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A review of current state-of-the-art methods for computing aerodynamics of noncircular cross-sectional weapon
concepts has been performed. In addition,an improved engineering method has been developed to compute aerody-
namics of these nonaxisymmetric body configurations. The improved method is based on extending current state-
of-the-art methods for computing aerodynamics of noncircular wing-body shapes based on circular wing-body
methods. Specific additions to the state-of-the-art methods currently in use include extensions to a broader class of
cross-sectional bodies and to a higher angle of attack; extensions to allow improved accuracy at low crossflow Mach
number and to allow body cross-sectional shape to impact the critical crossflow Reynolds number; and a method to
treat wing-body interference factor corrections as a function of body geometry, Mach number, and angle of attack.
The new methods were applied to a broad class of noncircular body alone and wing-body configurations for which
wind-tunnel data were available. In general, results for normal force, axial force, and center-of-pressure predictions
were quite good for a semiempiricalmethodology,over the Mach number and angle-of-attackrange where data were
available. Range of variables included Mach numbers as low as 0.3 and as high as 14 and angles of attack to 60 deg.

Nomenclature Aper = reference area (maximum cross-sectional
= cross-sectionalarea of circular cylinder, ft? area of body, if a body is present, or planform
= cross-sectionalarea of circular cylinder equal area of wing if wing alone), ft?
to that of body with noncircular cross section A(x) = body cross-sectionalarea as a function of
= wing or tail aspectratio position along body axis, ft?
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semimajor and semiminor axis, respectively,
of ellipse

body shape parameter*

axial force coefficient

axial force coefficient at 0-deg angle of
attack

drag coefficient

local and total crossflow drag coefficients
subcritical and supercritical value,
respectively,of C,,.

lift coefficient

pitching moment coefficient

linear and nonlinear components,
respectively, of pitching moment coefficient
total normal force coefficient

normal force coefficient of the body

linear and nonlinear components,
respectively, of the normal force coefficient
normal force coefficient on tail due to
wing-shed vortices

normal force coefficient slope of wing and
tail, respectively

ratio of the local normal force coefficient of
a body with a noncircular cross section to that
with a circular cross section calculated by
slender body and Newtonian theory,
respectively

diameter of body and base diameter of body,
respectively

ratio of wing-body interference factor of a
noncircular cross-sectional configuration to
that of a circular cross-sectional configuration
ratio of lifting surface normal force
coefficient in the presence of a body to that of
the lifting surface alone at 6 = 0 deg

ratio of additional body normal force
coefficient in the presence of a wing or tail to
that of the wing or tail alone at 6 = 0 deg
ratio of wing or tail normal force coefficient
in the presence of a body to that of the wing
or tail alone at § = 0 deg

parameter used to define corner radius for
squares and triangles, r, / W,

ratio of additional body normal force
coefficient due to the presence of a deflected
wing or tail to that of the wing or tail alone at
o = 0deg

ratio of normal force contribution of a
deflected wing or tail in the presence of a
body to that of the wing or tail alone at

o = 0deg

total body length

reference length, which is body diameter

Triangle, Fins
at P =0°

| 45°
. Circle, Fins Circle, Fins Ellipse, Fins
] at® =0° at ® =45° at®d=0°
wW
Ty = kW, i Tn=kWp,
. Square, Fins
Square, Fins at @ =45°
atd=0°

L, 13, = individual segments of body length where

body has variable noncircular cross section

M = Mach number

My, Vy = Mach number and velocity normal to body

NF = Newtonian correction factor

NF, = Newtonian correction factor for an ellipse at
o > 20deg

Ry = Reynolds number

Ry, = Reynolds number where flow transitions
from subcritical to supercritical conditions

r = local body radius, ft

Teqs deg = radius and diameter, respectively, of a

circular cross-sectional body that has the
same cross-sectionalarea as that of the
noncircular cross-sectional body

Tn = corner radius of a rounded corner on square
or triangle

s = radius of body plus wing or tail semispan

w = length of one side of a triangle or square

W = maximum width of a triangle or square as
measured normal to the velocity vector

X = distance along body axis, ft

Xcp = center of pressure measured about some
reference location

X = reference location about which center of

pressure is measured

= angle of attack, rad or deg

deflection angle of control surface, rad, deg

n = parameter used in viscous crossflow theory
for nonlinear body normal force (in this
context, it is the ratio of the normal force of a
circular cylinder of given length-to-diameter
ratio to that of a cylinder of infinite length)

A = taper ratio of fin, C,/C,

P = roll position of missile [® = 0 deg
corresponds to fins in the plus
(4) orientation] and the leeward plane;
® = 45 deg corresponds to fins rolled to the
cross (x) orientation

>R
I

Subscripts

C = circular body

NC = noncircularbody

o0 = freestream conditions

I. Introduction

HE desire to increase weapon range and maneuverability, to
design weapons that are more optimum from an aircraft total
drag and radar signature standpoint, or to provide optimum loadout
of multiple missiles in a ship’s vertical launcherhas driven weapons
designers to consider nonaxisymmetric body shapes. Some typical
shapes of interest are shown in Fig. 1. Although most missiles in

Ellipse, Fins
at ® = 45°

Inverted Triangle,
Finsat®d =0°
L
r,= kW

m ' n m
Square at ¢ = 457
Finsat® =45° | !

quare at ¢ = 45°
Fins at ® =0°

Fig. 1 Some noncircular cross-sectional, wing-body configurations of interest.
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existence today in the United States and other countries have ax-
isymmetric body configurations, these conceptual design tradeofts
of various configurations other than axisymmetric require engineer-
ing estimates of aerodynamics. Current state-of-the-artmethods for
predicting aerodynamics of nonaxisymmetricbody shapes with en-
gineering accuracy are much more limited than for axisymmetric
bodies. The more limited methodology for nonaxisymmetric bod-
ies compared with axisymmetric bodies is primarily driven by the
fact that to get reasonable accuracy of the aerodynamicsrequires an
accurate description of the body geometry. To describe the geom-
etry of a complex body shape accurately can take days or weeks
depending on the requirements of the aerodynamics code being
used.

