220

J. SPACECRAFT

Effects on Roll Rate of Mass and Aerodynamic
Asymmetries for Ballistic Re-Entry Bodies

Louis 8. Grover*

Applied Physics Laboratory, The Johns Hopkins University, Silver Spring, Md.

“Symmetrical” ballistic-type re-entry bodies have been observed to exhibit erratic roll be-
havior during flight. This unpredicted behavior can have adverse effects on performance by
producing excessive loads and dispersion. To explain the observed phenomena, roll charac-
teristics produced by several types of mass and aerodynamic asymmetries were determined
by numerical solution of the equations of motion and by a simplified analytical solution. The
asymmetries considered included lateral displacement of the center of gravity and center of
pressure, inclination of the principal longitudinal axis to the body geometrical centerline,
unequal pitch and yaw moment of inertia about the principal axes, and asymmetric aerody-
namic moments. All types of asymmetries, except for the inclination of the principal axis,
produced significant roll torque, and various combinations of these asymmetries produced
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roll-rate histories similar to those observed on flight records.

Nomenclature
B, D, E,G = functions defined by Eqgs. (12, 14, 13, and 11), re-
spectively
c.g. = center of gravity
c.p. = center of pressure
Ca = axial force coefficient = —Fx,/qnS
Comg = asymmetric moment coefficient about the Y p axis
= normal force coefficient = F/¢pS
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2
|

Cp asymmetric moment coefficient about the Zz axis

d = reference diameter for aerodynamic coefficients, ft

F foree; without subscript refers to resultant force
normal to the body centerline, 1b

Fa = F/a,Ib/rad

gx = acceleration along the Xz axis, ¢’s

I = moment of inertia; without subscript refers to
either Iy or I z, slug-ft?

lL,m,n = aerodynamic moments about the X, Y, Z axes, ft-
ib

M = body mass, slugs

M, = roll damping moment per unit rotational velocity
about the X axis, ft-lb-sec/rad

M, = pitch (or yaw) damping moment per unit rota-
tional velocity about the Y (or Z) axis, {t-Ib-
sec/rad

DG T = angular rates about the X, Y, Z axes, rad/sec

b, G, 7 = angular accelerations about the X, YV, Z axes,
rad /sec?

qp = dynamic pressure = pV2/2, lb/ft?

R = resultant lateral body rate = (¢* + r2)V?, rad/sec

S = reference area for aerodynamic coefficients, ft2

t = time, sec

14 = velocity, fps

w = body weight, 1b

X,Y,Z = principal axes (see Fig. 1)

z, Y = locations in the XpY 5 plane, ft

Az, Ay = dimensions defined in Fig. 2a, ft

« = angle of attack, rad or deg

5, € 0 = angles defined in Figs. 1 and 2, rad

¥ = direction of lateral force vector (see Fig. 2b), deg

Ay = ¥ — ¥y deg
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p = alr density, slugs/ft?

@ = undamped aerodynamic pitch (or yaw) frequency
= (FaAx/I)V? rad/sec

Subscripts

B = body axis

e = roll equilibrium conditions

% = initial conditions at re-entry

0 = conditions at p = 0

X,Y,7Z = principal axes X, Y, Z

In the text, boldface type indicates a vector quantity. In the
illustrations, vector quantities are indicated by symbols with
arrows above them.

Introduction

YMMETRICAL ballistic-type re-entry bodies have been
observed to exhibit roll rates that steadily inerease or de-
crease during flicht and, on some flights, change sign several
times. Such unpredicted behavior can have adverse effects
on performance by producing loads that exceed design limits
of the structure or payload if very large roll rates are de-
veloped or if the roll rate is driven to roll yaw resonance condi-
tions. On the other hand, large miss distances can result if the
roll rate is at resonance or is reduced to nearly zero for an ex-
tended period of time.
Therefore, a study of various effects producing roll torque
was undertaken to evaluate the importance of each effect.

Discussion

Two sources of roll torque are roll damping and various
types of mass and aerodynamic asymmetry. Roll damping
results from viscous effects and causes a gradual reduction in
roll rate. Although the roll torque produced may be sig-
nificant, roll damping effects do not explain the observed roll
characteristics and effort was concentrated on the effects of
asymmetry. The following types of asymmetry were con-
sidered (see Figs. 1 and 2).

