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Ballistic Re-entry Vehicle Dispersion Due to Precession Stoppage

J. SPACECRAFT
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K. E. Yelmgrent
Ballistic Missile Office, Norton AFB, California
and
M. Landa*
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Ballistic re-entry vehicle (RV) precession stoppage phenomenon is investigated analytically and several
postulated reasons for its occurrence are discussed. Both analytical solutions and six-degree-of-freedom (6DOF)
simulations are presented. In addition to the familiar phenomena of roll through zero (RTZ), roll near zero
(RNZ) and angle-of-attack divergence, there are four additional aerodynamic forcing functions that are found
to be particularly interesting and significant since they can induce the so-called ‘‘space-fixed-trim’’ phenomenon
i.e., the lift vector becomes momentarily stationary in space. These four forcing functions are: a) a shift from
body-fixed to wind-fixed trim moment in high ¢, environments; b) RV with transient unstable aerodynamic
stability derivative; ¢) trim plane migrations induced by a series of asymmetric nose spallations; and d) a
Magnus-type out-of-plane moment in conjunction with the wind-fixed moment induced by ablation lag
phenomena. When this occurs, the trajectory deflection becomes prohibitively large. According to the present
analytical/numerical results, the initial spin rate can be crucial for the magnitude as well as the direction of the
RYV dispersion. Finally, some possible physical mechanisms which would cause RV precession stoppage are
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suggested.
Nomenclature P, = critical roll rate = w/v 1 — pu?

A =RV reference area 9o = freestream dynamic pressure
Cy = axial force coefficient S = y+iz=helix radius
c’ = constant defined in Eq. (12) s =d?s/d¢s?
C,C,,C, =roll, pitch, and yaw moment coefficients, SM = static margin, (X, — X, ) /L

respectively t =time
Cmbody, Cning =body-fixed and wind-fixed pitch moment w =RV weight

coefficients X, Y, Z =distance along the inertia frame, X along the
C, + C,,,d = pitch damping coefficient mean flight path
Cgp‘,’c% =roll damping derivatives a,f = pitch and yaw angle-of-attack
Cy =normal force coefficient or =trim angle-of-attack
CNO/ o =normal force/lift force derivative Aoy =step trim

e “ =d’C,/dadp AV =RV lateral velocity perturbation

Cyosz ) =lateral force coefficients caused by aero- € =RV cg offset

dynamic asymmetries in y-body/z-body ¢ = damping parameter, see Eq. (5)

direction {r = 3+ io = complex total angle-of-attack
d =RV base diameter B =I/1
h = altitude ¥ = precession rate
I =RV pitch or yaw moment inertia v, 0,0 = Euler angles
I, =roll moment inertia ) =natural pitch frequency [ — CmaqudI 1%
J =trajectory deflection angle )] =d( )/dt
k =radius of gyration
L =RV length
m =RV mass I. Introduction
p =RVrollrate HE dispersion of a ballistic RV is generally small as a
p =dp/dt result of a helix precession motion which results in a lift-
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averaging process. Usually an initial spin is imposed on the
RV after separation from the booster/bus, and on re-entry the
subsequent gyroscopic motion when combined with the aero-
dynamic forces makes the RV revolve into a helical motion.
However, even with this rolling/precession motion, there may
still exist a lift vector nonaveraging phenomenon, i.e., rapid
variations in the magnitude/orientation of the lift vector or
the roll rates.'* The objective of this paper is to identify
possible aerodynamic forcing functions and their
corresponding physical phenomena that would induce pre-
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cession slowdown and hence large RV dispersion. An approxi-
mate analytical formulation with closed form solutions is
developed in Section II. From these simple solutions, seven
possible causes of precession stoppage are identified and
discussed in Section III. Two of the more interesting forcing
functions were checked with 6DOF simulations. The results
are presented in Section IV. The physical mechanism that
would result in the aerodynamic forcing functions causing
precession stoppage are summarized in Section V.

I1. Analysis

The dispersion of the RV can be analyzed by considering
the following differential equations, which describe the lateral
motions of the RV c.g. about the mean flight path> for small
total angle-of-attack* (see Fig. 1a):

{[C +iC, :Ie"“’

+i[c,,—c,\,¢x lng}e"S Jdr

S Y+iZ=

. guA
Xq[

Ca+Co 1717 = Cppf=y0] ()

For a slender RV with small aerodynamic asymmetries, Eq.
(1) can be simplified to:

CL If'T'e'th V)]

Then the corresponding trajectory deflection, AJ, due to lift
nonaveraging, can be estimated with the following relation:

= |lAVI/V,, =trajectory deflection angle
and

. . A ¢ ,
AV=Y+iZ=— ’—’; SO Cy, 171 gaetdr 3)

It is known that the impact miss dispersion is a statistical
parameter with randomness entering through the lift am-
plitude C; {7l and phase Exp(iyt). However, for illus-
trative purposes, a quasisteady solution of Eq. (3) can be
obtained for small time intervals (such that the aero coef-
ficients are almost constant), and is given as:

