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Subsonic and Transonic Aerodynamics of a Wraparound Fin
Configuration
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Subsonic and transonic aerodynamic data for a wraparound fin configuration are presented. Free-flight
aeroballistic tests to obtain these data were conducted at atmospheric pressure and over a Mach number range of
0.6 to 1.35. The aerodynamic coefficients and derivatives presented were extracted from the position-attitude-
time histories of the experimentally measured trajectories using nonlinear numerical integration data reduction
routines. Results of this analysis indicate that a dynamic instability exists above Mach 1.0 and is related to an
out-of-plane side moment which is dependent on the pitch angle. The stability boundaries associated with this
side moment are mapped. Designers should consider this moment whenever wraparound fins are used.

Nomenclature
A =reference area, IT d?/4
a, = Coriolis acceleration
AF =amplification factor
G, =roll amount coefficient {/gAd
Cy, =slope of the roll moment vs spin
Che =induced roll moment derivative
Cn = pitching moment coefficient m/gAd
Crng =pitch damping derivative
@C,,)/19(gd)/(2V)]
Crg2 = quadratic pitch damping coefficient

" =slope of pitching moment vs o

m
C,,,;,C,,,as =cubic and fifth order pitching moment

coefficients
C'"a =slope of pitching moment derivative vs Mach
M number
Cyn =normal force coefficient Fy/qA
CNa =slope of the normal force vs o
CnassCnos  =cubic and fifth order normal force coefficient
C, =side moment coefficient n/gAd
C,,a =slope of side moment vs «
Cp, =Magnus moment derivative
Cy =axial force coefficient (axial force)/(gA)
Cx, = axial force coefficient at zero angle of attack
Cxy =slope of axial force coefficient vs Mach
number
d =body diameter and reference length
g =acceleration due to gravity
L.I, =moments of inertia about the x and y axis
K10,K59 =magnitude of linear theory vectors
K, =magnitude of trim vector
L =model length
Lm,n =roll, pitch, and yaw moments, respectively
m =model mass
M =Mach number
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D.q.r =rolling, pitching, and yawing
velocities, respectively

q =dynamic pressure
ReL = Reynolds number based on model length
u,u,w =velocities in the X, Y, and Z direction,
respectively
X,Y,Z = fixed plane coordinates
|4 =total velocity
o =total angle of attack
Oy =maximum total angle of attack
¥ =aerodynamic roll angle
0,4,¢ =rotation angles
10,00 =linear theory vector frequencies
A2 =linear theory vector damping rates
5 = effective angle of attack squared
Superscripts
) = first derivative with respect to time
O) =total values
Introduction

ECAUSE of packaging advantages, designers of tube-

launched and dispenser-launched submunitions have used
wraparound fin (WAF) designs for years.!3 These designs per-
mit the fins to be neatly folded around the body prior to
launch. This saves valuable space and allows either the max-
imum number or size of submunitions to be packaged in the
dispenser or tube. Upon launch the fins are deployed to pro-
vide the required aerodynamic stability during flight.
However, many of these past designs have experienced
unusual and adverse flight dynamics.* Many of these prob-
lems were thought to be related to the erratic rolling motion of
the munition caused by the WAF design.>¢ During a recent
test program it was observed that some of the models
displayed unusual damping characteristics (generally un-
favorable). The analysis of the experimentally measured mo-
tion profiles indicated that these unfavorable damping
characteristics were caused by the existence of an out-of-plane
(side) moment due to pitch angle.

The purpose of this paper is to describe these recent free-
flight aerodynamic tests, present the data obtained, and
discuss the ramifications of the out-of-plane moment. The
stability boundaries of this side moment are developed and in-
dicate that this configuration is dynamically stable subsoni-
cally and unstable supersonically. It is suspected that this side
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moment is symptomatic of WAF configurations and should be
of particular concern to the designer.

Facilities, Models, and Test Conditions
Free Flight Range

The free flight tests were conducted at the Air Force Arma-
ment Laboratory, Eglin Air Force Base, Florida. The test
facility” is an enclosed, atmospheric, instrumented, concrete
structure used to examine the exterior ballistics of various
free-flight configurations. The facility contains a gun room,
control room, model measurement room, blast chamber, and
the instrumented range.

