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Aerodynamic Methods for High
Incidence Missile Design

John E. Fidler* and Michael C. Batemant
Martin Marietta Aerospace, Orlando, Fla.

This paper describes the generation of empirical aerodynamic methods for high incidence missile design. A
unique feature of the approach is the provision of a comprehensive data base for correlation into methods. This
base is acquired through wind tunnel 1 testing of large, specially built, extensively instrumented research models.
Tests are carried out over wide, systematically varied ranges of relevant aerodynamic and geometric parameters.
The work has produced methods for calculating the aerodynamic characteristics of: low aspect ratio fins, in the
Mach number range 0.8-2.2; slender missile bodies at angles of attack to 90° at transonic speeds and including
the effects of crossflow Mach and Reynolds numbers; and body plus tail configurations, including tail deflec-
tion effects, at angles to 60-90° at transonic speeds.

Nomenclature
coefficients in power series
axial force coefficient carried over to

body due to presence of tail
aspect ratio
coefficients in power series
axial force coefficient
body crossflow drag coefficient
pitching moment coefficient
normal force coefficient
body diameter
fin nonlinear normal force coefficient

for data correlation
normal force coefficient carried over to

body due to presence of tail
Mach number
ratio of normal forces on tail on body

and alone
Reynolds number
area
distance to center of pressure location from ref-

erence point (usually most upstream point on
component), measured along component
axis

angle of attack
tail deflection (negative, leading edge down)
factor accounting for body end effects
fin taper ratio

body
body plus tail
crossflow
related to IBT
nonlinear component
value at zero angle
planform
reference value
tail alone
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T(B) = tail in presence of body
a = denotes differentiation with respect to a.
Superscripts
* = critical value

Introduction

ARECURRING problem in missile engineering is
the lack of accurate methods for predicting configuration

aerodynamic characteristics at high angles of attack across the
speed range. Examination of existing methods1 shows that
the problem is particularly acute in the transonic and low
supersonic flow ranges. The situation is aggravated by the
long term trend toward increased missile maneuverability and
angle-of-attack requirements. This trend is summarized in ^
Fig. 1. It will be seen that, historically, maximum angle
requirements have steadily increased. The greatest increase
has occurred relatively recently to meet advanced airlaunched
system maneuverability requirements. These now dictate
angles of attack to 90 and even 180°. Recent work2 '3 has
provided a significant contribution to aerodynamic
methodology suitable for use at these high angles.

Martin Marietta Aerospace, Orlando Division is engaged
in long term work to improve high-angle aerodynamic
methodology in general.4 Methods are constructed for
calculating missile aerodynamic characteristics to the highest
angles of attack required for design efforts. The difficulties
associated with obtaining general solutions to the basic flow
equations when flow perturbations are not small, preclude an
analytical approach to the work. Instead, an ex-
perimental/empirical approach is used, with methods being
constructed from data covering the required geometries,
angles of attack, and Mach and Reynolds number ranges. A
unique feature of the work is the provision of a large body of
systematic experimental data to form the basis for method
construction. At the inception of the program it was decided
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Fig. 1 Development of maximum angle requirements.
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to abandon the more usual approach of methodology
generation based on data from specific configurations. Such
data are too specialized and unsystematic to provide a sound
base for general empirical studies. Instead, a large number of
extensively instrumented model components were built at the
outset and are being tested to provide data over wide,
systematically varied values of the relevant geometric and
aerodynamic parameters. Empirical methods based on these
data should provide adequate high angle methodology for a
considerable time to come. This paper outlines the work being
carried out at the Orlando Division to upgrade missile
aerodynamic technology. Test models, instrumentation, and
data generation and reduction are described. The general ap-
proach to high angle method construction is discussed and
examples presented.

Test Models and Instrumentation
The test models include a large number of wings and tails

which may be used with a basic body that can incorporate
several different noses and boattails. The tails can also be
tested on a reflection plane. Model instrumentation provides
information from which the aerodynamic characteristics of
complete configurations, configuration components and in-
tercomponent interactions may be determined.

Figure 2 shows the basic body along with a selection of the
various components it can accommodate. During testing the
body is sting-mounted and accommodates a six-component
main balance. The body is 3.75 in. in diameter and has a
maximum total length of 54.4 in. Fineness ratio may be varied
from 9.5:1 to 14.5 with various boattails and noses deployed.
Dimensions of the available noses and boattails are sum-
marized in Table 1. Nose bluntness may be systematically
varied.