The present approaches to computing aerodynamics fall into two
basic classes. The first class requires the description of the body
geometry in some detail for aerodynamic computations. Methods
that fall into this class'~* have various levels of sophistication and
likewise various levels of accuracy. They vary from engineering
methods' to full Navier-Stokes computations.*

The second class of codes for calculating aerodynamicsof a non-
axisymmetric body is based on an equivalent axisymmetric body.
The beauty of this approach is the fact that an existing axisym-
metric body code can be used to calculate nonaxisymmetric body
aerodynamicsif the area distributionof the body is known. The area
distributionrequires a lot less time to define than a detailed config-
uration geometry. On the other hand, one should anticipate possibly
larger errorsin predicting the aerodynamicsthan an approach where
the detailed geometry is required. The ease of use, fast turnaround,
and lower cost may be worth the reduced accuracy, however. This
type of approach was pioneered by the methods of Whitcomb® and
Jorgensen 10

The Missile DATCOM!! code uses the method of Jorgensen to
estimate aerodynamics of elliptic cross-sectional shapes to any an-
gle of attack (AOA) and other cross-sectional shapes at small AOA.
However, no such code is available for other than elliptical cross-
sectional shapes at high AOA. There are several areas where the
Jorgensen approach needs improvement. First, the method was de-
rived on the basis of slender body theory (SBT) for low AOA
and modified Newtonian theory (MNT) at higher AOA. The MNT,
strictly speaking, is accurate only for higher Mach numbers and
therefore needs to be corrected for lower Mach numbers. Second,
most of the data available for making these empirical corrections to
MNT are at low speed, and thus additional data or computational
fluid dynamics efforts are needed for higher Mach number. Third,
the Jorgensen correlation factors based on SBT and MNT work
reasonably well in predictingnormal forces for elliptical configura-
tions butnotso well for triangularand square cross-sectionalbodies.
Fourth, the Jorgensen approach uses SBT for interference between
the wings and bodies with no nonlinear corrections for AOA, Mach
number, or wing shape. The Missile Datcom!! improves upon this
problem by the use of the equivalent AOA method.'? This allows the
nonlinear corrections of wing-body lift to be included and extends
the AOA boundary to 20-25 deg for interferenceeffects. Finally, no
correctionsare included in the Jorgensen method for the axial force
wave component of drag for the noncircularbodies compared with
the circular bodies.

Although the Jorgensen method has its shortcomings, it is still
the method most compatible with the U.S. Naval Surface Warfare
Center aeroprediction code (APC)'? because the APC is currently
developed for axisymmetric bodies. The goal of the present work
is therefore to modify the work of Jorgensen to improve upon the
shortcomings stated previously. If this work is successful, a more
robust, more accurate, yet simple code for computing aerodynamics
of nonaxisymmetric body missile configurations will be available.
This publication presents the summary results of this new technol-
ogy. For details of the work, the reader is referred to Ref. 14.

II. Analysis
The goal of the present work is to extend the APC" to include
simple nonaxisymmetric body configurations. As discussed in the
Introduction, the approach most compatible with the axisymmetric
body techniques of Ref. 13 is one that computes the aerodynamics

of a nonaxisymmetric body on the basis of an equivalent axisym-
metric body. The most developed of these approaches is that of
Jorgensen®~'° As such, it is instructive to review the Jorgensen®~'°
method briefly, to point out the weak areas discussed in the Intro-
duction, and then to address the present improved methodology to
overcome these shortcomings.

A. Review of Jorgensen’s Method
Jorgensen’s method®~'° for the static aerodynamics of a body
aloneis given by

Cy= (CA)a:OCOSZOl (1)
Co = sin(2a) cos(a/2) ! C, dA dx
N Aref 0 C’l() SB dx
2nC,,. sin’ o /¢
4~ / — ) rdx )
Aref 0 Cno N
Co — sin(2w) cos(a/2) ! & %(x Y d
. Areflref 0 Cno SB dx "
2nC,. sin’ o (¢
+“’C—/ (—) r (2, — x) dx 3)
Areflref 0 Cno N
xCP/lref = _(CM/CN) + (-xm/lref) (4)

Equations (2) and (3) allow for continually varying cross sections
along the body. Equation (1) is an assumed approximationfor corre-
lating axial force with AOA. It also requires a calculation of, or that
experimental data be available for, axial force coefficient at zero
AOA. Equations (2) and (3) both include the factors (C,/C,,)sp
and (C,/C,,)n. These factors represent the slender body (SB) and
Newtonian approximationsto the local normal force coefficient per
unit length of the desired cross-sectional shape (C,) to the similar
coefficient for the equivalent circular cross-sectional shape (C,,).
The radius of the equivalent cross-sectional shape is determined by

reg = A(X) /T ®)

where A(x) represents the area of the nonaxisymmetric body as it
varies along the body x axis. The first terms of both Egs. (2) and (3)
are the terms due to potentialflow, and the second terms are those due
to the viscous crossflow. Because SBT is applicable only for small
AOAs, the coefficient (C, /C,,)sp can only be used for the first term
of Egs. (2) and (3). On the other hand, Newtonian impact theory is
applicableat any AOA and can thereforebe used for the second term
of Eqgs. (2) and (3). The term C,,. is the crossflow drag coefficient
for the equivalent body of revolution. Finally, both Egs. (3) and (4)
are defined about some reference point x,,. The terms (C,/C,,)sp
and (C,/C,,)y are given in Ref. 6 for several ellipses. The term
(C,/Cyy)n is also given for some squares. Reference 11 gives the
SB theory values of (C, /C,,)sp for several configurations.
Whenonereviews Egs. (1-5), itis appropriateto specifically point
out the weak points suggested in the Introduction. First, Eq. (1) as-
sumes (C4)q o of the equivalent axisymmetric body is the same as
that for the noncircularbody and that C 4 varies as cos® a with AOA.
These assumptions need further investigation. Second, (C,/C,,)n
is accurate primarily at high Mach numbers. A correction for lower
crossflow Mach numbersis probablyrequired (My < 2.0) foraccu-
rate prediction of static aerodynamics at all AOAs and M. Third,
additional analytical equations need to be derived for (C,/C,,)n
for other than elliptical cross-sectional shapes. This is required to
expand the approach of Ref. 6 to a broader range of cross sections.
Fourth, although Jorgensen discusses the impact of crossflow drag
coefficient as a function of Reynolds number, he does not offer any
methodology to correct for the sudden decrease in the crossflow
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drag coefficient for Reynolds numbers above the critical value as a
function of body cross-sectional shape. Finally, configuration aero-
dynamics need to be defined in such a way as to allow the inter-
ference terms between the wing and body to include nonlinearities.
Reference 13 already has these nonlinearities included for circular
bodies. This methodology has been validated to high AOA and for
a large range of Mach numbers and configurations. However, this
methodology also needs to be adjusted for the noncircular bodies
being considered.

