
210 J. SPACECRAFT VOL. 26, NO. 4

Wing Vertical Position Effects on Lift
for Supersonic Delta Wing Missiles
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McDonnell Douglas Astronautics Company, St. Louis, Missouri

and
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University of Missouri—Rolla, Rolla, Missouri

The effect of wing vertical position on lift is investigated for supersonic missiles with cylindrical bodies and
delta wings. Wing locations above and below the body centerline are considered over a range of Mach number,
angle of attack, and aspect ratio. A finite-difference Euler code, SWINT, is used to compute the wing lift. The
lift forces are presented in terms of KW(B), which is a measure of wing-body interference due to body upwash.
The SWINT KW(B) values for wings located on the missile centerline compare favorably with existing results
from theoretical and experimental sources. SWINT results for wings located off the missile centerline indicate
that wing lift decreases symmetrically as the wing is moved above or below the centerline. The results are valid
for unrolled delta wing-body combinations at moderate-to-high supersonic Mach numbers and at low angles of
attack. A simple model based on upwash theory is developed that agrees well with Kw(B) predicted by SWINT.
Empirical formulas for calculating Kw(B) as a function of wing span and vertical position are presented for easy
use in preliminary design.

Nomenclature
A w - planform area of wing formed by joining two fins
M. = aspect ratio of wing formed by joining two fins
B = Mach number parameter, = VM» — 1
C = radial location of bow shock wave
D = body diameter
H = vertical distance between wing and missile center-

line
KW(B) = wing-body interference factor due to upwash
KQ = fin-fin interference factor due to sideslip
LW — lift on wing alone
LW(B) - lift on wing in the presence of body
M = Mach number
Qw(B) - ratio of wing-body interference factors for off-

center fins
q = dynamic pressure
R - radius of cylindrical missile body
(r, 0,z) = cylindrical missile body coordinates
(r1,</>') = vertically shifted crossflow coordinates
S = fin span measured from body centerline
V = velocity
Zw = wing axial location on missile
a. = missile angle of attack
«eq = equivalent angle of attack
(Aaeq)v = induced change in angle of attack due to vortices
oiF = fin angle of attack
(j)F = fin sideslip angle
e = wing semivertex angle
fj, = Mach angle, = sin"1
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Subscripts
C = crossflow component
TV = normal component
r = radial component
W = related to wing
oo = freestream condition
</> = angular component

Introduction

I N missile aerodynamics, mutual interference between
neighboring surfaces plays a major role in the performance

of a missile configuration. The designer is faced with the chal-
lenge of accurately predicting interference effects, usually with
time and cost constraints. In the early design stage, when con-
figuration changes are common, correlations based on previ-
ously determined theoretical or experimental work can be used
effectively to account for the interference between missile
components. The purpose of this investigation is to develop a
correlation between the wing vertical position on the body and
wing lift that is suitable for use in preliminary design.

The effect of wing-body interference has received much at-
tention in literature for missiles with wings located on the mis-
sile centerline. Reference 1 characterizes the effect of body
upwash on wing lift with an interference factor KW(B^ which is
defined as

^ W(B) = ' (D

Values of KW(B) were determined using linearized potential the-
ory (LPT), slender body theory (SET), and upwash theory,
with each yielding comparable results. It should be noted that
these theories are generally valid only for small angles of at-
tack. Additional theoretical studies of wing-body interference
using SET and LPT can be found in Refs. 2-6. Experimental
wind-tunnel results for KW(B} are shown in Ref. 7 for a wide
variety of missile configurations and flight conditions.

Much less attention has been given to wing-body interfer-
ence for missile configurations with wings located above or
below the body centerline. The effect of wing position on lat-
eral and directional stability derivatives has been experimen-
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tally investigated for low subsonic flight,8'9 and a numerical
paneling code based on LPT was used in Ref. 10 to determine
KWW for incompressible flow for a limited number of wing
positions and spans.

An important application of KW(B) is in the equivalent angle-
of-attack method for predicting lift on missile fins in the pres-
ence of a body and other fins. The method models the non-
linear lifting characteristics of missile fins by defining the
equivalent angle of attack as

(2)

where the terms on the right side represent contributions due
to body up wash, fin sideslip angle, and vortex interaction, re-
spectively. The equivalent angle-of-attack method is derived
and its accuracy is demonstrated in Ref. 11. Extensions of the
method to high angles of attack are discussed in Refs. 12 and
13.

