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External-Store Loads Using Nonplanar Lifting Surface Theory
William R. Chadwick*

U. S. Naval Weapons Laboratory, Dahlgren, Va.

Experimental data indicate clearly that pylon-induced loads are the largest contributor to the
total aerodynamic side loads on externally mounted aircraft stores. Consequently, the present meth-
od of predicting these loads is based on the application of nonplanar lifting surface theory to the
foremost problem of wing-pylon interaction. The wing-pylon model is limited to incompressible flow
and simple two-dimensional source theory has been used for thickness effects. The integral equa-
tions are solved numerically for a systematic series of wings with pylons of varying size at different
spanwise and chord wise positions. The theory of Weber and Hawk for evaluating the mutual inter-
ference between tailplane-fin-fuselage arrangements in a constant sidewind is proposed for calcu-
lating store-pylon interference and slender body theory is used to determine the side forces on the
nose and tail fins of the store. Estimated side forces and yawing moments are in satisfactory agree-
ment with experimental results.
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Nomenclature

chord of wing at spanwise station y
chord of pylon at spanwise station z
section lift coefficient
side-force coefficient
yawing moment coefficient
chord of pylon
chord of wing in junction
spanwise interpolation function
chordwise interpolation function
kernel function defined in Eq. (5)
kernal function defined in Eq. (6)
number of spanwise loading (and velocity) points
number of chordwise loading (and velocity) points
span of left and right wing panels and pylon, re-

spectively
rectangular Cartesian coordinates
chordwise location of center of pressure of pylon side

force
coordinate of wing leading edge at spanwise station

y
coordinate of pylon leading edge at spanwise station

z
chordwise location of pylon from wing leading edge
spanwise . location of pylon from wing centerline

(fraction of semispan)
depth or span of pylon
local slope of mean camber line (wing)
local slope of mean camber line (pylon)
wing lifting pressure coefficient
pylon side force pressure coefficient

Reference area for Cy is maximum store cross section unless other-
wise stated. Reference length for Cn is maximum diameter. Cp,
XP, and ZP are expressed as fractions of Cw.

Introduction
STORE separation disturbances contribute significantly
to the total system error associated with the delivery of air-
to-ground free-fall weapons. Unsatisfactory store separa-
tion may result also in serious store-to-aircraft collisions,
particularly during high-speed dive bombing. It is now
recognized that the general store separation problem has
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as its primary cause the large aerodynamic loads acting on
the store in the captive position.

Several attempts have been made to estimate external
store loads theoretically.1 Most commonly, the problem
has been approached by combining slender-body theory
with the estimated flowfield induced by the wing-fuselage
combination and by employing semiempirical or approxi-
mate .analytical techniques to allow for the complex wing-
pylon interaction problem.2'3 The present method, on the
other hand, is based on the premise that wing-pylon inter-
ference should be considered in more detail and is there-
fore structured around a more exact analytical model of
the wing-pylon arrangement. Experiment adequately
justifies this approach.

Recent advances in finite element and vortex lattice
theory suggest alternative and more general approaches to
the present problem.4'5 The fact that external store load-
ing calculations based on these more sophisticated meth-
ods do not yet seem to have appeared in the unclassified
literature is surprising. In comparison with these methods,
however, the present method is easy to apply and yields
reasonable results with minimum computational effort. It
thus constitutes a useful predesign tool.

The wing-pylon model is developed using incompress-
ible nonplanar lifting surface theory in conjunction with
simple two-dimensional source theory for the thickness
effect and gives the distribution of aerodynamic side force

Fig. 1 Diagram of wing-pylon combination.
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on general pylon arrangements in combination with wings
of arbitrary plan-form and camber. The method used for
the expansion in series of the spanwise and chordwise
loading functions is that given by Davies in his treatment
of the oscillating T-tail.6 Interference carryover loads be-
tween the pylon and the store are estimated using a con-
stant sidewind theory of tailplane-fin-fuselage interac-
tion.7 Slender-body theory is used to evaluate the loads
acting on the nose and tail-fins of the store due to local si-
de wash effects.