1) Mass Asymmetry: a) unequal pitch and yaw mo-
ments of inertia (Iy = Iz), b) inclination of the principal X
axis to the body geometrical centerline (), and e¢) lateral
displacement of the center of gravity from the body centerline
(¥e.e.)-

2)  Aecrodynamic Asymmetry: a) asymmetric couple
about the Y and Z axes (C., C»,) and b) lateral displace-
ment of the center of pressure from the body centerline (y..p.).
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NOTES:

1. AXES X AND Y ARE IN THE XpY, PLANE

2. POSITIVE y. . AND 8 ARE SHOWN

3. VELOCITY AND FORCE VECTORS ARE
POSITIVE WHEN DIRECTED TOWARD POSITIVE

X, Y, OR Z; BODY RATE IS POSITIVE FOR

CLOCKWISE ROTATION ABOUT X, Y, OR Z FOR
AN OBSERVER FACING THE POSITIVE DIRECTION
OF THE AXIS.

Fig. 1 Axis systems.

The problem was simplified by limiting 8 and the displace-
ment asymmetries to the XY plane. The center of pressure
was assumed to lie on a “center of pressure line,” which may
be inclined () to the body centerline.

Using principal axes that roll with the body, the rotational
motion about the X, ¥, and 7 axes is defined by the following
equations:

plx =1+ Uy — I2)qr ey
fdy =m+ Iz — Ix)pr @)
Hz =n+ (Ix — Iv)pg (3)

For the asymmetries considered, assuming the angles 8 and
8 = e + Ay/Ax are small and the magnus effects are negligi-
ble, the aerodynamic moments [/, m, and n are defined by the
following equations:

I = —F000 4 6) — 6C,q0Sd + M,p @
m = FzAz(1 — 68) + CLygnSd + My )
n = FyxpArd — FypAz + CoggnSd + M r (6)

These equations, along with equations required to define
the aerodynamic force terms, were programed for solution by
the IBM 7094 computer. Before considering the results, the
general effect of asymmetries will be discussed using approxi-
mate solutions to the equations of motion.

Aerodynamic Trim Conditions with Iy = I,

Although a body may re-enter the atmosphere with high
initial angle of attack and lateral body rate, the body is in
aerodynamic trim about the Y and Z axes during an appreci-
able portion of the trajectory. For this portion of the trajec-
tory, the solution of the equations of motion may be approxi-
mated by simple mathematical expressions.

RATE OF RE-ENTRY BODIES
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1. 8= 0 1S SHOWN
2. NEGATIVE Ay 1S SHOWN

3. ALL OTHER VALUES ARE POSITIVE

Q)

NOTES:

1. NEGATIVE AwlS SHOWN

2. ALL OTHER VALUES ARE POSITIVE

Fig. 2 Asymmetry definitions.
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Fig. 3 Typical variations of G with B/E.

For trim conditions, ¢ = # = 0 and the damping terms are
negligible. Therefore, for the particular case of zero roll rate
and neglecting 98,

FzAz = —ChygpSd ()
Substituting into Eq. (4),
I = CrqpSdé ®)

Note that the effect of 8 on roll torque is small compared to
the effect of 8 and does not appear in Eq. (8). From Egs. (1)
and (8) and the expression for the dynamic pressure in terms
of longitudinal acceleration,

Bo = —gxWdCnid/IxCa 9

The effects of roll rate are to modify the magnitude and
direction of the trim force and to produce roll damping. The
latter effect is neglected in this study. In terms of p, defined
by Eq. (9) and a roll amplification factor G, the roll accelera-
tion may be expressed as

p = Gp (10)
An expression for the function G, derived! using rolling trim
conditions defined by Nelson,? is the following:
1 — B/E — (%D cotyo)(B/E)Y?

¢ =" _B/my+ DB/E )

i v

=y

z

Fig. 4 Roll torque produced by unequal pitch and yaw
moments of inertia.
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where
B = (1 — Ix/D) 12)
E=uw?—F,M,/MVI (13)
Pl — Is/D/MV — MJT
D="""g0 =1 D1 (14)
cotiy = (3CaAT/d — Cog)/Cmg (15)

The =+ sign in Eq. (11) and subsequent equations is to be
used as plus for positive roll rates and minus for negative roll
rates. It should be noted that the frequency w is the un-
damped natural frequency of a nonspinning body having
linear aerodynamie characteristics and having planar motion.

Typical variations of G with B/E are shown in Fig. 3. Ifat
some initial time the value of @ is negative, such as Gy, and if
Do and p are of opposite sign, the value of B increases with in-
creasing time. Therefore, unless K increases fast enough to
drive G to a positive value, the roll rate will increase without
limit. For any other condition, B/E will vary until ¢ = 0
where roll equilibrium conditions exist. By setting the
numerator of Eq. (11) equal to zero, the value of B/E at roll
equilibrium may be expressed as

(B/E), = L{[(D cotyg)? + 4]¥2 — (£D cotyp)}* (16
For small values of D cotyy
(B/E), = 1 — (D cotyy) a1

For the particular case of C,,, = 0, the roll acceleration is
given by

_ Wa\/62%Az  5Ca (+D)(B/E)12
p= gX(E)(_d“ . >[(1 ZB/E) T D2B/E:| (18)

These equations were useful for selecting trajectory conditions
for the numerical solutions and will be used later to explain
the results obtained.

