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Abstract

A generalized load distribution on the
body due to interference from triangular wings
with supersonic trailing edges and with suffi-
ciently long root-chords is developed by means
of an approximate analyses for wing-body com-—
binations without an afterbody at small angles
of attack, By an empirical approach the load-
ing on the afterbody has also been predictea
with reasonable accuracy and the whole inter-
ference load distribution on the body can there-
fore be condensed into a kind of an approximate
similarity law,

The generalized load distribution is com-
pared with a large number of experiments and
with the panel method result. The correlation
is quite satisfactory.
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b wing span
N interference normal-force
CN(B)= s COfolCl?nt on the body due
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g interference pitching-moment
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D body diameter
h wing thickness
k(D) upwash factor
k(7) thickness factor
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P local pressure
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Indices
AC

tb

trec

pressure difference coefficient

dynamic pressure
body radius
interference area
half span of the wing

time or parameter in load
distribution

speed

orthogonal coordinates
angle of attack
Prandtl-Glauert factor
half the apex angle
sweep angle

taper ratio

Mach angle

density

dimensionless chord

polar angle

thickness of the wing
potential function (wing—)
frequence

dimensionless orthogonal
coordinates

denotes aerodynamic center
denotes leading edge
denotes mean value

denotes trailing edge
denotes trailing edge of the body

denotes trailing edge of the
root-chord

denotes free-~stream
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1. Introduction

The ideas and main result of this paper
were originally compiled in a preliminary draft!S
of 1961 and only lately it occurred it could be
of some interest to make a comparison with ex-—
periments®? at higher Mach numbers and with the
result of the panel method?872°,

Let's therefore take a retrospective glance
on the stand of the art up till 1960 concerning
wing-body interference,

Theoretical investigations of the super-
sonic wing-body interference problem seem to
have been initiated during the late 1940's in
USA (and Italy) by several researchers as Ferra-
ril, Lagerstrom and van Dyke®, Morikawa®, Niel-
sen* and others. Early studies started in
England by Kirkby and Robinson®. On the experi-
mental side early contributions were given by
Cramer®»”, Nielsen and Pitts® and others, The
stand of the art in early 1950's has been given
in a survey by Lawrence and Flax®, From this it
could be judged that the theories aiming at the
determination of the interference load distribu-
tion on the body were more or less stuck in the
mathematical difficulties of obtaining a fast
enough convergence of the solution of the quite
easily formulated and also well put mathematical
problem as such. The restriction to rectangular
wings of a certain minimum geometry did also
give little hope of getting from the solutions
some useful help in a critical project design
situation,

In parallel with those contributions to the
elucidation of the complete wing-body interfer-
ence problem by means of linear aerodynamic
theory some very striking results were obtained
within the theory of slender bodies by Wardl® ,
Kirkby and Robinson®, Flax! and others. In the
form of ratios between partial loads on a wing-
body combination an aersenal of handy short-cut
methods for early project usage emerged as a
possible complement to the more advanced theoret-
ical solutions that sooner or later had to be
developed. A great deal of experimental results
was needed, however, to check the reliability of
the simple ratios, An early control by Cramer®
on a rectangular wing-body combination at M = 2
gave a surprisingly good correlation for the
ratio between the interference normal-force on
the body and the total normal force on the wing,
for instance.

With the above circumstances as a backgroumnd
some minor investigations in the supersonic re-
. gion of the wing-body interference field were
_started in order to collect experiences of our
own of the problemacy. The work resulted in ex-
perimental and theoretical contributionsi®14 N
among others,

It was felt as a demanding task to get out
from the experiments as much as possible of
usable information for project design purposes,
let it be the approximative or the empirical
way, The load distribution on the body due to
the wing being one of the clue items in the wing-
body interference problem was thus focused on?®13,
With a good knowledge of the load distribution
important problems within aerodynamic stability
and structural design could be evaluated, for

instance. If again also the experimental results
could be condenced in an analytical form the
flexibility of the mentioned short-cut methods
would also be gained.