Theoretical Background
For a wing located on the centerline of a cylindrical body,

LPT, SET, and up wash theory all predict that the limiting
cases of wing-body interference are Kw^ = 1 for a wing with
no body (S/R = oo) and KW(B) = 2 for a small wing on a large
body (S/R) = I.14 In the first case, as the wing span becomes
very large compared to the body radius, the interference be-
tween the two components vanishes, and LW(B) approaches
Lw, driving KW(B) to unity. The second case can be better un-
derstood by considering the crossflow velocity field predicted
by LPT.

Two-Dimensional LPT
In cylindrical coordinates, LPT predicts that the crossflow

velocity components around a circular body are

The wing angle of attack, however, is proportional to the ve-
locity normal to the wing, which is

Vr = - Vc[l - (R2/r2)] cos</>

(3)

where for small angles of attack VQ = V^a..
For a wing located on the missile centerline, the crossflow

velocity over the wing can be visualized as shown in Fig. 1. For
a very small wing, the flow over the wing is the same as the
flow on the body at <j> = 90 deg and r = R. At this location, the
velocity components in Eq. (3) reduce to

Fr = 0 and (4)

The increase in velocity along the missile body effectively dou-
bles the angle of attack on the small wing compared to the
wing-alone case, resulting in twice as much lift and KW(B) - 2.

A similar approach can be taken to determine the limiting
values of KW(B) for wings located off the missile centerline as
a function of H/R. Along the surface of the body,

Vr=0 and V^ = 2VC

In the context of Fig. 2,

Ow = sm~l(H/R)
and

so that

(5)

(6)

(7)

(8)

and the velocity along the missile body at the wing location
becomes

(9)

and can be rewritten as

(10)

(11)

Now, using Eq. (6) to get Eq. (11) in terms of H/R,

VNw = 2Vc[\-(H/R)2} (12)

At this point, KW(ff) can be determined as the ratio of the wing
angle of attack in the upwash field to the angle of attack of the
wing alone in the freestream flow. In terms of crossflow veloc-
ities,

Kw(B)=VNw/Vc (13)

Equations (12) and (13) together give the desired expression
for KW(B) as a function of H/R at S/R = 1,

KW(B)(S/R = 1) = 2(1 - (H/R)2} (14)

Fig. 1 LPT prediction for crossflow velocity distribution along a
wing located on the missile centerline.

WING

BODY

Fig. 2 Crossflow velocity vector diagram used to determine Kw(B}
(S/R = 1) for wings located off the missile centerline.
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Panel Upwash Analysis
The local upwash velocity can be used to approximate

KW(B) for wings that fall between the limiting values of 1 <
S/R < oo. The velocity normal to the wing as a function of
spanwise distance along the wing is

Y*x-= U-£ -y ) sin2</> (15)

where r2 = H2 + s2 and <A = tan~l(H/s) + ?r/2, with s and r as
shown in Fig. 3 for point 2.

Equation (15) gives the upwash velocity at any span position
5 along the wing leading edge. Strip theory can now be used to
determine KW(B} for arbitrary values of S/R. The usual notion
of dividing the wing into chordwise strips is modified slightly
to include Mach number and aspect ratio effects in the analy-
sis. By considering strips bounded by the right-running Mach
lines, as shown in Fig. 3, KW(B) becomes a function of M^ and
AH. Note that C>JLI, indicating that the wing leading edge is
supersonic. This modification reduces the wing area influ-
enced by the large upwash velocities near the wing root. As the
Mach number becomes very large, the Mach lines become par-
allel to the chordwise direction and conventional strip theory
is obtained. A strip theory formulation using Eq. (15) is

(16)

The application of Eq. (16) is illustrated in Fig. 3 using four
panels (/ = 4) oriented along the Mach lines.

