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On the Singularity Method of Subsonic Lifting-Surface Theory

SIEGFRIED WAGNER*
Ames Research Center, NASA, Mojffeit Field, Calif.

The theory presented in this paper is an extension and an improvement of the lifting-surface
theories of Multhopp and Truckenbrodt for steady subsonic flow. Some of the restrictions
in the application of the existing theories are removed and the accuracy of the results is im-
proved. The range of validity of lifting-surface theory is extended to include the leading
edge of the wing, and an optimal number of integration stations for spanwise integration is
calculated. The positions of these integration stations are not identical with the spanwise
distribution of the control points where the tangential flow condition is fulfilled. The new

integration procedure, along with an accurate treatment of the singularities, allows an im-
proved prediction of the loading of wings with complicated planforms such as double-delta
and variable-sweep wings. Furthermore, a method for calculating the spanwise distribu-
tion of the leading-edge-suction force and of the induced drag is developed.

Nomenclature
A = aspect ratio, b2/S
b = wing span, 2s
c(n) = local streamwise chord
cui(n) = coefficient of local induced drag
ciln) = local lift coefficient
cm(n) = local pitching-moment coefficient about local
quarter chord
cnl(n) = spanwise pressure distribution functions
i(n) = local leading-edge-thrust coefficient
Chn; = coefficient of induced drag based on the spanwise
distribution of circulation (Munk’s theory),
drag/q.S
Cpiy = coefficient of induced drag based on thrust, Cp;; =
Cra — Cr
Cy = lift coefficient, lift/¢q.S
AC, = incremental pressure coefficient, Ap /g
Cr = thrust coefficient, thrust/g.S
Cryy = thrust coefficient, using Munk's theory, U a0 —
Con;
E(k) = complete elliptic integral of second kind
Tn(n) = dimensionless spanwise pressure distribution
functions, e,(n)e(y)/2b
N
glgmam’) = Y HulEmn Valn')
n=0
ho(X) = chordwise pressure distribution functions
H,(X,Y) = influence functions
k,k’ = moduli of complete elliptic integrals
Kn(gw’flvﬂ’)’) = Hn(giu”’lw"?v) - Hn(éln"]m"]/)
K(k) = complete elliptic integral of first kind
M = Mach number or number of spanwise control
sections
M, M, = number of Integrating stations for spanwise
quadrature
N = N + 1 = number of chordwise control points
Ap = lifting pressure, Prower — Pupper

Qo = dynamic pressure
Qn(gm'flm"ll) = Hu(Epmym’ - ) — Ha(Epynm) X
R = number of integrating stations for chordwise

quadrature
s = wing semispan
S = total wing area or suction force
T = thrust
U = free-stream velocity
U0, W = perturbation velocities
z,y,x',y’ = Cartesian coordinates (see Fig. 1)
X = (x — Zi)/c
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Y = —y)e

« = angle of attack, rad

B = Prandtl-Glauert compressibility factor, (1 —
M2z

B = 26 = width of strip near control sections (see
Fig. 5)

€ = fmax’ — 7 locations of maxima of kernel func-
tions

6 = trigonometric variable for spanwise quadrature

A = leading-edge sweep angle, deg

£, = Cartesian coordinates nondimensionalized with
respect to b/2

Epyiv = coordinates of the control points

T = dimensionless thrust coefficient, ¢;(n)e(n)/2b

¢ = arc cot (8-cot A)

&), D, = functions representing the leading- and trailing-
edge sweep

Subscripts

ac = aerodynamic center

¢ = experiment

le = leading edge

te = trailing edge

ih = theory

I. Introduction

HI study discussed in this paper was performed with

the objective of improving the numerical solution of the
singular integral equation of lifting-surface theory for steady
subsonic flow.

There exist various approaches to this problem, each of
them having certain advantages and disadvantages, which,
however, are not discussed in this paper. This hag already
been done by other authors, for instance, Landahl and
Stark.! For the present solution, the collocation method
has been chosen, starting from the theories of Multhopp? and
Truckenbrodt.? It is intended to remove some of the re-
strictions of these theories?? and to change some of the
numerical procedures to improve the accuracy of the results.
It should be noted that both of these theories werc formu-
Iated at a time when high-speed computing was at the be-
ginning of development, and one had to compromise between
the accuracy of the results and the computing effort required.
Many authors*™™ have incorporated certain improvements
and modifications of the theories?? by selecting more chord-
wise control points or changing their spanwise positions or
by modifying some numerical procedures with respect to
automatic computation. However, the basic methods re-
mained unchanged, i.e., no control points are allowed at the
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leading edge of the wing, and the positions of the control
points (where the tangential flow condition is fulfilled) and
the integrating stations are identical. But, if the spanwise
gradients of the wing loading are steep or diseontinuous
(e.g., near the wing tips, at discontinuities in the wing plan-
form, or near deflected flaps), a large number of integrating
stations and (since they are identical with the control points)
a large number of control points are required to accurately
define the spanwise pressure distribution. This requires the
treatment of a large number of linear equations.

