddods — dids 3 — dodi ) — dsdi 5 + i, 2fs 585,1) ]
{4(d.ds + dods + dsdy) — (A3 5 + ds + diq) — 4(didss + dods s + dsdy )

+ 2dy oy + doods s + dordia)). .. . . . . .. (22
For the combination of four surfaces given by » = 1, 2, 3, 4:
Bt GG 2@ L (23)
4, 4y, Ay A4, Ay A, + 4y + 4,4+ 4,7 7 o o o
where
AIV == Zdl d1,2 d1,3 d1,4
dz, 1 2d2 dZ, 3 d2,4 (24)
d3, 1 da, 2 Zda ds',' 4
d4, 1 d4, 2 d4, 3 2d4
and

A4, = 8d.dqd, + 2d, 5d5 14,
-+ 2{d2d3,4(d1,3 + dl, 4) “}‘ d3d2,4(d1,2 + dl, 4) + d4d2,3(d1,2 + dl, 3)}
— Ay ol (dos + Aoy — dg0) — Ao 5o o(ds s + A3 o — dy o)
— @y 4l (s o + Ay s — dos) — 2(dods , + dodi s + A5 5)
— 4(dodsdy 4 + dsdydy o + dodidys) , .. .. .. .. . .. (25)
with corresponding formulae for 4,, 45, 4,. Hence

(d)opt — %AIV/(AI ‘|‘ Az ‘|‘ As ‘|‘ A4)
— g&zldzdaoa + 23 Ao,y ) + 33 (@3
3

— 23 (k) — 3 s sty )| [[83 (@)
+ ZZ (Ao, 55, B4, 2) -+ 4Z{d (s, 55,4 + A5, 4ds 5 + A ods 5)}
— 2; {(@r,2 + ds,4) (A1, 4,4 + v ods s — diod5.4)}
- 2; {du(d3s + d5 4+ d35)} — 8; (d1d2d3,4)}
(The number under the summation sign denotes the number of terms in the sum.)

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

a, 2Ly 1
= = L 28

’ z”: 4,
y=1
where 4y is of the same form as 4y, 4.y, but with N rows and columns, and 4, (» = 1,2, ... n)
is equal to 4y with each term in the 7th column replaced by 1.

The formulae given above are quite general, and do not depend on the type of camber and
twist used, suffixes; 5 5 4 - . . , referring to arbitrary surfaces. The formulae giving minimum &
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 4, , = 0 for all values of » and s, the above
formulae for d,,, reduce to those obtained by Graham®. For example, the formula for the com-
bination of orthogonal loadings given by » = 1, 2, 3, 4 would reduce to:

1 1 1 1 1
—d:p—t—-c—z—l—l—cz“}—d—s—{—z, . .. .. . .. (26@)

but to form these (unknown) orthogonal loadings, it would be necessary to combine known
camber and twist solutions, given by » = 1, 4, b, ¢ (say), and d,, d,, 4, would be functions of the
ten quantities 4,,d, . (r = 1,4, b, ¢; s = a, b, ¢; v < s), so that the result (264) could be expressed
in the same form as (24) with a, b, ¢ in place of 2, 3, 4.

2.2. Formulae for the Calculation of the Minimum Drag for Given Wing Combinations when the

Centre of Pressure 1s Fixed (at Design C.).—The distance of the centre of pressure of the wing
from the apex is given by
f px dS

° ¢ f »ds
where M is the pitching moment about the apex, and ¢ is the length of the root chord.

(I

Il
<

S

N €74

For the surface given by equation (2),

n n

M=% amy =73 (a%) _ cé (@), (28

r=1 r==1

where M, = f p,x dS is the pitching moment about the apex of the surface given by z,, and
M,[cL, = »,.

If » is a given constant, the conditions for minimum 4 are the # equations (15a) and the
additional condition
1

z(dM)zv(dL). .. .. .. .. .. .. . (29
Hence it can be shown that
%:—j@?‘:”,#—_—v)i~:n:—(w r=1,2...n—1), .. (30)
! N1 z (v, — v,)4, (v, — »)4,
r=1 r=1
where, in this case,
AN——I = al,l al’g. .o .(llv, o e 'al,n—l
Ba 1 Oogenennnnnnn, a, ., _
2,1 2,2 2 1 , (31)
\anfl,l an—l,z """ an—l,n—l

A4, 1s here equal to dy_, with each term of the 7th column replaced by 1, and
a,,—2 [d,(wn ), (v, — (v, — ) - dy(v, — fu)z]/[(% ), — y,)} (32)
(= 2)as = [ (o = 9 = (o, = ) = ) = (. — ) — )
+ 24,(v, = D). — )| [ = 9 |

:(vn——’us)ag,'y) . , . . . ’ . v . .« . (33)
remembering that d, , = d

7, s*



For numerical calculations, a limiting process is avoided, if suffix # is chosen to denote a surface
for which », # ».

If suction forces are included, 4,, 4, ,, 4., are replaced by ¢, ¢, , f,,. respectively in formulae
(30) to (33).

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

z (A,2) = Coo f(x, B,

y=1

where £ = cot y, C., is the design lift coefficient, and f(x, £%?) is a rational algebraic function
of x and A*?, whose coefficients are functions of » = {1 — (tan y/tan x)?}*/*. 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 ¢, 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 vy 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;,, and the
total lift coefficient, C;; or in terms of the drag at any lift C Lo and the addltlonal incidence, «.
A formula for C,, in terms of C,, and AC,, 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:

RE (%
¢, = FE) [6Ced + fuaCua- 4+ 104G . L 3Y)
_ RE(x) | 2
2 l-t]_CL "I"‘ (tl,O - Qtl)chLO + (tl —l_ t() - tl,O)CLO} .. .. (35)
where
1
bo= ys [Zolltl + doti o+ sty s + ... (’lntl,n] , e .. .. .. (36)
and #, is written for 7. ‘
RE(x) . . )
o tCro® = Cpy, the drag coefficient at design lift C,,;
RE (x) the ‘interference’ drag coefficient of the given wing
o hoCrodCr=Cpy, at lift C,,, and the flat wing of the same plan form ; (37)
at lift AC,;
RE(x) 4H(AC)?* = AC,, , the drag coefficient for the flat wing at lift AC,
9 g g

(For a given wing, and design lift coefficient C,,, the coefficients of AC, and (4C.)* in (34), or
of C; and C,? in (35) depend only on the plan-form and Mach number.)

When the suction forces are ignored, 4, #, ,, ¢, are replaced by d,, 4, ,, 4, respectively in formulae
(34) to (37).

Formula (34) can also be written in the form

CDZCDO—l“C_]_OL—[“C_zOLZ, .. .. . .. . . .. (38)
where Cp, is the drag coefficient at any arbitrary lift C,,, « is the additional incidence, and
C— . C— 4 Xty as 8 *1 X)I/ZP dx 39)
1= Coo RE(x) f (#* — B2 VERE(x) fo (2_ o o
= 2 P
C:kf(—)_(l—z—_Eﬁ) .. .. .. .. .« . .o . s (40)

g, Py being the local surface slope and strength of leading edge singularity respectively of the
wing at lift Cy,.
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If C, , is taken as zero, formula (38) gives the drag coefficient at any small incidence, « (measured
from the position of zero lift), C,, 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

g = CLof(x; R*Y®) + g%,
where 2r[{RE(x)} . «y = C;,, and C,, is the design lift coefficient).

Formula (38) also gives the total drag of a wing with thickness, if the wave drag due to thickness
1s included in the term C,,.

For a triangular wing of zero thickness, for small 44/(#* — 1), where A is the aspect ratio,
tan y/tan 4 — 0 and » — 1, and it can be shown that

- t 3
C1 - CLO “I‘ 0 (tzg /);) »
= A L 1 aCL
B T2
since
~ 2
CL~CLo+k—~];(I;)a. N € 1 )
Therefore, in this case,
- - t 8 1aC
CI) = Cz)o -+ IjCLO + 0 (tZﬁ ‘Z) ﬂ a + Q_afo‘z
~ 18C, , : A
= Cphy + 53y approximately, if C,, = 0. .. .. .o (42)

Ward® gives the formula C,, = C,,, - 1(3C,/3a)a® 4 O(¢* log® #) for slender bodies of thickness ¢,
at incidence «. It has been verified that the terms O{(tan y/tan u)’} (= 0 (f«) in this case),
would come from the integral neglected by Ward.

When » — 1, ¢ , = 1 for all surfaces z,, and #, = } (see Appendix VII), and therefore

> (2a.t)
tl,O — ,——ZI—L“‘_ —_ Ztl .
Hence formula (35) becomes
kRE
Cp= 72;(;1 [tchz + (t, 4, — zl,o)CLOZ] . . .. . .. (43)

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

This result for » — 1 agrees with the result recently obtained by Mangler®, using slender-wing
theory.

3. The Load Distributions on the Basic Cambered and 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 Lamé 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 = 0.

For our present purpose, it is convenient to separate the basic surfaces given by equations
of the form z = — éx" ®y* (n > 2s), and to find their corresponding pressure distributions.
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In Ref. 2, formulae for the velocity potentials of the surfaces up to # = 4 are given, and also
the shapes of surfaces with velocity potentials proportional to x'X, R**x*X, k%X, where
cot~' £ = y, the apex semi-angle, and X = (x¥* — £%")"/2. Hence it can be shown that the
velocity potentials for the surfaces given by # = § are as follows:

TABLE 1
Surface Velocity potential, ¢, on the surface
== 5P| s [t Skt 4 it | X
g == — 5—41223/2953 %—%PEr—(zi% [ Jixt + fikPvia? f19k4y4:| X
7= — ;1 Riyty cl//ﬁ?% [ Jookt 4 faBPyix® f22k4y4} X

where V' is the free-stream velocity, »* = 1 — tan® y/tan® u, p is the Mach angle, E(x) is the
complete elliptic integral of the second kind of modulus x, and £y, fi5, . . . fee, Fs are functions of
» which are calculated in Appendix II of this report. The complete list of velocity potentials
for » = 1 to 5 is given in Appendix IV, from which the pressure distributions can be calculated.

Henceforth all forces are normalised by divﬁing by (mpV?c?)/(FE(x)).

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

TABLE 2
oz, mc?
7 2, @ = — (Qk) b,
0%
8 24 § [x*
— 2 27 I

2 p X o X 7 (X + X)

8 35 36 [, (8

8 44 46 _ [ 4
4 3 xt Ea_x3 e Fol Ju (% + 3x2X) — frs(42® — kzyz)X:|

) 8 36 . [, [
5 — E?‘ k2y2x C—é kaZ 0—2 Fl _f4 ()—{ + ZZX) “‘fG(XX):I

B 4

6 | — 5 imme 2 ey 20 | o (G +80) — fattet — x|

8 8 : é
7| = S0 — SR | 3 — i) | S 6eX)

= fars — [5%

é 54 8 x5 %3 x
8 | — o %8 a x4 A F, {fm (X + 4x3X) + fisk2y? ()—( + 2xX) + fighty* ()—():'

15 36 ; 4] 5 3
9 — k223 o R2y2y? —_ c_4F3 [f17 (% -+ 4x3X) + fih¥? (f;—( + 2xX) + frghty? (;6—():]

] ) é x5 %3 x
0t | 5[ (5 ) s (2 28] 4 s ()]
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The surface z,, which is a combination of surfaces z,, z;, 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 z,, 2, or of surfaces 2, 25, Z1s.