Computational Methodology
Equation (1) shows that two quantities are necessary to cal-

culate KW(By the wing lift in the presence of the body and the
lift on the wing alone. A finite-difference Euler code called
SWINT15 was used to determine wing lift in the presence of the
body. SWINT uses an explicit axial marching scheme to solve
the conservation equations in a supersonic flow domain
bounded by the missile body and the bow shock. SWINT
solves the Euler equations in a cylindrical coordinate system
(r, 4>,z) with r = 0 along the missile centerline, 0 = 0 along the
windward side of the missile, and z = 0 at the nose of the mis-
sile. In this coordinate system, the fins are constrained to lie
along constant </> planes. The fins are modeled using a thin-fin
approximation in which the fin thickness is assumed to be
zero; however, the description of the surface slope is retained.
SWINT predictions have been shown to agree well with both
experimental data and other numerical results for a wide vari-
ety of missile configurations and flight conditions.16'17

Wing-Alone Lift
Ideally, SWINT would be used to determine Lw in Eq. (1)

by determining the lift on a wing composed of two fins joined
together at their root chords. SWINT, however, assumes the
fins lie entirely within the missile bow shock; therefore, a wing
with no body cannot be analyzed. Consequently, LPT was
used to determine Lw. For a delta wing with supersonic lead-
ing edges,

(17)

Equation (17) was used to determine Lw for all cases, since
fins with subsonic leading edges were not considered here.
A missile with large fins (S/R = 20) was analyzed using
SWINT to check the SWINT predictions against LPT. As the
body becomes small relative to the wing, LW(B) predicted by
SWINT asymptotically approaches Lw predicted by LPT. For
S/R > 18, the two methods give identical results,18 which
shows that the use of Eq. (17) to determine Lw does not com-
promise the results of the KW(B} analysis.

Missile Geometry
The missile configuration selected for the SWINT runs had

a conical nose with a length-to-diameter ratio of 3 and a cylin-
drical body. The wing was a zero thickness delta wing located
at ZW/D = 16 to minimize nose effects on wing lift.18 The
wing aspect ratio was varied from 2.4 to 4.0 and the vertical
position was -0.9 < H/R < 0.9. Only one side of the missile
was analyzed during each SWINT run. This was possible since
the missile configuration was symmetric about a vertical plane
passing through the centerline of the missile. Figure 4 shows
the missile geometry and some examples of the wing vertical
positions.

Coordinate Transformation
In cylindrical coordinates, the cylindrical section of the mis-

sile body is easily defined as r = R, where R is the radius of the
missile. The </> planes then extend radially outward from the
missile centerline in equally spaced increments from </> = 0 to

i = 4

Fig. 3 Paneling geometry used to determine KW(B) (H/R ^ 0) from
Eq. (16) with / = 4.

TOP VIEW

H >0

H = 0

H <0

FRONT VIEW

Fig. 4 Missile geometry and nomenclature.
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= 180 deg.

H/R = 0.7

Fig. 5 Unshifted (
SWINT analysis.

» ) and shifted ( A ) coordinate systems used for

180 deg. The <t> increment depends on the number of angular
mesh divisions selected for the SWINT run. Seven angular
mesh divisions would result in </> plane locations of 0, 30, 60,
90, 120, 150, and 180 deg. A wing located at H/R = 0 will fall
along the </> = 90 deg plane. As the wing is moved vertically
away from the missile centerline, the wing will no longer fall
along a constant 4> plane. In order to use SWINT for the anal-
ysis, the origin of the coordinate system was shifted by //units
from 0 to 0' as shown in Fig. 5, such that the <t> = 90 deg plane
again coincided with the wing location.

The method selected to shift the coordinate system takes
advantage of a SWINT option that allows the flowfield calcu-
lation to be stopped at a given value of z and then restarted
with a different mesh density. Stopping the SWINT calcula-
tion causes an output file to be saved, which contains the flow
properties at each mesh point, shock geometry, and total
forces and moments at the value of z where the program was
stopped. The coordinate system can then be shifted by redefin-
ing the missile geometry and modifying the flowfield output
file. This procedure is outlined in the following paragraphs. A
detailed description of the coordinate system transformation
can be found in Ref. 18.