Triggered by reference 1 the idea of culmi-
nation or saturation of the interference on the
body due to a semi-infinite wing occurred and
the experiment!?® was conducted to investigate
its realism. Reference 2 gave an inspiration to
simplify the estimation of the interference load
to just a multiplication of an interference area
with a mean pressure coefficient, If the load
distribution on the body could be generalized
for a spectrum of leading and trailing-edge
sweep—angles on unclipped wings a variety of
interference problems could be tackled the semi-
empirical way.

The present paper is a condenced version of
the accompanying engineering report®e ,

2., Fundamentals and approximations
2.1 Simplified analyses

The aerodynamic load on a body can be writ-
ten, external forces being neglected;

a { ~ ‘ ~ ~a
F= -4 X pds + j oq(qu)} (1)
s S

where S can be a surface whatsoever that sur-

rounds the body, i.e. the body-surface itself.
The second r.h. term gives the suction force
along the leading-edge and is neglected here.
What is left is then:

(2)

-ﬁ‘=-jp&s

where the vectors are F = (X,Y,Z) and

ds = (as,, ds_, ds,), respectively.

In the following the increment in normal-
force, only, on the body due to interference will
be treated, It is anticipated that this can be
done by means of an equation in analogy with Eq.

2), i.e. the normal-force increment on the body
is read, for instance:

(3)

Np) = f bp(x,y) ds,

S

z
where Ap = py~pyg is the pressure difference
between two antipodal points on the body sure-
face, zy,(x1,y1) and zz(x1 ,¥1). S is named the
interference-area on the body and S, is its
projection in the x-~y-plane.

It is anticipated now that the integral in
Eq. (3) can be replaced by a suitable mean pres-
sure difference over a suitable interference-
area on the body. The former being proportional
to the pressure difference through the wing
close to the body-side. A body upwash factor
has to be included in order to make the approxi-
mation reasonable.

Eq. (3) is thus simplified to:

(%)

N(B) = Ap . SZ
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After differentiation with respect to x
the load distribution on the body is obtained:

M_—_T.d_sg (5)
dx dx

Eq. (5) is now used as a common starting point
together with the anticipation of a flow without
losses, for estimating the interference load
distribution on the body on a number of missile
configurations, especially, where the wing is
the interference generating component as shown
in Fig. 1.

)

{a)

{d} {e}

Fig. 1. Some slender wing-body combinations
where interference is an important

design feature.

The cases a) and ¢), only, for wings with arbi-
trary leading-edge sweep-angles will be treated
here. The restriction has herewith to be made
that the span and the root-chord of the wing
shall be, both of them, of a sufficient length
to allow saturation of the interference to de-~
velop on the body, i.e. the wing must behave it-
self as if it were semi-infinite. The condi-
tions are necessary for avoiding the disturb-
ances from the wing-tips to spoil the evalua-
tion(o§ the applied approximations leading to
Eq. (5).

3. An approximate load distribution
on the body due to a semi-infinite

wing

3.1

The rising part of the load distribution

Fig. 2 illustrates how the expected sat-
uration in the load distribution on the body due
to a semi-infinite wing is reached at a distance
X, from the origin. The sharp corner at X=X
does not exist in reality, where a gradual in-
crease of the load distribution towards a maxi-
mum can be recognized,
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Fig. 2. A schematic interference load

distribution on the body.

As a starting point for the derivation of
the rise of the load distribution on the body
due to interference from a wing with an arbi-
trary leading-edge contour line it is antici-
pated that the load increment on the longitudin-
al body-element Ax', cut off by the planes x'
and x'+ Ax' at right angles to the body axis
is proportional to the element of the wing area
that is cut out by those planes from a wing that
is transformed with respect to the freestream
Mach number,

By means of the co-ordinate system in Fig.3
the rate of increase in the x-direction of the
area of the transformed right wing-panel can be
determined when the leading-edge contour is
given by the equation Yy = f1(x).

v

Fig. 3. The transformation of the planform

of a wing.

At x is obtained if Y;(x) is the area from
x =0 to x of the given (physical) wing,

dy

1 -
o = ()
At x' 1is obtained:
dY1 - dY1 . dx = f (X) dx (())
dx' = dx dx' T "1 dx’'

The cross-over point of the line AB and the lead-
ing edge, fl(x), is given by:
£,(x)

~tanp (x-x'), i.e.