Garner and Fox® modified Multhopp’s method in such a
way that the number of spanwise integration stations is a
multiple of the number of spanwise control sections. But
they did not optimize the distribution of integration sta-
tions. There are, of course, other methods, (e.g., Refs.
9-12), which do not share the restrictions of Multhopp-
Truckenbrodt type methods. Nevertheless, all the meth-
ods mentioned so far do not allow leading-edge control
points.

In the present theory, the validity of the integral equation
of lifting-surface theory is extended to include the leading
edge of the wing. Five chordwise control stations (in-
cluding the leading and trailing edges) are used, and integra-
tion in the chordwise direction is accomplished with im-
proved accuracy, especially near the spanwise singularities.
The spanwise pressure distribution functions are approxi-
mated by Multhopp’s well-known approximation poly-
nomials. Thus, the system of integral equations is trans-
formed into a set of linear equations for the unknown values
of spanwise pressure distribution functions at a number of
spanwise control sections. The remaining integrals that
have to be evaluated in spanwise direction involve a singu-
larity. To accomplish this integration with high accuracy,
the wing is divided into three spanwise regions. The first
region consists of a small strip in the vicinity of the control
point. The second and third regions consist of the wing to
the left and to the right of this strip, respectively. In the
first region, which involves the singularity, the influence
functions are approximated by functions that contain all
the singularities. The integrals in this region can then be
solved analytically. In the second and third regions, the
integrals are evaluated by a Gaussian quadrature rule. In
addition, an optimal number of integration stations is com-
puted, and their positions differ completely from the dis-
tribution of control points.

Finally, a formula is derived to compute the spanwise dis-
tribution of the leading-edge-suction force and the induced
drag. The results of the present theory are compared with
former methods and with experiments.

II. Integral Equation of Lifting-Surface
Theory for Calculating the Pressure
Distribution of Wings

The present theory is based on the initial assumptions of
the lifting-surface theories of Multhopp? and Truckenbrodt.?
The wing is replaced by a sheet of singularities, and the
strength of these singularitics (which is proportional to the
resultant pressure between the lower and upper surfaces of
the wing) is obtained by fulfilling the tangential flow condi-
tion along the surface of the wing and the Kutta condition
at the trailing edge. This leads to the following singular
integral equation for the unknown pressure distribution:

; +1 ffe AC;} 777
s S % .fi (g — 1"
gy
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This integral contains a strong singularity at » — 5’ and has

1,2} dg'dn’ (1)
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The wing geometry and the coordinate system used are
illustrated in Fig. 1

It is assumed that the pressure distribution can be repre-
sented by a linear combination of spanwise and chordwise
pressure distribution funetions (pressure modes):

N
AC, = 2—” @) ®)

Thus, the integration of Eq. (1) in chordwise direction can be
separated from the integration in spanwise direetion:

1 ? ’ ’
a(tm) ‘>7% ,LZ *’“ (E 7, n Ve )
I{n(gﬂ'],'r]’) = ][n(X Yv) =
. X’ g
f a7 {1 + r(-_‘)'zjr—yr]lf} dX’ (4b)

where

(6/2¢(n)E = &), X7 = [b/2c(n)]E = &e(n)],

6))
= [68/2c(n")}(n = n")
Following the basic assumptions of Multhopp and Trucken-
brodt, the chordwise pressure modes h,(£) are prescribed by
utilizing the pressure distribution functions of two-dimen-
sional thin-airfoil theoryt (the arguments justifying this
assumption are discussed in Ref. 13):

nv) = L (L) (U2 e =20

(6a)
n=2012...,N

The funections T, are Chebyshev polynomials of the first
kind with the argument 1 — 2X. "The functions 5, can be
handled more easily when transformed to trigonometric
arguments.

2 cosn¥ 0s(n
Jo(wy = 2 s b eostn = DY ooy
T sinW
(6b)
where
X7 = 3(1 — cos¥) (7)

The pressure modes A, are illustrated in Fig. 2. It has been

shown?3 that the spanwise pressure modes

ca(n) = [20/c(n)1fuln) ®)

have a physical meaning when the pressure distribution
functions h.(§) of Eqs. (6) are used. TFor instance, ¢ and
¢; are proportional to the local Iift and loecal piteching moment,
respectively.]

colny = ciln) (9a)

Cl(’?) = 4(7m(7]> (91))

+ Usually the pressure distribution on a thin air-foil is described
by

AC, = Ag cot— + Z A, sinn¥
a=1
1 The coeflicients A, are related with the ¢, = (2b/c)fa by ¢o =
(r/4)(240 + A1) and ¢, = (7/4)(Anr1 — An).
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Since the chordwise pressure modes are prescribed, the
integration in chordwise direction is reduced to the evaluation
of the so-called influence functions H,(X,Y) in Eq. (4b),
which now depend only on the geometry of the wing plan-
form and the Mach number. Thus, the integral equation
for the unknown pressure distribution AC,(§,7) given in
Eq. (1) is transformed into a system of integral equations for
the unknown spanwise pressure modes [2(n), Eq. (4a).