Missile Geometry Transformation
The missile crossflow geometry in the shifted coordinate

system is a circle with the origin located H units above its cen-
ter as shown in Fig. 5. Letting (r',<(>') represent the crossflow
coordinates in the transformed system, the body radius and
required partial derivatives are

r' = GI +

d/-' n ^iT~7 = - C/2 - —-

av

where

GI = //COS0',

(18)

(19)

(20)

= //sin</>', and G3 = G2 - H2 + R2

As expected, Eqs. (18-20) reduce to the standard equations
for a circle in cylindrical coordinates when // = 0. Note that
the wing planform definition is also affected by the shifted
coordinate system. As the magnitude of // is increased, the
distance from the origin 0 ' to the wing tips decreases as shown

-//2 + (z - Zw) tane (21)

Bow Shock and Flowfield Transformation
As the coordinate system is shifted, the coordinates of the

bow shock and the finite-difference mesh points change as
functions of //. The locations of the new bow shock grid
points are determined by projecting the original shock point
locations into the new coordinate system using the following
equations:

r' = [(r sine/))2 + (r cos<£ + //)2]1/2

</>' = tan"1

r cose/) + H

(22)

(23)

and then linearly interpolating on </>' to find the location of the
bow shock C'. The remaining flowfield mesh points are then
located along each <$>' plane in evenly spaced r' increments
between the missile body and the bow shock. Figure 5 shows
the original and new mesh point locations for a coordinate
shift of H/R = 0.7. The only remaining task is to determine
the flowfield properties at the new mesh points. This is done
by projecting the old mesh point locations into the shifted co-
ordinate system using Eqs. (22) and (23) and then using bilin-
ear interpolation to determine the flowfield properties at each
mesh point.

A FORTRAN program was written to carry out the coordi-
nate transformation described above and to change the flow-
field mesh density if desired. Thus, it was possible to use
SWINT to generate a flowfield output file for each flight con-
dition at a crossflow plane just ahead of the wing location.
The computer program was then used to generate a new flow-
field output file with the coordinate system shifted to the de-
sired value of H/R. SWINT was then started with the new
flowfield data file for analysis of the winged section of the
missile. This also allowed verification of the coordinate trans-
formation procedure. The crossflow flowfields at z/D = 20 on
a body with no wing were determined using SWINT with
shifted coordinate systems located at H/R = ±0.9. The flow-
fields were compared with a flowfield from SWINT in which
no coordinate transformation was used. In each case, the
flowfield properties were nearly identical, indicating that the
coordinate transformation procedure was correct.

Results and Discussion
All SWINT predictions were made with a uniformly dis-

tributed finite-difference mesh. Twenty radial mesh divisions
and ten angular mesh divisions (20 x 10 mesh) were used for
z/D<5. This was increased to a 40 x 20 mesh for z/D < 10
and a 60 x 30 mesh for z/D < 15. At z/D = 15, the coordinate
system was shifted to the desired value of H/R and the mesh
size was increased to 72 x 37 for analysis of the winged section
of the missile. After each axial step along the wing was com-
pleted, z and LW(E) were saved so that KW(B) and S/R could be
calculated using Eqs. (10) and (24), respectively,

R
(z - Zy)

/? tane + 1 (24)

Strictly, Eq. (21) should be used to determine S/R for wings
located off the missile centerline. This implies, however, that
two identical fins located at different vertical positions would
have different values of S/R. For purposes of data compari-
son, this was not practical. Consequently, all values of S/R
presented hereafter were determined with Eq. (24) as if the
wing was located on the missile centerline. This implies that S
is computed as the sum of the body radius and the exposed fin
span. Therefore, S/R always varies from one to infinity re-
gardless of the fin vertical position.
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SWINT runs were made at six flight conditions with three
wing planforms to determine the effects of M^, a, and yR on
KW(B) as shown in Table 1. Mach number was varied between
2.5 and 4.0 in increments of 0.5 at a. = 3 deg and JR. = 3.2.
Angle of attack was varied between 2 and 4 deg in increments
of 1 deg at Moo = 3.0 and ̂  = 3.2. Aspect ratio was varied
between 2.4 and 4.0 in increments of 0.8 at Mx = 3.0 and
a = 3 deg. For each combination of M^, a, and yR, wing loca-
tions of H/R = 0, ±0.5, ±0.7, and ±0.9 were used. In each
case, KW(B) was determined for 1 < S/R < 6, although the val-
ues of KW(B) at S/R < 1.3 were generally inaccurate due to an
inadequate number of mesh points located on the small fins.