X'tanp - f1 (x)

tany

The derivative of Eq. (7) with respect to x!
gives:

| (8)
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Inserting Eq. (8) in Eq. (6) gives:

ay, £,(x) 1
& CTrem Pt (%)

For the left wing-panel a similar expression is
obtained and thus the mean rate of increase of
area is:

£, (x) fz(x)

day dy,
14883 (x) * 1+Bfé(x) (10)

ay, 2
2T T & T

If specializing to a symmetric wing it is ob-
tained:

av_ _ _ f(x
dx' = 4B (x

Eq. (11) can be looked upon as the ability
of the given (physical) wing to shadow a body
placed in the trace between the plane of the
wing and the plane of symmetry. The incremental
load distribution on the body due to the inter-
ference from the physical wing will be, approx-
imately, proportional to Eq. (11). The factors
of proportionality are, on_the one hand, the
mean pressure difference, Apv s between lowerand
upper side of the wing in the neighbourhood of
the body, and the upwash characteristics of the
body, k(D), on the other.

(1)

Denoting the increments of the pressure
and normal-force differences in the section x!'
on the body due to presence of the wing by Ap
and N(B)’ respectively, it is obtained: (B)

d(Ng)) /2 _ .
ax’ = 25 AP(B)dY = APv°k(D)' 14_3;'( X (12)
o]

According to wing-theory the pressure dif-
ference through the wing-surface can be denoted:

Apv =

(13)

where Y(x,y) is a distribution of singulari-
ties in incompressible flow., The strength of
the vortex-distribution at the point (x,y)

shall be such, that the kinematic boundary con-
dition is fulfilled at that very point on the
here treated nearly two-dimensional wing-element.

On a plane wing near the body-side it is
anticipated now that the simple boundary condi-
tion still holds, as if the body was not there
at all, i,e.

b3 -l
Va = 2y (x,y) (1)
where V and o« are free-stream velocity and
angle of attack, respectively,

Inserting Eq. (14) in Eq. (13) and Eq. (12)
it is obtained when the prime sign on x and
the ~ -sign are discarded,

d(N;.,)
(8) pv2 f
o = 20 koYt (15)

Specializing Eq. (15) to a wing with a
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linear leading-edge of the form,
y = £f(x) = x tane , f'(x) = tane ,

where ¢ is the half of the apex-angle, it is
obtained from Eq. (15):

l d(CN B )
o dg

- ..!_6- . .——.———Bta]le
= k(D) n  1+Btane

g (16)

when the normal-force is referred to the area of
the body cross-section (that here is circular)
and a dimensionless length, £ = x/fD, is in-
troduced.

According to Eq.(16) the load distribution
increases linearly with € . This, however, can
only go on up to a certain § = §_, where, de-
pending on the combination of ¢ and M, the
saturated (maximal) interference is reached.

For a straight leading-edge wing, ¢ = ﬂ/2,
it is received for € = 1 when the upwash is
neglected (k(D) = 1),

) 16 L e oq

1
o dg T om

which is Ackeret's result referred to the area
of the body cross-section.

For € >1 it is now anticipated that the
load distribution is a constant for a semi-in-
finite wing,

Comparing Eq. (16) with Eq. (5) it is seen
that they are equivalent and that a dimension-
less expression of Ap now has been obtained
which can be utilized on wings with arbitrary
leading-edge sweep angles. The Bp in Egs. (5)
and (16) can also be derived by means of slender
body-theory as shown in reference 26,

3.2 An approximation of the interference-—area
on_ the body

When deriving Eq. (16) nothing was said to
regulate the form of the interference-area and
therefore it increases linearly with € . This
is not in accord with reality. From flow-pic-
tures it had been noticed that the area on the
body influenced by the wing had boundaries of
parabola~like contours, that did not start at
the leading-edge of the root-chord, but rather
at a certain distance in front of this point,
as a probable concequence of the thickness of
the wing. These observations were used for an
empirical estimation of an interference-area
that could cooperate in a satisfactory way with
the approximate mean pressure difference. The
artificial point € = was chosen to be at
g =6, =n1/2.

