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Free-Fail Vehicle Dynamics Observation and Prediction
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During the past five years, the U.S. Naval Ordnance Laboratory, the Royal Aircraft Es-
tablishment, and the Australian Weapons Research Establishment have been engaged in a
joint study of free-fall vehicle dynamics. The goal of this program was to obtain highly de-
tailed wind-tunnel measurements on research shapes and then use these data to carry out
computer simulations of vehicle trajectories. These simulations were compared with actual
measurements obtained from a full-scale instrumented store in free flight. The program
was also concerned with a wind-tunnel and free-flight investigation of novel stabilizers (tails)
designed to eliminate various types of dynamic instabilities.

1. Introduction

FOR the past five years, there has been in existence a co-
operative bomb-stability program among the Australian

Weapons Research Establishment (WRE), the Royal Air-
craft Establishment (RAE), and the Naval Ordnance Labora-
tory (NOL). This current program had its origin in the joint
effort between RAE and WRE begun in 1960. The earlier
program was initiated as a result of a mutual interest in the
development of design criteria for bombs and a recognition
of the need for data on the effect of bomb dynamic stability
on trajectories.1 Technical discussions with U. S. research
establishments, in particular the Naval Ordnance Labora-
tory, began in 1963 and since 1964 the work has been pursued
as a tripartite cooperative program. Since its initial formula-
tion, the program has had three main aims: 1) to obtain the
most complete wind-tunnel and free-flight data possible and,
by the use of mathematical models, to coorelate the predicted
with observed behavior, and hence provide a check on cur-
rent stability theory; 2) to investigate, theoretically and
experimentally, ideas and techniques which offer solutions to
some of the stability problems and possibly greater tactical
flexibility in weapon design; 3) to develop where necessary
new experimental methods for measuring aerodynamic data.

Initially, the program was based upon a conventional U.K.
design for a bomb with low- and high-drag modes. These
became known by their U. K. wind-tunnel numbers as the
M557A for the low-drag mode and M557B for the high-drag
mode. Subsequently, a modification was made to the base
of the M557A model in order to remove a nonlinearity in the
static pitching moment. The resulting configuration be-
came the basic research shape and was designated as the
M823. Except for this afterbody modification, the M823
and M557A are identical. Figure 1 presents the geometry and
the essential dimensions of this store. In addition to using
the M823 in basic dynamic studies, the effort was extended
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to include various unconventional stabilizers. The con-
ventional cruciform stabilizer of the M823 was then replaced
by such devices as free-spinning cruciform, free-spinning
monoplane and split-skirt tails. The free-spinning cruciform
tail is achieved by making provision for the cruciform tail
to spin about the longitudinal axis of the body. The free-
spinning monoplane follows from the free-spinning cruciform
by removing two opposing fin panels. The split-skirt sta-
bilizer is a four-petal device illustrated in Fig. 2.

2. Flight Dynamic Problems

Three basic phenomena in flight dynamics were to be in-
vestigated by this program.

1) Roll yaw resonance instability, which is predicted by
linear theory to arise from the presence of small configura-
tional asymmetries, together with an acceleration in roll
which can lead to roll frequencies which resonate with the
pitching frequencies. The magnitude of the resulting in-
sulting instability depends upon the rate with which the
resonant region is traversed.23

2) Catastrophic yaw which is exhibited by missiles having
low-roll rates and is caused by the roll-attitude-dependent
yawT-induced rolling moments and side moments. It is es-
sentially nonlinear in character.

3) Magnus instability which occurs at high roll rates with
destabilizing moments which are dependent both on spin
rate and yawing amplitude. Evidence suggests that these
moments are also highly nonlinear.4
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Free Fig. 1 M823 free-fall research store with cruciform stabil-
izer.
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Fig. 2 M823 free-fall research store with split-skirt stab-
ilizer.

3. Flight Trials Technique
In order to make an adequate assessment of the flight

characteristics of a free-fall store, it is necessary to have some
sort of continuous record of its angular attitude and position
throughout the flight. Qualitative judgments based upon
rather simple measurements made during the flight would not
be adequate. From the onset of the program, it was decided
to measure vehicle behavior in three separate ways: First,
ground-based cameras would observe the trajectory of the
bomb. Secondly, there would be various transducers in-
ternal to the bomb to measure quantities such as accelera-
tion and static pressure. The output of these transducers
would be telemetered to the ground. Third and finally,
various aircraft-mounted cameras would record the disturb-
ance imparted to the bomb at release and its subsequent
motion through the near flowfield of the airplane.

The ground instrumentation consisted of Contraves kine-
theodolites to determine vehicle trajectory, and high-speed
35-mm motion-picture cameras fitted with long focal length
lenses to yield a complete photographic record of the vehicle's
behavior during fall.