SWINT Results and Comparisons
Figure 6 compares SWINT results for KW(B} with results

from the various theories presented in Ref. 1 for wings located
on the missile centerline. The SWINT predictions are slightly
larger than LPT and SET and somewhat smaller than the up-
wash theory implemented with chordwise strips. In all cases,
the maximum difference between the four methods was small.
A value of KW(B) from SWINT was also compared to an exper-
imental value reported in Ref. 7. A SWINT run made at
Moo = 3.5, a = 3 deg, A = 2.0, H/R = 0, and S/R = 2 gave
KW(B) = 1-58. The KW(^ value from Ref. 7 at the same condi-
tions was 1.53, a difference of only 3.3%.

Effect of Wing Position
The SWINT results for KW(B} at MOO = 3.0, a = 3 deg, and

& = 3.2 are shown in Fig. 7 for seven values of H/R. The

3.0

2.5

2. 0

K W(B) 1. 5

1. 0

0. 5

solid lines are for positive values of H/R and the dashed lines
are for negative H/R values. At small values of S/R, KW(E)
decreases as the wing is moved up or down from the missile
centerline. As S/R is increased, the effect of wing position on
KW(B) decreases and the curves all approach the limiting value
of Kw(B) = 1. Two significant trends are apparent in Fig. 7: 1)
KW(B) is sensitive only to the magnitude of the wing shift and
not to the direction; and 2) at small values of S/R, the KW(B)
curves all approach the limiting values predicted in Eq. (14), as
indicated by the solid circles at S/R = 1. These two trends sup-
port the assumption that KW(B) is governed by the crossflow
velocity distribution for wings located on or off the missile
centerline.

The KW(B) results at the other flight conditions and aspect
ratios are available in Ref. 18. The additional results indicate
that KW(B) is not a function of M^, a, or AH for the ranges of
the parameters presented in Table 1. In all cases, the KW(B)
results were nearly identical to the values shown in Fig. 7.

Comparison of SWINT and Up wash Theory
SWINT results for lift on wings located off the missile cen-

terline were compared to data from the upwash formulation
shown in Eq. (16). Figure 8 shows KW(B^ values from SWINT
and Eq. (16) for H/R = 0, ±0.5, ±0.7, and ±0.9. Note that
the SWINT results have been extended to their limiting values
from Eq. (14) at S/R = 1, as discussed in the next section.
Good agreement between the two methods is evident, espe-
cially as the magnitude of H/R increases. This is significant,
since Eq. (16) is Mach number independent, with the excep-
tion of using the Mach angle to determine the panel geometry
in the strip theory formulation.

Preliminary Design Formulation
The KW(p) values in Fig. 7 were modified slightly for use in

preliminary design. The small differences between the two
curves at each value of H/R were removed by averaging the
KWW values obtained at +H/R and —H/R, resulting in a

Table 1 Flight conditions and aspect ratios used to determine Kw(B)

Moc H/R

Fig. 6 Comparison of KW(B) (H/R = 0) from SWINT at Moo = 3.0,
a = 3 deg, and yR = 3.2 to various analytical solutions.
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2.0

KW(B) 1. 5 <

1. 0

0. 5

SWINT, H / R > 0

SWIM. H/R < 0

KW ( B )(S/R= 1) , Eq. (14)

S/R

Fig. 7 SWINT KW(B) vs wing span and wing vertical location at
Moo = 3.0, a = 3 deg, and /R = 3.2.

2.0

1.5

KW(B) 1 . 0

0.5

Fig. 8 Comparison of SWINT KW(B) and upwash theory paneling
method [Eq. (16)] at Moo = 3.0, a = 3 deg, and & = 3.2.
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2.0

1.5

KW(B) 1 . 0

0.5

KW(B)(H/R=0) from Eq. (27)

1 2 3 4 5 6SIR
Fig. 9 SWINT Kw(B) results modified for use in preliminary design.