With the definitions in Fig. 4 the equa-
tion of the actual parabola is,

¢'2 = p(E+1) (17)

where T 1is the wing thickness, for instance.
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Fig. 4. The estimation of the interference-

area on the body by means of a
parabola,

When the curve is folded around the sur-
face of the cylinder the growth in E-direction
of the projection in the £-T-plane of the inter-
ference-area is therefore approximated to,

dz

- [T
7= 1-eosl 5 5 )

Eq. (18) is a dimensionless counterpart to
ds,/dx in Eq. (5).

(18)

When the r.h, part of Eq. (18) is inserted
in Eq. (16) to replace €, it is obtained,

d(Cnypy) ane uf Exr
% ___aégl_ = k(p)%? 7%%;;%;{1~cos(—'ﬁé§:;)> (19)

Bq. (19) now describes the growth of the
load distribution on the body in the domain
0 sg STT/2 when two equal wing-halves are pre-
sent. In case of one wing-panel only (wing—tip—
body) the Eq. (19) is, after dividing by a fac-—
tor of 2, applied in the domain 0 SE s,

An approximation of a suitable upwash fac-—
tor k(D) will be given in the next section.

When inspecting the experiments and the
panel method results at M = 4 and 7.15 it be-
came evident, that the wing thickness had a quite
strong influence on the whole load distribution
and that this to a large extent could be adjust-
ed for by an explicit factor, at the side of the
thickness influenced term in Eq., (19), that seems
to fill its purpose quite satisfactorily for
thin wings at M < 3, At the higher Mach numbers,
therefore, a wing thickness factor of the form

k(7) = 1+ M -(h/c)m =1+ 71 (20)

with (h/c)  being the mean thickness of the
wing, is inserted as a multiplying factor in
Eq. {19).

3.3 A schematic upwash factor, k(D)

From the interference load distribution on
the body of a family of wing-body combinations
with straight leading-edge wings of different
span at M = 1,59, it is recognized, that a half-
span of about y = 8R is needed for saturation
in the interference load distribution on the
body to be reached. Intuitively a much smaller
span would have been expected to suffice. How-
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ever, the thus received "fictive span y" for

saturation to develop for Ay = 0 is now anti-
cipated as a nom even for swept wings and also
for Mach numbers M £ 1.59. The dimensionless

fictive span for arbitrary sweep angles is thus
obtained as a function of B,¥y/R and A, ,and
a kind of an upwash factor can be formed, namely,

k(@) = 1 +R/Sy) , (21a)
where 6 A
+ tan
(R/y) = 557Ry+ ta:lll A, (210)
and y/R = 8.

When Eq. (21) is used on wing-body combina-
tions A to D with leading-edge sweep-angles
from Ay = O to 80° the upwash factor k(D) is
changing with the Mach number as seen in Table 1,

M= 1.59 M= 2.98 M= 4 " M= %l;
= 1.2 = 2.81 = 3.8 8= 7.
Config : A, 3 g = 1.235 8 =2 B =3 7 |
grad
) | k@) | o/ k) [ 6/R)] kD) | /R | KOD)
)] i !
A o 8 a.izs| 8 ‘iazs| 8 itas| 8 [1a2s
i : i :
B 45 4.85] 1,206 6.1611.162 6.35 1,157} 7.02)1. 142
¢ | 6341 3.68|1.272] 5.1 11,196 5.61{\.178 6.4701.155
! i
D 80 2.26 ' 1,443 3.28|1.305 J.ahl\.QG! 4,88} 1,204
Table 1. The semi-empirical factor, k(D).

Except for straight leading-edge wings,
k(D) decreases for increasing Mach number, The
empirical upwash factor is analogous with the
Ward factor:

“w(B) _
B
W

1+ R/s

and the Nielsen factor:

K, = f(sm/R) ,

respectively, Those factors are, however, tied
up with the maximum span of the wing, S and
do not vary with the Mach number,

The primitive upwash factor, Eq. (21), has
got the merits to serve its present purpose as
a simple multiplicative factor that is a kind
of mean value between a theoretically derived
upwash factor and another factor expressing the
gasdynamic losses along the wing-body Jjuncture.