The 207-m instrumented length of the range has a 3.66-m?
cross section for the first 69 m and a 4.88-m? cross section for
the remaining length. The range has 131 locations available as
instrumentation sites. Each location has a physical separation
of 1.52 m: presently 50 of the sites are used to house fully in-
strumented orthogonal shadowgraph stations. The maximum
shadowgraph window, an imaginary circle in which a projec-
tile in flight will cast a shadow on both reflective screens, is
2.13 m in diameter. The nominal operating temperature of the
range is 22° C.

Models and Test Conditions

The overall model geometry and WAF details are shown in
the sketches of Fig. 1. Fourteen of these models were flown in
the facility during the test program, 11 flights were success-
fully analyzed, and aerodynamic coefficients and derivatives
extracted. The tests were conducted at atmospheric pressure
and over a Mach number range of 0.58 to 1.35. The measured
physical properties of each of the models and the associated
test conditions for each of the eleven flights successfully
analyzed are presented in Table 1.

The models were launched from a 152 mm, inside diameter,
smooth bore compressed gas launcher using a conventional
four-piece sabot. No attempt was made to augment the initial
angular disturbances of the models as the model/sabot
package exited the launcher.

Free-Flight Data Reduction

Extraction of the aerodynamic coefficients and derivatives
is the primary goal in analyzing the trajectories measured in
free flight. This is accomplished by using the Aeroballistic
Research Facility Data Analysis System (ARFDAS)® which in-
corporates a standard linear theory analysis®!? and a six-
degree-of-freedom (6-DOF) nuemrical integration tech-
nique.!!

" The flight of each model was initially analyzed separately,
then the flights at similar Mach numbers were simultaneously
analyzed using the 6-DOF multiple fit technique. This pro-
vides a common set of aerodynamics that matched each of the
separately measured position-attitude-time profiles. The
multiple fit approach provides a more complete range of angle
of ‘attack and roll orientation combinations than would be

Table 1 Physical measurements and test conditions

Model

Shot Mach &, mass,
no. no. R, -107¢ deg gm Xcg/L?
71 0.579 2.47 15.3 215.71 0.4820
72 0.586 2.52 3.9 216.47 0.4832
73 0.588 2.52 6.4 216.39 0.4845
74 0.722 3.11 9.9 214.11 0.4829
77 0.760 3.28 0.3 215.59 0.4811
75 0.773 3.31 0.6 220.76 0.4831
76 0.783 3.39 0.0 214.44 0.4826
81 1.028 4.44 28.4 216.64 0.4851
82 1.092 4.69 2.6 216.42 0.4814
87 1.243 5.40 72.6 216.16 0.4836
88 1.353 5.80 10.0 215.43 0.4835

3Measured from the nose.
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available from any one flight considered separately. This in-
creases the probability that the determined coefficients define
the model’s aerodynamics over the entire range of trajectories.

Equations of Motion

The aerodynamic data presented in this paper were obtained
using the fixed plane 6-DOF analysis (MLMFXPL).!! The
equations of motion are derived with respect to a fixed plane
coordinate system. The x-axis points downrange, the y-axis
points to the left looking downrange, and the z-axis points up.
The 6-DOF differential equations of motion in this system are:

u=gsinf—qw+rv—a,, +F, /in @
v=—ru—rwtanf—a. +F,/m @
w= —gcosf+ rvtand +qu—a,,, +F,/f &)

and
p=I, @
G=—r*tanb— (I./I,)rp+m/I, )]
F=grtand+ (I./I,)gp +n/I, (6)

Once the definitions of the forces and moments are made,
the solution of Eqgs. (1-6) will define the 6-DOF flight motion
of a symmetric missile in fixed plane coordinates. Since the
position-attitude measurements, as required from a ballistic
spark range, are obtained with respect to an Earth-fixed axis
system, additional transformation equations are required.
These transformation equations are shown below in terms of
the fixed plane Euler angles (6,1) and the angle of rotation
about the missile axis (¢).