The remainder of the analysis section will take each of the prob-
lems discussed and briefly define the modifications or new methods
necessary to attempt to achieve a more accurate and robust way
of treating noncircular bodies than is available in either Ref. 6 or
Ref. 11. The reader is referred to Ref. 14 for more elaboration and
discussion of the new methods.

B. Body Alone Axial Force Approach

The axial force coefficient at zero AOA is composed of three
components that arise from the wave drag generated by the flow
as it is compressed on the body surface, the friction of the air as
it passes over the body, and the pressure on the afterbody or base
caused by the separation of the flow from the body surface.

For the present work, the base and wave drag are computed by us-
ing an equivalentaxisymmetricbody composed of a cross-sectional
area equal to that of the nonaxisymmetric body. The skin-friction
drag is computed by multiplying the skin-frictiondrag of the equiv-
alent axisymmetric body by the ratio of the circumference of the
nonaxisymmetriccross section to that of the equivalentaxisymmet-
ric cross section.

The method of Ref. 15 will be assumed for AOA changes in Cj,
and Ref. 13 will be used for fin values of C4. Hence, to compute
C 4, we first determine the equivalent axisymmetric body. The axial
force is computed as currently done in the AP95 (Ref. 13) code for
this equivalent axisymmetric body with or without fins. The body
alone value of C, is then adjusted for the appropriate noncircular
shape, and the fin values of C, are held constant. The term C, at
AOA is then adjusted according to Ref. 15.

C. Values of (C,/C,,)sp and (C,,/Cy )y

When one applies Egs. (2) and (3) to noncircular bodies, values
of the parameters (C,/C,,)sg and (C,/C,,)y are required for the
particularnoncircularshape of interest. The term C,,. of these equa-
tions remains the crossflow drag coefficient of a circular cylinder
with the radius defined by Eq. (5). Values of these parameters for
ellipses using both SBT and MNT are given in Ref. 6 and shown
here in Fig. 2 for convenience.

Values of (C, /C,,)y were not available for many other cases of
interest. As a result, Ref. 14 derives this parameter for several cases
of interest, includingsquares and triangles with various corner radii.
Reference 11 contained approximate values of the slender body
apparent mass parameters that allowed computation of (C, /C,,)sp
for squares and triangles with no corner radius. These values were
then allowed to go to 1 in a linear fashion when k goes to 0.5.
Values of (C,/C,,)y and (C,/C,,)sg are given in Figs. 3 and 4 for
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Fig. 2 Ratio oflocal normalforce coefficient for an elliptic cross section
to that for the equivalent circular cross section.
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Fig. 3 Ratio of local normal force coefficient for a square cross section
to that for the equivalent circular cross section.
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Fig. 4 Ratio of local normal force coefficient for a triangular cross
section to that for the equivalent circular cross section.

the square and triangular cross sections, respectively,as a function
of the corner radius parameter k. Figures 2-4 are used at any Mach
number. However, the use of Newtonian theory at lower supersonic
and subsonic Mach numbers will be discussed in the next section.

It is interesting to note from Figs. 3 and 4 that SBT gives constant
values of (C,/C,,)sp forboth the triangle and square'' independent
of their orientation. On the other hand, Newtonian theory values
of (C,/C,,)n vary depending on the orientation of the triangle or
square. Newtonianimpacttheoryis a functionof the sine of the angle
between the velocity vector and a tangent to the body surface to the
second power. As a result, the configuration that has the base of the
triangle normal to the flow has a fairly high value of the parameter
(C,/Cyy) v, whereas the value when the triangle is inverted is about
one-fourth of the larger value when the corner is sharp (k = 0). On
the other hand, Ref. 11 shows the apparent mass to be independent
of orientation of the triangle and square, and so a value of SBT
is obtained for the parameter (C,/C,,)sp that is independent of
orientation and is between the two values computed by Newtonian
theory for both the square and triangle.

D. Newtonian Correction Factor

Figures 3 and 4 address one of the weak areas in the methodology
of Refs. 6and 11 discussedpreviously.A second problemthatneeds
to be addressed is to provide a correction as a function of Mach
number for the Newtonian theory curves of Figs. 2-4. Because the
slender body curves are used at low AOA, and values of normal
force are small, it is not as critical that these curves be corrected for
nonslenderbodies. On the other hand, the Newtonian theory curves
are used at high AOA and could potentially be erroneous at lower
Mach numbers.

Equations (2) and (3) for the body alone normal force and pitch-
ing moment will therefore be rewritten to include the factor NF,
which represents the correction in the modified Newtonian values
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of (C,/C,,)n due to the crossflow Mach number not being infinite.
Thus,

Cy = Cn, (Cof Cuy) g + Crn (€1 / Cuy) NF ©)

Cu = Cu, (Cu [ Cuy) gy + Cott (Cu [ Cig) NF (D)

Both Egs. (6) and (7) are based on body aerodynamicsof a circle of
equivalentcross-sectionalarea to that of the noncircularbody cross
section.

To compute NF, we will use available experimental data to com-
pare (C,/C,,)n of Figs. 2-4. If values of these parameters are not
available directly, then the parameter NF can be approximated by
comparing total force and moment data from tests to that predicted
by Ref. 13 when NF is 1. The factor NF can then be computed to
bring the theory more in line with experimental data. For this phase
of the work we used Refs. 6, 7, and 16-23.

A brief explanation of why the factor NF is needed is in order.
Basically, Newtonian impact theory assumes that all of the normal
momentum of an air particle is lost upon direct impact on a body
surface. The theory is derived based on very high Mach numbers,
and past comparisons with experiment have shown the simple the-
ory does indeed give quite accurate pressure information on simple
body shapes as Mach number becomes large and the particle im-
pact angle is near normal to the surface. As a consequence of the
momentum of each air particle being deposited on a surface upon
impact, the pressure coefficient on all areas that the flow does not
see directly (shadowed regions), or leeward plane areas, is zero.
This Newtonian assumption becomes increasingly erroneous as the
Mach number decreases. Although the ratio (C,/C,,)y tends to
mitigate the error somewhat, due to the fact the error occurs on both
the circular and noncircular configurations, it is logical to assume
that the error is configuration dependent. If Eqs. (6) and (7) were
applied only for crossflow Mach numbers greater than about 2-5,
one could probably neglect the factor NF and still achieve reason-
ableaccuracyfor engineeringcodes. However, because most tactical
weapons fly in the range of freestream Mach numbers less than 6,
itis very important to have the factor NF defined.