Unequal Pitech and Yaw Moment of Inertia

For a body whose only asymmetry is unequal pitch and yaw
moment of inertia about the principal axes, the roll torque is
that produced by the term (Iy — Iz)gr in Eq. (1). The
physical significance of this term for Iz > I'y is shown in Fig. 4.
The body has mass symmetry except for two small equal
masses located on the ¥ axis equally distant from the c.g.
At some instant, the body has a total lateral rotational rate
shown by the vector R. At this time the body rotates about
R and the centrifugal force acting on the two asymmetric

D START

1
[y *

4
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A

Fig.5 Typical variation of R with time when aerodynamic
forces are significant.
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masses produces a couple (Iy — Iz)gr about the X axis.
The roll torque is positive if R lies in quadrants I or II and is
negative if R lies in quadrants I or I'V.

At very high altitudes, the aerodynamic moments m and n
in Fqs. (2) and (3) are negligible and, assuming that a small
difference between Iy and I, has negligible effect on ¢ and #,
Egs. (2) and (3) reduce to the gyroscopic equations of motion.
Taking ¢ = 0 when 7 is at 2 maximum negative value, the solu-
tion to Egs. (2) and (3) is given by

—R Sin[pi(l - IX/IY)t] (19>
—R cos[p:(1 — Ix/Iv)t] (20)

Therefore, at t = 0, R lies along the negative Z axis (Fig. 4)
and, for positive p;, rotates counterclockwise at constant
amplitude with a frequency (1 — I'x/Iy)p:. The asymmetric
masses and the rotation of R produce an oscillation in roll rate
which has a period n/p:(1 — I x/Iy).

The equation for the roll-rate history is obtained by sub-
stituting Eqs. (19) and (20) into Eq. (1) and integrating to

give
Ry — Iy Iy.{ < Ix)]
—pi= (% Zsin p{ 1 =F )| (@1
p—7p 2pi<ly"‘[);>]xbln p I, 21

When the vehicle descends to altitudes where the aerody-
namie forces are no longer negligible, the body develops a
characteristic pattern of motion which depends upon the
initial re-entry conditions and the vehicle aerodynamic
characteristics.27¢  The pattern encountered on the trajec-
tories of this study is the slowly rotating elliptical pattern
shown in Fig. 5. If [y 5 I, this type of motion produces an
oscillation in roll rate for the same reason discussed pre-
viously for the case of zero aerodynamic moments. During the
time interval when the major axis lies in quadrants 1T and TV,
a net reduetion in roll rate occurs; during the interval when
the major axis lies in quadrants I and II1, a net increase in roll
rate occurs. Therefore, the roll rate oscillates with a period
equal to the time required for the axis of the ellipse to rotate
180°. The amplitude of the oscillation increases as the major
axis of the ellipse (maximum R) increases and as the rate of
rotation of the axis decreases. Therefore, during the portion
of the trajectory when the body rates are large, if the elliptical
pattern of R rotates very slowly, large changes in roll rate can
oceur.

i

q

r =

Six-Degree-of-Freedom Solutions

Equations (1-6) and the auxiliary equations required to de-
fine body motion during a re-entry trajectory were programed
for solution by the IBM 7094 computer. The auxiliary equa-
tions used are those given by James® with the following ex-
ceptions. Primary interest for this study concerned the high
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Fig. 7 Aerodynamic characteristics of re-entry body.

Mach number portion of the trajectory. Therefore, the equa~
tions were simplified by neglecting the effects of gravity on the
flight path angle and by preseribing a dynamic pressure
history. This history and the corresponding Mach number
and altitude variations based on the 1962 Standard At-
mosphere® are shown in Fig. 6.

The ballistic coefficient W /C 48 for the re-entry body of this
study is approximately 640, and Ix/Iy = 0.10. The aerody-
namie characteristics for the most significant angle of attack
region are shown in Fig. 7. Six-degree-of-freedom results are
shown for all types of asymmetry considered in this study
except for C,, and #. These effects were found to be very
small and no plotted results arc presented.