X = ucosficosy — vsiny + wsinfcosy 0]
Y =ucosfsiny + vcosy + wsinfsiny €]
Z= —using + wcosf )]
=g (10)
Jy=r/cosf 11)
¢=p+rtanf (12)

Coriolis accelerations (a,,,4a.,,4.,, ) are also included in Egs.
(1-3). The preceding Eqs. (1-12) are numerically integrated us-
ing a fourth-order Runge-Kutta scheme.
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Fig. 1 Model configuration.
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Aerodynamic Model

Initially, considerable difficulty was encountered in at-
tempting to fit the experimentally measured trajectories
associated with this WAF configuration. Various combina-
tions of nonlinearities and roll dependencies were assumed;
however, these fits failed to adequately match the experimen-
tally measured motion patterns. It was suspected that the
WAPF were causing a side moment due to pitch (C, ) This out-
of-plane moment was therefore added to the definition of the
associated moment eugations and the fits reaccomplished.
These fits successfully matched the solutions of the theoretical
equations of motion to the experimentally measured motion
patterns, indicating that this side moment due to pitch angle
was present for this WAF configuration. The basic definitions
of the aerodynamic forces and moments (including the C,
term), as used in obtaining the results reported herein, are
shown below:

F.= —gAC, (13)
) pd wooo W
Fy=qAI: CN ZV Cypa7+ Cy'yot_V—
+ Cybasing— Cygbacoss | (14)
N - w pd . v ox v
Fi=a4 [‘ T Ty St T e
—CNaéAcos¢—C‘N6¢$Bsin¢] (15)
) pd o |
R . w qd pd - v
m—qu[Cma—I;—"' % Cmq+ 1% Cnpx v
- v v 4 - .
+ an7+ C"a7+ CmaéA cos¢p — CmBBBsmd) a7

_ ~ U rd . pd _ w
= Ad[—C —t— G e L
n=a L% 2V ma oy Cma
+C -+(3

nw

S Cpyd45ingp + C,,,ééBcosqSJ (18)

The aerodynamic coefficients and derivatives, shown in
Eqgs. (13-18), were expanded as functions of Mach number,
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sine of the total angle of attack, and the aerodynamic roll
angle. These expansions are shown in detail in Ref. 8.
However, the side moment expansion was assumed to be
linear, or C,, =C, (thus C, ~Ca)

Results

The aerodynamic coefficients and derivatives extracted
from the experimentally measured trajectories are plotted in
Figs. 2-6 and tabulated in Table 2. These figures show the zero
angle-of-attack coefficients and derivatives obtained using the
fixed plane 6-DOF analysis. The nonlinear terms obtained
from the present analysis are shown in Table 2 and were de-
rived using the multiple fit technique only. The multiple fit
results would be expected to be superior to the analyses of the
individual flights for the reasons previously discussed. How-
ever, some of the values obtained from the individual flights
are plotted in Figs. 2-6 because they assist in showing the
various trends in the data.

A cursory review of the data shown in Figs. 2-6 and Table 2
would not indicate any potential dynamic problems associated
with this configuration. However, the models flown at super-

. sonic velocities developed an increasing angle of attack history

during their downrange trajectories, indicating a dynamic in-
stability at the supersonic conditions. Typical angular motion
plots for a subsonic, transonic, and supersonic flight are
shown in Fig. 7 to illustrate this dynamic instability. Also
notice the tendency of the motion patterns to become circular
independent of whether the motion grows or.damps.

Some of the models also displayed unusual roll characteris-
tics; for example, the models tended to roll clockwise sub-
sonically and counterclockwise supersonically. In the tran-
sonic region, roll reversals occurred on some flights. The roll
profiles obtained from the various flights are shown in Fig. 8
along with the theoretical fits. Generally, the theoretical roll
profiles matched the measured roll profiles reasonably well;
nevertheless, the analysis routine had difficulty in determining
the roll damping derivative (Cy,) as is evident from the values
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Fig. 2 Normal force derivative.

Table 2 6-DOF multiple fit results

: Cx{) CNa Cma Cmq C@yaZ CXM
Shot Mach Cva CNa3 Cma3 Cqu Xy moM
no. no. xod Nas Conas Conga ® na
71,72,73  0.585 0.759 14.03 —46.249  —288.1 0.00 0.20
2.000 0.00 785.040 0.0 0.00 0.00
0.0 0.0 0.0 0.0 —22.385 —2.85
75,76,77  0.773  0.792 15.00 —52.045 —300.0 0.00 0.00
2.000 9.00 0.000 0.0 0.00 0.00
0.0 0.0 0.0 0.0 —3.473 —1.56
81,82 1.062 1.420 14.63 —-41.192 -290.9 0.00 —-0.40
7.243 0.00 —223.010 0.0 0.00 62.11
0.0 0.0 0.0 0.0 —27.990 —3.74
87,88 1.296 1.379 14.01 —32.549 —200.0 0.00 -0.20
4.036 0.00 —143.530 0.0 0.00 0.00
0.0 0.0 1163.7 0.0 —5.000 —-3.57
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listed in Table 2. These roll data have since been independently
reanalyzed and the results presented in Ref. 12.