Wing-Pylon Analysis

The incompressible potential (/>(x,y,z) for the very thin
wing-pylon arrangement shown in Fig. 1 can be shown to
be8

• ., ^ _ LSL ( ( AC"Pl*0>.iy**>) — o j j ( _ \2

(y -

(1)

where it is required to determine the pressure loading
&Cp(x0,y0) on W and &CP(XO,ZQ) on P. Equation (1) is dif-
ferentiated first with respect to z (limit z —+ 0) and then
with respect to y (limit y -* 0) and the results equated re-
spectively to the local surface slopes a(x,y) on W and
/3(x,z) on P. This is the tangency condition. It is then con-
venient to introduce the new coordinates

- x L ( y )
c(y) £ =

- xL(z)
c(z)

(2)

= y/Si(y > 0) rj =y/S2(y < 0), £ =

where (Fig. 1) c(y) and xz/;y) denote the chord length and
leading edge of the wing at 17 = y/Si(y > 0) or 77 = y/S2(y
< 0) and c(z) and XL(Z) denote similar quantities at f =
z/Ss on the "pylon. The following pair of integral equations
result:

c 1 1

OQ r
+ ̂ ;o (3)

Ki(x ,y) = 4- 1"v L

(4)

(5)

+ ?F^J (6)

The loading functions may be expressed analytically so

yz
[2 + fr

that the coefficients in the series development of
ACP(£o,J?o) and ACp(*o,fo) represent the unknown ACp's
at prescribed loading points which we denote (^,177) on
W and (cj,fr) on P. Loading discontinuities on the wing
at the pylon junction must be allowed for, however, and
this requires independent developments in series for r/ > 0
and 77 < 0. The integration is then performed numerically
for a number of (£,77) and (e,f) combinations equal to the
number of loading points. Let us denote these combina-
tions by (£k,rjr) on W and by (tk^r) on P and refer to
them as the velocity points. The resulting set of simulta-
neous algebraic equations is solved finally for the un-
known pressure loading coefficients.

In the wing-pylon junction the leading and trailing
edges of the pylon need not coincide with those of the
wing. The chord lengths may also be different and the
span of the wing is generally much greater than that of
the pylon. For these reasons the size of the collocation
mesh is allowed to be different for each panel. According-
ly, with n and m denoting the number of chordwise and
spanwise points, respectively, we shall consider the mesh
sizes (HI X m-^) for the left wing; (n2 x m2) for the right
wing; and (n% X m%) for the pylon. Following Davies, we
assume for the loading on the left wing panel

i=l
wl

yo = const)

(7)

where the chordwise interpolation polynominal /Vn)(£o) is
given in the Appendix as the product of [(1 - £0)/£o]1/2

with a polynominal of degree (n - 1); it is unity at £0 = &
and zero at the remaining (n — 1) chordwise loading
points. Similarly, g/m)(?7o) is the product of (1 - rj0)l/2

with a polynominal of degree (m - 1); it is unity at 770 =
17 j and zero at the remaining (m — 1) spanwise loading
points. The loading along a chord of the wing is thus seen
to behave in the classical two-dimensional manner at the
leading and trailing edges while along the span the behav-
ior at the tips is that of the slender-wing theory. Expres-
sions for the loading points (£j,ri,-) and the velocity points
(£fc,?7r) are given in the Appendix.

Approaching the chordwise integration first, let us sub-
stitute the first of Eq. (7), together with similar expres-
sions for the right wing and the pylon, into the integral
Eqs. (3) and (4)

M O

(8)

where
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'A =60"

and where the J signs in Eqs. (8) and (9) denote evalua-
tion using Manglers Principal Value Technique.8 The first
and second integrals, for example, possess nonintegrable
singularities fory > 0 andy < 0, respectively.