HI. Solution of the Integral Equation
of Lifting-Surface Theory, Including
the Leading Edge

Distribution of Control Points

Because of the high amount of computation, the tangential
flow condition cannot be fulfilled along the whole surface of
the wing but only at a restricted number of points, which
may be called control points. In the present method,
N 4 1 = 5 chordwise control points are used at cach of the
M = 15 spanwise control sections. The coordinates of the
control points are

X:D = [b//25(nv)]‘.gﬁ(77r> - Ele(nv)] = l)//i\"'v) P = O)]: ey N
(10a)

7, = coslmy/(M + 1)), v =1,2,..., M (10b)

The reason for selecting these positions for the control points
is explained in Refs. 13 and 14. It may be remarked that
the spanwise control lines include the leading and trailing
edges.

Integration in Chordwise Direction

Tt has been shown in Sec. II that the chordwise integration
of the integral equation (1) is identical with the computation
of the influence functions that only depend on the geometry
of the wing planform and the Mach number. However,
exact caleulation of the influence functions is unfortunately
quite laborious, because, even for the first two functions Hy
and H;, one gets very complicated expressions involving
elliptic integrals of the first, second, and third kind. For
n = 2, the analytic formulation of the influence functions
becomes so difficult that one is more or less forced to look for
other methods. Since the elliptic integrals have to be
evaluated numerically anyhow, a convenient alternative in
this case is numerical integration. Therefore, in the present

method, the influence funetions are computed by the follow-
ing Caussian quadrature formula (see Refs. 13 or 14):

H(\’Y)~——1~-[ +R(Y_' + I,n=0
)= e 2, Gt 0,n=12...

1=1

(11a)

- —b - -

Fig. 1 Wing geometry and coordinate system.
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Fig. 2 Chordwise pressure distribution functions.
where

Go = X (X + Yz)-uz (11b)
g = (2X — 1 4 cos¥) [2X — 1 + cos¥y)? + 4172712

(11c¢)
Grni = cosn¥; + cos(n + 1)¥; (11d)
¥, =71/ R+ 1),t=12, ..., R (11e)

If ¥ = 0, the application of Eqs. (11) requires modification.
But that is unimportant since, for that case, the integrals
can be solved exactly.

Ho(X,Y = 0) = 2/m) (¥ + sin¥g), n = 0 (12a)
(XY = 0) = 2 \:snm\llo sin(n 4 1)\If0];
T n n+1
(12b)
n=12 ...
Wy = arccos{l —2X),0 =¥, =7 (12¢)

Furthermore, one has to notice that the integrands of the
influence functions

L(X,Y,¥) = [cosn¥ + cos(n + 1)¥] X
{14+ (2X — 1 4 cos¥)[(2X — 1 + cos¥)* + 4y2]-v},
(13)
n=1012 ...
have very steep gradients for small values of ¥ (i.e., near
the spanwise singularities) as llustrated in Fig. 3. In these
regions, the numerical computation of the ‘influence func-

tions has to be performed very carefully, since the accuracy
of the computation, especially near the singularities, has an
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Fig. 3:§2Typica1 integrands 1, () of influence functions
H, (X.Y)for X = —0.25and Y = 0.01.

important influence on the accuracy of the final solution.
To accomplish best accuracy, it is recommended that the
number of integration stations, R, be selected in accordance
with the relationship B = 67 — 1(j = 1,2, ...). Extensive
investigations have shown that, for instance, the relative
error can be kept below 0.019, by selecting the following
numbers R for different domains of ¥: 0.1 £ Y, R = 29;
005 = Y <01, R =65 0001l <Y <005 R = 233;
0.00005 = ¥ £ 0.001, B = 329.

Integration in Spanwise Direction

Fulfilling the tangential flow condition at the (N -+ 1)
M control points (£,,7,), one gets the following system of
integral equations for the unknown spanwise pressure modes
J.(m),n=0,1,..., N [see Eq. (4a)}:

] +1 g@pﬂ?vﬂ? )
o s
a(glhnl‘) 27|' f 1 (7’] _ 7],)2 d >
(144)
v=12,...,M; p=01,...,N
where
N
9(Epmm’) = ZO Hou(&n,m0,m")fn(n") (14b)

To solve this system of singular integral equations, one
has to investigate the behavior of the funection g(&;,7,,7")
in the vieinity of the control points. Therefore, the influ-
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ence functions 71,(£,,7,,1") are developed for small values of
Y.