Although all the aerodynamic coefficients and derivatives
presented in Figs. 3-6 and tabulated in Table 2 were obtained
using the 6-DOF analysis techniques, linear theory fit
parameters® such as vector magnitudes, vector frequencies,
and damping rates are also shown in Table 3. When viewing
these results, it should be remembered that the nutation vector
can be either X, or K, depending on the direction of spin (p).
By definition, the nutational vector rotates in the same direc-
tion as spin. For example, if the spin rate is negative, the nuta-
tion vector would be the one that has a negative frequency

(30)-

Discussion

Initially it was suspected that the motion growth problem at
supersonic Mach numbers, as shown in Fig. 7, was caused by a
classic pitch-roll resonance. This is particularly true since the
damping-in-pitch derivatives were negative (see Fig. 4) and the
models displayed unusual roll characteristics, as described in
the previous section. Also, the linear theory results, shown in
Table 3, indicate that the supersonic flights, shots 87 and 88,
were near resonance (p/w, = 1). The motion growth caused by
the resonant condition is due to an increase in the magnitude
of the trim vector (K7).'%!3 This increase in the magnitude of
the trim vector is graphically portrayed in the sketch of Fig. 9
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Fig. 4 Damping-in-pitch derivatives.
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~and shows that

/K 1/ = (amplification factor)- /Kr/,_, 19)

Once the aerodynamic coefficients and derivatives have
been determined for a particular configuration, the amplifica-
tion factor (AF) can be approximated using the following
relation!3:

AF~ (- md Cma) / [CNa— md’
Iwa I

y

(Cmg + Cmé!)] 20)

Thus, substituting in the measured physical properties of the
models (Table 1) the determined aerodynamics (Figs. 2-6), the
AF associated with the supersonic flights (M =1.23, shots 87
and 88) was computed to be about 12. Since these two flights
were near resonance, it would therefore be expected that the
trim vectors associated with these flights had increased to be
no more than 12 times larger than the zero spin trim case.
However, the 6-DOF analysis indicated that the zero spin trim
vectors were small, less than 0.25 deg. In fact, the trim vectors
were so small that linear theory could not determine the
magnitude of Ky, and they were assumed to be zero.
Therefore, the motion growth related to the resonance condi-
tion would be expected to be less than 3 deg. This obviously
does not account for the motion growth, shown in Fig. 7, for
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Table 3 Linear theory fit parameters

& K10, K20, Mo N

Shot no. Mach no. deg? deg deg /M 1/ Plwy
71 0.579 15.3 3.34 4.21 —0.04871 —0.00560 0.29
72 0.586 3.9 3.40 1.64 —0.04858 —0.00842 0.30
73 0.588 6.4 2.57 2.74 -0.05107 -0.00730 0.03
74 0.722 9.9 1.34 4.47 - 0.04094 —0.01196 0.04
77 0.760 0.3 0.63 0.67 —0.02850 - 0.00695 0.22
75 0.773 0.6 0.67 1.46 —0.03640 —0.02280 0.03
76 0.783 0.0 0.17 0.18 —0.02625 -0.02297 0.45
81 1.028 28.4 2.94 5.17 - 0.04990 0.00007 0.05
82 1.092 2.6 0.21 1.18 —0.02998 0.00650 0.41
87 1.243 72.6 0.80 4.82 —0.01410 0.00976 1.07
88 1.353 10.0 0.30 3.20 -~0.01312 —0.00067 0.91
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the supersonic flight of shot 87, and the cause of this dynamic
instability must be found elsewhere. .

The only other unconventional aspect of the 6-DOF analysis
was the addition of the side moment derivative due to pitch.
As was previously discussed, this derivative (C,,) was included
in the moment equations in order to adequately fit the
measured motion patterns. The question then becomes: Can
this side moment be causing the dynamic instability problems
at the supersonic conditions? The tendency. of the motion to
develop into a circular pattern (as mentioned in the previous
section) provides a clue to the possible effects of this side mo-
ment. Both Murphy!® and Nicolaides!?® have studied the con-
sequences of a side moment due to pitch on the dynamic
stability of a finned missile. The equations for the computa-
tion of the nutational and precessional damping rates, as ex-
pressed by Nicolaides, 3 including C,,, are shown as follows:

A | 1 nd* 1
M| o (1-5) + e (5 (+7)

Y

(e (2] o

X

pA

=W[—CNQ (1 +l7> + (Crg + Crm.) (‘%‘) (l"oi)
o (e ()] .