Noting that an integration by parts prior to numerical
integration removes the difficulty associated with the sin-
gular leading edge behavior of hi(n)(u), which may be in-
tegrated explicitly, there are no further singularities to
deal with in evaluating the influence coefficients and al-
though the J and M integrals exhibit rapid variations near
the wing-pylon junction the chordwise integration is now
straightforward.

The remaining integration is performed using the span-
wise interpolation function g/m)(j?o) to express the span-
wise variation of the product terms ACp(^,r/0)-
Ii

(wi) (??,T7o,£) etc., which appear in Eqs. (8) and (,9). .Ac-
cordingly, when equations of the form

for integration over the left wing panel (770 and rjj > 0; -1
< rj < 1) and

AC^,,77/)V''2>(T,,7?,,^,<m2>(77o) (15)

for integration over the right wing panel (TJQ and 77; < 0;
— I < 17 < 1) are substituted into the integral equations
and when a(^rj) and &(€,£) are replaced by their values
a(£fe,rjr) and P(tk,£r) at the velocity points the following si-
multaneous algebraic equations result

Fig. 2 Sidewash characteristics at 0.2 wing chords below un-
tapered wings with A = 2

t= l

j=l t=l

Deft Wing
(17 >0)-

k = 1,2, - - -
r = l , 2 , • • •

(17)

Right Wing

2), •

r = 1,2,- Pylon

With regard to the thickness problem the horizontal
perturbation velocity u(x,-z) for a moderately thick sym-
metric two-dimensional aerofoil at zero incidence in in-
compressible flow is

/ x ^oo rc (x - xQ)dZ/dxQ / 1 t j vu(x,z)= —j ( _ \i * dxt (18)
77 o vx XQJ + Z "-

where x is measured from the leading edge and Z is .the
profile. Employing simple sweep theory the lateral pertur-
bation velocity v(x,z) for a sheared wing with leading edge
sweep A follows from Eq. (18) as

v(x,z) = - cos2 A sinA r°
J cos2A+

f = i

(19)
where the sign denotes the inboard sense of the side wash.

Using this result the lifting wing-pylon combination of
finite thickness can be replaced by one of zero thickness
provided the tangency condition on the pylon associated
with the influence of wing thickness and sweep is first sat-
isfied at the velocity points (c*,fr) by introducing the
camber /?(efe,fr) = t>(€*,?r)/V«.

Wing-Pylon Sideload Characteristics

The integral equations have been solved numerically for
a systematic series of geometrical arrangements with dif-
ferent wing sweepback angles, pylon spanwise and chord -
wise locations, pylon chord lengths, and pylon depths, Of
basic interest here is the sidewash angle induced beloto a
particular family of untapered wings of aspect ratio 2 at
three spanwise positions. These results are shown in Fig. 2
and were obtained by solving Eq. (16) for the wing alone.
The subsequent loading was substituted in Eq. (1) which
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Fig. 3 Pressure coefficient in wing-pylon junction and span-
wise wing loading for untapered wings with A - 2.

was then differentiated with respect to y. Entirely differ-
ent lateral flow fields exist below the rectangular and
highly swept wings.9 The consequence of this in terms of
the present nonplanar interaction problem is discussed
below.

Figure 3 shows the spanwise wing loading and the dis-
tribution of junction lift and side force for the rectangular
and 60° swept wings in combination with rectangular py-
lons. In the cases where the pylon chord (Cp) and the
wing chord (Cw) are equal, three (3) chordwise and five
(5) spanwise collocation point stations were used for each
wing panel and for the pylon. With Cp = Cw/2, five (5)
chordwise points were used on the wing to adequately con-
verge the solution.

In the wing alone cases the spanwise loading curves are in
good agreement with those obtained using other methods.

It should be noted that they have been obtained, however,
with a disposition of spanwise collocation points which is
entirely asymmetric with respect to the wing centerline.