]In(gmnwn, —-n,) = Ho.(6omum,) + Qn(gmnmn’) (15)

where

Qn(gp;nv;n,) = ®1<§919) [Yii‘”l
(164a)
p=20
Q. (Ep,mm") = 2h,(X,) taneg,Y —
dhn(/\ o)

4X Y2In|Y], p = 1,23 (16b)

QulErnm’) = (=1 + 2m)Pu(e)| VP2 p =

The values H,{£p,m,,m) = I.(X,0) can be calculated by
Eqs. (12). - The functions ®;(p) and P.(¢) represent the
influence of leading- and trailing-edge sweep.

Di(e) = (8/m) - [1/(cos) ] [E k) — k'K (k) }/ (1 +£7) (17)

8 1 [Ek) + E'K (k)] sing + 2k’K (k)
T 87 (L()\gp):'”l 14K

4 (16¢)

Py(p) =
(17h)

k2= 1 — k"2 = 4 cos(n/4 — ¢/2)/

1+ cos(m/4 — ©/2)12 (17¢)

In the above formulas, the angle ¢ should be the angle ¢ =
are cot (8 cotAr.) for the leading edge and ¢, = arc cot (8
cotA,.) for the trailing edge. For p = 1,2,3, one has to use
the relation taneg, = [1/8][(1 — X,) tanA,. + X, tanA.].
The angles A;, and A, are measured between the y axis and
the wing edge (sce Fig. 1). For the caleulation of the func-
tions ®,(¢) and ®y(p), the angles are valid only in the in-
terval —(1/2) < ¢ < (7/2). On passing from the half-
plane to the right of the section 7, to that to the left, $:(¢) and
®,(¢) should be replaced by & (r — ¢) and a(r — ).
According to Eq. (16a), the singularity at the leading edge
is of order & (see also Ref. 15). Therefore, at the leading
edge, Eq. (2) is no longer valid. To get the correct result,
one has to evaluate integrals of the {orm (see also Ref. 13).

|: ¢ (g, — n/)dy"
77»_5 (771/ - 7],>2 -+ S”
L+ —_ 1/2
g.f" ('fl 77,)2 dn’ ]: 4512
o (n— 1)
This result indicates that the singular integrals of Eq. (4a)
are also valid for the leading edge. The only, but important,

difference is that they are not defined by Cauchy’s principle
value but by Hadamard’s'® theory of finite part integrals

f” _dn (=D < 0 ) f v dm
Je = 2i—1 \oy/) Jeo (y— 2

-2
=12 ...
@@=y - T

Iim —
007

(18)

where a < y, as shown by Mangler.??

There are no rigorous mathematical rules for the solution
of the system of integral equations (14). Multhopp®® de-
veloped a very efficient method for solving integral equations.
He expressed the unknown function as a trigonometric inter-
polation polynomial and defined the integration stations in
such a manner that the function values themselves, instead
of the Fourier coefficients, appear as the unknowns; this
amounts in fact to a linear transformation of the integral
equation. Multhopp? and Truckenbrodt? do not apply the
method of Ref. 18 to the unknown spanwise pressure dis-
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tribution functions f,(n) alone, but to the functions

g(gl)znwn,) = g(fp,n,,,n') —
1 — np'2\V2 N
< ) > Qul&eymm ) fuln)
n=0

1_7'1/2

This procedure has the advantage that many matrix ele-
ments of the set of linear equations are zero. Thus, the com-
puting effort required is reduced remarkably, and comparisons
with measurements have shown that the results are satisfac-
tory for simple planforms. The spanwise coordinates of
the M control points and of the integration stations appro-
priate to the M-point integration rule are identical and
prescribed (see Fig. 4). However, for wings with complicated
planforms, such as double-delta or variable-sweep wings, a
large number of spanwise integrating stations and (since
they are identical with the spanwise control sections) a large
number of control points are required to accurately define
the spanwise pressure modes. This requires the treatment
of a very large number of linear equations. Therefore, in
the present theory a method is developed, where the spanwise
integration stations are not identical with the spanwise
control sections. First, Kqs. (14) are transformed into a
more convenient form.

A
altn) = 5= 3 lim {nn&mm,m) X

n=0 €0

2 W(n')dn'
ECEEE M e EONERTE

-1 (9, — 7')?
(19a)
v =12 ..., M
+1 Ka(&,m0,1' o ) )
Latn = 5 BT p = 12,
(19b)
+1 [\7ﬂ<c’)nmn/ ’ ’
In1z<77u) = fﬁl (n 5_1_77;77,7)72)' fn(n )dn P = 0 (19(‘/)
where
I\’n(gmnuyn,) = 11"(5%””1”1}) - 11”(51‘7’7"77)') (20)
and

+1 n, € 1
j€ ...dn'zf’ oy . .dy' (21)

_1 -1 n,Te

For the unknown spanwise pressure modes [.(n"), Mul-
thopp’s well-known development of the Lagrangian inter-
polation formula is now introduced.