Of particular interest is the untapered body rear portion.
This section accommodates four small strain gage balances
arranged in cruciform. A tail is fixed to each balance which
then provides tail normal force, hinge moment, and root ben-
ding moment. Each balance can be individually rotated to
provide data for tails at deflections of 0, ±10, ±20, and ±
30°. With the tails undetected, the balance holder is
positioned so that tail trailing edge is at the same axial station
as the body base. This is achieved by inserting various spacing
pieces forward and aft of the holder. The balances, holders
and a selection of spacers are shown along with one set of tails
in Fig. 2.

Fifteen different sets of four half-tails, along with the ap-
propriate spacer pieces, are available. All tails have modified
double wedge section. Aspect ratio, taper ratio, and body
diameter/tailspan for each set are shown in Table 2. The
geometry parameters cover the ranges in which current design
interests lie. As design interests change, models can be up-
dated by manufacturing additional tails.

The tails may also be tested on the reflection plane shown in
Fig. 3. This plane incorporates a tail balance, as well as a
motor and gearing system which allows tail angle to be varied

Table 1 Summary of model noses and boattails

Nose Section
Shape
Fineness ratio
Bluntness ratios

Boattail section
Fineness ratio
Angle (deg)
Diameter ratio

Nl
Ogive
2.5:1

0
Bl

0.0
1.0

N2
Ogive
3:1

0,0.3,0.7
B2
1.0
-5.9

0.8248

N3
Ogive

3:1
0 0 1 0.7

B3
1.0

-10.0
0.6472

B4
2.0
-5.0

0.6504

Table 2 Tail model summary

Tails

1.1
1.2
1.3
1.4
1.5
1.6
2.1
2.2
2.3
3.1
3.2
3.3
3.4
3.5
3.6

Aspect ratio

1.0
2.0
2.0
1.0
1.0
2.0
2.0
2.0
2.0
0.5
0.5
2.0
2.0
2.0
0.5

Taper ratio

1.0
0.0
0.5
0.0
0.5
1.0
1.0
0.0
0.5
0.5
1.0
1.0
0.5
0.0
0.0

Body diam /
tailspan

0.5
0.4
0.4
0.5
0.5
0.4
0.5
0.5
0.5
0.5
0.5
0.3
0.3
0.3
0.5

Table 3 Wing model summary

Wing

1.2
1.5
2.1
2.2
2.3
3.1
3.6

Aspect ratio
2.0
1.0
2.0
2.0
2.0
0.5
0.5

Taper ratio

0.0
0.5
1.0
1.0
1.5
0.5
0.0

Body diam /
wingspan

0.4
0.5
0.5
0.5
0.5
0.5
0.5

Fig. 2 Basic test body with various components.

between 0 and 180°. Angle of attack is stepped in 30° in-
crements by the plane mechanism. Finer graduations are sup-
plied using the tunnel angle-of-attack system to rotate the en-
tire assembly. In this way, fin angle accuracy is dependent
upon tunnel mechanism capabilities.

The body can also accommodate sets of half-wings moun-
ted in cruciform at several different axial stations between the
shoulder and the slotted rear portion. Unlike the tails, the
wings are not fixed to recording balances and cannot be
deflected. Wings and tails may be deployed simultaneously.
Wing geometry is chosen to coincide with current design in-
terests. The complete geometry range is shown in Table 3. All
wings have a modified double wedge section.

Data Generation and Reduction
During the course of this program, hundreds of wind tunnel

hours were used to generate data on components and con-
figurations. No attempt will be made to present a complete
summary of all the bodies, fins, tail angles, roll angles, body-
tail, body-wing, and wing-body-tail combinations tested. The
generated data have been supplemented by additional in-
formation obtained from the European Aerodynamics
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Fig. 3 Reflection plane assembly details.

Working Group5 '6 (Arbeitsgemeinschaft Flugkorper-
Aerodynamik).

Data generation usually takes place over the required
ranges of angles of attack and Mach number in the following
sequence. First, the model body alone is tested and six-
component data obtained. Then tails alone are tested on the
reflection plane, and three-component data are recorded.