X

A2

SUBSONIC
(M = 0.579, SHOT 71)

S 37 ]
— Hl

TRANSONIC
(M = 1,028, SHOT 81)

DL

[

SUPERSONIC
(M = 1.243, SHOT 87)

15| 6, pEG

Fig. 7 Typical angular motion plots.
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where
1
o=l =— (23)
Se
and
21p?

Sy=— 24
& wpl,C,, d* V2 @4

Equations (21) and (22) assume that the Magnus moment is
negligible and, substituting in the measured physical proper-
ties and the determined aerodynamic derivatives at the test
Mach numbers, the associated damping rates were computed.
These computations are listed in Table 4 for various values of
C,, and spin. As is shown for Mach 0.57, the damping rates,
(M and'),), were insensitive to variations in the spin rate (p),
from near zero to resonance. However, variations in the side
moment derivative, (C,,), from -1 to —5 significantly
altered the computed damping rates. Since the damping rates
were shown to be insensitive to spin at Mach 0.59, the com-
putations for Mach numbers of 0.77, 1.06, and 1.30 used a
spin rate of about one-half resonance. The computed A,
values show that as C,, is varied from —1 to -5, this damp-
ing rate tends to become positive (undamped). Also this un-
damping trend appears to get more severe as the Mach number
increases. In fact, at Mach 1.3 a C,, value of —3 causes an un-
damped ). It should be noted that this value of 3 for C,, at
Mach 1.3 is about what C,, was determined to be from the
6-DOF analysis (see Fig. 6). Also the trends in the computed
A, values shown in Table 4 agree well with the measured linear
theory values listed in Table 3. It was therefore concluded that
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Fig. 10 Dynamic stability boundary conditions.

Table 4 Dynamic stability computations

. P, )\1, )\2,
Mach Coa rad/s /M /M
0.59 -1.0 0.1 —0.0366 ~0.0216
0.59 -1.0 70.2 —0.0367 ~0.0215
0.59 ~1.0 140.4 —-0.0367 —-0.0214
0.59 -3.0 0.1 —0.0516 —0.0065
0.59 -3.0 70.2 —0.0517 —0.0065
0.59 —-3.0 140.4 —0.0518 —0.0064
0.59 ~5.0 0.1 —0.0666 +0.0085
0.59 -5.0 70.2 ~0.0667 +0.0086
0.59 ~5.0 140.4 - 0.0668 +0.0086
0.77 ~1.0 93.5 —0.0377 —0.0234
0.77 —-3.0 93.5 —0.0519 —0.0093
0.77 -5.0 93.5 —0.0660 +0.0048
1.06 ~1.0 128.7 -0.0377 -0.0216
1.06 -3.0 128.7 —0.0336 —0.0057
1.06 ~5.0 128.7 —0.0695 +0.0102
1.30 -1.0 152.0 ~0.0323 -0.0142
1.30 —-3.0 152.0 —0.0503 +0.0038
1.30 =50 152.0 —0.0683 +0.0218

this side moment, which appears to be symptomatic of WAF
configurations, is the cause of the dynamic instability as
measured at the supersonic condition.

The stability boundaries can also be determined by setting
A\, equal to zero in Eq. (22) dnd solving for C,,,. These stability
boundaries are shown in Fig. 10 along with the determined
slopes of C,, and C, for each of the test Mach numbers. This
figure confirms that subsonically the determined side
moments fall in the dynamically stable region; whereas, super-
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sonically, the side moments are dynamically destabilizing.
This figure also indicates that the stable region is decreasing
with Mach number; or, that very small values of C,, can cause
a dynamic instability at Mach 1.3.

Conclusions

The results of a free-flight range test of a WAF configura-
tion at subsonic and transonic Mach numbers indicated that
an out-of-plane side moment due to pitch angle was prevalent.
This side moment caused a dynamic instability at the super-
sonic Mach numbers. Linear theory accurately predicts this
dynamic instability assuming that the side moment has been
measured. It is suspected that this side moment is symptomatic
of WAF configurations; when testing such configurations, the
test engineer should ensure that this side moment is obtained
and the stability boundaries are computed. Designers of such
configurations should also consider the possibility of this side
moment because it can have a dramatic effect on trajectory
computations based on the conventional aecrodynamic coeffi-

“cients and derivatives.
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