The functions f,, f,, . . .fis, 1, I, are functions of », which are given in Appendix I. 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 z,:

the Tift is L,=fj>,d5; Y 7

the pressure integral is D, = f P, dS; .. .. .. .. .. .. .. (45)

and the suction force is S, = 2npx rl Prdx. .. .. .. .. .. .. (46)
0

The interference pressure integral of two surfaces given by z,, z, 1s

D,.— DS,,:f(p,aerpsa,) as; .. .. .. .. @D
and the ‘interference’ suction force is
S,,—=S., = 2upn f @P,Pydx. .. .. .. .. (48
0

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

cfk 2m, 200 2m+n+1
f f Ky k2x2 e dx dy = 7% T,y » for the triangular wing,
and

c/(k— cthy kZm 2m n )
f f & — Pyie dx dy = I,, , for the swept-back wing,

with straight supersonic or sonic tralhng edges, where m, n are positive integers, and cot™' % is
the apex semi-angle of the trailing edge.

In Appendix V, it is shown that, for all values of m, #,
n(2m) !

Tann = o5 i@ + 1 + 1)(m ) (49)
and a Table of numerical values is given.
In Appendix VI, it is shown that 7,, ,* is the sum of terms of the form
c/lk—h) C h Mk2m 2m
[ O Y by = Japus o (50)
and terms of the form
) ¢+ hy ¢
2N —1 S o , == T
fo (ky) COSh ”’*];Ty dy - sz\/ 2N _I_ 1]21\,0 ’ (51)

where m, M, N are integers, and Z = {(c -} iy)*? — £**}'/*. The integrated formulae for
Jomu(@m + M = 1,2,...10), as functions of 1 are also given, where i* = 1 — A*[k%.

* Recurrence formulae for 7, ,, J» ., 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, 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 I,,, , 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
an axis through the apex, of the wing given by z = > (4,z,) is

=1

M= (4,M), O 253

where M, 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

%
c

I

=, v .. .. .. . .. (@27

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

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

h 1Cy, 2 M
¢ 27C, . 3 «c¢L- (53)

Cu o 1s unaltered by a change in C,, (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 C;. Itis 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 C,. The same remarks apply
to the swept-back wing if Cy, is taken about G, the centre of pressure of the corresponding
flat wing.

Formulae for M, 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)?, (4., or %), and the corre-
~ sponding coefficients a /L for the combination of given cambered and twisted surfaces, are
functions of the drag/(lift)® of the separate surfaces, (4, or ¢,), and the corresponding interference
quantities, (4, , or ¢, ). All forces were normalised by dividing by #pV?*/(k*E(x)), 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



The equation of the final surface is
(a,/L)

s=3 () + P =S, 31 v re), L

where C,, 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 4,, 4, ,; ¢,, ¢, ,, for tany/tanu = 1, 0-7338, 0-7, 0-3577, 0-1184, 0 are
given in Appendix X, where the equations of the surfaces z, (» = 1, 2, ... 10) are also given.

In Table 15, which is given below, the maximum decrease in drag/(lift)?, with or without
suction, for different combinations of the basic surfaces, 1s expressed as a percentage of the
correspondmg quantity for the flat wing (s.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 y/tan u, 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/tan x = 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
10 per cent) by the use of twist only, or certain combinations of camber and twist.

(ii) tan y/tan u — 0, that is, the effective aspect ratio 4/(M* — 1)4 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:

to=d — s, do. .. .. .. .. .. (58

i
-1 -z
The ratio s,/d, varies from } to 0 as tan y/tan p 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 C,, Cy,, 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 C,, C,,, 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 == 0 on the leading edges. C,, is the pitching-moment coefficient about the
two-thirds chord position, G, and % is the distance of the centre of pressure from G, measured
towards the apex.

12



(The shapes of surfaces» = 1,2, ..

TABLE 15

. 10 are given in Table 3, and in Appendix IV.)

Optimum Results for Reduction of Drag on a Triangular Wing

dd=d,—d di =t — ¢t
(Suction omitted) (Suction included)
| T
(1) tan pftan p — 0 (‘ slender * wings)
Surface Optimum Surface Optimum
combinations (4d[d,) combinations (4ity)
7 (per cent) 7 (per cent)
7 =2 1,2 33-3
n=3 1,3 37:5
n=4 1,4 400 Camber (surface slope a function
n=>~5 1,8 41-7 of x only)
ox" S0n/(n + 1) Ln 0
W= e 1 50
N=1 1,5 0 Twist (surface slope a function 1,5 0
of y only)
N=2 1,6 2:7 b
N=3 1,9 6:3
N=11 1,11 12:0
Ox¥ k2y?
Zy=— i~ 1, N 25 »Camber and twist LN 0
1,2,38 41-7
1, nq, n, ->50 1, 1y, 1y 0
1I,N,n 50 )
| .
(2) tan pftan g = 0-1184
Optimum Optimum
7 (4d/d,) 7 (4¢/t,)
(per cent) (per cent)
1,2 27-8 1,2 1-9
1,3 29-4 Camber 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 1 1,2,38 2:0
ICamber { 124 2.0
1,2,5 35-4 b ( 1,2,5 1-9
1,8,5 36-0
1,4,5 35-0
1,2,6 33-4 1,2,6 1-9
1,86 35-0
1,4,6 34-3 >Camber and twist <
1,5,6 32-8 1,5,6 1-2
1,2,5 206
(c.p. fixed
at G) J L
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i
(3) tan yftan p = 0-2

Optimum
(4djd,)
(prT cent)

TABLE 15—continued

22-0
207

(4) tan y/tan p = 0-3577

1 Camber

Optimum
v (4d/dy)

{per cent)
1,2 12-1
1,3 10-7
1,4 9-2
1,5 3-4
1,6 0-9
1,2,5 21-7
1,8,5 19-7
1,2,6 19-7
1,5,6 21-6
1,2,5,6 25-1
1,2,3,5 22-3
1,2,5,86

(c.p. fixed 21-8

at G)

(5) tan p/tan p == 05

Optimum
¥ (Ad}d;)
(per cent)
L2 6-1
1,4 4-1
1,5 4-9

}Camber

Twist

Camber and twist

Camber

>Camber and twist

}Camber

Twist

Optimum
v (4/ty)
{per cent)
1,2 5-1
1,3 4-2
1,4 36
1,5 1-2
1,6 1-4
1,2,3 61
1,2, 4 6-0
1,3, 4 55
1,2,5 52
1,5,6 2-1
1,2,5,6 5-3
1,2,8,6 6-3
Optimum
7 (4tjty)
(per cent)
1,2 5-3
1,4 3-4
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TABLE 15——continued
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TABLE 15—continued

\
(7) tan yftan u = 0-7338—continued
Optimum Optimum
7 (4d/d,) 7 (4¢/ty)
{per cent) (per cent)
1,2,5 9-4 h [ 1,2,5 4-6
1,8,5 9:0
1,2,6 7-5
1,3,6 7-2 >Camber and twist <
1,5,6 13-1 1,5,6 2-7
1,2,5,6 13-2 ) L 1,2,5,6 4-8
(8) tan y/tan 4 = 1. In this case s, = 0, and thus Ad/d, = At/
Optimum
7 (4i/t;)
(per cent)
© ox® 1,n 0
= Camber { 1 ny, 0
Twist 1,5 59
: 1,6 4-1
Camber and twist { 156 81

Examples 1: tan y[/tan u = 0-7338.

(a) The surfaces given by » = 1, 5, 6 are combined to give optimum 4. The percentage decrease
in d (= D[L?, when compared with the corresponding flat wing (with suction omitted) is given
by:

(Ad) = 13-1 per cent.
dl / optimum

If full suction is realised, the corresponding A¢/t, = — 3-0 per cent.

If only half suction is realised, the corresponding (A¢/t)1/sgmeion = -+ 6+2 per cent.

The shape of the wing is given by

PR kgj(zi) Cro {(1-4225 — 10-2017k%%)(x — ky) + 4-6640k%*(x* — k*?)} .

At design C;,, Cyo/Cr e = 0-0255.

The variation of the position of the centre of pressure with C,, for design C,, = 0-12, is given
below:

Cr 0-08 0-10 . 0-12 0-14 0-16
hjc 0-0191 0-0153 0-0127 0-0109 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 &

(Ad) = 13-2 per cent.
optimum

A
If full suction is realised, the corresponding 44/t, = — 4-0 per cent
If only half suction is realised, the corresponding (4¢/4)1/2ce0n = -+ 5+8 per cent
At — £}

The shape of the wing is given by
)(x — ky) -+ (0-0816 + 4-2626k

kE( Y Crof(1-3011x — 9-5164%%°

At design Cy,, CMO/CLO = 0-0124
The variation of the position of the centre of pressure with C,, for design C,, = 0-12, is given

below:
Cy 0-08 0-10 0-12 0-14 0-16
‘ hfc 0-0093 0-0074 0-0062 0-0053 0-0046
Fig. 7a shows the shape of the wing for y = 18 deg, M = 2-47
rfaces given by » = 1, 2, 5, 6 are combined, to give optimum /. The percentage decrease

(c

in ¢ L?*), when compared with the correspondmg flat wing (with suction), is given by:

Surt
= T
(ﬂ) = 4-8 per cent.

tl optimum

The effect on the pressure integral is given by
ad _ _ 0-4 per cent.

ds
% — k).

The shape of the wing is given by
(0-3907 — 1-13492%%)(

r=— e, 17204 —

At deSign CL[)) CMO/CLO B 0’ 1150-
The variation of the position of the centre of pressure with C;, for design C,, = 0-12, is given

0-12 0-14 0-16
0-0575 0-0493 0-0431

2-8113%%) (x — hy) —

below:
C, 0-08. 0-10
%/c 0-0863 0-0690

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

Examples 2: tan y/tan p = 0-3577
(a) Surfaces given by » = 1, 2, 5, 6 are combined to give optimum 4

(ﬁi ) = 25-1 per cent.
dl optimum
— 18-1 per cent.

If full suction is realised, the corresponding A¢/f, =

If only half suction is realised, the corresponding (4¢/¢)1/sueon = + 91 per cent
17
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The shape of the wing is given by

— kg( | C,.4{(0-6456 — 10-1298k%9)(x — ky) + (0-5079 4 4-26814%)(x* — &%)}
At desigl’l CLO: MO/CLO — O' 1049.

The variation of the position of the centre of pressure with C,, for design C,, == 0-1, is given
below:

C. 0-06 0-08 0-10 0-12 0-14
hjc —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 » = 1, 2, 3, 5 are combined to give optimum 4.

(Ad) = 22-3 per cent.
dl optimum

If full suction is realised, the corresponding A4¢/#, = — 18-5 per cent.

If only half suction is realised, the corresponding (4¢/4);/z2eeon = + 72 per cent.

The shape of the wing is given by

— B € (04517 + 2 1406839 (5 — k) + 1-5910(s% — k) — 0-3864(x* — A7)},

The local incidence at the apex is negative in this case. At design Cp,, Cuo/CLo = — 0-1161.

The variation of the position of the centre of pressure with C,, for design C,, = 0-1 1s given
below:

Cr 0-06 0-08 0-10 0-12 0-14
hjc —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.
(¢) Surfaces given by » = 1, 2, 3, 6 are combined to give optimum ¢£.
(At) = 6-3 per cent.
tl optimum

The effect on the pressure integral is given by

Ad = — 5-1 per cent.
dy
The shape of the wing is given by
2 =P 0, (314880 — hy) — (21283 4 0 14270%7) (* — &%) -+ 0-6978(x° — Ky}

At design C,JO, Cuo/CrLo = 0-2132.

