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RESEARCH MEMORANDUM

STABILITY OF BALLISTIC REENTRY BODIES*

By John D. Bird and David E. Reese, Jr.
SUMMARY

Various features of the stabllity of ballistic reentry shapes are
discussed, including those considerations pertinent to ballisticfmissilé
and manned-satellite reentry capsules. Calculations and aerodynamic data
are used to indicate the problems involved. It is concluded that, with
proper allowance for desirable geometrical features, the attainmment of
satisfactory stability of reentry bodies having subsonic terminal veloc-
ities is not too difficult but, in efforts to minimize weight in solution
of the heating problem, undesirable features may be introduced which
will cause marginal stability characteristics. The attainment of satis-
factory stability of reentry bodies having supersonic terminal velocities
appears to offer fewer problems.

INTRODUCTION

The analysis of Allen (ref. 1) indicated the essential features
of the problem of reentry stability in terms of Bessel functions. 1In
this work and the related work of others, the powerful constraining
effect on the motion of the rapid increase of dynamic pressure was
shown in addition to the -destabilizing influence of the drag force.

The criterion of stability was expressed by Allen in reference 1 in
terms of a now well-known damping factor which includes the drag, 1lift,
and pitch-damping coefficients. This solution is good for the range
of Mach numbers where the stability derivatives are essentially con-
stant as assumed in the analysis and only undergoes some modification
near and below the transonic region where the aerodynamic character-
"istics change radically and the motion has slowed to the point where
the influence.of gravity becomes significant. 1In this work it was
shown that satisfactory directional stability was the factor of primary
concern down to an altitude in the vicinity of 100,000 feet for the
densities of missiles generally under consideration and that the

*Title, Unclassified.
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damping derivatives, that is, the drag, lift-curve slope, and the
damping in pitch, made themselves felt primarily below that altitude.

The purpose of the present investigation is, first, to discuss some
aerodynamic characteristics of blunt reentry shapes and to give some
indication of the significance of these characteristics as related to
the dynamics of ballistic-missile reentry bodies, second, to discuss the
dynamics of a manned lightweight reentry capsule and, third, to mention
a few points in connection with work on slender, high-terminal-velocity
bodies for ballistic missiles.

SYMBOLS

Cp drag coefficient

CI_u lift-coefficient derivative with respect to angle of attack,
per radian .

Cmg + Cmg ~ Pltch-demping derivative based on o5

2v
1 characteristic length, generally maximum diameter
o] radius of gyration
M Mach number
a angle of attack _ | '
ag ' angie of attack on reentry to atmosphere
W weight of reentry body
A reference area, generally maximum cross-sectional area
| CNCL normal-force derivative with respect to angle of attack,
per radian
Iy moment of inertia
V4 flight-path angle, positive up
Cma pitching-moment-coefficient derivative with respect to

angle of attack, nondimensionalized by reference ares
and length, per radian.

v forward velocity
CONFIDENTIAL
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R Reynolds number

f frequency

Omax maximum dynamic pressure
t time

DISCUSSION

Examples of the pitch damping obtained for blunt shapes at various
Mach numbers are shown in figures 1 and 2. The data shown in these
figures in the subsonic Mach number range were obtained in the Ames
12-foot pressure tumnel by Donald A. Buell, whereas those in the super-
sonic Mach number range were obtained in the Ames 8- by 7-foot Unitary
Plan wind tunnel by Benjamin H. Beam. Figure 1 shows results obtained
on a very shallow reentry shape. It can be seen that unstable pitch
damping is obtained in the supersonic region for this shape with a mod-
erately sized afterbody. This would result in an undesirable dynamic
behavior of this configuration unless there is an appreciable modifica-
tion of the pitch damping in the lower or higher supersonic Mach number
range. One of the most interesting points in connection with these data
is the influence of afterbody shape. At the supersonic Mach numbers
increasing the size of the afterbody was beneficial (made the pitch
- damping more negative), whereas at both subsonic and supersonic speeds
reducing the size of the afterbody was beneficial. This beneficial
effect of afterbody-size reduction at subsonic speeds is better shown
by the data of figure 2 which are for a parabolic configuration. For
this configuration, reduction of afterbody size produced a pronounced
effect at subsonic speeds but had essentially no effect at the super-
sonic speeds. Also, the pitch damping for this configuration was stable
in the supersonic region as contrasted with the results for the more
shallow configuration of figure 1.