3.4 An empirical load distribution on the
afterbody

From experiment it was known that the in-
terference load distribution changes its sign
on the afterbody at a certain distance behind
the trailing-edge of the root-chord as sketched
in Fig, 2. This follows from the compressions
and the expansions of the flow across the trail-
ing-edge of the wing. Instead of trying to de-
scribe this very complicated flow situation
theoretically an empirical simulation of the
decreasing branch of the interference load dis-
tribution itself. was looked for. Thus a suit-
able analytical expression was found that could
be forced through adjustment of some constants



to correlate in a satisfactory way the experi-
ments at M = 1,59 and 2,98 (the only available),
and that at the same time was easily integrable
(to give the afterbody load).

The chosen equation is:

N
]

-~ t —

= 2, (1-E)exp(- 3 €7) (22)
with E-€
= " Stre

=g c0
o
where 2tyc shall be replaced by the load
value due to the interference on the body at the

trailing-edge of the root-chord (x=xtrc) and
0.55 + B + cos Az
t = M (23)
and
=% (24)

are estimated empirically after o having been

determined by means of the wing planform charac-
teristics and the sine-theorem:

§ -

o=

D o cosh, cos(l\tﬂx.)
8D

) sin(A +A ) siny (25)

for
AL+ At;éO.

3.5 The approximate load distribution compared
with experiment and with theory

The approximate load distribution on the
body due to the interference from a triangular
wing at supersonic speeds can now be given in an
analytical form by combining the results of the
previous sections. It reads:

%f_(fgééﬁﬂ(w) k(p) 16 _Btane

m 1+Btane

(1-cos %J 2T

T
TaT) 1 0S8 EG

"), gsesg 26
a,b,c
(1-E)exp(- £ 82), 20

where

v

and t are defined in Egs. (22) through (25),

and

k(t) = 1+ M(n/c) [(20)]
and

k(D) = 1+ greRSSe o, (/R =8)  [(21)
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The approximate load distribution is com~
pared in Fig. 5 through 8 with experiments from
references 12, 13 and 22 in the supersonic speed
interval M = 1,47 to 7.15. 1In the same diagrams
the numerical results obtained by the panel
method!é — s received from references 23 and 21&,
have been inserted,

The wing~body combinations in the mentioned
references consist of ogive-noses and cylinder
bodies with triangular wings. The leading-edge
sweep-angles are ranging from Ay = 0 to 80°
and the wings are fixed to the body in the hori-
zontal plane through the body symmetry axis., On
the configurations studied at the lower Mach
numbers the wings are flat, thin plates with
rounded off leading-edges and straight cut off
trailing edges. On the models examined at M = 4
and 7.15 the wing section at right angle to the
leading-edge is a wedge with a rounded off pro-
file nose, that has a constant thickness along
the leading-edge. The trailing-edge is here
also straight cut off, All the trailing-edges,
but on one wing (M = 1,472 ), are swept forward
Ay = 45°, The main geometric data of the test
models are collected in Table 2,

Mach | Model| L.E. | T.E. | Span | Taper | Root |
number| code . sweep ! sweep « ratio ; ratio chox‘di
angle | angle | ratio
M NCOEINO R L N
+ ey
1.47 | €6.9 | 63.4 0 i 6.9 | 0.16; 7.02]
1.59 | A12 o] 45 1 0 5.5 1'
B7.5 s 45 7.5 o 6.5 1
€3.5 | 63.4 45 3.5 [0.423. 6.5,
D4 80 45 4 ¢} 10
D2.95! 80 | b5 12,95 [ 6.5 |
2.98 | A5 o | 70 5 o 5.5 |
B5.23 | U5 64.6 5.23 [o) 6.5 ,
C5.33 1 63.4 ks 5.33 o 6.5 |
D2.95,; 80 45 2.95 o »5.__:? !
4 ch.3h | 63.4 4s b3 o 5
D25 | 80 | A5 ;25 | O | 5 |
7.15 | ch.34 1 63.4 | 45 | 43| o 5
D2.5 | 80 | 45 | 25 | o i 5 |

Table 2. The main geomctrical data of the wing

body test models.

In the following the wing thickness has
been neglected for M < 3, except in one case for
illustration, wing A at M = 1.59, At M = 4 and
7.15 the influence of the thickness will be in-
spected more in detail.