Combined Mass and Aerodynamic Asymmetries

The roll-rate history for asymmetries C,, = 0.010, Ay/d =
0.00834, and € = +1°is shown in Fig. 8. For this trajectory,
the initial angle of attack is zero. From the equations based
on trim conditions, since p and cotyy are positive, the @G
funetion is typical of that shown for = cotyy = 1.0 in Fig. 3.
At re-entry, B/E > 1 since F is very small and the trim angle
of attack remains small as shown in Fig. 9. However, F in-
creases rapidly and, as B/E decrcases toward unity, G be-
comes large and a significant negative roll torque is produced
as indicated by Eqs. (9) and (10). The reduction in roll rate
and the increase in E drive the vehicle through roll yaw
resonance (B/E = 1 or p = 1.05w for this body) at ¢ =~ 21 sec.
The value of B/E continues to decrease and G becomes posi-

TIME (second)

Fig. 6 Trajectory characteristies.
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Fig. 8 Roll-rate and aerodynamic-frequency histories for
the combination of asymmetries shown: a; = 0, g; = 0, and
ri = 0.
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Fig. 9 Angle-of-attack characteristics for the combina-
tion of asymmetries shown: o; = 0, q; = 0, and r; = 0.

tive, but the magnitude of gy and G are so small that the roll
torque produced by trim conditions is negligible. However,
during resonance, the angle of attack increases to about 3.5°
and then oscillates when the resonance condition is passed.
This oscillation in «, in conjunction with the asymmetries
Ay/d and e, produces the small oscillations in roll rate from ¢
= 21 to 26 sec. As the vehicle penetrates to lower altitudes,
the magnitude of the deceleration increases and a significant
roll torque is produced beginning at ¢ ~ 24 sec. Since G and
Po are positive, the roll rate increases, seeking the equilibrium
condition. For the portion of the trajectory near ¢ = 34 sec,
D = 0.06, cotyy ~ 1.74, and the equilibrium value of B/E
from Eq. (17) is 0.893 or p = w. Therefore, the roll rate
follows the aerodynamic frequency w as shown in Fig. 8. The
magnitude and direction of angle of attack data given in Fig. 9
are in excellent agreement with those calculated by the trim
equations.!

The roll-rate histories for C',, = 0.010 and ¢ = —1° are
shown for several values of Ay/d in Fig. 10. The initial angle
of attack for these trajectories is 90°. During re-entry, the
large angle of attack produces a normal force that acts at
some lateral distance from the c.g.  This forece combined with
the roll-rate results in oscillations in the roll rate which persist
until{ = 30 sec. For Ay/d = 0, § is negative during the en-
tire trajectory, and after about 16 sec G is positive. There-
fore, from Egs. (9) and (10), the roll acceleration is negative
and the roll rate steadily decreases as shown in Fig. 10. The
roll-rate characteristics from the computer results are in good
agreement with results using Eq. (10) which are shown dis-
placed about 50°/sec for clarity in presentation. For Ay/d =
0.0050 and 0.00834, § is negative until ¢ = 30 sec, but then

800 f I /Ay
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§ 600 © ROLL RATE 00834
H 5 | osciLLATIONS
¢ 400 4
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& - 20 EQUATION 10> I\ ¢
~

3 100 -' 1 [ R W

w14 18 22 26 30 34 38 42
TIME (second)

Fig. 10. Roll-rate histories for the combination of asym-
metries shown: «; = 90°, g; = 0, and r; = 0.
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Fig. 11 Roll-rate history for a constant-displacement
asymmetry: o; = 90°, q; = 0, and r; = 0.

becomes positive due to the decrease in aerodynamic stability
(decrease in Az) at low angles of attack. This effect pro-
duces the reversal in the sign of the roll acceleration at ¢ ~ 30
sec. Although not shown in Fig. 10, the magnitudes of the
roll accelerations calculated for these values of Ay/d by
Eq. (10) are also in good agreement with the numerical
solutions.

Mass Asymmetry Alone

The roll-rate history produced by Ay/d alone is shown in
Fig. 11.  For the small values of roll rates used for this study,
Ay/d produces a small roll torque. The value of p obtained
using Eq. (18) is —7°/sec? at t = 34 sec, and is in good agree-
ment with the value shown in Fig. 11.

Roll-rate histories for a 29, difference between the pitch
and yaw moment of inertia are shown for two values of initial
angle of attack in Fig. 12. The amplitude and period of the
small roll-rate oscillations near ¢ = 0 are properly defined by
Eq. (21). However, there are no significant changes in roll
rate until ¢ = 20 sec. By this time the elliptical pattern of R
is well developed. The curve shown in Fig. 5 is the R trace
for the trajectory with a; = 135° beginning at ¢ = 22.76 and
ending at t = 23.36. This interval corresponds to one-half
the period of the roll-rate oscillation for reasons explained
previously. Trajectory results show that, from ¢ = 20 to 32
sec, the major axis of the R trace increases to a peak value at
t =~ 23 sec and then decreases to nearly zero at ¢ ~ 32 sec.
The axis rotates counterclockwise at ¢ =~ 20 sce and the rate of
rotation steadily decreases, becomes zero at ¢ =~ 25 sec, and
then the direction of rotation is clockwise until R becomes
zero. The decrease in the level of roll rate occurs during the
interval when the rotation of the axis changes direction.