M
(0 = 20 fumsa(8) (221)
m=1
where
2 X . -
S,,,,(ﬁ ) = J’]fﬁ #z=:1 bll]/.l,g,n SHIU =
1 (68" = 6,)
1 (—1)"L+"Vrsin,0m sin(M + 16’ 0 = 0,) (22b)
M+ 1 cos®’ — cosb,,
and
8’ = arc cosy’ (22¢)

The functions f.. = fu(6,) ave the values of the spanwise

pressure modes f(n") at locations
N = €080, O =m-m/(M 4+ 1), m=12,...,H (23)

Using the interpolation formula (22), the first integral in
Eq. (19a) can be evaluated analytically.

i [ 2 _ LA
o hm['5 Julmy) %‘_1 (e — 2] = > bun fum

ST e=0 m=1
(24)
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. INTEGRATING
-~ SECTION

- CONTROL POINTS
Fig. 4 Mul-
thopp’s method:
location of con-
trol points and
integraitng sta-

tions.
where
M 41
_— 4 sind, (0 = 0n) (25)
e 1 - (—1)rtm sind,, -

200 + 1) (oosh, — costye 07 7 O

Integrating the integrals of Egs. (19b) and (19¢), the wing
is divided into three regions (Fig. 5). The first region con-
sists of a small strip of width 26 in the vicinity of the control
point. The second and third regions consist of the wing to
the left and to the right of this strip, respectively.

In ‘the first region, which involves the singularity, the in-
fluence funetions are approximated by Eq. (15), and the un-
known functions f.(n”) are replaced by f.(n,) since & > e
is a very small positive number. Now the integrals can be
evaluated analytically and with high accuracy by choosing
an appropriate value for . Defining the coefficients

1 7,8 Qn(Ep 77:»77’)

A :_,,JC s dn', po= 0 (26a)
i Ir Iu,—s (g, — n')? m, P (26a)
1 /

Ay, = — limf"”“ @a@mnz@g i
2 odn—s (g — 4
(26h)
p=12...,N

the following results are obtained for the first region n, —
6= = n+6:

1 b 1”2
Anﬁ,,,, = [ 6 :| {[q)l(‘PlB(nV - 0>) +

T L2(n,)

b

Bulutny + 0)107 = (14 20 + 209 o

X

[(p2(‘ple<77v - 0>) + q)2<¢le<7711 + 0))]51/2}> = 0 (2734)

INTEGRATING SECTION

_-CONTROL POINTS

CONTROL POINTS
INDEPENDENT OF

LOCATION OF
INTEGRATING )
STATIONS

Fig. 5 Present method: spanwise distribution of in-
tegratling stations for comne spanwise section of control
points.
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Fig. 6 Integration in spanwise direction.
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_ _]_ dha(X,) [ bB ]2 l: bog ]
Aony = 40 2¢(n). ) 1”2(:(97,) Ik
(27b)§
p=123
B (_1) [: ]3/2
Ay, = —r (1 4+ 2n) % () X
(Bl — 0)] + P.lewln, 4+ 0)1}0Y2, p = 4 (27¢)

In the second and third regions of the wing, the integrals
of Egs. (19b) and (19¢) can be evaluated numerically ap-
proximating f.(n’) by Egs. (22). Since the integrands of
the integrals are very stecp near the singularity, i.e., at one
end of the integration interval (Fig. 6a), the integration
domains —1 £ 9" £ 9, —dandn + 8 = 7' £ 1 are frans-
formed to an interval 0 < 6, < 7

, 14 4s 1—n =08

N == 9 + 5 cosfy,
(28a)

mwtrHo=m=E1
—1+77V—6 14+

r — U

n =N 9 + 9 00~;
(28b)

—1S=mp=n-—29

§ For integration purposes, one has to neglect the first term
of Eq. (16b) as shown in Ref. 13.

The transformed integrands are zero at both ends of the
Integration interval having a maximum at the end near the
singularity (Fig. 6b). The integrals are now evaluated by
a gaussian quadrature rule.

_l=m=29 f’r K&y, m0m) . 3
B"”Vm - 4ar 0 (7]1» - m )2 Sm(nl) 811101d01 =2
1—n =08 _ 1 & K&y .
£ T Z (g — g S 290
where
7= m(8:) and 0; = wi/(My 4+ 1),1 = 1,2, ..., My (29b)
1 + M — 8 T Kn(g :nVrHZ) .
C"”Vm T 4 j; 'G—Z‘W Snins) sinBudfy =
:l,lf{;ny___-é ,A_—l. [”2 K (gm"?vﬂla) .
£ L1 2 (g — gy Sl sinds (30)
where

= m(0) and 6; = mj/(M: + 1),7 = 1,2, ..., M, (30b)

Summarizing all the results, the following set of linear equa-
tions for the (N + 1) -M unknowns, f.. is obtained.