The experimental peak values in Fig. 5a
are probably conservative because of wing bend-
ing due to the large wing-span and the small
wing-thickness leading to a marked dihedral
during the tunnel test, The test points in the
same area in Figs, 6a and 7 also probably are
too low, because the wings here are too small
(too short a root—chord) to give maximum inter-
ference on the body at these Mach numbers,

In Fig. 5a Ferrari's classical result! gen-
eralized by Rae®® to all straight leading-edge
wings with infinite span has been inserted. The
load distribution has been obtained with the
first step of iteration of Ferrari's solution,
Regardless the load distribution on the after-
body, which is erroneously described, it is
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Fig. 5. The interference load distribution on
the body due to triangular wings at
M = 1.59. Comparison between differ-

ent theories and experiment.

evident that the qualitative trend of the exper-
iment is well predicted by Ferrari's theory.

The panel method result in Fig., 3a has got
in this particular case a depression in the
region for the maximum load distribution, an
error, that probably can be removed, if another
panel subdivision on the wing and the body is
chosen., The increasing branch as well as the
decreasing one of the load distribution are in
good accord with the experiments. The negative
peak value and negative area of the afterbody
load distribution are, however, smaller than the
corresponding experimentally obtained values,

From Fig. 5a it is seen that the approxi-
mate interference load distribution on the body
is in good accord with experiment and with
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Ferrari's theory (the rising part of it) and
that the results, as a whole, are well supported
by the result of the panel method. A minor shift
to the left of whole the approximate load distri-
bution on the afterbody would improve the corre-
lation with experiment, however,

In Fig. 5b through 5d the comparison be-
tween the approximate load distribution, exper-
iment and the panel method is continued at M =
1.59 on more and more slender combinations., It
can be noticed that as a whole the correlation
between the results of the three methods are
good though certain typcial differences exist.
The panel method gives a more convex increasing
branch of the load distribution and probably
underestimate the negative part of it in com-
parison with the experiments. The sharp corner
at € = m/2 in the approximate distribution has
of course no physical relevance.

For the most slender combination (A, = 80°)
there is a marked difference between the results
of the approximate theory and the panel method.
The reason for this probably is two-fold. In
the first place, the predicted k(D)-factor may
be too high by a not intended inclusion of a
certain quantity that could be labelled a non-
linear contribution, and on the other, the panel
method gives a slight underprediction of the
linear interference load distribution on the
body. The real linear interference load distri-
bution therefore ought to be found somewhere in-
between the two results, below and probably
quite near the experimental points at « =
on the positive branches of the load distribu-
tion.

In Fig. 6a to 6c comparison is made at M =
2,98, In Fig. 6a the increasing part of the
load distribution, only, can be strictly com-
pared with the experiment because the physical
wing has got a smaller span than the one used
at the panel method computation. The panel
method result correlates very well with experi-
ment in this part of the load distribution. The
approximate theory first undershoot the experi-
ment and then overestimate the maximum load.
The latter overshoot could be caused by a not
accurate upwash factor k(D) . The decreasing
branch of the experimental distribution is, how-
ever, quite well predicted by the approximate
theory. The decreasing branch for the larger
wing, determined by the panel method and by the
approximate theory and shown in the diagram
turns out to be practically alike,

In Figs 6b and 6¢ again the more convex
shape of the panel method result for the increa-
sing branch of the distribution gives a better
correlation with the experiments in this region
than the more flat shape received by the approx-
imate theory., The latter method, on the other
hand, predicts the negative part of the distri-
bution in slightly better accord with the ex-
periments., For the most slender combination
(AZ = 80°) the approximate theory, as it does
at M = 1,59, overpredicts the maximum value of
the load distribution, Here again the reason
for this is that the upwash factor k(D) pro-
bably is too high,

In Fig, 6d the approximate theory and ex-~
periments, only, are compared at M = 1,47, The
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between different ftheories and ex-
periment,

wing has clipped tips and therefore the two load
distributions on the afterbody are not compar-—
able. It might be that the upwash factor, k(D),
here is slightly too high, because at o = 69 a
certain amount of nonlinearity in the overall
1lift is to be expected on a quite slender con-
figuration like this one.