The presence of the pylon (depth ZP = 0.2 Cw) is seen to
result in a strong local discontinuity in wing lift whicli be-
haves like Jt"1/4 close to the leading edge in the outboard
junction and like Jt~3/4 close to the leading edge in the in-
board junction. Clearly, the pylon acts as an effective ver-
tical reflection plane, bringing about a redistribution of
lift along the chord similar to that found in the center
(x~1/4) and close to the tips (jc~3/4) of isolated swept
wings.10 As a consequence of this, in addition to the dis-
continuity in lift, the chordwise position of the local aero-
dynamic center may be considerably closer to the wing
leading edge on the inboard side of the pylon than on the
outboard side.

The pressures on the upper wing surface must be con-
tinuous along the junction and consequently the nonpla-
nar theory should predict for the local side-force pressure
coefficient along the junction chord the difference be-
tween the corresponding inboard and outboard lifting
pressure coefficients. This is indeed the case in Fig. 3 for
the swept wing. For the rectangular wing, however, the
agreement is qualitatively correct only. However, it
should be pointed out that the double curvature of the
side-force distribution in the junction provides here an ex-
treme test case for the theoretical method, which makes
no attempt to introduce a condition of pressure balance
along the junction chord. Further, this predicted curva-
ture seems entirely reasonable in view of Fig. 2 which
shows a steady increase in lateral flow velocity with in-
creasing distance behind the leading edge (the reverse is
true for the swept wing). As a final note on the theoretical
prediction of pressures in the junction, results for the
smaller pylon (Cp/Cw ~ 0.5) may be mentioned. Thus,
while the calculated wing ACp's behind the pylon trailing
edge were in close agreement for points immediately to
the left and right of the pylon station, they were not ex-
actly equal. On the other hand, the integrated pressure
balance along the junction chord was entirely satisfactory.

In the case of the 60° swept wing a strong reversal oc-
curs in the outboard sense of the junction side loading at
about 25% chord. Notwithstanding the much larger aver-
age lateral flow velocities which occur below this wing
(Fig. 2), this suggests that total integrated pylon side
forces could be smaller below wings with high sweepback
angles. On the other hand, pylon side moments below

X p = 0
Cp = 0.5 ZP= 0.2

I—X

Fig. 4 Pylon side-force coefficient
and chordwise center of pressure for
different wing-pylon arrangements
at angle-of- attack.
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highly-swept wings could be considerable. The results
shown in Fig. 3 suggest also that the total pylon side force
may increase as the pylon chord is reduced.

The total side force coefficient derivative dCy/dat and
the chordwise center of pressure position X for a variety of
pylon arrangements in combination with zero-thickness
rectangular and 60° sweptback wings are given in Fig. 4.
These results may be interpreted conveniently on the
basis of the preceding discussion. For example, pylons lo-
cated outboard of 75% wing semispan may indeed experi-
ence larger side forces below rectangular wings. This is
also the case at 50% wing semispan when the pylon lead-
ing edge is moved towards the wing trailing edge. Further-
more, for the swept-wing combination, dCy/da decreases
with increasing pylon chord length in such a manner that
the total pylon side force remains practically constant.
The center of pressure, however, moves to large distances
forward of the pylon leading edge.

Limiting Cases

Two interesting limiting cases arise in the study of
wing-pylon interaction. Consider first the accuracy with
which a pure sideslip or ft induced side-force may be esti-
mated by assuming the wing to act as a perfect horizontal
reflection plane. Figure 5 (upper) shows the exact distri-
bution of pylon side-force (nonplanar model) for a rectan-
gular wing of aspect ratio 2 in combination with rectangu-
lar pylons of various depth ZP. Also shown are the corre-
sponding results for an isolated rectangular wing of aspect
ratio 2Zp at incidence ft. Jones' theory for total side force
as Zp —*- 0 is also indicated.11 For Zp <0.4, side force and
side-force distribution are in perfect agreement using the
two methods; for Zp = 3.0 the error is about 10%.