The first noncircularconfigurationis the elliptical cross section of
Fig. 2. This configuration has the most experimental data available
and thereforeis the easiest to define the factor NF. Results for ellip-
tical configurationswith a/b = 0.5,2.0, and 3.0 are givenin Fig. 5.
Figure 5 was derived primarily from the data of Jorgensen®’ and
Shereda et al.>? in conjunction with the AP95 (Ref. 13). As a result
of the combined usage of data and a code, some of the factor NF in
Fig. 5 could be from errors in the AP95 itself. However, as seen
in Fig. 5, if the errors are from the AP95, they are fairly consistent
in terms of a general trend as a function of a /b.

Figure 5 was derived for AOAs greater than 20 deg because this
is the region where one obtains the largest amount of separation
in the leeward plane of the vehicle and therefore the region where
Newtonian theory is least accurate. To blend in the factor (NF); with

Approximation

30 ab Exp:
30 V (Ref 23)

2.0 ©® (Ref6)
0.5 A (Ref )

NF,

P
O =
///
_va’/
0 | | | ]
0 1.0 2.0 3.0 4.0
My =M, sina

Fig. 5 Newtonian correction factor for an elliptical cross section
(a > 20 deg).

AOA, we assume a linear variation between AOA of 0 and 20 deg.
That is,
NF = 1 4+ [(NF); — 11(«/20), a <20 )
8
NF = (NF),, a > 20
It was found that the approach of Eq. (8) was more accurate than
the application of Fig. 5 fully at AOAs of less than 20 deg.

Several points are worthy of note in Fig. 5. First, for values of
a/b < 2.0, NF, is close to 1 at crossflow Mach numbers of 2.0
and higher. Second, at low crossflow Mach numbers, the a/b =
2.0 and 3.0 configurations generate a large amount of nonlinear
normal force compared with a circle. This is partly explained by
Ref. 24. Reference 24 shows that the drag coefficients of various flat
shapes coalesce at high Mach number but vary widely at low Mach
numbers. The ellipse approaches a flat surface as a/b gets large.
Third, the configurationfora /b = 0.5 appearsto indicatea regionof
supercritical crossflow Reynolds number around My = 0.5 where
the factorNF, decreasesbelow 1. However, fora /b = 0.5, the value
of NF more closely resembles Newtonian theory (NF is closer to 1)
than the larger values of a /b when My is less than about0.8. Finally,
to estimate the effects of elliptical shapes other thana /b = 0.5, 2.0,
or 3.0, a linear assumption is made that the factor varies between
1.0 for a/b = 1.0 and its value in Fig. 5 for a /b other than 1.

Values of the parameter NF for both square and triangular cross-
sectional shapes are defined in Ref. 14 in a similar manner to that
of the elliptical cross-sectionalshapes. For the sake of brevity, these
results are not shown here. Results for NF are defined' as a func-
tion of corner radius and crossflow Mach number for the square
and triangular shapes. Suffice it to say that the factor NF can vary
significantly from 1 for crossflow Mach numbers less than about
2.0. Hence, to assume NF is 1 can result in substantial errors in
estimating body alone normal force at high AOA for many noncir-
cular cross-sectional shapes.

E. Reynolds Number Effect on Crossflow Drag Coefficient

Because the methodology for computing the aerodynamics of
nonaxisymmetricbodiesis based on computing the acrodynamicsof
an equivalentaxisymmetricbody, the questionarises as to whether a
relationshipcan be derived for critical crossflow Reynolds numbers
as a function of body cross-sectional shape. References 19 and 25
both give values of C,,. as a function of crossflow Reynolds number
and body cross-sectional shape for My values near zero.

Reference 19 correlated crossflow drag coefficient to a parameter
(Ryk'3). For squares at ® = 0, it appears that the critical value of
this parameter based on Ref. 19 can be defined as a function of k.

Thus for squares at & = 0 deg,

Ry, _0.083+ 1.36k — 1.44k*

002<k=<05
131 ’ =% =
(RNC)k:O.S k

C))

For the value of kK < 0.02, a value of 0.02 could be used in Eq. (9).
If the square is rotated to ® = 45 deg (diamond), then a better
approximation to the data of Ref. 19 is

Ry, _ 6.33k — 24.1k* + 26.1k3
- 1.31 ’
(RNC)k:O.S k

For ellipses, an approximation to the data of Ref. 17 is

RNC <a>l.5
— = - (1D
(RNC)a/b:l.O b

Finally, for triangular shapes with the base normal to the flow, the
correlation equation for the square at & = 0 deg, Eq. (9), appears
to correlate the data of Ref. 26 reasonably well. Likewise, when the
flow is in the direction of the triangulartip or inverted triangle where
the base is to the rear, the equation for the square rotated 45 deg,
Eq. (10), appears acceptable.

0.02<k=<05

(10)
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Physically, what Egs. (9-11) are saying is that, when the configu-
ration has corners or approaches a flat plate in the direction normal
to the velocity vector, the critical value of the crossflow Reynolds
number increases. The amount of this increase is proportional to
the sharpness of the corners or to the elongation of the body (el-
lipse). The increase in the critical crossflow Reynolds number for
ellipses with increasing values of a /b or triangles and squares with
decreasing values of k means that the mechanism that causes the
drag bucket for circular cylinders is harder to establish itself for
most noncircular cross sections. This drag bucket is caused by the
reattachmentof the boundary layer on the rear of a circular cylinder
for supercritical Reynolds numbers.

F. Wing-Body Interference Effects

Jorgenser® used a combination of two approaches for the wing-
body aerodynamics. The first approachwas to simply use Newtonian
theory to approximate (C, /C,,) n of Egs. (2) and (3) for wing-body
configurations where the body was noncircular and the wing was a
simple extensionof this. He then used a modified version of Ref. 27
to compute the slender body or linear theory term of Eqgs. (1) and
(2). As showninRef. 6, thisapproachsignificantly overpredictedthe
normal force while giving reasonableresults for center of pressure.
The primary reason for this overprediction of normal force was the
failure to account for the nonlinearitiesthat occur in the wing-body
interference factor as AOA increases.