auapy - Z Z fnm(aym[[np‘w + anym);

n=0 m=1
3D
v=12...,M; p=0]1,..., N
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where

1 bun

= b77 Ay, = b 5 an”m = aVl6V7IL‘4‘IL[)
124 vy

a, + B

+ Cnp z'm]

vm "Pym

8,m is the Kronecker symbol: §,, = 0 for v = m and 8, =
1 for v = m. The expressions for the quantities s, (7:) and
sn{(n;) are
‘1 (ny; = cos 8..)
Sw(mir;) = < (=1)»*1 sind,, sin[(M + 1) are eosni/;]
M+1

Niji — €080
(ni1; # cosbn)  (32)

The following eonsiderations should be noted in context of the
quadrature formulas (29) and (30) regarding the choice of M,
and M,. The integrands in Eqs. (29a) and (30a) have sharp
peaks in the vicinity of n,, i.e., at one end of the integration
interval (see Fig. 6b). To increase the accuracy, it is there-
fore advisable in numerical calculations to locate one integra-
tion station at the maximum of the integrand. This demand
can be used to calculate My and M,. Because of the complex
structure of the influence functions H.(£5,71,,m"), it is difficult
to locate the maxima of the integrands cxactly. Therefore,
the functions H.(£,,m,n") are replaced by their approxima-
tions Ho(£p,m,,m" — m), so that we have K.(&,m,,m" — 1) =
—~Q.(¢,,m,1"). The crror evolved will not be large because
the maxima are located near 7,, and therefore, we may also
assume S,(n’) = 1. The coordinate of the maximum is ob-
tained from (d/d6){Q.(&s,m,,m") sinb/(n, — 1")?] = 0, where
n' is defined by Eqs (28). The positions e,(7,) = fmax’ — 7
for the different chordwise control stations are (n = 0).

&) = (1 —m+8) — [(1 —n)?— (1 — n) + 0*'2
(leading edge) (33a)
() = [(1 — 5,)8]Y2 (trailing edge) (33h)
26, — )1 — m — &) + [Be(n,)/beB] Xp(l — Xp) X
{1 — m)(e — 20) + 8] tang, + (1 — 7 +
8 — 2¢,) Inlbe,B/2¢(n,)] =0, p =123 (33c)

For X, = 0.25, 0.5, and 0.75, ¢, has to be determined as a root
of the transcendental equation (33¢). After having caleulated
€, the number of integration stations M1 is obtained from

2(e, — ) jl}"l
1—n -6

(34)

M) = T {arc cos [1 —

p=01...,N

Numerical investigations have shown that optimal results
are achieved when the fourth integration station is located
at the maximum, ie., ny = 4. It must be remembered
that, sometimes at the trailing edge, the distances of the
maxima from the control section are too great, so that it is
inaccurate to replace the influence functions by the approxi-
mation curves. However, in these cascs, the integrands

X
‘ *ny

b

Fig. 7 Computation of suction-force distribution.
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Fig. 8 Accuracy check of present method.

are very flat curves and have no steep maxima. Therefore,
it is not necessary to put an integration station at the maxi-
mum, and there is also no need to change the procedure for
calculating the number of integration stations since they
have no influence in the results.

There is a similar formula for calculating M., but for a
symmetric wing, Ma(n,) = Mi(par+1—,). The numbers
M, and M, are integers, and thercfore, the results of Eq.
(34) must be rounded off.

IV. Calculation of Spanwise Distribution of
Induced Drag and Leading-Edge-Suction Force

In order to calculate the spanwise distribution of induced
drag, one has to compute the spanwise distribution of lift
and thrust, which is the component of suction force in stream-
wise direction. Since the flow near the leading edge of
a flat plate at an angle of attack (Fig. 7a) is similar to the
stream round a sharp wedge (Fig. 7b), one should be able to
use results of two-dimensional potential theory. Grammel'?
showed that the suction force S at such a sharp wedge in
incompressible flow is equal to wp(G? if the velocity near the
leading edge becomes infinite like

w(z — 0) = limGz~Y2
z—0
where z = « + 2y and G is a real constant. This result can
be transferred to the incompressible flow round a flat plate
(Fig. 7a) where the veloeity field can be found to be

w(z) = Ulcosa — i sina[(z — ¢)/2]'7}
The constant G is now

G = lin}) w(z)zV? = Uct?sina = Uacl?, o K 1
A

Thus, one obtains for the suction force, S = prG* = wpcl?
sin®c.  This result is identical with the exact solution. It also
shows that the suction force S depends only on the nature of
the velocity u. In compressible subsonic flow, one has to
reduce the velocity to the incompressible case using the
Prandtl-Glauert rule. The suction force obtained by this
procedure has to be corrected then by the same similarity
rule.

w = G/Bx/2 (35a)

S = wpG2/B (35b)

It is assumed {(see Ref. 20) that this concept can be ex-
tended to a three-dimensional wing, surmising that the suc-
tion force at a point along the leading edge depends only on

the nature of the induced velocity normal to the edge at that
point. The velocity u near the leading edge of 4 wing is

7 /2 N
w(t = Lin) = v <2b> > falm) Nimo (& — &)

T ¢ n=0 E—>fe
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Fig. 9 Forces and moments predicted by three theoretical methods and compared with measurements for 4 = 4.304

variable-sweep wing at M = 0.23.