The variation of the position of the centre of pressure with C,, for design C,, = 0-1, is given
below:
Cr 0-06 0-08 0-10 0-12 0-14

hc 0-1777 0-1332 0-1066 0-0888 0-0761
Fig. 11a shows the shape of the wing for y = 9 deg, M = 2-47.
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(d) Surfaces given by » = 1, 2, 5, 6 are combined to give optimum 4. The centre of pressure
is fixed at the two-thirds chord position, G.

4d
z
If full suction is realised, the corresponding 4¢/f, = — 11-4 per cent.

) = 21-8 per cent.
optimum

If half suction is realised, the corresponding (4¢/t)1/2wmetion = -+ 9+ per cent.
The shape of the wing is given by

p=— ’EE—U Coof(1-3491 — 12-3324k%%)(x — ky) + (0-1519 + 5-2376k%) (v — E%*)}.

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

Examples 3: tan yftan p = 0-1184 .
(a) Surfaces given by » = 1, 3, § are combined to give optimum 4.
(41
d
If full suction is realised, the corresponding 4¢/#, = — 16-4 per cent.

) = 36-0 per cent.
optimum

If half suction is realised, the corresponding (4£/f,)1/z2cuctio0n = + 18-2 per cent.
The shape of the wing is given by
2= — P20 ¢, (0-0800 + 187268 (x — By) + 0-5390(s" — %)
The local incidence at the apex is negative in this case. At design C,,, Cyo/Cro = — 0-2827.

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

Cr 0-03 0-04 0-05 0-06 0-07 0-10
hlc —0-2356 —0-1767 —0-1413 —0-1178 —0-1010 —0-0707
Fig. 13a shows the shape of the wing for y = 3 deg, M = 2-47.

() Surfaces given by » = 1, 2, 5 are combmed to give opt1rnum d. The centre of pressure is
fixed at G.

(%Z) = 20-6 per cent.
1 / optimum
If full suction is realised, the corresponding 4¢/f, = — 19-9 per cent.
If half suction is realised, the corresponding (4%/4,);/sseion = —+ 6-9 per cent.
"~ The shape of the wing is given by

kE(

2= Coof(0-5646 — 5-1086%%?) (x — ky) + 0-6010(x* — E*%?)} .

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

For this low value of tan y/tan ux, 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/tan x4 -—> 0, that is for very slender wings, for which the
effective aspect ratio 4/(M?* — 1)4 — 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
theory' 22 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 flat 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/tan p for the simplest camber or twist combinations. The
effect of adding camber to any combination is: to increase (44/d,),,; towards a limit of 50 per cent
for tan y/tan p = 0, and to decrease (4d/d,)., and (A4¢/t,),, towards zero for tan y/tan p == 1, with
corresponding changes for values of tan y/tan g << 1. The effect of adding twist to any com-
bination is: to decrease (Ad/d,),, towards zero for tan y/tanp = 0, and to increase (Ad/d,),
and (A1¢/t,),, towards a limit of about 10 per cent for tan y/tanu — 1, with corresponding
changes for values of tan y/tan x << 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 C; is given by equation (35) in Section 2.
The variation of C,, and of C,, (the coefficient for the pressure integral only), with C,, for
Examples 1(d), 2(a), 2(c), 3(a) is shown in Figs. 7b, 9b, 11b, 13b.

For a swept-back wing, with supersonic or sonic trailing edges, as the angle of sweepback
a2 — o, 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 flat 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/tan u, but increases for values of tan y/tan u
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= | o> u y=p
7 Optimum : 7 Optimum
(4ft) : (4tft)
(per cent) (per cent)
as o >
1,2 ->16-7 1,2 0
1,38 >15-0 Camber 1,3 0
1,4 >13-6 1,4 0
1,6 > 1-1 Twist 1,5 5.7
1,6 > 06 1,6 4-1
Camber and twist
1,5,6 81

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 wmgs (1(a), 2(a); 1(c), 2(c)) designed for (4d[d,)op, OT (AE[t:)op,
are shown in Fig. 15.

The suction force per unit length of leading edge is 2mpx P?, where P is the strength of the
singularity in the perturbation velocity, #. Hence, writing

(suction force per unit length of edge)/({pV?) = Cs,

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

27(Cs[CL") = 0-6793x(1-4225 — 5-1008x* + 5-1706x%)%;
for wing 2(a):

2m(Cs[Cpy?) = 0-9338x(0-6456 + 0-8652x — 4-8021x* 4 3-8065x°)%;
for wing 1(c):

27(Cs[CLo") = 0-6793x(1-7224 — 0-5638x — 1-4056x* 4 1-0148x°%)?;
for wing 2(c): \

2n(Cs/Cro?) = 0-9338%(3- 1438 — 3-6172x + 1-5425x* — 0-1273x%)* .

The suction force vanishes, with that on the corresponding flat plate, when tan y/tan u = 1.

When tan y/tan g is small, the leading-edge suction force on the minimum-drag wing, designed
for optimum &, is small, and tends to vanish as (44/d,),, — 0-5 for tan y/tan x — 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 = {— 2C,/(=4)}»" (that is,
camber near the tip), where % is large, A is the aspect ratio, C., 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 tralhng 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 x4 (where y is the semi-apex-angle, and g is the Mach angle), for the
triangular wing, and on tan y/tan x and tan y/tan ¢ (where ¢ 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/tan u,
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 3-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 aerofoil. 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 C), is a minimum
for given C;. The statements ‘minimum drag assuming (1) no suction, or (2) {-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
glven F,, (1)Cp,,0r (2)Cp, — 1C 5, 01 (3) Cp, — (some fraction of Cp), or (4) Cp = Cp, — Cps,
is a minimum. The values of C,, Cp,, etc., so obtained can then be compared with the corre-
sponding quantities for the flat wing, or with the total theoretical C » (¢.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/tan ) decrease in percentage drag reduction. If fixed at the
centre of pressure of the corresponding flat wing, it remains fixed for all C, (according to linear
theory). The positions of the centre of pressure at design lift coefficient, C, ,, 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 C, are 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 y/tan p
is near to one (to at least 16 per cent when tan y/tan ¢ = 1), or when suction forces are omitted,
but decreases for the smaller values of tan y/tan u 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/tan u.

The optimum results for the triangular wing, obtained by superimposing 1, 2 or 3 types of
camber and/or twist on the flat plate, are shown in Figs. 1 to 4. TFurther 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 yp/tan p 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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Cro

Caro

l

v LIST OF SYMBOLS
Aspect ratio
Coefficients depending on » (see Appendix II)
Constant coefficients (¢f. equations (2), étc.)
Lamé function coefficient (see Appendix II)
A,L,
Constant coefficients (¢f. equations (30) to (33))
hik
Coefficients depending on » (see Appendix II)
Lamé function coefficient (see Appendix II)
>c¢,  (r=0,1,...R/2;ory=0,1,... (R — 1)/2)
c}. equation (38)
Coefficients depending on x (see Appendix II)
Drag coefficient (suction included)
Drag coefficient (suction ignored)
Drag coefficient at lift coefficient C Lo (¢f. equation (38))
Lift coefficient
Design lift coefficient
Any arbitrary lift coefficient (c¢f. equation (38))
Pitching-moment coefficient (at zero lift)
Pressure coefficient "
(suction force per unit length of leading edge)/(3pV %)
Length of root chord
Coefficients in load distribution formula (¢f. equation (VII.1))
(Normalised) pressure integral
(Normalised) pressure integral of surface z,
(Normalised) ‘interference’ pressure integral of surfaces z,, 2,
D|L?
D,/L*
D, J(L,L)
Complete elliptic integral of the second kind of modulus »

Functions of «, given in Appendix I

Functions of #, given in Appendix II

¢/k—F) c -+ hy .
aN -1
f (ky)* cosh & dy

0
cot'o
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=

2m, n

] 2m, M

LIST OF SYMBOLS—continued

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

c/lth—h) pet+hy Zm 7
f f ky Y s dx ay

2212
ky k /

c/(k—k) - M 2m
e hyZ) E)*

Complete elliptic integral of the first kind of modulus »

cot y
(Normalised) lift
(Normalised) lift for surface z,
(Normalised) pitching moment about the apex
(Normalised) pitching moment of surface z, about the apex
I'ree-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,
2M + N (in Appendix VII)
2m + n (in Appendix VII)
(Normalised) suction force (¢f. equation (1))
(Normalised) suction force for surface z,
(Normalised) ‘interference’ suction force for surfaces z,, z,
S,/L?
S, J(L,L)
(Normalised) drag due to incidence, camber and twist -= D — S
L2 P L T
T/L* = (D — S)[L*
d,—s,= (D, —S,|L}
d,.— s, = (D, —S, )LL)
Perturbation velocitgf in the free-stream direction
I'ree-stream velocity
(x® — RP2)1e
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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A v w

4 I 4 v

dy
Ay1

I

LIST OF SYMBOLS—continued
[(c + By)* — Ry

Local surface slope (: — 2—;) (measured in radians)

Local surface slope of surface z,

(2 — 1y

Apex semi-angle

See Appendix 1T

¢f. equations (20) and (24)

¢f. equations (26) and (31)

¢f. equation (26)

¢f. equation (31)

dy, — d

h—1

Small dimensionless constant

(7/2) + cos™' 4

(1 — tan®y/tan® u)'/?

(1 — Ejpeyere

Coefficients depending on » (see Appendix II)
Mach angle

L)

M,[(cL,)

Free-stream density

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

Velocity potential
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APPENDIX I
The Functions f1, fi, - - . fis, F1, I

Jr=fa = {(2#" — DE(x) + (1 — ") K()}/(2%"E(x))

Jo = 31 + #)E(x) — (1 — #})K(x)}/(24°E(x))

Jo =2 + #* = 3% )K(x) — (2 4 2¢* — 6x")E(x)}/(2°E(x))

Jo=A{(2 = 3#* £ «)VE(x) — (2 — 4* + 2" K (x)}/(2*E (%))

Fio = {(2 + 22 — 42K (%) — (2 + 3 — 8" E (#)}/(24*E ()

Ju = 3{(2 — 2x* + 2N E(x) — (2 — 30® -+ #4) K ()} (25°E ()

= {8 — 4 Bt — 124K (%) — (8 + Bt + Tt — 24x°)E(x)}/(64°E(x))
fis = {8 — 11x* 4 w* 4 24 E(x) — (8 — 15x* 4 62" -+ »")K (x)}/(2+°F (x))
= 1(fsfs — 3£f7)

Fy = 1(fufe — fufs) -
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- APPENDIX II
Calculation of the Functions fiy, fis, - - - foz, Fs

Solutions of the linearised supersonic-flow equation, in terms of the Lamé functions of the
‘M’ class of degree n = 5, are given in Ref. 2, Part II, Appendix IIL.

It 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)

o= " (= o BB [364 — e + B

M1 — (gt — 2B)EE L (1 — 22k x} T WU § )

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

1 1
11 J—
k Im - &lmz - 4bm |:2

2 — Ay 3 ( 2 — 2dm + ama - me )
(

b, T = — apt £ 5,) S\l = (1 = a, F 5,)°

w

n? — 2 2 — a, 4 a, — 1
i (e )+ T e B 12 ()
%[amz - me - Zam(amz - bm) 'LI_ am‘l —]— 4am2bm - 14bm2 - 4ambm(am2 - 3bm):|
—'}' bmz(l — a, _|_ bm)z K(%):I > (112)

where a,, are the roots of the equation
274, — (60x* 4 42)a,* + (32x* 4 68x* 4+ 16)a,, — 2x*(12x* + 8) =0, .. (I1.3)
b, = »’a,/(12x* 4+ 8 — 9a,) , .. .. - .. .. .. .. (I1.4)

x* =1 — tan® y/tan® 4, and E(x), K(x) are complete elliptic integrals of the second and first
kind respectively, of modulus x.