For the same arrangement, Fig. 5 (lower) shows side
force due to incidence. As noted earlier, the double curva-
ture of the ACp/a curve along the junction chord (for ZP
= 0.2) is apparently caused by a strong chordwise gradi-
ent in wing-induced side wash. This is most pronounced
close to the wing surface. In the case Zp = 0.4 the junc-
tion pressure distribution changes in a manner which
suggests the influence of a more uniform side wash field.
The limiting ACp/a curve in the junction occurs for ZP =
3 (wing chords) and may be estimated crudely if we re-
place the pylon by a perfect vertical reflection plane. The
side-force pressure coefficient then becomes one-half the
difference between the lifting pressure coefficients esti-
mated along the centerlines of two isolated wings with
half-span geometries identical to those of the given out-
board and inboard wing panels. This result agrees, at least
qualitatively, with the nonplanar theory. The pylon span
loading curves in this case are of particular interest; they
are approximately elliptical for small Zp and concave for
Zp>3.

Store Interference

An incompressible flow theory is developed in Ref. 7
for calculating the side force on fuselage-fin-tailplane ar-
rangements in a sidewind. If the tailplane span is allowed
to become large these results may be used to estimate the
mutual interference between the body of the store and the
pylon in the present problem. Accordingly, in Fig. 6, the
basic pylon side force P(0) is to be calculated using the
wing-pylon analysis outlined previously. P(S) and ' S(P)
are then the side forces acting on the pylon in the pres-
ence of the store and on the store in the presence of the
pylon, respectively. S(P) is a pylon carry-over load and

0.5 1.0
Z/Zp

--- PLANAR THEORY
INFINITE HORIZ. REFLECTION

1.0 2.0 3.0

--- PLANAR THEORY
INFINITE VERT. REFLECTION

Fig. 5 Limiting pylon sideload distributions.

does not include wing-induced sidewash loads on the nose
and tail of the store.

The constant sidewind is inconsistent with the fact that
the pylon is generally located in extremely nonuniform
flow; an exception being the case of a very thin wing-
pylon combination in pure sideslip. Furthermore, when
the radius of the main body of the store varies, it is neces-
sary to use the average value of R/Zp along the store-
pylon junction. Finally, in order to evaluate the interfer-
ence yawing moment on the store, the same chordwise
center-of-pressure location is to be assumed for the S(P)
carry-over load as that determined for the basic P(0) load.

is referenced to pylon area.
Fig. 6 Variation of interference sideloads with ratio of store

radius to pylon depth.
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Fig. 7 Side-force pressure coefficient in junction of 45° swept
wing-fence combination.
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Fig. 8 The ARA model geometry.

* o°T "

Fig. 9 Comparison with experimental side-force measure-
ments.

Evidently, the above procedure oversimplifies the true
wing-pylon-store interaction problem. Nevertheless, by
avoiding the more complex and expensive methods men-
tioned earlier, it was hoped that the approximations
Would prove reasonable for predesign purposes. Figure 6 is
therefore to be used as the basis for all store-pylon inter-
ference calculations.

Comparison with Experiment

There is a surprising absence of generally available
pressure measurements on wing-pylon combinations and
only the experimental data presented in Fig. 7, showing
the side-force pressure coefficient in the junction of a 12%
thick, 45° swept wing-fence combination, could be
found.12 These tests were conducted at 200 fps at a =
7.1Q and in Fig. 7 the effects of thickness have been re-
moved from the test data. Notwithstanding the fence on
the upper wing surface, the large leading-edge fence radi-
us, and the thick wing section, these data tend neverthe-

less to confirm the predicted reversal in local side force
behind the leading-edge.

The over-all prediction method has been tested by com-
paring integrated forces and moments with the results of a
series of wind-tunnel tests conducted by the Aeronautical
Research Association in England.13'14 Figure 8 gives geo-
metric data on the test model. The swept-forward pylons
have a constant chord, equal in length to one-half the
local wing chord, and were positioned at wing semispan
where fuselage interference effects are small.9 Side forces
and yawing moments were measured with the fins-on (and
in some cases with fins-off) on the store and on the com-
bined store-pylon assembly.