Next, the tails are mounted to the body, and both six- and
three-component data are obtained. Finally, tails and wings
are deployed on the body and six- and three-component data
recorded. With body and tail alone characteristics known, the
data are compared with those from the combined body and
tail tests to determine the mutual interference quantities be-
tween the body and the tails. These include: carry-over
loading on body due to presence of the tail, additional tail
loading due to carry-over from the body, and tail and body
loading from body lee-side vortex effects. With the addition
of wings, the previous quantities plus the new data may be
used to determine wing trailing vortex interference effects on
the downstream portions of the body.

With component basic characteristics and mutual in-
terferences determined, comparisons are then made between
the experimental results and those predicted from existing
methodology. This reveals areas of method inadequacy.
Where methods are inadequate, they are either modified, or
replaced with new methods based upon the experimental
results. The basic approach here, that of improving deficient
methodology empirically, is a traditional solution to the long-
standing problem. Usually, however, the available data come
from tests on specific configurations. Hence, although the
modifications may be adequate for use on comparable
geometries, departures from these usually involve
remodification of the methods on the basis of the latest con-
figuration data. The unique feature of the present work is the
provision of data which systematically cover as many as
possible of the foreseeable geometric and aerodynamic
parameters of interest to the designer. Thus, the methods have
continuous validity, within the ranges of test parameters. If
design interest shifts outside the available ranges, further
systematic data may have to be generated for method
upgrading. The approach will remain the same however with
emphasis upon methods having wide applicability.

Aerodynamic Formulations
The instrumentation necessitates the following for-

mulations of pitch-plane aerodynamic characteristics for
body/tail "plus" configurations with horizontal tails de-
flected:

BT

CMBT =

b+A BT

(1)

(2)

(3)

(4)

These are somewhat different from the usual forms of the
pitch plane equations, mainly because the instrumentation
does not specifically measure forces carried over to the body
by the tails. To determine CN . CM , and C A* the

following quantities are
N . M ,

BT BT

required: CNj, N]S

*BI

R T(B),

Methods have been constructed for calculating these quan-
tities over the angle of attack and Mach number ranges in-
dicated in Table 4. The work was carried out under Govern-
ment contracts. 7 Several of the devised methods were adopted
for use in the U.S. Navy Blunt Body Aerodynamics Hand-
book. 8

Methods Construction
The approach to constructing high angle aerodynamic

methods is, of necessity, largely empirical. Opportunities
seldom arise for use of the well-known correlation parameters
of the literature. The small-perturbation flow models from
which such parameters are identified are invalid when
significant amounts of separated flow are present, i.e., when
the angle of attack is greater than a few degrees.

Descriptions are given of the two main types of approach to >
correlations. The first is based on power series whose boun-
dary conditions are determined analytically, or empirically.
Through matching the series with the data, often by means of
preserving a free variable, the required correlations are ob-
tained. The second major approach is based on a multidimen-
sional data inspection to determine the relative magnitudes of
the various geometry and flow parameters. By producing
generalized curves representing the effects of successively
weaker parameters, correlations are obtained. Examples of
both approaches are described in the next sections.

Isolated Tail Normal Force Coefficient
The power series approach to method construction is exem-

plified by the technique devised for predicting tail normal
force coefficient, CNj,9 at angles of attack up to 90°. The

Table 4 Method applicability ranges

Predicted
quantity

CN
XCPT(B)

xcp*
C* ^

AB \D 1 £°KT(B) 1 ° —
IBT ( 0
xcpl > -20y
A BT J -30

Angle of attack
range (deg)

0-90
0-90
0-60
0-90
0-90
0-60
0-60

0-90
0-60

Mach number
range

0.8-2.2
0.8-2.2
0.8-1.2
0.8-1.2
0.8-1.2
0.8-1.1
0.8-1.1

0.8-1.1
0.8-1.1
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Fig. 4 Fin models tested.

tested tails are shown in Fig. 4. Mach number was varied from
0.8 to 2.2. All tails were deflected to at least 30 or 35° angle of
attack with a selected number being deflected to 180°. The
higher angle data were sufficient to permit confident ex-
trapolation of the remainder of the data to 90°. Additional in-
puts were obtained from Ref. 9.

The method developed is similar to the popular crossflow-
drag-based methods which are typified by those of Ref. 10. In
such methods, the expression for CN is assumed given by

<5)
where C7 is the zero angle normal force curve slope CNj, , and
C2 is a constant, chosen so that the second term forces the
overall expression to fit the experimental data. C2 is termed a
"crossflow drag coefficient."