Missile DATCOM!' improved upon the Jorgensen® approach by
using the equivalent AOA method'? to incorporate nonlinearitiesin
the wing-body interference factor. This increased the AOA capabil-
ity to 20-30 deg. On the other hand, Ref. 11 did notincludetriangles
and squares for high AOA because Newtonian theory was not de-
veloped for those shapes. Also, the Newtonian correction factor for
lower Mach number was not available. Reference 11 also did not
include the Newtonian correction factor for all Mach numbers for
ellipses.

References 13 and 28 developed a new approach for incorpo-
rating nonlinearities in the wing-body and body-wing interference
factors. In this approach, each interference term was divided into a
linear and a nonlinear component. The linear term was estimated by
linear theory or SBT and the nonlinear term was estimated directly
through the use of large missile component wind-tunnel databases.
For regions where data were not available, the method was extrap-
olated based on engineering judgment and comparison with aero-
dynamics on various other missile aerodynamic databases. The net
result of this approach was average accuracy levels at roll positions
of 0 and 45 deg of £10% on normal and axial force and +4% of
body length on center of pressure to AOAs of 90 deg. Exceptions to
this accuracy were at low Mach number and high AOA where wind-
tunnel data were in question and at high Mach number and AOA
for a configuration with two sets of lifting surfaces where internal
shock interactions became important.

As a result, the improved approach for incorporating nonlineari-
ties into the wing-body interference factors of Refs. 13 and 28 will
be the methods used here for noncircularbodies. The overall normal
force coefficient equation for any wing-body-tail configuration can
be written as follows:

Cy=Cuy + {[KW(B) + KB(W)]Ol + [kW(B) + kB(W)](SW}(CNO,)W

+{[Krw + Ky o + [kra + ks 167 }(Cn ), + Crvr

(12)

The first term in Eq. (12) is the normal force of the body alone
including the linear and nonlinear components; the second term is
the contribution of the wing (or canard) including interference ef-
fects and control deflection; the third term is the contribution of
the tail including interference effects and control deflection; and
the last term is the negative downwash effect on the tail resulting
from wing-shed or body-shed vortices. The uppercase K represents
the interference of the configuration with respect to AOA, and the
lowercase k represents the interference with respect to control de-
flection. The subscripts W (B) and T (B) represent the change (or
interference effect) of the wing and tail in the presence of the body,

whereas the subscripts B(W) and B(T') indicate the additional lift
(or interferenceeffect) on the body because of the presence of wings
or tails. When Eq. (12) was originally defined, it was associated with
the linear aerodynamics only.?” References 13 and 28 defined a lin-
ear and a nonlinear componentof each of the terms in Eq. (12). The
body alone term for noncircular bodies is defined by Eq. (7). The
interference terms are all defined in the general form

K=Ky + AK(M,AR, 1, D, @) (13)
SBT

The first term on the right-hand side is known from linear theory
or SBT for circular cylinder configurations. The second term is
computed empirically based on databases and is defined in terms of
tables as a function of the variables M, AR, A, ®, and « in Refs. 13
and 28. These tables are all based on circular bodies however. The
wing alone term is estimated by a fourth-order equation in AOA
that is a function of Mach number and wing planform parameters.
Finally, the last term in Eq. (12) is estimated based on slender body
theory and nonlinearitiesincorporated through comparison to data.
Once again, Refs. 13 and 28 summarize all of the nonlinearmethods
used in computing normal force, pitching moment, and center of
pressure for axisymmetric body missile configurations.

Figure 1 gives a qualitative pictorial view of the configurations
for which aerodynamics are desired. It is believed this set of con-
figurations can be made broad enough to encompass most tactical
weapons of interestto the community at large. It includes the circles
of various diameter, ellipses of various eccentricity, and triangles
and squares of various orientation as well as cornerradius. To com-
plement the body geometry, wings have been included at both the
@ = 0 and 45 deg roll orientations on all configurations except the
triangular shape (where wings were limited to the ® = 0 deg roll
orientation only). The question that now must be addressed is how
Eq. (13) will vary for the noncircular wing-body configurations of
Fig. 1.

Fortunately, Nelson,” Est and Nelson,® and Sigal®>' have per-
formed work on Ky (s), Kg(w), and ky g, for low AOAs for noncir-
cular configurations. Nelson® and Est and Nelson® defined the low
AOA values of Ky g, for elliptical, square, and triangular cross-
sectional shapes at moderate supersonic Mach numbers using an
Euler code in conjunction with low-Mach-number experimental
data. Because the equivalent AOA method used SBT for K (), no
equivalentdata for noncircularcross sections were given in Refs. 29
and 30 for this parameter. Figure 6 gives the wing-body interference
term for elliptical cross-sectional shapes after being divided by that
of the circular cross sectionnear @ = 0 deg. This figure was derived
from the data of Ref. 29 in conjunctionwith the circularbody results
of Ref. 27. The results of Ref. 29 were given as a functionof a’/s,,
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Fig. 6 Ratio of wing-body interference of an elliptical body to that of
an equivalent circular body.2®
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and so they had to be translated to equivalentcircular values through
the relationship

Teq a

1
0 ‘I[af/sl(l—m)wa} "

where C; = a’/b’. See Fig. 6 for the nomenclature.

Itis interesting to note from Fig. 6 that, for most practical missile
configurationswhere r, /s typically varies from about0.1 to 0.7 and
a /b is generally greater than 0.5 but less than 2.0, the noncircular
Ky ) deviates from the circular value by, at most, 18% and for
most cases less than that.

Reference 30 also showed that for the conditions investigated
kw )y varied only slightly from SBT for any of the cross-sectional
shapes. As a result, the current nonlinear models in Refs. 13 and 28
will be used directly for this term.