In Fig. 9 measured side force is shown against incidence
(sideslip (3 = 0) and against sideslip (incidence a = 6°) for
several of the ARA store-pylon arrangements. The first set
of results are for pylons of constant depth (Z/Cw = 0.17)
and for three chordwise positions of the store center-of-
gravity (X/CW = 0, 0.15, and 0.5). Here Z and X were
measured from the wing chord plane to the store center
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Fig. 10 Comparison with experimental yawing moment mea-
surements.

line and from the wing leading edge, respectively. The
second set of results are for X/Cw = —0.15 with Z/Cw'-
0.35, 0.26, and 0.17, respectively.

Agreement with the theory is entirely satisfactory ex-
cept for the case in which the pylon and wing trailing
edges coincide. In this case it should nevertheless be
noted that the theory is successful in predicting a signifi-
cant decrease in side force as the pylon is moved rear-
wards (see also Fig. 4). The theoretical breakdown of side
force further indicates that the pylon carry-over load may
represent as much as 60% of the total load on the store.
As a final observation in Fig. 9 it is interesting to trans-
late the highest measured coefficient (Cy = 4.0 for a = 6°
and (3 = 5°) into pounds of side force for a practical situa-
tion: In the case of an aircraft with 10-times the ARA
model scale flying at 0.8 M at sea level this amounts to
5500Ib.

The potential flow model was unable to predict accu-
rately the yawing moment associated with the small tail
fins. For this reason in Fig. 10 yawing moment is shown
against a and ft fins-off and the contribution due to the
tail fins is shown separately. The yawing moment at zero
incidence is worth noting, particularly for the most rear-
ward pylon location. In this case Cyo was approximately
zero and therefore Cno is the result of an almost pure
aerodynamic couple.

The inability of the linear theory to predict the fin yaw-
ing moment is evident from Fig. 10. The fin side force,
however, was generally predicted to within 10%. Com-
pared with the fins-off case, this indicates that the ex-
tremely close proximity of the fins to the pylon may be
causing a significant redistribution of store-pylon pres-
sure. Furthermore, the tail fins are located in the pylon
wake and in the core of a trailing circulation vortex which

emanates from the store. As the angle of attack increases
through about 2° the pylon loading and therefore the sense
of the circulation around the store change sign. These are
given as possible explanations for the nonlinear tail-fin
behavior shown in Fig. 10.

Conclusions

A method for calculating the side loads on external-
stores at low subsonic speeds has been described. The
method deals with the complex wing-pylon-store interac-
tion problem by first determining the loads on the pylon
in combination with the wing. Interference carry-over
loads between the pylon and the store are subsequently
evaluated using a constant sidewind theory of tailplane-
fin-fuselage interaction.

The aerodynamic loading on a systematic series of
wing-pylon arrangements has been calculated and it is
shown that the side force may vary in a totally unexpect-
ed manner with changes in wing sweep, pylon geometry,
and pylon location. With care, however, these results may
be used to give an indication of side loading for a range
of practical situations. Additionally, some limiting non-
planar solutions have been compared with the results of
plane wing theory for cases in which the pylon span is ei-
ther very large or very small.

Predicted side forces and yawing moments for several
wing-pylon-store arrangements exhibit satisfactory agree-
ment with experiment.

Appendix: The Interpolation Functions

The interpolation functions Jii ( n )(£o) and g/m)(i?o)
are required together with the loading points (£i,r?7) and
the velocity points (t*k,rir). These are taken from Ref. (6)
where an explanation of their derivation is given. The
chordwise interpolation function is

1/2

(Al)

where W£o) is the orthogonal polynomial of degree n with
the roots

1 1

and where
£ f t = l - | i k=l,2, — n i = n-k+l

Similarly, the spanwise interpolation function is

(A3)

(A4)

where Mm(^o) is the Jacobi Polynomial

The loading and velocity points coincide in the spanwise
sense and are the m\ positive roots of the polynomial
equation /u(^i)(r?o) = 0 for the port wing (77 > 0) and the
m2 negative roots of ~M(^2)(??o) = 0 for the starboard
wing (77 < 0).
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