A factor that has been given some attention in connection with
damping measurement is that of the influence of a small angle of attack
that may arise from unsymmetrical distortion of the body. In the case
of the blunt shallow reentry shapes this effect has been found to be
quite significant at a Mach number of 2.5. (see fig. 3.) Small angles
of attack are sufficient to cause marked changes in the pitch damping.
In the case of the configuration with a moderate afterbody the damping
is changed from an unstable value to a stable one by a change of 20 in
angle of attack. Damping of the configuration with a small afterbody,
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however, becomes unstable at about 1° angle of attack. These results
show a decided nonlinear damping behavior which dictates the study of
pitch damping to amplitudes commensurate with those to be tolerated in
the particular application in order to obtain a reasonable perspective.
The results shown in figure 3 indicate the strong probability of limit
cycle operation for the model with the moderate-sized afterbody.

The effect of a change in pitch damping on reentry body motion is
shown in figure 4. Calculations are shown in this figure for optimum-
range intercontinental-ballistic-missile (ICBM) reentry conditions for
which the aerodynamic derivatives used are given in table I. These
calculations were made by use of an IBM type TO4 electronic data proc-
essing machine. The complete nonlinear equations of motion were
employed. In one case in figure 4 the aerodynamic characteristics
correspond generally to those of the shallow body with moderately sized
afterbody, and in the other case the aerodynamic characteristics corre-
spond generally to those of the shallow body with a small afterbody.

It can readily be seen that an increase of damping is beneficial. The
calculation diverges to considerably greater amplitude prior to a Mach
number of 1 for negative pitch damping than for zero pitch damping.
When the stable subsonic pitch damping comes into play, the motion of
the body with small afterbody subsides. The calculation with negative
pitch damping was not carried completely to the ground. It should be
remembered that limit cycle performance will very probably prevent
bodies similar to the shallow model with moderately sized afterbody
from exceeding a certain relatively small amplitude. In general, con-
siderable divergence can be tolerated prior to a Mach number of 1.0 if
good subsonic damping is present and care is taken not to have too
great an angle of attack at reentry. Pitch damping as great as -0.3
would give an almost linear decay of the pitching motion to zero ampli-
tude at about an altitude of 40,000 feet. Artificial pitch damping as
great as -3.0 would cause the motion to subside by the time an altitude
of 100,000 feet is reached.

One possibility for improving the stability characteristics of sub-
sonic reentry bodies in the transonic region that has been given some
thought involves the use of a spool-like form as shown in figures 5 and 6.
These data were obtained in the Langley transonic blowdown tunnel and
Mach 3 jet by Lewis R. Fisher and William Letko, respectively. The
theory behind the use of this configuration is that the flare at the
end of the body will be extremely effective in the near transonic region
and, hence, will contribute to the pitch damping in large measure at low
speeds but will not greatly affect the aerodynamic characteristics nor
will the flare encounter great heating loads at the higher speeds, because
of its location, if it is made sufficiently small. Some beneficial effect
should be obtained for this arrangement at the extremely high reentry
altitudes because of the improvements in directional stability at the
large angles of attack that may be encountered without precise orienta-
tion by automatic means. It can be seen that a surprisingly large value
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of directional stability is obtained with this arrangement in comparison
with that obtained with the simple flared model at the left in figure 5.
Results at a Mach number of 3.0 on somewhat different models indicate
that spool models do not experience as great an increase of stability
over simple flared models for supersonic speeds as was the case for
transonic speeds (fig. 6). The damping in pitch of a spool model can

be seen from the data of figure 7. These data were obtained in the
Langley high-speed 7- by 10-foot tunnel by Herman S. Fletcher. The
simple flared model shows unstable damping at the higher subsonic speeds,
whereas the spool model shows a powerful damping influence. It is quite
likely that an optimum spool shape would have less flare than the models
for which data are shown because these models have more directional sta-
bility than is required.

The unstable pitch damping shown for the simple flared model as
the transonic region is approached has been obtained for other shapes
in greater or lesser degree and has caused some concern. However, a
considerable degree of unstable damping may be tolerated in the transonic
region for subsonic-terminal-velocity bodies which make rapid transit of
the transonic region if the subsonic pitch damping is stable. This
unfavorable pitch damping effect can be seen from the calculations shown
in figure 8, the conditions for which are given in table I. It can be
seen in figure 8 that a reversal in sign of the pitch damping in the
transonic region does not impose an intolerable burden because not too
great an amplitude is reached before the -transonic region is passed.
The result may be entirely different, of course, for a reentry body
having a transonic terminal velocity; this body would be exposed to any
transonic peculiarity for a much longer period of time.