As afirst approximation,the body-wing interferenceterm will be
assumed to vary from its circular cylinder values in a proportional
manner to the wing-body carryover. That is, if one defines

[l »
[Kwa].,
then
[Kson]ye. = FIKsw]c, (16)
[kaon ]xe.q = Flkaon]e, an

Also, as already mentioned,

v ]yeo = lwan ], (18)

It should be emphasized that Fig. 6 is the low AOA value of Ky g,
and it gives no indication about how Ky 5, will vary with AOA.
As a result, some assumptions will be made. References 13 and 28
defined Ky 5y and K () as givenin Eq. (13). As seen in Eq. (13),
K\ () has five parameters that are defined in tables as functions of
wing aspectand taperratio for various valuesof r /s, AOA, and M .
It will be assumed here that the resultsin Fig. 6 will be applied to the
SBT value of Ky () and K g(w) [thatis, the first term of Eq. (13)]. As
AOA increases, all of the parameters of the methods of Refs. 13 and
28 are then held constant except for the rate of change, dK y (5, /de.
In other words, at low-to-moderate AOA, the body cross section is
allowed to change the interference factors from their circular body
values, whereas at high AOA, it is not. Also, as a firstapproximation,
the values of AKy 5 and AKpy, available in the AP95 will be
assumed to be independentof cross-sectional shape at AOA.

Figure 6 was based on fins located at a roll position of zero.
References 13 and 28 have nonlinear treatment of fin carryover
interference for both roll positions of 0 and 45 deg. As a result, the
SBT results of Fig. 6 will be applied to the body with the fins in
both the ® = 0 and 45 deg orientation. Of course, the nonlinearities
with Mach number, AOA, and fin shape are different for these roll
orientationsand will be used as currentlydone in Refs. 13and 28. As
already stated, Eqs. (15-18) are used to compute K gy, ky (5, and
k 5wy for noncircular cross sections when the methods of Refs. 29
and 30 are used to compute Ky, (g, for the ellipse.

Reference 30 also presentedresults for [Ky ) lo —¢ for the trian-
gular and square shapes. Two methods were used in that reference.
For values of k between 0.125 and 0.5 and r /s between 0.167 and
0.667, a numerical code was used. To obtain the value of Ky (5, for
r/s = 1.0, the incompressibledata of Ref. 17 were used in conjunc-
tion with the incompressible form of the Bernoulli equation >’

Following a procedure similar to that of Ref. 30, values of Ky g,
for squares and triangles were obtained near AOA of 0 and for a
limited number of values of corner radius. Using these values of
Kw sy and engineering judgment to extrapolate in between values
of k, Fig. 7 was derived for trianglesand squares. Note that the wind-
tunnel database of Fig. 7 was based on A,; = 7 W?2/4 vs Fig. 6,
which was based on 7d;, /4. The other interference factor terms for
the squares and triangles are computed using Egs. (15-18).

=1.0

=]

o
]

(Kug)Ine/ Kweylc)us

1 ) 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Fig. 7 Impact of square and triangular body cross sections on low
Mach number values of Ky ) (data from Refs. 18 and 29 and based on

Aret =W2/4).

Itis interesting to note that all of the interference factors in Fig. 7
are less than 1, compared with those in Fig. 6, which can be greater
than 1. This apparentdilemma is created by the way the curves were
drawn, i.e., Fig. 6 is based on wd, /4 and Fig. 7 on w W* /4. This
leads to a requirement for a scaling factor to relate one set of curves
to another. The discussion of the slender body theory scaling factor
that follows later in this paper elaborates on this issue.

Figure 7 gives values of Ky (g, for squares and triangles at the
limiting value of r/s = 1. Thus, to relate the value of Ky (5 at
some value of 7 /s other than 1 to Fig. 7, a linear assumptionis used,
similar to what occurs in SBT.?” Hence,

[KW(B)]NC = {[KW(B)]_/Nil - 1}(”/5) +1 (19)

Using the value of [Ky (5 Inc computed from Eq. (19) for a given
r/s, the nonlinear models of Refs. 13 and 28 are once again used to
relate the wing-body aerodynamicsas a function of AOA and Mach
number. Equations (15-18) are used for the other interferenceterms,
in analogy to the elliptical cross-sectional case.

G. Slender Body Theory Scaling Factor

In trying to develop a simple way to calculate the aerodynam-
ics of noncircular wing-body configurations, there is an apparent
scaling dilemma. The body aerodynamic calculations would ap-
pear to be more appropriately done based on a circle of equivalent
cross-sectional area to the noncircular cross section. However, the
wings would like to see a body of size equal to that of a circle
of diameter W (see Fig. 7). This problem does not arise for bod-
ies alone but only when wings are placed on the body. One could
therefore calculate the aerodynamics of the wing body based on
a circle of diameter W and then multiply the body aerodynamics
by Aeq /(7 W2 /4) or calculate the aerodynamics based on a circular
cylinder of diameter d., and multiply the wing aerodynamics by
another scaling parameter defined in Ref. 14. The latter approachis
chosen for the squares and triangles, and so a consistent approach
for body alone aerodynamicsis obtained with the ellipses.

In trying to understand this scaling factor, resort is made to
SBT. Using SBT, one can rigorously show that there is a factor
of A/ (st W?/4) between the equivalentcircular case and a square
or triangle if the square or triangle is represented by a circular cylin-
der of diameter W vs d.,. Likewise if the diameter d, is used for the
triangle or square as opposed to W, one can rigorously show there
is a factor that multiplies the wing-body and body-wing contribu-
tions for low AOA. This factor is a function of r/s and wing area.
Reference 14 gives a thorough discussion of scalingusing SBT and
its implications on calculating acrodynamics of configurations with
noncircularcross-sectionalbodies. The slenderbody scaling factors
derived in Ref. 14 are required for use in computing aerodynamics
of a nonaxisymmetric body with an axisymmetric body code.

H. Wing-Body-Tail Configurations

Wings and tails will be assumedto be in line at eitherroll positions
of ® = 0 or 45 deg. This will allow the new wing-tail interference
model developed and discussed in Ref. 28 to be used. Although
this model will probably be impacted by noncircular shapes, it is
believed thatit is probably less of an impact than on either Ky 5, or
K gw). There will be less impact because the vortices shed by the
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wings are near the wing tips and, in most cases, are not impacted
by the body cross-sectional shape. As a result of this assumption,
the tail can be analyzed just as the wing, for the body cross section
of interest at the tail. The only difference will be the addition of the
downwash effect on the tail produced by the wing.