The shapes of the surfaces corresponding to veloc1ty potentials proportional to x#*X, 2**+*X,
k4*X are given by:

3

2

M=
3

%
> R (1 — @y 4 b)za] = 8(A® — Bty + Ckys), .. .. (IL6)
%

9, (1 — @, - b)aw] = — 0(A® — Bikyi® + Cihly'y) .. (IL5)

fun

=1

2

3

H

1, (1 — @, + b,)z,] = — 8(Aex® — By + Colityix) | .. (IL7)

respectively, where (writing a,b; — asbs + a3b; — a,05 + @b, — asb, = 4),

.1
R4 = oyl (ashs — ash,) ,
Ry = — (@b, — aiby)
2 %4A 3V1 1vY3; »
i = i (@b, — ab);
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= i ) 4 ‘:52 ~ b,
P = e [
1 = 1 i :bl — 5
= g
K81, :’(T:*I;;é)“zz :1
b1 = L [

A (ash, — aby) + 22 (bs —

1 -
-+ o (d2b3 — “abz) >
-+ 2 (a3b1 — a1b3) »

1 _
+ 2 (a1b2 — a2bl) ;

2
’% (@05 — asb,) + = (by — bs) — (a, — as)

2 (b — b) — (as — a)

asb) + 2 (b — 1) — (a2 — a3

Hence the three basic camber and twist solutions are obtained:

= — 0% = O F5(fuz’ + fis2" + fie2”)
3= — OR%® = — 6F3(f172, + fis?” “|‘f192”/) ,

where

f14 - Bzc:z _ B3cz »
f17 = CzAa - CsAz »
fzo = AzBs - As

2= — 0Rk''% = 6 Fy(for" + fur” + fa2”),
Jis = B,.Cs — BsCy,
Jis = CiAs — C34,,
By, fa

- A1Bs "‘ A3B1 s

Fy = 1/(Aifue — Asfis + Asfie)
— 1/(Byfis — Bsfis + Bsfu)
= 1/(Cifoo — Cofar + Csfas) -

Numerical values of a,; 4,', 4,", 1,” are given in Appendices VIII and IX. Some numerical

m Wy

values of f,, . .. fo, IYs are given in Appendix III.
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flﬁ = B,C, — B,(, ;
f19 = Cd, — C,A4, ;
fzz = A,B, — A;B,; ;

(I1.8)
(11.9)
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APPENDIX III

Numerical Values of the Functions fy, fi, . . . fis) frs - -« Jas; F1, Fs, Fy
tan y
tan x wE h=/ Js Je Ja Jio Ju Sia fia
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 29744 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 27929 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 2-6097 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 20944 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 22350 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 24960 28225 2-2757 0-3342
0-7141 0-49 0-6881 2-4357 1-8116 0-1289 2-4997 28223 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 18952 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 2-5365 0-4306
1-0 0 0-7500 2-2500 2-0625 0-1875 2-8125 2-8125 2-65625 0-46875
tan
= fua fis fro fra frs fro fao fn far
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
tany F F F
tan g 1 2 3
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 1V

Velocity Potentials of the Basic Cambered and Twisted Surfaces

X = (xz . k2y2>1/z

2, (=E(2)[ V),
— 0% 6X
J é
-2
Cx i xX
9 3 ;0 2 2 2,,2
Taav 3F, 2 [f57® — folx® — R%¥)]X
0 4 9 3 3 2,2
'“C—ax 3F26_3[f11x — f1a(¥® — R¥2)]X
9 122 6 2 2 2,,2
- C’-Z—kyx FIEEFBftlx — folx® — BHIX
0 1o 2.2 é 3 3 2,21 X
"CT;kyx 2F2;3[f10x — fio(#® — R%%x)]
5
JaZs — [z 2 (x® — B X
9 5 é 5 4 2122 04
- E‘x A Fy(f1a%® + fisRPy?x® + fightyh) X
8 023 0 o 1 20,202 1,4
"Cikyx _ij's(fnx + fish®y2® 4 fiohfy4) X
0 1aa ¢ 4 2,.2,2 4,0 Y
*6—4]6_’)/% ! Fa(fook* -+ fark®y%5® - fouky?)

%Camber

Twist

Camber and twist

Camber

Camber and twist

Twist

32



APPENDIX V

kZﬂbﬂmxn 02m+ n+1

cfk
Evaluation of the Integral f f o T = By adx dy = 7 Lo, »

Wheye m, n are Posmve Integers

It can be shown that

‘ x" ___1_ 2 221/2|:v— %'—1 n—3524,2
f( T dr = =(c R | ¢ pras X4 Ry

iy K — kzy )1/2 n
(n — 1)(n — 3) g m—1Nn—3)...2 et
+(n—2)(%—4) Ry +(%—-2)(n—4)...1(ky) }
if » is odd, . .. (V.1)
1 —1 .
— —h (02 o k2y2>1/2 |:Cn-1 + —Z—TZ cn—BkEy
(% — 1)(% cn (% _— 1)(%’ - 3)_3 -2
T =2 Ryt (n = 2)n — 4. 25" }
(n——l)(n—S)...l . L, ¢
T nn —2)...2 (Ry)" cosh Ry
if » 1s even, . .. (V.2)
olk Na 20 1/2 ﬂ62}l+2 (2%)|
i kPy* (et — BAyA)YE gy = " (22“.‘2%!(% T 1)!) .. . .. (V.3
oI 214,212 -1 70 . 7662”‘%1 (2%)' 7
[y cosht Dy =7 (22”“(2% e 1)(%!)2) R A 2

Hence
clk k2m.,y2m A
2m n= comtntl f f} 1/2 ax dy
ey

22’”+1(2m —l— 7 —i~ 1)(m!)®

(V.5)
for all values of m, ».
If m = 0,
7T
TO, n T m .
7 (2m) |
22 2m + 1) (m!1)®”
A table of values of T, , used ih the numerical calculations is given:
Values of T,

Ifnw =0,

T2m, 0=

1 1 1 1 1
% _T(!.n "T2n ;;Tcl,n ;TG,n 7';T8,n
0 1/2 1/12 3/80 5/224 35/2304
1 1/4 1/16 1/32 5/256 7/512
2 1/6 1/20 3/112 5/288 35/2816
3 1/8 1/24 3/128 1/64 35/3072
4 1/10 1/28 1/48 5/352 35/3328
5 1/12 1/32 3/160 5/384 5/512
6 1/14 1/36 3/176 5/416 7/768
7 1/16 1/40 1/64 5/448 35/4096
8 1/18 1/44 3/208 1/96 35/4352
9 1/20 1/48 3/224 5/512 35/4608
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APPENDIX VI

cthy k2my2m xn

cflh—
Evaluation of the Integral f J.ky kzyz)l 7

dx dy IZm n o

Where m, n are Posmve Integers

Writing {(¢c + Ay)* — £*?*}'/* = Z, it can be shown that:

ct+hy xn d - 1 (C + h )"+1—[— Jﬁ (C _[_ h )n 1k
f ( ]2}/ )1/2 X = ;,;Z l: 24 7w — Y y

+ o _%Zinl 5 (¢ + hy)—ky*
e EZ = SEZ: 2 o Af (¢ + hy)*(ky)"~
m—1Dm—38)...2, ..
a1 ) ]
if # is odd;
f w xkzy sy 6 = 7711 [(C R 1412 (¢ + hy) Ry*
e T T ) e ey
e e+ Y]
+ (%‘;(7:)’(_1?(_) 3)2 .1 (/Ey)n cosh! ¢ —thy

if » is even.

Hence, if # is odd,

c/lk—h) pe-t-hy k 2m
2mn f Jl 7 /3’\/ 1/2dXdy

is the sum of integrals of the form

¢ J{B—h) h Mk2m 2m
f (ij_ ',}‘2/7 - 'y—~ dy = ] 2m, M
0

If # is even, there are also terms of the form

¢ /(k—h)
f (kv)® cosh™* < *];yhy- dy = Hyy .
It can be shown that

Hyy = IN + 1 Jav,o -
Putting y= kTihz (A -+ & sin 0),
CZm-i—M 7 /2 . X
Jomm = k—[‘lmf (1 4 asin 0)¥(a + sin 6)* 40 ,
—cos 4
where 4 = 1 — #*/R?, and a = A/k*.

. (VI.1)

. (VI1.2)

. (VL.3)

.. (VI.4)

. (VL5)

* Recurrence formulae for f ., [y, 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 the integrated values of J,,, »(2m + M = 1,2, ... 10) are given below (}z + cos™'4
1s written as (0)):

2m, M (R[c®) ] om, u
1
0,0 | ()
1

0,1 | =5{(0) + 4a)
0,2 /11_5{-%(3 — )(6) + bAa(3 + A}

1
2,0 | 551z — 22%(0) + $a}

[+

0,3 | 3

36 — 34%)(6) + $4a(15 + 22 - 22%)}

2,1 I% (3(5 — 42%)(6) + 1a(15 — 232)}

0,4 ;—:{%—-(35 — 8042 + 34%)(0) + g5 Aa(105 — 2042 + 51 + 649}

2,2 %: (1(35 — 8522 - 44%(0) + 24 Aa(105 — 3522 — 274)}

4,0 %%(35 — 4072 + 829(6) + 2 Aa(105 — 502%)}

0,5 ;131- {1(63 — 7042 + 152%)(6) + 1 154a(945 — 42072 -+ 2944 - 2218 + 2478)}

23 ;%31 (3(63 — 7722 + 1819)(0) + 1i5Aa(945 — 52572 4 424 — 478)}

4,1 ;1—31 {3(63 — 8442 + 2414)(0) + [ 15Aa(945 — 63042 + 2429}

0,6 % {15231 — 31522 + 10522 — 528)(0) + 5154a(3465 — 24152 + 27374 - 3918 - 3828 4 40419)}
2, 4 % {#(231 — 33622 - 11944 — 62%)(0) + 51,4a(3465 — 273042 + 27372 — 475 — 4/8)}
49 % (#5231 — 35722 + 1402% — 828)(0) + 5154a(3465 — 304542 + 37844 -+ 819)}

4

6,0 ;ﬁ ((281 — 37822 + 1682% — 162%)(6) - 33542(3465 — 336072 -+ 58814}

5
0,7 % {4429 — 69322 + 3152% — 351%)(6)
+ Aa(PP — AR 4 AR - SR8 4 A58 - %A1 4 1AR)

5 N
2,5 ;—ﬁ {$5(429 — 72637 4 34524 — 4025)(0) -+ Aa(42P — 5FA2 | A0 — 1996 198 _ 1 JlO)

35
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2m, M (/A ] g,

b

43 |

(1 (429 -~ 75972 4 38474 - 4829)(0) + Aa(42P — 47A% 4 28724 — 876 L 1 g8))

. c? . s .
6,1 |- (429 — 7927% - 4824 — 6429)(0) + Aa(*z — #5224 §24 — 320

6
0,8 ;7 (16435 - 1201222 -+ 69302 — 12604° + 3518)(0)
} ]'”("1/‘::‘93 RE‘:IZQ I 111;27'14 Z:A:;A“ -+ 1)115;018 } \,Hlof,(llm *’ :14}'1113112 ’+‘ %ZM)}
6 '
2,6 /‘1_ (L(6435 1244122 4 74252% - 139528 4 4028)(0)
Poaa(OUs — SRR RS REEAY - B804 - (36 — 1 Es A1)