Recently there has been a general belief that a high-drag bluff
body would make an adequate minimum reentry body for a man-carrying
satellite (ref. 2). In such an'application a low angle of reentry
would be employed in order to minimize the acceleration on the occupant.
An example of the motion of a vehicle on reentry to the atmosphere is
shown in figure 9. Aerodynamic data for the reentry capsule shown in
this figure were used for the present calculation. The various mass
and aerodynamic quantities used in the calculation are given in table I.
The equations for these calculations included the effect of the earth's
curvature and were integrated by use of an IEM type TO4 electronic data
processing machine. The sketch in figure 9 shows the general character
of this reentry. A maximum deceleration of 9.9g is encountered at an
altitude of 145,000 feet. Also shown in this figure is a plot of the
amplitude envelope of the oscillation during reentry for an assumed
error in alinement with the flight path of 1° at reentry. The first
few cycles of the oscillation are shown as a dashed line in the right-
hand side of this plot. The amplitude of oscillation at Mach number 1
is much the same as that at reentry. Thereafter, an increase in
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divergence occurs in spite of the stable subsonic pitch damping. The
damping factor is unstable in this region as well as for the remainder
of the reentry because of the negative lift-curve slope. An increase

of pitch damping in the subsonic region to -0.20 effected by adding a
tail assembly or flare produces a more stable behavior. The frequency
history of the capsule during reentry is presented in figure 10. It is
evident from the figure that the frequency and dynamic pressure are not
excessive. The maximum frequency is about 1.0 cycle per second which
occurs at an altitude of 145,000 feet. The maximum normal acceleration,
which is extremely low because of the small normal lift-curve slope and
small error in alinement of the satellite on reentry, is about 0.12g
and occurs at an altitude of about 125,000 feet. These results indicate
this to be a reasonable form of reentry vehicle from the stability point
of view.

An example of the negative lift-curve slopes of several forms of
blunt reentry bodies which contribute to the low-altitude divergence
shown for the satellite 1s given in figure 11. These data were obtained
in the lLangley transonic blowdown tunnel by Lewis R. Fisher and Joseph R.
DiCamillo. In this figure the lift-curve and pitching-moment-curve
slopes are shown for several blunt shapes at a Mach number of 1.0. It
can be seen that the very blunt forms have destabilizing negative 1lift-
curve slopes and that there is a pronounced Reynolds number effect for
one of the intermediate shapes. The negative lift-curve slopes for the
blunt rounded-corner forms shown in figure 11 become somewhat smaller
as the supersonic region is entered and the aerodynamics approaches the
Newtonian consideration more closely. Instability from this particular
source may be well in evidence in the terminal phase of flight for bodies
with relatively low pitch damping.

Recently, it has become apparent that, for ballistic missiles,
terminal velocities to a Mach number of 2.0 or higher are not unreason-
able with present methods and materials. As a result, increased emphasis
has been given to long slender shapes having low rather than high drag
coefficients. An examination of the Allen damping factor (ref. 1)

1

> C1g * 3(Ging + G (E>2

indicates that this trend is favorable inasmuch as the destabilizing
drag quantity is reduced considerably when long slender shapes are used.
In addition, the sometimes troublesome transonic region is avoided com-
pletely, and the possibility of destabilizing negative lift-curve slopes
is eliminated because the lift-curve slope of slender, more pointed
bodies is positive.
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One approach to the design of ballistic missiles having high ter-
minal velocities might be to utilize slender arrangements in the form
of artillery shells that have no stabilizing surfaces to protect from
heating. Such an arrangement would generally have some degree of insta-
bility if packaged more or less uniformly which would have to be counter-
acted by sufficient spin or by other means to provide stabilization. An
examination of the spin stability criterion indicates that the required
spin rates are likely to be excessive for so complicated a device as a
reentry warhead or a man-carrying satellite. Also, the higher gyroscopic
stiffness introduced tends to maintain large amplitudes of yaw well into
the region of high heating. Such behavior may be advantageous for appli-
cations in which appreciable loss of heat by radiative cooling is obtained;
in this case a body could be toasted more or less evenly on all sides.