The internal instrumentation consisted of variable in-
ductance transducers used in conjunction with a 24-channel
telemetry system. These enabled accelerations and incidence
angles to be sampled at a rate of 80 points per second. Lateral
forces and moments were deduced from the readings of six
accelerometrrs, one pair placed ahead of the vehicle's center
of gravity and two pairs aft. Incidence was measured by two
pairs of differential pressure transducers set in the vehicle's
nose. Roll rate was deduced from the output of photoelectric
cells placed behind two slits in the body surface. The output
of these photoelectric cells was also telemetered to the
ground.

The aircraft used in the trials, a Canberra B2, carried
typical range-type camera instrumentation to cover fully the
release and initial response of the vehicles.

It is clearly wasteful to use a bomb dropping program to
derive aerodynamic data where only a very small part of the
trajectory, that near release, is subject to moderate incidences.
It was decided to conduct a number of experiments during
some flights by firing lateral pulse rockets to initiate large
incidences. The times of firing these "bonkers" were chosen
to give information at a series of discrete Mach numbers.
True airspeed of the vehicle in flight was obtained from the
kinetheodolites, Mach and Reynolds numbers and freestream
dynamic pressure required range meteorological measure-
ments in addition. These data, together with the inflight
measurements of lateral acceleration, angle of attack and
roll rate, enabled complete histories of the total aerodynamic
forces to be made. A mathematical model of the force system
was then used in a computer program to evaluate particular
aerodynamic coefficients.

4. Flight Test Program

Within the context of the program goals, the high-drag
M557B shape proved uninteresting. The small yaw-induced
forces and moments coupled with only moderate release

disturbances resulted in uneventful flights. Thus, after four
releases, further work on the bluff-nosed body was halted.
Effort was concentrated on the low-drag vehicles both with
the conventional cruciform stabilizer and the novel stabilizers
that were tested later.

The low-drag vehicles were constructed with ballast weights
to enable center-of-gravity position to be set as required by
the particular experiment. The fins were accurately made
and were capable of being set to any desired fin cant angle up
to 3^°. In practice, the center of gravity varied from
47.4 to 57.3% of body length and fin cant angles in the range
of 0° to 2.8°. An illustration of a low-drag M823 store prior
to final assembly is presented in Fig. 3.

Releases took place at a range of Mach numbers and
altitudes but the majority of the tests were performed at
Mach numbers of 0.70 to 0.75 from 45,000 ft.

5. Wind-Tunnel Tests
Earlier it was mentioned that one of the major goals of

the program was to correlate observed behavior of the bomb
with trajectory simulations. These simulations would in-
volve using a six degree-of-freedom digital computer tra-
jectory program.5 Commensurate with such a detailed mathe-
matical model would be an equally detailed set of wind-tunnel
data. For this reason, an elaborate set of wind-tunnel mea-
surements was made on each of the various configurations
planned for trials. These tests were carried out in wind tun-
nels at the Aeronautical Research Laboratories in Australia,6
at the Aeronautical Research Association,7 and the Royal
Aircraft Establishment tunnels in the U.K. and the Naval
Ship Research and Development Center and the Naval
Ordnance Laboratory, White Oak in the U.S.9?8 In the
ARL and RAE facilities, models of the M557A and M557B
were tested. In the U.S. T^ and ^ scale models of the M823
were tested at the NOL and NSRDC facilities, respectively.
Static measurements were made at all facilities. Roll-damp-
ing and pitch-damping tests were run by RAE and pitch-
damping Magnus force and moment measurements by NOL.
The most significant feature of these tests has been the broad
agreement between data obtained from models of differing
scale tested in a wide range of facilities with working sec-
tions varying from 21 in. X 32 in. to 10 ft X 9 ft.

6. Results of Tests with Cruciform Tail Vehicles

The aims of the free-fall program were to a large extent
achieved. Satisfactory correlation resulted between the aero-
dynamic data obtained from the inflight instrumentation and
from the wind tunnels. In Fig. 4, such comparisons are based
upon the normal force coefficient CN and the pitching moment
coefficient Cm. Motions observed in flight could also be well
simulated using wind-tunnel data in six-degree-of-freedom
computer programs. In Fig. 5, a comparison is made between
the predicted (computer simulated) and the measured (free-
fall trials) values of complex angle of attack. It will be ob-
served that certainly the grosser aspects of the measured
quantities have been reproduced by the computer trajectory
simulation. Similar remarks can be made about the total
angle-of-attack comparison presented in Fig. 6. In only one
respect could no correlation be obtained between the motion
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Fig. 3 WRE instrumented bomb.
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observed and that predicted by the computer. This dis-
agreement was in the roll behavior observed in two M557A
rounds released at 0.5 M from 25,000 ft. At first this was
believed to be due to inadequate representation of the flight
Reynolds number in the wind-tunnel tests, but exhaustive
tests on the M557A model at RAE indicated that the cause
lay elsewhere.10 When the wind-tunnel model was modified
to include the nose probe in which the yaw meter was carried
in these two rounds, it was found that the probe caused very
large changes in the yaw-induced forces and moments.11 This
has been explained by the sensitivity of the shedding of asym-
metric body vortices to the nose geometry.11 One of the
lessons learned from this program is that however good the
wind-tunnel results, their ultimate value must depend on a
faithful modeling of the flight vehicle. This is particularly
true of ordnance items where surface asymmetries, e.g.,
nose fuzes, carriage lugs, etc., are frequently found.