NG

4,4 ;7 (0L (6G435 1287042 1 801940 - 158475 - 4828)(0)
} ;Ml(““gj ] 14451‘2. 7% )1;;7’114 . ftniﬁ ,+ 7%/‘1’8 ,{, 315110)}

56

5]
6,2 ;7 £ 1,(6435 - 1329942 -t 87124 — 1872i8 4 6428)(0)
| :l‘/'m(r.dlfi:n i) r])::s) 12 + ”;:453 a 14 _ ”74()1 16 . %ZS)}

¢ 6

8,001 L6135 137282 § 950420 230420 - 1282%)(0) -+ Fla(P4E5 - SRR b 4320 — T

7
0,9 ;w {15 (12185 - 257404% -+ 18018* — 462018 - 310/18)(0)
,%,]/a(I)lf"' ,21:2445512 ,{,11;)4117,147:1%]16_} 3f818+%§%éll°+f}%lm+Z;"';%M—F‘3/1“‘)}
7
2,7 /"w (La(12155 - 2645542 4 1901924 — 500515 - 35048)(0)
I }51(!( 1 211“5 5 5 .‘1.10{. 5&2 ,+, 7?::1 14 h 1 40/1(; + . ‘;)0 }LS . Ezsg’%ﬂlo . 225 /112 . I;Z:; /114)}
7
4,5 ;w {,15(12155 - 2717042 4 2016321 — 55005 |- 40048)(0)
At NATEAR S BT QTS QR o A o )
7
6,3 ;‘, {1 (12155 —— 2788572 |- 2145021 — 61602° + 48028)(6)
“+ 81“('1 211“4)7.,, 5,514:584”5 Az + 7%81;'4 - !‘2’;1 A9 -+ %%AS @ 5/1'10)}
7 ’
8,1 /"“_ {,1,(12155 — 2860042 - 2288041 — 70404% + 6404)(6)

,+, };Aa(l'zjlunn . ,x()274-g5}'2 + B’H(;(U' 14 . (s_%(.g,;_e + %ZS)}
Al

-8
0, 10 ;1 (1, (46189 1093952 4 900907 — 300304¢ + 346543 — 63419)(6)
'7

1 46180 23580722 | 1950124 125983 76 79607 2 157"
{ a’“‘l( a2 : A {”’1)5”}“ - ,16’ A _I' L’(is() + (311

104 3R 4 A R0 4 1A}

8
2,8 ;1 (,1,(46189 — 11182672 -+ 9409444 — 3203228 4 377348 — 70419)(0)

,]4 éﬂ(l(" t;3|2~ 9 4'.1:2747512 + ,:1321;%3"1 k- — ,gs%?r. J6 + 15 '7ﬂ 3,’[8 _— T%]'lﬁllo _ §1g76212 — ;1lsr R S— 1?) /116)}
8
4,6 ;m {1, (46189 — 11425742 - 985274 - 3446328 + 418048 — 80419)(0)
[ 'l;"l'(4 6331;!!# . 17 30322 + 2”1'4(;”(—)4}'3-4 — r%?‘i’fg 376 __ (7?1)%_%18 + 110 + 716/'112 + ?;%5/114)}
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2m, M (B]c®) ] o,

. 8
6,4 | - {315(46189 — 11668822 + 10338914 — 3746646 - 475228 — 961%)(0)

121
17,{46189 __ 12884342 753848774 __ 8451336 388018 2 210 __ 2 312
+ §ha(*eY BB AT |- TEAART BEREAN0 + SFEA + 552 155412

. .
8,2 ;—21 {515(46189 — 11911922 + 10868042 — 4118448 -+ 563248 — 128219)(0)

+ Bla(0p00 — 2944T0IR - SUAP1T — SP18010 4 YRS + 41
8
10,0 %21« {(L(s8180 _ 8077532 4 357571 — 14305 - 22048 — 8419)(0)

3
+ Bla(S5RE — LIBLIIR 4 T860120 — 1484010 4 Tan1 %)

When 4 = 1, the swept-back wing becomes triangular. It has been verified for all the values
ch—I-n-{-l

2m 4+ M = 1,2,..10 that, in this case I,, , = s T, (see Appendix V).

When the trailing edges of the swept-back wing are sonic, 1 = 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 (wp V3c?)/(B*E(x)).

For the surface given by z = — éx" (ky)**/c* ', where R == 2m - n, the load distribution can
be put in the forms
2]3 c, k 2rx1\’ -2¥
po= RO I
or
2k [bx"
b= T M| L (VLY

(See Table 2), where the ¢, are functions of », and b, — z ¢,; and the incidence is

a, = onx" " Hhy)¥cFt. L . .. .. .. (VIL3)
In this Appendix, each summation Z isforr=0,1,... R/2if Riseven,and7 =0, 1,...(R —)/2
if R is odd.

Therefore, for a triangular surface:

the lift is
: L 48
Lr - fpr d‘s == 7_[’2 (CrT2r, R——Zr)
b { c,(2n)!
=R 12 |23 (71} (VII1.4)
the pressure integral is ‘
4
Dr = fpray dS - *'n% (32 Z (CrTz(m-l—r), R—-2r nvl)
_ nd? ¢[2(m + 7)1 |,
_— -Zé‘ Z 2éiﬁ+7>'[(% _I_y)!:le ; . .. . . (VII-S)
and the suction force is
¢ 1
__ < 2 ! 2
A.znp%fop, d — E()b, 575 R A 4 o )
The interference pressure integral for two surfaces given by 2z, = — ox"(ky)™/c*
2, = — oxV(fy)™ e ', where () == 2M -+ N, is: (Values of s in > are the same as for 7, with Q
in place of R) S
D, — f (P + pa) dS
4n6* 4N s*
— e Z (C T 2n s 0--2.;-‘,-;;4) -+ T ’ (chz(M L, R,Az,gwfl)
. C, [2(m -+ s)]' c[2(M + »)]! )
—_ R _+ Q [ Z (Zz’mi 25 1[(7% + S) *J ) ‘|‘ Nz,: (221&[;2/1{:(M + 1,) g]z):| ’ . (VII7)
and the interference suction force is
_ 2x8* bb,
S, =2 f 2P, P) dx VILS
s TPH 0( o) ax ()R_I_Q ( )
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The pitching moment, about the apex, for surface z, is

M, =

4éc¢

fp xds ="

(07T27, R—27+1)
3

= x93 (o 12")) (%5 ) oL

(VIL9)

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

edges are:
L,=
D, =
S, =
where a = 4/k;
D‘r, s —
S, =

For cambered triangular
shown that

D, =

46k

Py 251 (Crlzr, R—zr); . (VII.IO)

46%

7'EC z c IZ(nH—r) R—2r+4+u— 1) > . (VIIll)
2

A R .. (VIL12)

E(x (1 —a)%"" 2R’

46%%
W l:%z (0512(142—}5),(2-—25—(—11,—1) + NZ (cylz(ztl+;»),R_2y+Af..1):| » (VIII3)
2 82 1 b,b,
E(%) (1 _ d)R"'Q R _l_ Q ’ . (VIIl4)
46k

== 7;0—712—;72 (crI2r, R—ZV»[-]) « s . (VIIIS)

surfaces of the form z

(n 4 1)0
2

— 0x"[¢""Y, m = 0, R = n, and it can be

L, .. (VIL.16)

[N + 1)L, + N(n + 1)L

. (VIL.17)

. (VIL18)

. (VIL19)

. (VIL.20)
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For triangular cambered (surface slope a function of x only) surfaces with sonic leading edges,
x = 0, and

_1\2
D, — not; g =D vILa
4dn
_(+ DIV 4 1) _
d,,= W N =1,. .. (VIL.22)
In the limiting case, when » —> 1, i.e., tan y/tan p = (M? — 1)'/* tan y > 0, for the cambered
surfaces z, = — 6x"[c" !, 2, = — 6x"[c" ', b, =mn, L, = n, and hence (n, N = 1)
i =" + 1 d = n+ N2
T 2 " w4+ N
tr::%_:ts; t?,wzlJ
s — | s — 2
T 2m, " m+ N

and therefore ¢, 4 ¢, = ¢, ,, and ¢, , = 2¢, =2¢,.

(3 7 3 N 1L,2,,2
Also ¢, . == 1 for all n, N(>= 1) for surfaces z, = — ,fl , Ay — (xwifly
, c o
S 1 H2,,2 N v,z, 2
= 4 for all #, N(= 1) for surfaces z, = — SXEY , By 7 — ox /y
3 C” i1 c}\ -1
2 R 6 1 1524 ,2
£, = 3 for all # > 1 for cambered and twisted surfaces z, — — %ﬁ?ﬁ .

There are indications that similar results hold for higher powers of £%* in 2, and z,.
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APPENDIX VIII

Numeyical Values of a,, b,

%zf%ﬁ @, by as b, A by 2
0 0-666667 0-047619 1-111111 0-111111 2 1 1

0-1 0-664970 0-047377 1-103081 0-109729 1-987504 0-987535 0-99
0-2 0-659505 0-046607 1-079320 0- 105663 1-950064 0-950562 0-96
0-3 0-648970 0-045153 1-040976 0-099180 1-887832 0-890340 0-91
0-4 0-630543 0-042697 0-990590 0-090794 1-801089 0-808960 0-84
0-5 0-598776 0-038677 0-933138 0-081362 1-690307 0-709326 0-75
0;6 0-544852 0-032358 0-876653 0-072022 1-556272 0-595150 0-64
0-7 0-459468 0-023469 0-829013 0-063494 1-400408 0-471012 0-51
0-7211 0-436934 0-021341 0-820339 0-061748 1-364949 0-444048 0-48
0-8 0-338897 0-013161 0-790825 0054722 1-225834 0-342758 0-36
0-9 0-184935 0-004078 0-750701 0-040478 1-042142 0-219831 0-19
1-0 0 0 0-666667 0 0-888889 0-126984 0
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APPENDIX IX