Equation (5) may be regarded as a truncated power series in
a. Since it contains two constants, it should fit two boundary
conditions on CN, the condition, CN (a = 0) = 9 having
already been satisfied. One condition is that (dCN/da)Q must
equal the normal force curve slope at a = 0. This determines
C j . The second condition, that of determining the value of
C2, is usually chosen so that the experimental data are fitted
at some high angle of attack. The expression is then
reasonably accurate up to that angle of attack—provided that
the curvature of the data curve always has the same sign. For
example, if the curve is initially concave upwards, it must
remain so. This is not generally the case for CN as a-*90°.
Furthermore, even at much lower angles of attack, the cur-
vature of the curve can change sign. Hence, in the general
case, an expression such as Eq. (5) cannot adequately describe
the shape of the normal force curve.

In addition, this form of solution leaves many boundary
conditions unsatisfied. For example, at a = ?r/2, CN is a
maximum, with dCN/da = Q; at a = 7r, CN = 0 and 3CN/da =
— ( d C N / d a ) at a = 0 (this last result may be obtained from
Slender Body Theory). Hence, since it satisfies none of these
latter conditions, Eq. (5) should be expected to further lose ac-
curacy as a is increased towards ?r/2 and beyond. An obvious
means of improving this situation is to retain the power series
form of expansion, but to include as many terms as the boun-
dary conditions permit.

The boundary conditions on CN vs a. for o: = 0 to 180° are
(replacing CNT with f ( a ) for convenience and denoting
CNT by /')• « = 0, /(0) = 0, /' (0) predicted by a separate
method, a = 180°, /(?r) = 0, /'(*r) = -/'(0) (potential flow
theory result), a = 90°, /' (?r/2) = 0.

At this stage, with five boundary conditions, a power series
containing five unknown terms may be used to obtain a more

general expression for CN. The only aerodynamic inputs to
this series come from the condition of/'(0) and/'(7r). Since
these quantities are calculable by linearized theory, no
guarantee of nonlinearity matching is incorporated. What is
required is a further condition which allows the effects of
nonlinearities to be empirically accounted for. For this
reason, the CN condition at a= 7r/2 has been introduced.

At a = 900, /(?r/2) depends upon the fin planform and
Mach number. By leaving the value of/(?r/2) unspecified in
the general expression for the series, it then becomes possible
to determine the/(?r/2) for any combination of AR, X, and
M. This has been done by comparing experimental data with
curves calculated using the series.

Power Series Solution
With the six boundary conditions available, a power series

containing six unknown coefficients may be used. The power
series is assumed to be of the form

/(<*)= D Anotn

o

from which, with the aid of the boundary conditions, the six
unknown constants A 0 through A 5 may be determined. Sub-
stitution of boundary conditions and rearrangement of the
equation yields:

/(«)=/'(0)<*+{ r

, , 8f'(0)

5f(0)

32f(Tr/2)

4 f ' ( 0 )

(6)

The term/'(0) is obtained from a separate empirical method.
The/(7r/2) term is obtained through comparison of/(a) with
experimental data, Ref. 5.

The values of/(?r/2) obtained are usually larger than the
values of CN (Ref. 2). Hence, as the curve approaches 90°, it
is necessary fo modify the predictions of Eq. (2) so that the
curve reaches CN there. This is accomplished by means of a
second power series which has the general form shown above
but uses as boundary conditions the magnitude and slope of
the normal force curve at a. = 30°, and a. = 90°. Fairing of the
two power series yields the complete normal force curve from
0 to 90°. Such curves can be constructed for any fin using the
two power series and the appropriate values of/(?r/2) and
CN,

Body Nonlinear Normal Force Coefficient
This force is generated when the boundary-layer separates

from either side of a body and rolls up into a vortex pattern
on the lee side. The method relates the total force to that ac-
ting on unit length of the body Cd the so-called crossflow
drag coefficient. It is usual to oetermine Cd from ex-
perimental data on two-dimensional cylinders^.12 In the
present work, however, the quantity was found from
systematic three-dimensional body tests. It is well known12

that Cdc is a function of the crossflow Mach and Reynolds
numbers Mc and Re^ respectively. Accordingly, the basic
body tests were run at the following conditions: a) Constant
crossflow Mach number of 0.2, at varying angle of attack and
crossflow Reynolds numbers, b) Constant crossflow Reynolds
numbers of 0.3 x 105 and 0.6x 105, constant angle of attack
and varying crossflow Mach number, c) Constant freestream
conditions and varying angle of attack up to 60°. Freestream
Mach number range was 0.8 to 1.3 throughout. Further
details may be found in Ref. 4.