I. Variable Body Cross-Sectional Shapes

The discussion to this point has assumed a constant noncircular
body cross-sectionalshape. That is, the nose, afterbody, and boattail
or flare all have the same cross-sectionalshape. These shapes could
be circular, elliptical, square, or triangular and oriented as shown in
Fig. 1. In principle, the methodology for noncircular shaped mis-
sile configurations discussed in Secs. II.B-I1.G for constant cross-
sectional shape can be applied to configurations that have a variable
cross section. To do this will require different values of the param-
eters (C,/C,,)sg, (C,/C,,)y, and NF and interference factors for
each of the different cross-sectional shapes. From a practical hard-
ware standpoint, only two different cross-sectional shapes will be
allowed with a transitionregion between. For example, if the frontof
the missile were circular and the back elliptical, a transition region
between circular and elliptical shape is necessary from a practical
standpoint. It is necessary, therefore, to have a region that smoothly
contoursthe nose ellipse to that of the afterbody. The cross-sectional
area of this configurationremains constant from the end of the nose
to the end of the body. This also means the equivalentdiameter of a
circularcross section also remains constant. However, the noncircu-
lar slender body and Newtonian factors are significantly different,
which means the normal force, pitching moment, and center of pres-
sure will change substantially.

III. Results and Discussion

The performance of the new nonaxisymmetric body methodol-
ogy was evaluated'* by applying it to an extensive array of aerody-
namic configurations over a broad range of flight conditions. This
included body alone configurations consisting of elliptical, square,
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and triangular cross sections. The elliptical configurations consid-
ered had a /b ratios varying from 0.5 to 2.0. Square, diamond, and
triangular cross sections had corner roundness that varied between
0 and 0.33. Not all cases were available on all configurations, how-
ever. Freestream conditions varied from Mach numbers as low as
0.3 to as high as 14. AOAs as high as 60 deg were considered.
Several wing-body cases were also considered,'* butnotnearly as
much datawas availableas for the body alone. Configuration geome-
try and flight conditions were more limited as well. Only one wing-
body-tail case'* was consideredas this was the only case where data

were found in the literature.

No average accuracy assessmenthas been made as of yet for the
nonaxisymmetric body configurations similar to that available for
axisymmetric bodies. As more comparisons are made, this may be-
come more feasible. At present, the average accuracy of the normal
and axial force coefficients and center of pressure appears to be
almost as good as the axisymmetric body.

Only a sample of the Ref. 14 results will be shown here. All cases
computed used an optimum value of the critical crossflow Mach
number where transition from subcritical to supercritical conditions
occur. This optimum value is not that critical for higher-Mach-
number computations but is very important to accurately predict
subsonic normal force. The first case considered is the configura-
tion of Fig. 8. This configuration was tested to a 24-deg AOA at
M., =1.98 and 3.88 in Ref. 7. All bodies in Fig. 8 have the same
cross-sectional area as the circle. The corner radii of the squares
and triangles were very small, and so a value of k =0 was assumed
in the computations. The elliptical shape 10-caliber body of Fig. 8
was tested later at Mach numbers 0.6-2.0 and to an AOA of 56 deg
(Ref. 32). The case shown here will thus be the elliptical 10-caliber-
long body tests of Ref. 32, which go to 56-deg AOA, and the square
and triangular tests of Ref. 7, which go only to a 24-deg AOA. Not
all results will be shown, as the Refs. 7 and 32 databases were fairly
extensive. Most of these results are shown in Ref. 14, however.

Figures 9-11 give the elliptical body results for Mach numbers
of 0.6, 1.2, and 2.0. Results shown are for ellipticity values of 0.5,
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Fig. 8 Body alone configurations’ with elliptical, square, diamond, triangular, and inverted triangular shapes.
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Fig. 9 Aerodynamic data for 2:1 and 0.5:1 ellipses of Fig. 8 compared with circular body at M =0.6: a) normal force coefficient, b) axial force

coefficient, and c) center of pressure.
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Fig. 10 Aerodynamic data for 2:1 and 0.5:1 ellipses of Fig. 8 compared with circular body at M =1.2: a) normal force coefficient, b) axial force
coefficient, and c) center of pressure.
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Fig. 11 Aerodynamic data for 2:1 and 0.5:1 ellipses of Fig. 8 compared with circular body at M =2.0: a) normal force coefficient, b) axial force
coefficient, and c) center of pressure.
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Fig. 12 Aerodynamic data of squares (k=0.0) and diamonds (k = 0.0) of Fig. 8 compared with circular body at M =1.98 (I/d=10): a) lift coefficient,
b) lift-to-drag ratio, and c) center of pressure.
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Fig. 15 Aerodynamic data for the wing-body configuration of Fig. 14
with a 2:1 elliptical cross-sectional body: a) normal force coefficient and
b) center of pressure.

1.0, and 2.0 and are given in terms of normal and axial force co-
efficients and center of pressure. Also, the axial force coefficient
does not include a base drag component. In examining the com-
parisons of theory and experimentin Figs. 9-11, it is seen that the
theory does a fairly good job of predicting most of the aerody-
namics on the a /b = 2.0 elliptical case at all three Mach numbers.
The normal force and center of pressure predictions are quite en-
couraging as they are well within the average accuracy levels of
+10 and £4% of body length, respectively. The axial force predic-
tion comparisons are not as good as desired. However, the poorer
comparison of theoretical axial force to data could be due to mea-
surement accuracy where it is difficult to get accurate axial force
measurements with a sting designed for measuring normal force
at high AOA. The a/b=0.5 results are not quite as good as the
a/b =2.0 results, particularly at high AOA. This could be due to
the critical value of crossflow Mach number prediction. The data ap-
pear to support supercritical flow up to an AOA of 56 deg, whereas
the theory indicates the flow transitions to subcritical conditions
around an AOA of 36-40 deg. Also the center of pressure pre-
diction for the a/b=0.5 case at low AOA appears to indicate a
center of pressure much farther toward the nose tip at M =0.6
than the theory predicts. It is not clear what mechanism causes
this. Because the nose length is 3 calibers and there is no boat tail
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Fig. 16 Aerodynamic data for the wing-body-tail configuration of
Fig. 14 with a 2:1 elliptical cross-sectional body: a) normal force co-
efficient and b) center of pressure.

present, intuition would lead one to expect the center of pressure to
lie somewhere between 1.5 and 3.0 calibers from the nost tip near
o =0 deg.