Numerical Values of i, A"y A"

tanpftanp|  EAA, A2 Ay K83, i ESa" | E2y" TR 8a," Ba" e
0 2.62500 | —1-68750 | 006250 1
0-1 2-69840 | —1-74222 | 0-06413 | 0-68660 : 114-06225 ' —12-70684 | 0-32045 | 86-20341 | 10177-588 | 0-9
0-2 2.03344 | —1-01772 | 0-06934 . 0.78825 | 29-67611 | - 3-33745 | 0-40779 | 2281665 | 654-9521 | 0-96
0-3 3-37805 | —2-24977 | 0-07930 | 0-99635 14-03547 | — 1-61400 | 0-53905 | 11-15200 137-3924 | 0-91
0-4 4-11647 | —2:79575 | 0-09651 ' 1-39406 | 8-49012 | — 1.02646 | 0-80435 | 7-10968 47-44718 | 0-84
0-5 524759 | —3-59616 | 0-12636 | 213750 | 5-74962 | — 0-93854- | 1.33448 | 5-22539 | 21-88458 | 0.75
0-6 682132 | —4-56100 | 0-18108 @ 3-46218 3-99047 - — 0-67115 | 2-36691 413520 12-83554 | 0-64
0-7 9-07704 | —5-52492 | 0-29250 | 5-75745 274579 | — 0-65701 | 4-32642 | 3-53619 815027 | 0-51
0-7112 | 9-42255 | —5.63068 | 0-31157 | 6-11835 ! 2.63678 | — 0-66066 | 4-61624 | 3-28446 7-85596 | 0-4942
0-7211 | 9-75534 | —5.74514 | 0-33006 | 6-46478 |  2-54675 i — 066486 | 4-95533 | 3-49116 7-60481 | 0-48
0-8 1404160 | —6-83558 | 0-56013 | 10-78680 | 2.00364 | — 0-73407 | 8-90245 | 3-75386 |  6-18168 | 0-36
0-9 2396306 | —8:93865 | 0-97539 | 2041064 , 177704 ' — 0-85380 | 17:92285 | 3-06294 | 5-45887I 0-19

i i




APPENDIX X
Triangular Wing—Nuwumerical Values of d,, 4, .; ¢,, ¢, ., tan y[/tan u = 0-7338, (4, , = 24,; t,;, = 2,) »* = 0-4615

ey

7 . 2y dr dl, 7 dz, 7 [ZS, r d4, T ds,r dG, T
[ 1 — ox 1 2 1-923941 1-895608 1-881686 2-474180 2-426818
2 — —i x> 1-039434 1-923941 2-078867 2-183459 2-257038 2-582909 2-641195
Camber< S
3 — % %3 1-194144 1-855608 2183459 2388288 2.538991 2-689460 2-830092
4 — % x? 1-377634 1-881686 2-257034 2-538991 "2-755268 2-783406 2-990803
Twist 3 — % Ry 2-431522 2-474180 2-582909 2-689460 2-783406 4-863045 5-071779
Camber and twist 6 — 5—3 F2yPx? 2-699749 2-426818 2-641195 2-830092 2-990803 5-071779 5-399497
4 tr t],'r t2,r ts,r t4,r t5.'r ts,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 2-1138532
3 1-104222 1-636966 1-976545 2208444 2376255 2-181104 2358642
4 1-302473 1-663251 - 2-075004 2-876255 2-604945 2-323410 2-555314
5 1-713052 1-743092 1-998039 2-181104 2-323410 3-426106 3-739158
6 2-068936 1-794006 2-113852 2-358642 2-555314 3-739158 4-137873
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APPENDIX X—continued
Triangular Wing—Numerical Values of d,, d, ,, tan y[tan ug = 0-7, »* = 0-51

g
-

r 2, d, .dl.r do,r i ds,r dor dg,r ds.r : do.r dyo,r
1| —éx 1 (24, =2)| 1-9127 | 1-8796 : 1-8643 1-8511 2-4656 l 2-4115 : 2-3688 2-8037
2| — gx’ 1:0267 | 1-9127 |(2d,=2-0534)] 2-1506 E 2-2215 2-2677 2-5609 2:6112 2-6400 2-9771
3| — :—ix' 1-1728 | 1-8796 2+1506 (2d,=2-3456)? 2-4908 2-5960 ; 2-6577 2-7885 2-8798 3-1575
. !
4| — c%x‘ 1-3508 | 1-8643 2-2215 2-4908 i(2d4=2'7016) 2-8593 I 27498 2-9451 3-0912 3-3337
| :
8| — :—415 1-5320 | 1-8511 2-2677 2-5960 2-8593 (2ds=3-0640)5 2-8186 3-0686 | 3-2602 3-4771
5| — g,k’y’x 2-3983 | 2-4656 2-5609 | 2-6577 2-7498 2-8186 §(2d5=4-7966) 4-9905 i 5-1302 6-5855
6| — % k%2 | 2-6500 | 2-4115 2-6112 | 2-7885 | 2:9451 3-0686 ! 4-9905 (2d,=5-3000)| 5-5345 7-0168
5 ! |
9| — %k’y’x’ 2-9255 23688 2-6400 l 2-8798 | 3-0912 3-2602 5-1302 : 5-5345 g(2d,=5-8510): 7-3501
10| — c% Ryx | 4-9649 | 2-8037 2-9771 | 3:1575 : 3-3337 3-4771 6-5835 ‘ 7-0168 } 7-3501 .(2d10=9-9298)




APPENDIX X-—continued

Triangular Wing—Numerical Values of ¢,, ¢, ,, tan yftan u = 0-7, »* = 0-51

¥ Zp b br lor Iy, Lo lar bs.r Lor tor Lo
1| — ox 0-7346 |(2¢,=1-4692)] 1-5589 1-6036 1-6314 1-6462 1-6935 1-7420 1-7737 1-8357
2| — g x? 0-8940 1-5589  |(2,=1-7880)| 1-9298 2-0274 2-0921 1-9432 2-0543 2-1299 21474
3| — §2x3 1-0771 1-6036 1-9298  |(2¢,=2-1542)] 2-3177 2-4366 2-1222 2-2919 2-4156 2-4024
4 — c% x* 1-2709 1-6314 2-0274 2-3177  |(2t,=2-5418); 2-7094 2-2659 2-4868 2-6558 2-6256
8| — (;4 x5 1-4608 1-6462 2-0921 2-4366 2:7094  (2£,=2-9216)] 2-3715 2-6383 2-8466 2-8043
5| — 5 k%% | 1-6495 1-6935 1-9432 21222 22659 2-3715  |(24,=3-2990); 3-6018 3-8316 4-4732
6| — c% Ry | 1-9922 1-7420 2-0543 2-2919 2-4868 2-6383 3-6018 |(26,=23-9844)| 4-2849 4-9843
91 — % R2y2xs | 2-3249 1-7737 2-1299 2-4156 2-6558 2-8466 3-8316 1 4-2849  |(2{,=4-6498) 5-3961
| ‘
10| — ;64 Riyty | 3-3758 1-8357 2-1474 2-4024 2-6256 2-8043 4-4732 4-9843 5-3961  |(2£,,=6-7516)




APPENDIX X—conitinued

Triangular Wing— Numerical Values of d,, 4, ; ¢,, ¢, ,, tan y[tan p = 0:3577, »* = 0-87205

I
r 2, dr dl. r I d!.r da. r d4. T dﬁ. r do, r

|
1 ) —dx 1 2 ! 1-782636 1-687146 1-636244 2288764 2-174058
2 | — :—:x’ 0-880465 1-782636 1-760930 1-763738 1-773600 2227927 2-201272
3 ;1, P 0-916195 1-687146 1-763738 1-832389 1-890558 2210661 2-245122
4 | — c% 2 0-994132 1-636244 1-773600 1-890558 1-988264 2-213120 2293638
5 | — :—, Ry 1-908894 2+288764 2-227927 2-210661 2213120 3-817787 3-847113
6 | — :—a i 1-976767 2-174058 2-201272 2-245122 2-293638 3-847113 3-953534
L4 tr tl. T tn. r ts. r td.r ts. T te, T
1 0-585662 1-171324 1-230185 1-267308 1-292864 1-276311 1-306216
2 0-673296 1-230185 1-346592 1-427868 1-487450 1-417965 1-478070
3 0-774391 1-267308 1-427868 1-548783 1-642031 1-526734 1-617007
4 0-882970 1292864 1-487450 1-642031 1-765940 1-613788 1-731748
S 1-084236 1-276311 1-417965 1-526734 1-613788 2168472 2-332391
6 1-266720 1-306216 1-478070 1-617007 1-731748 2332391 2-533439
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APPENDIX X—continued

Triangular Wing—Numerical Values of 4,, d, ; ¢,, ¢, , tan y[tan p = 0-1184, »* = 0-9860

4 2 dy dy,r do, dg,y Agr s, r g,

1 — 0x 1 2 690196 -539986 -452816 2-070965 -895328

2 — -2 0-776470 -690196 552940 -476218 428765 1-899199 -795377
4

3 -2 %8 0-719981 539986 476218 439962 -418289 1-791546 -731226
[}

4 -3 %t 0:707526 -452816 - 428765 -418289 -415051 1-719606 - 688400
8

5 — % Ry 1:461410 (70965 -899199 -791546 - 719606 2922819 -787716
6 .

6 — = R2y2x? 1-352096- -895328 -795377 -731226 - 688400 2-787716 -704192

L4 Zy tr bor ls,r bar b5, lor

1 0-513743 -027486 -041853 - 052911 -061892 1-052880 +062009

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

3 0557350 -052911 -086558 - 114700 - 138588 1-111681 < 134997

4 - 0-584759 -061892 - 102995 - 138588 -169518 1-134974 - 165007

5 0-750881 - 052880 -084731 -111681 - 134974 1-501763 -541476

6 0-794247 - 062009 - 100945 - 134997 - 165007 1-541476 -588494




APPENDIX X-—continued

Triangular Wing (So;u'c Leading Edges)—Numerical Values of d, = ¢,,d,, =1, ,,tanyftanuy = 1,2 =0

r | z, t tys ty., t, o ts.r tour
1| —ax i 1 2 | 2 2 2 5/2 5/2
2 |~ "7"'; | Y o/4 12/5 5/2 18/7 27/10 45/16
3 |—5% 43 12/5 8/3 20/7 3 43/15 4314
4| —5m 25/16 5/2 20/7 25/8 10/3 3 105/32
8 | - &u 9/5 18/7 3 10/3 18/

3 . |t DE Sn4t1) | dmt1) - 5m+1) | 6n+1)

1 4in 4 n 42 n+43 n 44 n+45
5 | —3ame | 135 270 | 4315 3 26/5 11/2
6 | —aMut | o532 45/16 | 43/14 105/32 11/2 95/16
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APPENDIX X—continued

Triangular Wing—Numerical Values of d,, d, ; t,, ¢, ,, tanyftanp =0, » = 1

6¥

r Ly , dy,y dor ds,r Aoy dg,r { ds,r de.r 2 Ir | tor | Bar | ta bgr | lsr | loor

1] — ox 1 2 53 | 32 7/5 4/3 2 o5 | 12 | 1|11 1] 1] 1]1
)

2| - 3/4 53 | 32 7/5 4/3 o7 | o5 | 53 | y2 1|11t 1 11|
o]

3| -5 2/3 sz | 75 | 43 | 97 54 | 53 |7 | w2l 1|11l
[

4| = St 5/8 705 | 43 | 97 54 L 1y9 1y7 | o2 | oye |1 11111
5 .

8|~ G 3/5 43 | 97 | 54 | 119 65 | 32 139 | y2 |l 1|1 11 1] 1]1

al 6x" n—i—l_>l n+3 |\ n+4  w+5  nu+6 | n+7
1 20 *dimw+1 i nw4+2 | n+3|un+4 | L5

s _ ]

5| — 5y 4/3 2 o5 | 53 | 117 32 @ o83 15221, 23 | 1 | 1 | 1| 1| 1 |43 43
4]

6| — oty 7/6 9/5 53 | 117 32 | 13)9 | sy | 73 | 23 1 1 1| 111 | 43 43

N D e | N INST NAS N0 N 40N 11 |
vl - 3N N+3  N+4 | N+5 | N+6| N7 !




All forces and moments are normalised by dividing by (wp V%) /(k*E (x)).

TABLES 3 to 14

TABLE 3

Formulae for the Total Lift on Triangular Surfaces

v 2, L,
1 — &x d )
é 4]
2§ — -2 =
¢ i
s > Camber
3 2 x? $0F(4f; — 38f2)
8 4
4 - c_?’x 0F (4111 — 3f1a)
J
5 | — oy $6F, (4f, — f) Twist
6 | —%myme | poF i, — 3
¢ Camber and twist
7 | fazs — o2 o
i) o]
8 | — Ax 8 Fy(8f1a + 2f15 + fro) Camber
[4} 6 .
9 | — e R348 3 Fy(8f1, + 2f15 + fi0) Camber and twist
10 — = k% g Fy(8fa0 + 2fa1 + fao) Twist
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TABLE 4

Formulae for the Pressure Integral for Triangular Surfaces

" D,

1 o2

2 | 3o

8 | eF@f —3f)

4 582K, (41 — 3f19)

5| 1eFEL 1)

6 | HPFs2f0 — S

7| 402

8 | §PF8fu+ 2+ i)

9 | — duOFu(16fss + 8fsa + 5/
10 | B F16h + 10 + 7o)

TABLE 5

Forwmulae for the Suction Force on Triangular Surfaces

¥ (E(#)/=)S,

o2
2(o/11)?