To obtain the normal velocity, one has to evaluate

B N
O (7 udx = o (@n cosAu) 72 37 fuln)  (36)
n=0

u —
" dx, J g well?

where z, and 3. are coordinates of a system, the axes of
which are normal and parallel, respectively, to the leading
edges of the wing (see Fig. 7c). To use Eqs. (35) correctly,
one has to replace « by u, and 8 by

B, = [1 — (M cosAi)?]V2 = sinAw(l + B8% cot?As)V/? (37)

The thrust 7 or the suction force S is now obtained from

dS/dy. = dT/dy = (wp/Ba)G? (38)
where
. Ubg. N
fn = e = "%
Gn 67L xlnlil() UnZn 71"(0 COSAle) 1/2 nz=:0 f"(n) (39)

Putting Eq. (39) into (38), one finally gets
aT anUzba N 2
= y [ 2 falm)

dn 2w coshi | 2%
or

Cr =4 [ ctnan (40)

where

() = c(m)e(n) _ b(l + B2 00t2Ale)1/2[ N :l o

2b we(n) cotAs, 7?;'0 Jn(m)

After c.(n) has been calculated, the spanwise distribution
of the induced-drag coefficient is simply obtained from

ca;(m) = cilma — ci(n) (42)

The coefficient of the total induced drag can now be com-
puted in two different ways. One can either use the coeffi-
cient of the total thrust obtained by integrating the thrust
distribution

Cn,-i = CL'Ci - CT (43)

or Munk’s theory?:

+1
Coi= A [ foeudy =

T M M M
™A [ S itz 33 amfwfcm] (1)
y=1 y=13,... m=24,...

The comparison of Cp; and Cp;; or Cr and Cry = Cra —
Cp, is also a sensitive indicator for the numerical accuracy
of a lifting-surface theory. In the present theory, it is used
to determine the best value of Yimin = 8b/2¢(n).
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There is an optimal value for Ymin. If Y is getting
larger and larger the assumption that f.(n’) is equal to fu(m)
= const within 7, — 8 < 7’ < %, + & becomes increasingly
less accurate. If Y. is getting smaller, the errors in the
numerical integration procedure increase since the peaks of
the integrands near the singular point (see Fig. 6b) maximize.
Figure 8 shows that the accuracy of the present theory is very
good and that Cr/Cry, Cr, and z./s do not change too
much with Vi

VY. Results

To investigate the accuracy of the present theory, the
loading has been calculated for a variable-sweep wing as
illustrated in Fig. 9a. The results are compared with
measurementsT of Ref. 6 and with Truckenbrodt’s theory,?
which uses two chordwise control points. To get a better
idea of the improvement of the present theory due to the
new quadrature procedures, Truckenbrodt’s method was
extended to five chordwise control points located at the same
positions as the present method. Therefore, the extended
Truckenbrodt method now involves the treatment of the
leading-edge singularity, also. In Fig. 9a, the spanwise
distributions of lift and pitching moment computed by
several theories are compared with measurements. At the
inboard panel, the theoretical lift distributions are in good
agreement with the measurement, whereas at the outboard
panel, the deviations become larger. The differences in the
results between the present theory and the measurements
are the lowest and acceptable. The over-all lift of the
present theory differs from the measurements by 3.4%. A
remarkable improvement by the present theory is obtained
for the inboard pitching-moment distribution, which agrees
well with measurements, whereas at the tips one would wish
a better improvement.

Since the pitching-moment distribution is also used to
calculate the suction-foree distribution, the inaccuray of the
original and extended Truckenbrodt methods** in predicting
the pitching moment is also reflected in the distribution of
the leading-edge thrust and of the induced drag (Fig. 9b).
These methods predict a higher suction-force distribution
than the present method, especially at the inboard panel,
which causes a distribution of low induced drag. The total
drag Cp,,, computed by integrating the distribution, is even
negative in Truckenbrodt’s original theory. Therefore, the
comparison of total thrust Cr obtained by integrating the
distribution and Cr, calculated with Munk’s theory do not
agree very well in both the original and extended Trucken-
brodt theory, where the errors are 36.4 and 22.19;, respeec-
tively. Lamar® showed that Multhopp’s theory? can be
improved by choosing an optimal combination of chordwise
and spanwise control seetions. This should also be valid for
Truckenbrodt’s theory.? However, the number of matrix
elements usually increases rapidly.