Because of the difficulties of spin stabilization one of the most
promising considerations in conjunction with the design of adequate sta-
bility and damping into slender reentry bodies having high terminal
veloclties involves the use of flares. It has been shown by rocket-
propelled-model tests conducted at the Langley Pilotless Aircraft
Research Station at Wallops Island, Va., that heating loads obtained
on the flared portion of blunt bodies are not unreasonable. The loca-
tion of the flare at the end of the body is advantageous from the stand-
point of damping because lifting elements generally contribute to pitch
damping in proportion to the squares of thelir lever arms and 1lift is
not generated by expanding portions of the body in front of the center
of gravity which tend to cancel the contributions to stability of the
rearward portions.

Work by Becker and Korycinski (ref. 3) has shown a tendency for
slender flared bodies to develop large regions of separated flow in
front of the flare for low Reynolds numbers at Mach numbers near 7.0.
The net effect of this phenomenon is to reduce the efficiency of the
flare in contributing to directional stability. This reduction in
efficiency necessitates a greater area of flare than might be antici-
pated otherwise.

A measure of the pitch damping of two of these rocket-propelied
models from a program conducted by John C. McFall, Jr., together with
data from tests of a flared rounded-nose model at Thompson Aeroballistics
Laboratory, is given in figure 12. These data are referenced to frontal
body diameter and area rather than to base dlameter and area. Adequate
pitch damping is shown for all of the models in the supersonic region,
but definite unstable values exist for the flared and the blunt cylinder
models in the subsonic region. Similar results have been obtained at
subsonic Mach numbers for a flared blunt model in wind-tunnel tests at
the Langley Laboratory. Rocket-propelled-model tests on simple 10° cone
models have indicated good damping at Mach numbers of approximately 6.0.
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In one rocket-propelled-model flight, a 10° amplitude wandering
motion of a flared model was obtained in the transonic region. Fig-
ure 13 shows the time history in this particular flight of the flared
model compared with a time history for a more stable configuration.

At least one wind-tunnel measurement has indicated that this flared
configuration has unstable damping in the subsonic region. It is quite
possible, of course, that the sharp corner is an undesirable feature of
the flared configuration with regard to demping.

CONCLUDING REMARKS

With proper allowance for desirable geometrical features, the attain-
ment of satisfactory stability of reentry bodies with subsonic terminal
velocities is not too difficult but in efforts to minimize weight in
solution of the heating problem undesirable features, such as, extremely
flat noses, short skirts, and bulging afterbodies, may be incorporated
into the system. Use of these features will require a much more precise
determination of stability because they may produce marginal character-
istics. The attainment of satisfactory stability of reentry bodies with
supersonic terminal velocities appears to offer fewer problems but a

number of good measurements of pitch damping are needed for low drag
shapes.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., March 18, 1958.
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. TABLE T

CONDITIONS FOR MOTION CALCULATIONS
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EFFECT OF BODY SHAPE. ON. PITCH DAMPING
a=0°

EFFECT OF BODY SHAPE ON: PITCH DAMPING
a=0°
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Figure 2
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EFFECT OF ANGLE OF ATTACK ON PITCH DAMPING
M=25

EFFECT OF PITCH DAMPING ON AMPLITUDE ENVELOPE
W/CpA = 108 LB/SQ FT
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Figure U
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EFFECT OF CONTRACTION NEAR CENTER OF BOLY
M=1;R=56x106
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Figure 5

EFFECT OF CONTRACTION NEAR CENTER OF BODY
M:=3; R=6x10®
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EFFECT OF CONTRACTION NEAR CENTER OF
BODY ON PITCH DAMPING
R=65x10®

Figure 7

EFFECT OF UNFAVORABLE DAMPING IN TRANSONIC REGION
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Figure 8
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MOTION OF BALLISTIC REENTRY CAPSULE
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Figure 9

MOTION OF BALLISTIC REENTRY CAPSULE
y ==3° AT 400,000FT; ag=1°
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Figure 10
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EFFECT OF SHAPE ON CLQ AND Cma
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Figure 11

PITCH DAMPING OF HIGHER FINENESS RATIO MODELS
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MOTION OF ROCKET -PROPELLED MODELS
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