Crossflow drag was determined from CN } the difference
between total normal force coefficient and triat predicted by
potential flow theory, i.e., Cd =CN Sref/rj Sp sin2a. The
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Fig. 6 Variation of crossflow drag with crossflow Mach and
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Fig. 9 Comparison of predicted and experimental CN .

b), and c) previously mentioned. The final, faired curves are
shown in Fig. 6. Note that for supercritical separate curves are
required for supersonic and subsonic freestream Mach num-
bers. The results of using this method are illustrated in the
next section.

Method Checkout
Examples will now be given of method predictions com-

pared with independent experimental data. Although the
methods extend to high angles of attack, much of the in-
dependent data suitable for checkout of all the component
and inter-component characteristics were limited to lower
angles. This difficulty has been found in other work in the
field.3 A great deal of the detailed data generated for this
work are the first of their kind available, especially for bodies
with deflected tails. Accordingly, complete checkout of all the
methods has yet to be accomplished. However, their per-
formance against independent data is sufficiently satisfactory
that checks against higher angle data are expected to pose few
problems. A brief discussion accompanies each comparison.

Isolated Tail Normal Force Coefficient, CN

Fig. 7 shows that the new method, based on Eq. (6)
provides an improvement over the capability of Ref. 1. The
data were taken from Ref. 11.

— — —— LINEAR THEORY
—————— NEW METHOD
SYMBOL - DATA

8

JicEOii 0.4

0.2

n

AR = 0.67, X=0.6,M = 1.4

«*F

— ——

--

——— £
.. —— _

5 10 15 20 25 30
ANGLE OF ATTACK (DEC)

Fig. 8 Comparison of predicted and experimental xcpr

quantity 77, which accounts for end effects, was taken from
Ref. 1.

Data from tests a) and b) are shown in Figs. 5a and b
respectively. The effects of independent variations in Rec Mc
are clearly shown. The so-called critical value of crossflow
Reynolds number Re*is shown to be about 1 x 105. This is
somewhat less than the commonly accepted values of about 2
5 x 105 for circular cylinders.12 1 x 105 is the critical Reynolds
number recommended for use with this method. For sub-
critical Rec, the crossflow drag is obtained from Ref. 1. For
supercritical Rec, Cd is found using the faired data from a),

Tail-On-Body Chordwise Center of Pressure Location, \cô
 t(B)

This comparison is shown in Fig. 8. Also shown is the
prediction of linearized theory.13 It will be seen that the new
method provides improved capability.

Isolated Body Normal Force Coefficient, CN
B

Figure 9 shows this comparison up to 60° angle of attack.
The method includes predictions of both linear and nonlinear
components of CNj>9 the latter including the effects of
crossflow Mach and Reynolds numbers as described earlier.

Isolated Body Center of Pressure Location, xcp

Figure 10 shows a comparison of method predictions up to
60° angle of attack (the method is valid to 90°). Matching is
quite good overall.

Tail-On-Body Normal Force Coefficient Nj

Comparisons are shown in Figs, lla-d of method predic-
tions and experimental data at angles of attack to 30° while
the horizontal tails are deflected 0, -10, -20, and -30° .
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Fig. 14 Comparison of predicted and experimental CA

Complete Body/Tail Configuration Normal Force Coefficient

This comparison is shown in Fig. 12 at transonic speed and
angle of attack to 30°. Matching is quite good. The methods
used were those of Eq. (1).

Complete Body/Tail Configuration Center of Pressure Location
\CPBT

This comparison is shown in Fig. 13. Matching is achieved
within 0.2 calibers. The methods used were those of Eqs. (1)
and (3). The zero angle value was obtained from the slopes of
curves of €NBT and CMBJ.

Complete Body/Tail Configuration Axial Force Coefficient, CAnrr
DM

This, the final comparison, is shown in Fig. 14. The method
takes account of Mach and Reynolds numbers and of the
linear and nonlinear components of body axial force.

Conclusions
This paper has described a systematic experimental ap-

proach to upgrading missile aerodynamic predictive methods.
The angle of attack and speed ranges considered are of direct
relevance to modern missile design. It is believed that the
methodology improvements described represent a significant
advance which could have been obtained in no other way at
the present time. Continued use of existing and future
systematic models should ensure the timely generation of ef-
fective, reliable prediction methods for a considerable time to
come.
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