Some trajectories using different initial re-entry conditions
and different aerodynamic characteristics did not show the
change in direction of the rotation of the axis, and the roll
rate at the end of the trajectory was nearly the same as p..
The parameters significant to this phenomenon have not been
isolated. The theory and data of Nelson and Nicolaides?—*
show that the epicyclic nature of the body motion can produce
R histories similar to those required to produce a change in the
roll rate. However, these results were obtained for bodies
having mass symmetry and linear aerodynamic characteristics
and the reversal in direction of the rotation of the axis oceurs
at conditions near roll-yaw resonance. The observed phe-
nomenoh occurs at conditions far removed from roll-yaw
resonance for bodies having unequal Iy and Iz and nonlinear
aerodynamic characteristics. A trajectory with conditions
identical to those used for the «; = 135° case in Fig. 12,
except that the body had mass symmetry, shows an R trace
in which the axis of the ellipse continues to rotate counter-
clockwise throughout flight. The magnitudes of a; and R;
and the nature of the nonlinearity in the aerodynamic charac-
teristics were also found to be important factors in producing
this phenomenon. Therefore, the theory of Nelson and
Nicolaides is not directly applicable to the analysis of this
motion.
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Summary

The effects on roll-rate history of the asymmetries con-
sidered in this study are summarized as follows:

1) A 29, difference between the pitch and yaw moment
of inertia may produce a significant change in roll rate. The
effect occurs at a time in the trajectory when the lateral body
angular rates are near maximum, and changes in roll rate
cease when the lateral rates become damped to small magni-
tudes. The effect is sensitive to the body lateral rate history
and, therefore, to initial re-entry conditions and body aero-
dynamic characteristics. A six-degree-of-freedom simulation
with accurate representation of mnonlinear aerodynamic
characteristics is required to assess the magnitude of this
effect.

2) An inclination of the principal axis to the body axis of
1° produces small oscillations in roll rate when associated
with high angle of attack and roll-yaw resonance at high
altitude. Otherwise, the effects on roll rate are negligible.

3) A constant lateral displacement of c.g. and c.p., Ay,
produces the same effect given previously for item 2. In
addition, at lower altitudes where the dynamic pressure is
high, a roll torque is produced which always tends to reduce
the magnitude of the roll rate. Therefore, the effect is similar
to roll damping and the roll equilibrium condition is zero roll
rate. 'This effect can be appreciable when the aerodynamic
stability is low or when conditions are near roll-yaw resonance.

4) A lateral displacement of c.g. and ¢.pp., Ay and €, com-
bined with an aerodynamic moment asymmetry C..,, is very
effective in producing a roll torque, except for very large
values of roll rate compared to the aerodynamic frequency
and for a very narrow band of roll rates near roll yaw reso-
nance. The roll torque may be either positive or negative
and roll-rate reversal can be produced. The roll equilibrium
condition is very close to the roll yaw resonance condition.
The maximum torque tends to occur at maximum dynamic
pressure but may be shifted to some other condition if the
aerodynamie stability changes markedly during the trajectory.

5) A constant lateral displacement of c.g. and ¢.p. com-
bined with an aerodynamic moment asymmetry C,, produces
effects similar to those indicated for item 3, except that the
roll torque may either inerease or decrease the roll rate, de-
pending upon the sign and magnitude of C,,.

6) Equations (9-18) may be used to assess the effects on
roll characteristics of mass and aerodynamic asymmetries for
bodies of arbitrary shape, provided that the configuration has
static aerodynamic stability. If the aerodynamic charac-
teristics and asymmetries do not change significantly during
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re-entry, and if the roll rate is low compared to the aerody-
namic pitch frequency for the major portion of re-entry, then
the total change in roll rate from initial re-entry to impact
increases with a) increasing initial velocity, b) decreasing
magnitude of initial flight path angle, ¢) increasing magnitude
of the asymmetry Ay/d, d) increasing ballistic coefficient
W/C4S, e) decreasing magnitude of the asymmetry co-
efficient, I x/C,.,Sd, and f) decreasing aerodynamie static sta-
bility Az/d.
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