In Fig. 7 the interference load distribu-
tion on the body at M = 4 and 7.15, obtained by
experiment and by the approximate theory, are
shown., The latter distribution, however, is de-
termined for combinations with anticipated wings,
that are just large enough to cause the inter-
ference to reach its maximum value. The sup-
posed enlargement of the respective wings: for
this to occur is shown on the corresponding con-
figuration sketches., The theoretical distribu-
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Fig. 7. The interference load distribution

on the body due to triangular wings
at M = 4 and 7.15. Comparison
between experiment and approximate
theory for enlarged wings.

tions are determined with and without use of the
explicit thickness factor. The first part, only,
of the increasing branch of the load distribu-
tion can be compared with the experiments and it
is evident that the explicit thickness factor
must be applied in order to obtain correlation
with the experiments. Whether or not the high
peak value at M = 7,15 is physically relevant is
hard to judge about. In order to control this
experimentally a test model with a root-chord of
the wing not shorter than about 12D must be used,
Theoretically a check could be obtained by the
panel method.

In Figs, 8a to 8c the experiments in the
above diagrams are compared with the results of
the panel method and the approximate theory when
the afterbody load distribution obtained by the
latter method has been reduced in proportion to
the ratio between the peak values obtained with
the actual wings and with the enlarged wings in
the previous Figs. 7a and 7b, This evidently
gives a slight deterioration in the correlation
with experiments for the negative part of the
distribution as can be seen when comparing with
Fig. 7a. In order to avoid this it could even-
tually be recommended to just move the full, un-
scaled afterbody load distribution to the left,
and parallel with itself, till it passes through
the peak value of the distribution,

From Fig, 8a it can be seen that the thick-
ness contributions in the load distributions are
practically of the same magnitude when determined
by the panel method and by the approximate theory.
The former theory, however, overestimates the in-
terference load more than the latter when com-
pared with the experiment at o = 2°. One typical
characteristic for the panel method result is,
that the decreasing branch of the load distribu-
tion in Figs. 8a and 8b goes approximately paral-
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Fig. 8, The interference load distribution

on the body due to triangular wings
at M = 4 and 7.15. Comparison
between approximate theory, experi-
ment and panel method.

lel with and to the right of the other two re-
sults shown in the diagrams. This probably must
be so because the linear theory can not correct
for the gasdynamic losses in the wingbody junc~
ture, for instance, and elsewhere on the config-
uration, The results in Fig. 8c at M = 7,15
seem to support this a great deal by showing a
better correlation with experiment at o = 1°©
than at « = 2°, The approximate theory under-
predicts the experimental result probably be-
cause the upwash factor, k(D), is here too small,

Inclusion of the implicit thickness term
leads to an overestimation of the increasing
branch of the load distribution for the larger
wing-body combination at both Mach numbers com-
pared with experiment as seen from Figs. 8a and
8c. For the slender combination, however, an

improvement can be noticed, Figs, 8b and 8d.

l‘.

On _a generalized interference
load distribution on the body

L1

The generalized load distribution

When the common factor in the right hand
members of Eq. (26) is moved to the left hand
side a generalized load distribution is obtained,
that depends on a parameter,t, in the afterbody
distribution. The load distribution is inte-
grable and the normal-force and pitching moment
increments due to interference can thus be ob-
tained in closed form®® for all triangular wings
that are large enough to cause saturation in the
interference, When the triangular wing is de-
formed by clipping the wing tips the load distri-
bution will also be deformed and can not for ap-
preciable croppings be determined by Eq. (26).
An extention of the approximate theory to incor-
porate even such wing planforms is probably pos-
sible, however.

In Figs., 9 and 10 the generalized load dis-
tribution is compared with experiments. To make
easy the comparison all the test points on the
afterbody has been moved in order to make the
afterbody load distribution start at the same
point, £, = 5.0 , irrespective of the dimen-
sionless root-chord being shorter or longer than
that very length,

In Fig. 9 the experiments®’!® in the Mach
number interval M = 1.47 to 2.98 are collected
for a comparison with the generalized load dis-~

tribution. In this case the thickness of the
wing has been neglected, i.e. T = 0 and
k(1) = 1, because the wings are thin.