Theoretical and experimental results for the squares and trian-
gles of Fig. 8 are given in Figs. 12 and 13, respectively. Only the
10-caliber-long configuration results at M = 1.98 are shown. Here
the results are given in terms of lift coefficient, lift-to-dragratio, and
center of pressure. In general, comparison of theory and experiment
for the squares and diamonds is quite encouraging,althoughnot as
good as the circular cross-sectional shapes. The triangular shaped
body predictionsforlift coefficient tend to be somewhatlow as AOA
increases. However, this is to be expected because the values for the
circular cylinder results are also low. Lift-to-drag ratio predictions
are quite good, with the peak values being reasonably well pre-
dicted. Center of pressure prediction for the triangular shape is well
within the 4% of body length used as a criterion for axisymmetric
bodies. However, the inverted triangle center of pressure predictions
slightly exceed this value.

The next case considered is a 10-caliber wing-body and wing-
body-tail case shown in Fig. 14 (Ref. 6). The body cross section
is an ellipse with an a/b = 2.0, and the nose length is 3.0 calibers.
Figures 15 and 16 present the normal force and center of pressure
comparisons of experiment and theory at M =0.6 and 2.0 for the
wing-body and wing-body-tail cases, respectively. Data for the
wing-body-tail case at M =2.0 were available only at « = 34 deg,
whereas all other cases have data to an AOA of 60 deg. As seen in
Figs. 15 and 16, theoretical predictions are quite good for center of
pressure and fair to good for normal force coefficient.

The third configuration shown (see Fig. 17) is a waverider con-
figuration taken from Ref. 33. Lift, drag, and pitching moment
comparisons of theory and experiment at M = 14.0 to o =25 deg
are shown in Fig. 18. Results are quite encouraging, even though
this configuration does not quite fit the triangular shape, which has
60-deg angles in all corners. Note that these results are based on a
375-in2 planform area.

The final configuration considered, taken from Ref. 34, is shown
in Fig. 19. It consists of a lifting body with variable sweep wing
panels. In this case, we have a body that appears at first glance to
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Wire frame geometry of the waverider (adapted from Ref. 33).
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be an inverted triangle, but the lower angle is only 45 deg and not
60 deg. In this sense, it resembles the lower half of a diamond. For
comparison purposes, it was decided to run this example as both
an inverted triangle and a diamond, both with sharp corners be-
cause the top corners were thought to be more influential on the
flowfield. The wing panels were modeled at a 40-deg leading-edge
sweep. Computations were performed for Mach numbers of 0.4,
0.6, and 0.8 with corresponding Reynolds numbers based on the
maximum body chord of 5.04 x 10°, 7.2 x 10°, and 9.36 x 10°, re-
spectively. The lift coefficients for the wind-tunnel tests and the
AP98 computations for both body shapes are shown for the three
Mach numbers in Fig. 20. The coefficient values shown are based
on the planform area of the body (96.2 in.?). On balance, both ap-
proaches give acceptableresults, with the diamond being somewhat
better in most cases. The diamond may give these good results be-
cause it more closely represents the true angle on the body’s lower
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Fig. 18 Aerodynamic data for the Mach 14 waverider of Fig. 17: a) lift coefficient, b) axial force coefficient, and ¢) moment coefficient.
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surface, and it is the windward side aerodynamicsthat dominate the
flowfield.

IV. Conclusions

An improved method has been developedto compute aerodynam-
ics of noncircular cross-sectional shapes. The improved method is
based on the Jorgensen approach of computing aerodynamics on
a noncircular body using circular body methods, on the Nelson
approach for noncircular wing-body interference corrections at
low AOA, and on the method of the present authors for includ-
ing nonlinearitiesin the wing-body interference acrodynamics. The
new method extends these approaches in several significant ways
so as to make the method more general and applicable to most con-
figurations of noncircular cross section.

Specific additionsto the current state of the art include derivation
of the Newtonian approximation to the local normal force coeffi-
cient per unit length of a noncircularshape to the similar coefficient
of a circular shape; derivation of an empirical correction to these
Newtonian factors to account for the assumption of a high Mach
number in their derivation; derivation of an empirical estimate of
critical crossflow Reynolds number as a function of the noncircular
geometry shape; a method to treat wing-body interference factor
corrections as a function of body geometry and freestream param-
eters; derivation of slender body theory scaling factors to allow
aerodynamics to be computed and compared with wind-tunnel data
where the equivalent diameter or a diameter equal to the side of
a square or triangle is used in the data gathering; and an approxi-
mate way of treating configurations that have variable, noncircular
cross-sectional shapes.

The new method was applied to all of the noncircular configu-
rations found in the literature for which data were available. This
included elliptical cross-sectional shapes with a/b from 0.5 to 3.0,
Mach numbers from 0.6 to 3.88, and AOA as high as 58 deg, and
some cases with wings; square and triangularcross-sectionalshapes
with sharp and rounded edges, at mostly lower Mach numbers, but
some data at Mach numbers as high as 4, AOA as high as 58 deg,
and some cases with wings; a single configuration with a variable
cross-sectional shape at Mach numbers from 0.6 to 2.0 and AOA
to 60 deg; and to two configurations that were quite complex and
did not fit within the exact requirements of the geometry options.
Results in general for planar aerodynamics using a semiempirical
code were very good. Although it is too early to state the overall
accuracy of the new nonaxisymmetric body aerodynamic predic-
tion method, it appears that the normal force is almost as good as
the circular body predictions. To date, we have not found a circular
body configuration where average accuracy on C, and Cy exceeds
+10% and Xcp exceeds 4% of the body length. Here “average”
means enough Mach numbers and AOAs to get a good statistical
sample.

Although the additions to the state of the art in computing ap-
proximate aerodynamics are significant, several challenges remain.
The first and foremost is to compare the present predictions of static
aerodynamics to more data. Because many databases shown in the
literature focus on normal force, additional data or computational
fluid dynamics computationsmay be needed to validate and/or mod-
ify the axial force and center of pressure prediction techniques. It
is hoped that the ballistics range tests at Eglin Air Force Base will
partially address this problem for axial force and low AOA center
of pressure prediction. Second, it is suspected that once more zero
angle-of-attackaxial force data are available, the assumption of the
wave drag on the nonaxisymmetric body being equal to that of the
axisymmetric body may need to be adjusted. Finally, it is suspected
that the Newtonian correction factor for triangles and squares could
be improved upon with more data or computational fluid dynamics
computations.
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