FO%(F1 )
Fafu)?

—
[T

T2 F2(f1a + fis + f16)?
752 F2(frn + fis + fi9)?
%502 F 52 (fag 4 far + [a0)?

<© ¢ ] ~ N o414 £ [~} [
Do
Qo
[
o
S
(<2

—
<

51
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TABLE 6

Formulac for the Interference’ Pressure Integral for Triangular Surfaces

(1), D., is the interference pressure integral for the two surfaces given by z,, z,)

L2 | A+

L3 | a2 4 Fdf, 3/1)

L4 108 | 5Py — 3/,

1,35 1041 + 314/, — Jo)l

L6 | 15874 4+ 5F,(4/,, — 3/14))

L8 | L0240 + 3F,(871, + 2/1s + f10)]
L9 1624 — FyBfin + 2fis + fuo)]
L0 L3031 4 18 + 2 + fo)]

2,8 | 10 [‘5 + I (8f - 6f7>]
I

2,4 |18 + 5I,(4f,, — 3f, ).

’ 3 fl 2 11 513

X 5 .
2,5 s [4f1 + 641, - fe):!

Is 2 o 5 . .
2,6 1 e 10054/, dflz)]
Si

. 110 .
2,8 5y o7 £ + F3(8f14 4 215 + _fus):]

—

5
2,9 4 6 Q]“ — F3(8f17 + 2f18 +f19)}
L=/1

2,10 | 1,02

37+ T8+ 2 +f22>]

8,4 | 40U,y — 1) - 5Taf, — 3]

3,5 O 16f, — 4fs + 2f, — f4]

8,6 | 07 5F,(4f, — ) + 8F,(2f; — /)]

8,8 | 2O2L (4, — Bf) + BEy(8fis -+ 2y + fug)]
8,9 | 2uBEA2f, — 1) — Fyl8f -+ 2he -+ fi)]
8,10 | 2R 8f; — 3F) + 614(8f + 2far + )]
45 | SAESy — f) + TFRf — fi)]
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TABLE 6—continued

7, 8 D,

4,6 | 10°F,1004f — 3f) + 72 — fo)

4,8 | §8U25F4f, — 8fy) + 3F,(8% + 215 + fio)]

4,9 | 4OTF2 0 — fio) — 2E38fu + s + fro)

4,10 | 583F(8fs — 3f) + 165,80 + 2 + fu)]

5,6 | 2506F,(6f, — /o) + TEo2f0 — fi)l

5,8 | &BTI120F,(47, — fy) + Fy(16fs + 8f5 + 5410)]

5,9 | &OTISE,(6f, — fi) — Fy(16fir + 8fiq + 5f19)]

5,10 | & 03F,(8f, — fo) + Fal16fup + 8fur + 5]

6,8 | d5O(50F 4]y — Bfie) -+ F(16fss + 8fi5 -+ 5/,0)]
6,9 | 5021 Fs(2f — fio) — Fy(16fy; + 8fis + 5fig)]
6,10 | 5ho8(9F (8 — o) + 8E(16fu + Sfur + 5fi0)]
8,9 | 8 F,(16f,, + 8fig + 5fis — 1087 -+ 2he -+ fro)]
8,10 | 1250 Fy16fs, + 10fs5 + Tfig + 48(8fa0 + 2far - /)]
9, 10 | o8 Fy 24(16fs + 8 + 5/m) — 5(16fs7 + 10/ + 7f30)"




TABLE 7
Formulae for the ‘Inferference’ Suction Force for Triangular Surfaces

(S,.s = S,,, is the interference suction force for surfaces given by z,, z,)

E- Ry - |

: s
e EW/Se

1,2 284/(3f1)

1,3 B(Fofs)
L4 | 38(Fafn)
L5 | §o(F.f)
L6 |  $8(Fuf)

L8 $Fy(f1a + fis + fro)

L9 | — 38F;(fi7 + fis + fu)

1,10 8Fy(f30 + fun + fa)

2,3 S*(FL S5 )

2,4 $0(Fafulf)

2,5 $XF.fdfi)

2,6 §4(Fofiolf)

2,8 §(Fy/fi)(fra + f1s + f10)
2,9 | — 3(Ff/fi)lfrz + frs T+ f1o)
2,10 F(Fo/ i) a0 + [ + fad)
3,4 H(Fofi)(Fafu)

3,5 B8 F f)(F1fd)

3,6 2 (F,f5)(Fafro)

3,8 §A(Fofo) Falfia + fis + f1o)
3,9 | — 3(F f})Fs(fiz + f1s + fro)
3,10 AF o fo) Falfao + fur + fa)
4,5 & (Fofn)(Fufa)

4,6 26%(Fofu1)(Fafro)

48 §0%Fof11) Fa(fra + fis + fre)
4,9 | — §8(Fofu))Fs(fur + fis + fo)
4,10 M Fofu) Fa(foo + fur + fod)
5,6 S FLf)(Fafro)

58 A(F f) Falfra + fis + fro)
5,9 | — X(Ff)Fs(fir + fis + f1)
5, 10 MFf) Fs(foo + fun + fo0)
6,8 $*(Fafio) Falfre + fis + fro)
6,9 | — §0%(Fof i) Fs(fiz + frs + o)
6,10 $%(Fof1o) Falfao + o + fad)
8,9 | — 1B®F?(fi + fis + fre) 1z + fis + fro)
8,10 $PF(fia + f1s + fr6)fao + S + f2d)
9,10 | — 32F#(fy; + fris + f19) fao + fun + fod)
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TABLE 8
Formulae for the Total Lift on Swept-back Surfaces

(nc?[R) L,

46(Jo,2 — Ja0)
40
o, Joa = Jaa)

12 % (fs — flJoa+ @fs — fl a2 — f2  00]
16 222 (s — fidTos — (s — 2fidas — isJu]

4282 (87, — flos — BFs — 2 Tae — fi ol

oF,

803

[(fl(] wfl2)]0.5 - (flO - 2f12)]2.3 a f12]4.1]
8F,
4—5 UuJos — (u—Fislas — (s — frl a2 — s a0l
- 4 %[fﬂ]o-s - (f17 —fIS)J2,4 - (flS _f19)]4.2 '_flE)JG,O]

49—;3 [fZO]O,G - (f20 _f21> 2,4 (fZl —f22)]4.2 _f22J6.0]
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462(]0.2 - .]2-(])

TABLE 9

Formulae for the Pressure Integral for Swept-back Surfaces

(rec*/k) D,

st s — Jas = Jud

36 %1 (4Us — Flos — 15(7fs — 197 na + 2@ + 3 an — 244Fs + 60l

64 752 i4fun — Fillas — #5(17fux — 31fias + el — 8’ + dldfis + s
= §%(8/u + 6f1a)J 5.0

4"’Zfl {Bfa = J e — Bfs — 2/l s — foJ o0l

165*F,

A 120~ fudTae ~ (fio — 2 + Use — 8fu s — @0 + ial el
o 1T5fuTuro + 5(21fis — 31/ ns + e — 9fin + 68fi e + (8fia + 12fis + 21 i)
+ (82f0 + 48fis + 84fidas — (640 + 965 + 168/,0 0]

2 T5fuJu + 321 — 28fl] o + (2fur — 49%ia + 35faa + 8fis + Wfis + 35 as

— (16f17 + 28f1s + 70f10)] 10,0l

483,
cs

f!ll.[d.ﬁ T (fiﬂ '_f!l)]l.:i - (fll '“fll)]ﬂ-i _fna.]m.u]




TABLE 10

Formulae for the Suction Force on Swept-back Surfaces

a=hlk=(1— 12

r (E(x)]#)S,
62
b s —ap
52
2 apr =y
342 .
3 3T —a) (Fi fs)
242 ,
4 m (F2f11)
342 .
5 L (Fofy)
6 ¥ (Fafi)?
m( Zfl())
62 2
8 o1 — &) [F3(fia + f15 + fi6)]
42 2
9 W[F3(fl7 +f18 +f19):|
10 &

m [(Fa(fao + for + foo)
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TABLE 11

Formulae for the ‘Interference’ Pressure Integral for Swept-back Surfaces

(mc?[R) Dy, 5

g—ffz-] [0+ 3(f1 + D(Jos — Ja1)]

4—(12 {1+ 3F:(fs = fdlJoa + {1 = 3Fy(fs — 2/ es — 2 + 3F1f)] 0l

22 [BHy+ 2{1 + 4F5(fu — fil 0.5 + {1 — 8F3(fuu — 2/l oz — (B + 8Fuf19) 0l

% (Fy3fs — fo)Joa + {1 — Fi8fs — 2/} a2 — (1 4 Fif]aol

4??; [H‘l + 2F2(f10 “jl2) 0,5 + {1 - 2F2(f10 - 2f12)}]2,3 - (1 + 2F2f12)]4,1]

é‘(zz [3]0.6 + J2.4 + 4]4.2 - 8]6.0 + 3F3{f]4.]0.6 - (f14 _fls)]2.4 - (f15 _fle)]4.2 '—f16]6.0}]

I FafuJus+ 01+ Flfiy — fullaa + (1 + Falfis — filas = 2 — Fafulool

F [Fafzo]o,e = Fy(foo — Sl oo + {1 — Fy(far — fed W aa — {1 + FafaelJoo]

37‘22 D} + F(f5—}—3f7)iH4—|-2 i}—l+3F1(f5—f7)EJD,5— )}1+ F1(5f5—9f7)I]2,3
S VAN

o |s [ § F AR —f13)§J0,6 - i% + 2B, (11, — 21f13)§1“ + 3 7+ 2Fulfu - sfn)}h.z

gf _I_F 2f11+3f]3)§]6.0:|

B (SRt o ST — os + | £ 8501~ 30| Jas — | £ + 8773 4 70| Jun]

L PV (fm et (2 2F (U f 21/ s~ | 2F s~ 0] I,

— 7 + 2F,(2f19 + 3f10) E]eo

[ D o 8Py 2+ 8f,s)§ Hy + 40 ( } + Ff) Jor—2 3}—0 + Fy(19f;, — 18f15)§ Tos
7; - Fylfua — 30fi5 + 24fm>§ Jos—3 :}Q 4 Fylfua + 215 + 80 I Te ]
52
& [‘l

% = Pl + 2 + wa); Hy — 22 Fyffoqr + 4

%gf +F( 17 30f18+24f19)EJ4.3‘.%?]6—'1_F3(f17+2f18+8f19)lj6.1]

}? + F5(19f;; — 18f1s)E]2.5
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TABLE 11—continued

¥, 8 (mc2/R) D, ,
2,10 ('S;I:% Fy(foo + 2for + 8fa0)He + 20 FafooJo,n — $F5(19f0 — 18f5) Jos + % ?r_f + Fy(foo — 30f21 + 24150} { Ju.s
47, 3 St Bl 2t 8f22)§ Joa]
3,4 | SI8GR — /) + AP — fidlur — 28Fi8fs — 5) + 2Fo(1f — 18/} as
+ B + £ + 2Fslfu — TSl us — 8BFUs + £) + 2Folfn + S Uor — H)l
3,5 1262