As could be expected from the previous com-
parisons in Figs. 5 to 8 the correlation is good
enough to support the assumption of the existence
of an approximate, generalized interference load
distribution on the body at supersonic speeds,
With an exception for the most slender combina-
tion (AZ = 80°) at M = 1.59, for which two to
three test points at the fore part on the body
fall markedly under the generalized distribution,
the majority of test points merges around the
curves of the generalized distribution in a quite
convincing manner,

An inclusion of the here neglected thick-
ness terms would give a minor improvement of the
correlation up till the trailing-edge of the
root-chord and would cause at the same time a
slight deterioration on the decreasing branch on
the afterbody,

and
dig-
has
are

In Fig., 10 the experiments™ at M = 4
7.15 are compared with the generalized load
tribution. Now the thickness factor k{T)
been used, but the implicit thickness terms
neglected,

The test points correlate very well with
the rising branch of the generalized distribu-
tion. One has, however, to realize that the com-
pression of the scale on the horizontal axes in-
creases strongly with increasing Mach number.
Inclusion of the neglected implicit thickness
terms would move the starting point of the gener-
alized distribution a minor distance to the left
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Fig. 9. The generalized load distribution
on the body due to interference
from triangular wings. Correla-
tion between approximate theory
and experiment at M = 1.47 to 2.98.

of the origin and improve the correlation with
the test points at o = 1° at M = 7,15, as has al-
ready been shown in Fig. 8. At the same time,
however, the correlation with experiments at

@ = 2° will be deteriorated.

On the afterbody the correlation at M =
7.15 is less good. The discrepancy could here
be referred to the fact, that the wing chords on
the triangular wings are too short for satura-
tion in the interference on the body to be reach-
ed, and therefore no full afterbody load distri-
bution can be expected, At M = 4 the correla-
tion is quite good because the wings are nearly
as large as the necessary minimum for a full
afterbody load distribution to occur,

Accepting the last explanation as correct
to principle the generalized load distribution
on the body in its present simple shape obvious-

ly can be discerned up to a Mach number as high
as at least seven,

5. The transform of the generalized

load distribution

The approximate generalized distribution
that has been derived probably belongs to a more
common class of similarities realming the com-~
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Fig. 10.

The generalized load distribution
on the body due to triangular wings.
Correlation between approximate
theory and experiment at M = 4 and
7.15.

pressible flow and which already has been partly
disclosed by the not yet fully adjusted similar-
ity laws.

The coordinate system in which the present
approximate similarity law is formulated appears
in the following way, when a load distribution
is given in an orthogonal coordinate system
(physical coordinates), K3=(x1, Xoy xa), where
xq = x/D, xg = y/D, and "x3 = (1/a)( CN(B)/bq).

By means of a linear transformation the
coordinate system is changed into a new one in
accordance with

N\
/1/8 0 o\ /
where T={ 0 t O \ and X =|
: |

\o o &,
\ /

;’=T;9

In Fig. 11 some wing series are sketched
that give in the transformed system equal pres-
sure and load distributions on-the body, and the
pressure and load distributions on the wings
themselves ought to be equal in this very space.
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Concluding remarks

The simplified aerodynamic assumptions
made at the derivation of the generalized inter~
ference load distribution on the body have fa-
cilitated a great deal the obtainment of a
closed form solution that is, however, restrict-
ed to triangular wings with supersonic trailing
edges and to wings of a certain minimum size.
When applied within the limits of definition
the interference load distribution shows good
correlation with experiments and with the re-
sults of the panel method,

The analytical form gives to the result a
wanted flexibility that increases the usability.
Improvements are welcomed, however, as to the
schematic upwash factor, for example, that in
this application is used as a resulting upwash
factor, combining the real body upwash and the
gasdynamic losses in the wing-body juncture. The
prediction of the wing-thickness influence and
the afterbody load distribution at high Mach
numbers probably also can be refined by some
quite simple means,

It is probably possible to extend the sim-
ilarity law to incorporate all possible wing
planforms, if suitable experiments and theoretic-
al means are exploited in combination,

The present approximate, generalized load
distribution, and still more a refined one valid

for arbitrary wing planforms, will hopefully,
find a place beside existing short-cut methods
as a handy tool in early project work situations
and can already be used as an element in exist-
ing computerized aircraft and missile project
manuals, that in a way are built on fundamental
and simplified aerodynamic know-how.
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