1 2 3 S/R 4 5 6

Fig. 10 SWINT Qw(B} results for use in preliminary design.

single curve valid for ±H/R. Also, the KW(B) results for 1 <
S/R < 2 were replaced by a second-order polynomial. The
conditions placed on the polynomial were that the magnitude
and slope must match the averaged SWINT results at S/R = 2
and the magnitude at S/R = 1 must match that given by Eq.
(14). The KW(B) values obtained following these modifications
are shown in Fig. 9 for H/R = 0 to ±0.9 in increments of
±0.1. Results at H/R = ±0.1 and ±0.2 are not shown to
preserve clarity. The polynomial fit was necessary because
KW(& from SWINT was inaccurate for S/R < 1.3. It essentially
extended the KW(B) curves to their potential flow values at S/
R =. 1, without affecting the magnitude of the SWINT calcu-
lation.

The effect of wing position on wing-body interference is
presented in a different form in Fig. 10. Here, as Ref. 10 sug-
gests, Qw(B) is defined as the ratio of the lift on the wing lo-
cated off the missile centerline to the lift of a wing located on
the centerline such that

Kw(B>(H/R * 0)
: KW(B)(H/R = 0) (25)

Qw(B) can be used with KW(B)(H/R = 0) data obtained from
sources such as wind-tunnel tests or Fig. 9 to make preliminary
design predictions for the lift on wings located above or below
the missile centerline. To further simplify this task, an empir-
ical fit of the curves in Fig. 10 was developed as a function of
H/R and S/R, as

(H/R)2

(S/R)t*i(S/R) + 1
(26)

This matches the curves in Fig. 10 to within 1%. In addition,
the mathematical nature of Eq. (26) allows extrapolation be-
yond S/R = 6 and H/R =0.9, while preserving the correct
limits as S/R - oo and H/R -1.

An additional empirical curve fit of the KW(B^(H/R = 0) re-
sults from Fig. 9 is

0.43[1 + 0.29(S/R - (S/R)tn(S/R) (27)

Again, the equation is accurate to within 1% and can be used
for large values of S/R. Equations (25-27) together can be
used to reproduce accurately all of the SWINT results for
KW(B obtained in this research.

Conclusions and Recommendations
A finite-difference Euler code has been used to determine

the effect of wing vertical position on wing lift for supersonic
delta wing missiles at small angles of attack. Values of KW(B^
were determined for wing positions of —0.9 < H/R < 0.9 and
wing spans of 1 < S/R < 6. KW(B) was found to decrease sym-
metrically as the wing was moved above or below the missile
centerline. The magnitude of KW(B^ approached one for all
wing locations as the wing span became large compared to the
body radius. The effects of M&, a, and & on KW(B) were inves-
tigated and found to be small over the ranges considered.
SWINT results for KW(B} at H/R = 0 were shown to be in good
agreement with results from LPT, SET, up wash theory, and
experimental wind-tunnel data. At small and large values of
S/R, KW(B) from SWINT was shown to agree with the limiting
values of KW(B) predicted with two-dimensional LPT. A strip
theory model based on upwash theory also agreed well with
SWINT results over the entire range of S/R. Finally, two
empirical equations were presented that correlate the SWINT
results for wing-body interference over the entire ranges of
H/R and S/R. These equations are ideally suited for prelimi-
nary design prediction of KW(B) or for use in correcting
KW(B)(H/R = 0) data to account for the effects of changes in
the wing vertical position.

Future research on KW(B) is needed to determine the effect of
wing position on wing lift for missiles operating at higher an-
gles of attack and Mach numbers where vortices, crossflow
shock waves, and viscous effects must be considered. The
symmetry of KW(B) with high/low-wing vertical positions is not
expected to be valid when nonlinear body-induced effects be-
come important. In addition, future work should include eval-
uating the wing-on-body lift carryover KW(B) and the effect of
different wing planform shapes using Euler approaches. The
effect of off-midplane fins on K$ also needs to be investigated.
At lower angles of attack and Mach numbers, the strip model
based on the upwash theory discussed herein could be further
developed to account for various wing planforms and body
shapes at subsonic, transonic, and supersonic speeds.
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