7. Novel Stabilizers
In addition to the conventional cruciform tail, other sta-

bilizers were used with the basic M823 configuration. These
other stabilizers have been indicated earlier as the split-skirt
and the free-spinning cruciform and monoplane tails. The
split-skirt tail is formed by splitting a cylinder axially into
four parallel segments which are then opened to form a
stabilizer (see Fig. 2). This type of stabilizer was thought to
be advantageous because it would avoid the influence of body
vortices on fins and, therefore, greatly reduce the yaw-in-
duced forces and moments. However, the main attractive-
ness of this design lay in the tactical advantage of a variable
drag stabilizer in a single carriage. By presetting a skirt
opening prior to release, a high- or low-drag mode could be
selected to meet immediate operational requirements. Wind-
tunnel tests of both static and dynamic aerodynamic forces
and moments have been made at NOL and two instrumented
vehicles have been released over the WRE range.9?12 These
tests have shown that the lack of yaw-induced forces and
moments is matched by a lack of roll damping; therefore,
any roll acceleration induced by asymmetries in body or tail
will rapidly build up roll frequencies to give roll lock-in.
Ultimately, the roll velocity might be high enough to induce
Magnus instability. Mechanical feasibility studies of pos-
sible skirt opening techniques have shown that they are com-
plex and, hence, expensive structures. It is probable that
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roll damping could be provided by strakes on the skirt al-
though in production there could be alignment problems.

Another way in which the effects of the yaw-induced forces
and moments can be reduced is to mount the aft end of the
tail cone of a vehicle on a bearing and allow it to be freely
spun by fin cant. Three M823 instrumented bodies were
modified to carry free-spinning tails and static and dynamic
wind-tunnel measurements on models with free-spinning tails
have been made at RAE and NOL. The wind-tunnel data
have, through the six-degree-of-freedom computer program,
predicted trouble-free flight and this has been obtained in the
full-scale flight trials. Excellent simulation of the bombs
response to release disturbance has been obtained by the
computer program. Figure 7 presents an example of this
simulation. The excellent agreement is due in no small part
to the virtual elimination of the roll-induced forces and
moments afforded by this type of stabilizer.

The free-spinning tail concept has been taken one stage
further in applying it to a monoplane tail. The monoplane
tail is formed from the cruciform tail by removing two oppos-
ing fins. This stabilizer offers the same advantages as the
cruciform tail with the added advantage of ease of stowage
and handling of the monoplane. It must be added, how-
ever, that for the same average static stability the monoplane
must have larger fin span than the cruciform, or the body
center of gravity must be moved forward. Wind-tunnel
test data have been provided by ARA and NOL, with the
distinction that the tests at ARA were with the fin fixed and
the model rolled to various orientations while the NOL tests
were made with the tail freely spinning.8?13 The round that
has been dropped produced unsatisfactory results in that a
large trim was observed through a significant portion of the
flight. While these results have yet to be completely analyzed,
it can be said that the monoplane spinning tail does not ap-
pear to offer great advantage over the cruciform spinning tail.

8. Conclusions
The program has shown that it is possible to examine the

detailed behavior of a vehicle's motion by internal vehicle
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Fig. 7 Angle of attack vs angle of side slip for freely
spinning cruciform stabilizer.

instrumentation and to deduce meaningful aerodynamic data
from it. It has also shown that wind-tunnel tests can yield
data to simulate the grosser aspects of vehicle behavior in
specific instances and hence wind-tunnel data in conjunction
with adequate computer programs can be used to predict
acceptable missile performance. It is important to note here
that wind-tunnel models must accurately represent the full-
scale vehicle.

The vital importance of the yaw-induced forces and mo-
ments, particularly rolling moment, in the growth of cata-
strophic yaw was demonstrated early in the program. The
novel stabilizer designed to avoid these forces and moments
has had mixed success. It is probable that both the split-
skirt and spinning monoplane tail could be satisfactory with
further design work; the spinning cruciform tail, however,
has shown that it is capable of overcoming these problems
without developing Magnus instability.
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