EETF][3(3.}(4 _fG)JO.S - (7f4 - 4f6 - 5f5 + 5f7)]2.4
+ @fs+ fo + 10/ — 5f5lJ a2 — A4S + 2fs + 5/ 0]

3,6 fz—s (16Fa(fro — fro)Jo.7 + 2{9F (/s — f2) — Fol7f10 — 13f12)} a5 + {Falfio — Tfra) — Fi(15f5 — 27/3)} ],
— 3{Fy(fro + frd) + Fulfs + 31031 — Ho)] ‘
3,8 3&55;6 [75{3F1(fs — f2) + fraFs}os — B{SF (11f; — 18f7) 4 Fy(23f1a — 21f15)} .6
+ {5F1(4f5 + 3f7) + F3(2f14 - 49f15 “+ 35f16)}.]4,4
+ {20F,(4f; + 3f7) + Fs(8/1a + 14/15 + 35/16)}(Je2 — 2/5.0)]
3,9 442

4,5

4,6

4,8

4,9

= = #Fafifos + #5189 fs — /o) + F5(23f1; — 21/19)} a6
+ 135{63F1(12f; — 7f5) — F3(2f1; — 4915 + 35/19)} aa

+ 135{63F1(2/; + 3f7) — Fu(8f17 + 14f1s + 35/19)}{(Js.2 — 2/5.0)]

t—i [%F3f20]0,8 - ?%F3(23f20 - 21f21)]2,6 + {3F1(f5 —f7) —'_ T%FFB(szO - 49f21 + 35f22)}]4.4
— 3F{(fs — 2/l ee + foJs o} + 185F5(8/ 20 + 14fa1 + 35/2)(Jo.2 — 2] s.0)]

%: [8F1(8fs — folJo.7 — 2{F1(8fs — 5/5) — 8Fa(fux — f1a)l2s
+ {Fa(3/s + fo) — 16F5(f1y — 2fi)las — (8F18fs + Jo) + 16F, /15l 61 + 3F1(3fs + fo) H ]
3262

0—6 F2['4}_=(f10 _f12)]0,8 - ?13(17][10 - 31f12 - 28f11 + 28f13)]2,6 -+ T%E(gfm - 24](12 - 77f11 + 147f13)]4.4
+ T%E(szlo + 9f12 + 7f11 - 42f13)]6,2 - T%E(24f10 + 18f12 + 14fu =+ 21f13)]8. 0]

§[10{4F2(f11 —f13) + F3f14}]0,9 - {_Z'S'QF2(5f11 - 9f13) + F3(9f]4 - 8f15)}]2,7
F B F(fu — 1) + iFs(fua — 2415 + 16/16)} a5

+ {8F(5fu + 3/1g) + $F5(5f1a + 8115 + 16/16)}(Jo.5s — 351 + 3Hy)]
62

5 [= 1083 i fo.0 + {82F5(fu — i) + 5017 — 8/18)}] 2
- {4F2(7f11 - 13f13) + 7i‘Fs(flv - 24fls + 16f19)}]4.5

+ {2F2(f11 - 7f13) - ‘%‘F3(5f17 + 8f18 + 16f19)}]6,3
— {8Fy(f11 + f1s) — &Fs(5/17 + 815 + 16/19)}(Je.1 — Hy)]
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TABLE 11—continued

4, 10

5,6

5,8

5,9

5,10

6,8

6,9

8,9

('Z:[IOFafzojo,s — Fa(gfzo - 8f21)]2,7 + {16F2(f11 ”“fls) + zlfFa(fzo - 24f21 + 16f22)}]4,5
- 16F2{(f11 - 2f13)]e.3 ‘|‘f13]8.1} + ‘%‘Fs(sfzo + 8f21 + 16f22)(]s,3 - 3.]8.1 + 3H8)]

i—:[3F1(f4 +folHs + 2{4Fy(fro — fro) + 3F:38/a — fo)} a5
— {8Fy(f10 — 2/10) + 3Fi(5/s — 3/} a5 — {8Fof1e + 3F1(fa + fo)} 6l

% (8F,(3fy — folos — (8F(11fy — 6f) — TFafi} o6 + {F1ldfa + fo) — TF5(f1a — f1s)i aa
+ {4F1(4f4 +f6) - 7F3(f15 —fIG)}JG,Z - {8F1(4f4 +f6) + 7F3f16}]8,0]

A LOFA3fa — £ — 5Fafiab Jaw — BFuTfa — 47 — 5Falfie — fia s
+ (3F22fs + £ + 5F3{fre — fillue — 16Fs(2fa + 1) — 5Fofusl o]

%2—2 (Fafw]se+ {F1(8fs — fo) — Fulfao — fa)l aa — {F18fa — 2/e) + Fslfar — faad o2 — (Fufs + FafuddJs.0]

%27 [ZOFZ(fID - f12) 0,9 ‘1§Q{F2(5f10 - 9f12) - 2F3f14}]2.7 + %{SFZ(fIO - 9f12) - 2F3(19f14 - 18f15)}]4,5
+ %55 Fo(Sf10 + 3/12) + 2F5(fia — 30/15 + 24/16)} 6.5
— H5F,(5f10 + 3f10) + 2F3(f1a + 2/15 + 8/1)}(Ja1 — H)]

%i [%{12F2(f10 _fl‘Z) - 5F3f17}]2.7 - %{6F2(7f10 - 13f12) - F3<19f17 - 18f18)}]4.5
+ $H6Fo(f1o — 7/10) — Falfrs — 3015 + 24/19)} 6.5
+ $H6F (10 + fro) — Falfir + 215 + 8/1)HJ 1 — Hy)]

O 0FyfuaSar + (8Falfio — fio) — a1 — 18/} ns

I
- {8F2(f]0 - 2f12) - ~(13_}73(.}(20 - 30f21 + 24f22)}]6,3 - 8F2f1&]8.1
- ‘]2‘F3(f20 + 2.}l'2l + 8f22)(]8,1 - HS)]

4 6*
958 Fl—25f12J0.10 + $(27f14 + 3Lfiz — 27f15) ] 28

— §5{27(23/14 — 21f1) + S(4f17 — 99/19 + 63/19)} a6
+ #5{9(2f1a — 49f35 -+ 35/16) — 5(8/17 + 12/15 + 21/19)} 64
+ §5{9(8/14 + 14f15 + 35/16) — 5(32f17 + 48f15 + 84/19)}(Js.2 — 2/10.0)]

442
m F3[175f20]0.10 - 5(31f20 - 27f21)]2,8 + (63f14 + 4f20 - 99f21 + 63f22) 4,6

- (63f14 - 63./“1.5 - 8f20 - 12f21 - 21f22)]6,4 - (63f15 - 63f]6 - 32f20 - 48f21 - 84f22)]8.2
— (83f15 + 6415 + 9631 + 168/3) ] 10,0

462
E;S F3 [75f20]2,8 - (69f20 - 63f21 _l_ 35f17)]4,6 + (szD - 49f21 + 35f22 + 35f1'7 - 35f18)]6.4

+ (SfZO + 14f21 + 35f22 + 35f18 - 35f19)]8,2 - (16f20 + 28f21 + 70f22 - 35f19)]10. 0]
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TABLE 12

Formulae for the ‘Interference’ Suction Force for Swept-back Surfaces

7,8 (E ()] %) Sy,
22
b2 r—apsy,
1,3 & sF
) (1 ___ a)4§ ]f5
1,4 ¥ _sp
’ (1 _ ﬂ)s 5 2f11
&
1,5 T=an $F.f,
1,6 £ _.p
’ (1 _ a)a 5 2f]0
1,8 & 1F.
3 (1—“)63 3(f14+f15 +f16)
— 82
L9 T=ap $F5(fir -+ fis + fro)
62
1.- 10 ﬁ'__ (l)6 %F3(f20 +f21 +f22)
6% F.fs
23—ty
& Ff
2,4 | _ s22u
(1—a)p® f
42 8 F1f4
28 i a—apt g
62 F2f10
20 Tty
o2 F
28 | goapty Ut +
— &2 F
2,9 T=ay %—13 (fir + f1s + f1o)
82 F
2,10 T—ay 7 ]'cf (fao + far + foa)
8,4 | % _suF. Fof
s (1 _ a)7 T /5 - 11
3,5 ® spr.F
f (1 - 61)6 1f5 . ]f4
3,6 &

= Fifs. Fafio
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TABLE 12—continued

7,8 (E(#){#)Ss,s
52 . ;
3,8 (Tta—)*‘ iF s Fa(fia + fis + fro)
— &
3,9 m)‘ngJs- Ey(f17 -+ fis + fro)
52
3, 10 U—_W%F1f5-F3(fzo + for + fao)
4,5 ¥ supg  F
» (1 ____ aT] T 2f11 . ]f4
52
4,6 mzpzfn- Fafuo
52
4:8 (lua)Q%FZfll'FS(f14+fl5 +f16)
— &
4,9 (—f_—cl)gﬁszu'Fa(fu + /18 + f19)
82
4,10 W%szll'F3(fzo +fa + Jo2)
0% .
5» 6 (1 — 6!)7 _7ZF1f4 . F2f10
5 i 2
;8 (1__a)sIFlf4'F3(fl4+f15+f]6)
— 8, )
59 = ap 0.0 Falfin + fis + o)
82
5,10 (iiW iF Folfao + fau + fa2)
52
6,8 m $Faf10- Falfia + 15 + f16)
52
6,9 (_1*—“)_9 $Fof10- Fslfin + Jfis + f19)
&2
6: 10 (1 _a)g%F2f10'F3(f20 +f21 +f22)
— &
8,9 m s f1a + fis 'f‘fm)(fu +f18 + f19)
52
8,10 (T:W +F2(f14 +f15 +f16)(f20 + fa + foa)
9,10  —%

(T_T)IO sE32(f + s + f19) (fao + fa + fa0)
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TABLE 13

Formulae for the Pitching Momenis of Tviangular Surfaces

v M,

1 2cd

2 4—?}—1 cd

3 BcdF (4f5 — 3f7)

4 coF (41 — Bf1s)

5 8coF,(4fy — fo)

6 1560F5(4f10 — 3f12)

8 - P5C0F3(8/14 + 2/15 + f1o)

9 — %5C0F (8117 + 2/18 + J1o)
10 §3§05F3(8f20 + 2fo1 + fa)
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TABLE 14
Formulae for the Pitching Moments of Swept-back Surfaces

(ne/ KM,

10

26(H2 +]o,3 — ]2,1)
46
3_qu (2J0.4 —Jz.z ”“]4,0)

;’% Fil(fs + 3f)Ha + 6(fs — f)Jos — (5Fs — Ofilas — (fs + 8f) il

T F12(f — fioss — (Wi — 21/i]as + (i — 6l as — (@ + 3ol

g% Fif(fa+ fHy + 208fs — f)Jos — (6fs — 3folJas — (fa + fJai]

e F12(f — fidJos — (1o — 21/]as + o — 6/ias — o+ 31
1o FalBUs + 26 + 810 Ho + 40fiuJ 0 — 2190 — 18/i0)Jas + (ha — 305 + 26\ s

— 3(f1a + 2f15 + 8f1l e 1]

'{Q’EZ F3[3(fir + 2/1s + 8fi19)He + 40f17J0.7 — 2(19f17 — 18f15) Jo.5 + (fir — 30fis -+ 24f19)J 4.5
— 8(f1r + 2f1s + 8f10) 6.1

126—64 Fyl3(fo + 2fa1 + 8/aa)Hs + 40f00] 0,2 — 2(19fp0 — 18/} J55 + (foo — 30fe1 + 24/50) /5
— 3(f20 + 2/a1 + 8/ 6.1
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