V1. Applications

The theory discussed in this paper can be applied to low
cambered wings with arbitrary polygonal planforms, in-
cluding highly swept wings, so long as the results of a linear
theory are meaningful. The idea for computing an optimal
number and distribution of spanwise integration stations
might also be useful for other theories, e.g., Ref. 9. The
caleulated distribution of the induced drag and leading-edge-
suction force could be used to loeate appropriate devices

T The measurements were made at an angle of aftack a =
3.14°. In Fig. 9a, the experimental resulis are extrapolated
linearly to « = 1.0 rad.

** The suction-force distributions of the existing theories were
computed by the present method using the load distributions
that were predicted by the existing theories.
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for control of flow separation at the leading edge of wings
and to get minimum induced drag for a given wing.

VII Conclusions

The lifting-surface theory at steady subsonic flow has been
extended to include the leading edge of wings. Five chord-
wise control points have been distributed equidistantly
along the chord, mcluding the leading and trailing edges.
The numerical integration proeedures both in ehordwise and
spanwise directions used in the described theory, along with
an accurate treatment of the singularity, have improved
the accuracy of the results. There has also been derived a
formula for calculating the spanwise distribution of leading-
edge-suction force and induced drag. The present theory
has been applied to compute the loading of a variable-sweep
wing. The comparison with measurements and the original
and extended Truckenbrodt methods has shown that the
spanwise distribution of lift, pitching moment, induced drag,
and leading-edge-suction force can be computed more ac-
curately by the present method.
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Peripheral Jets: Effect of Exit Geometry

ANDREW LOWENSTEIN,* PauL BERrY,T AND RosERT E. DUurry}
Rensselaer Polytechnic Institute, Troy, N. Y.

This investigation was designed to examine the effects of various geometric parameters of

the exit on the lift of a peripheral jet device.

The variables considered were: the operating

height, the curtain thickness, the base extension beyond the curtain, and the shape of this
base extension. Because of the large number of variables involved, a statistical method of
data gathering was used. Recorded lampblack and kerosene streakline patterns and mea-
sured pressure distributions on the base of the model and on the ground plane revealed three
distinct flow patterns in the vicinity of the exit depending on whether the curtain, as a result
of its expansion due to mixing, left an open, a partially sealed, or a completely sealed gap be-
tween the base extension and the ground. The first occurrence of this sealing phenomenon
was found to depend on the geometric parameters involved and to mark the point where the
measured lift began to deviate appreciably from that predicted by the existing theories.

Nomenclature

S
<
Il

augmentation ratio (integrated pressure on base and nose
extension/jet momentum flux)

length of base :

height of base above ground

mass flow flux from slot

base extension or overhang

static pressure (base or ground)

base static pressure

total pressure in reservoir

Reynolds number based on nozzle exit conditions =
piVit/u

thickness of nozzle slot

coordinate distance measured from inboard end of base

inclination angle of nozzle measured from vertical

{1l

IV EETO

[ T [

RN

o~

8
[/

1. Introduction

HE peripheral-jet ground-support system is one of a

variety of devices that have shown a good potential for
lifting heavy loads at moderate ground clearances. The
primary feature which distinguishes the peripheral-jet from
other modes of fluid suspension is a jet curtain of fluid that
exits from a nozzle-slot arrangement around the periphery of
the base and is directed towards the ground. The deflection
of this jet curtain by the ground sets up a pressure differential
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across the curtain. The pressure differential, in turn, acting
on the base generates a lifting force.

A substantial number of theoretical and experimental
studies have been conducted in an attempt to analyze the
behavior of peripheral-jet support systems.!=* 1In all the
studies of which the authors are aware, the nozzle and slot
arrangement is always located on the outer periphery. How-
ever, it is not inconceivable to envision a ground-support
system that employs a jet curtain that is located at a sub-
stantial distance inboard of the actual periphery of the device.
As a matter of fact, due to stability and control problems,
there are some current thoughts along this same line with
regard to a support system for the tracked air-cushion vehicle
(TACYV).

The goal of this report is to present the results of a sys-
tematic experimental investigation that was directed to a
determination of the operational performance of jet-curtain
type ground-support systems that have a moderate amount
of base extension or overhang outhoard of the nozzle slot.

Previous researchers have established that there are a very
large number of design parameters that influence the perform-
ance of peripheral-jet support systems. After considering both
the magnitude of the problem and the limitations imposed
on the authors by the test facilities available, the parameters
and magnitudes chosen are shown in Table 1. Further,
these parameters are in ratios comparable to those presently
anticipated on the series of tracked air-cushion vehicles
currently under development in this country.

2. Test Apparatus

Tests were conducted on a two-dimensional peripheral-jet
device designed and constructed by Sandberg.? Slight modi-
fications to the nozzle geometry of this device were made to
provide for an adjustable slot width. In addition, extra