. GuACLP . ,
S#C,+sz+im—¢2—%' 1§l el = Y4 iZ @

Here C, and C, are arbitrary constants which are determined
by initial conditions at the start of each interval. A rapid
change in any of the parameters (e.g., due to frustum

MEAN TRAJECTORY ﬁ

POINT ON MEAN TRAJECTORY

Fig. 1a Motion of the c.g. about the mean flight path.
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boundary layer transition appearing in Eq. (3) would have the
effect of producing a non-zero value of C, for the subsequent
time interval, and thereby produce a trajectory dispersion.
When C,;=C,=0, Eq. (4) essentially states that the cen-
trifugal force resulting from the vehicle’s helix motion is
equal to and opposite to the lateral trim forces. The helix
radius produces a miss distance at impact which increases with
increasing values of g, C;, and becomes excessively large as
Y—0. For example, a 300-1b RV with base radius r, =1 ft,
v=30°, y=1 cps, Cr, =12, 4= =10° Ib/ft?, and 1571 =1°,
the miss distance is approx1mately 18 ft cross-range and 36 ft
down-range. The impact miss due to the helix motion is, in
most investigations, not included in the dispersion budget.

The missile motion is described in terms of the Euler angle
coordination, ¥, 6, ¢, and the moment equations of motion
can be written as (see Fig. 1b):

I§+1,pysin 8~ I sinfcos 8+ 2I¢wb=C,,q.,Ad

+ [C,,,bodycos¢+ C,esin ¢/d] q.Ad (52)

1-:7 [{bsinz o] — I psinff 4+ 2§y’ I=C,q., Adsind

+ [C,,,bo dysinq&—CA ecosqﬁ/d]qudsinO (5b)
pd

L.p= ClQmAd+Cl 2V —— @ ,Ad+ Cyeq, Acoso

+ Cgﬁasmqﬁqud (50)
p=d+1cosd (5d)

where
1 pAIl %
= { ——— C _<C Cm‘>d2 Zkz]
= om ((2CNQAM-L) [ No ™ \Cmg t Cmy )81

1. Precession Stoppage Causes

Equation (4) shows that a large RV trajectory deflection
occurs during re-entry when ¢y —0. Equation (5) shows that
this would happen under several situations. These situations
are as follows:

Roll-Through-Zero (RTZ)

When an RV is in lunar motion, i.e., $=0, then “roll-
through-zero” implies precession stoppage because p=¢+ ¢

(PITCH)
Fig. 1b Euler coordinate system.
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cos o=y =0, for small «. It must be emphasized that the
necessary condition for =0 when p=0is ¢=0. Usually this
condition occurs momentarily when a slightly asymmetric
missile in rolling trimmed flight has a roll-rate reversal of a
roll torque in direction opposite to p. The cross-range
dispersion resulting from a roll-through-zero can be ap-
proximately estimated as'?:

- T . w R
S= —JEg(pmth>p=o{smvp=o[—qum]lpl/}

Relatively Large Increase in Angle-of-Attack!

If an initially untrimmed RV is subject to a static in-plane
moment that has a trim angle §,,, i.e.,

M,=C,q.Ad=I"6,

and the other aerodynamic forcing functions appearing in the
Euler angle coordinate moment equations [i.e., Eq. (5)
assumes the special case

€=C,, =C,=Cpy =0;

then integration of the governing equations yields (for
o< <)

(I-4?/0?)0=0,, (6a)

(z]x— = )02 =constant #0

or

V82 = ,8,? = constant for’%) <<y (6b)

The subscript ““0’’ corresponds to the initial conditions
at t=0. For a relatively large increase in angle-of-attack due
to in-plane disturbances, Equation (6b) yields W Yo ~
(80/6)? < <1. Note that Eq. (6b) does not mean =0, but
rather implies §—0. The RV dispersion can also become
excessively large when ¢ is small but nonzero. This is the well
known case of precession near zero or roll near zero if the RV
is in lunar motion. For instance the lateral induced velocity of
a trimmed missile (i.e., ¢ =0, p=1) can be approximated as!:

iAL
AV= ) (1-p?/p%)
where AL =step trim force due to a body fixed disturbance
= CNo( (AaT) qu

Aar=step trim

Typically, the lift nonaveraging dispersion can be large, e.g.,
AV=91.4 m/s when m=113.4 kgs, p=120 deg/s, q. =
73.236 kg/cm?, p/p,< <1, CN =1.2, Aay=0.5 deg and
ry=0.3048 m.

The Appearance of Small Impulsive Out-of-Plane Moment! Coupled
with an In-Plane Trim Moment

When the yaw moment assumes a special form, i.e.,
C,=—I0y;8(1)/q..Ad

where 6(t) =Dirac-Delta function and if €=C,, =0 and
C,=~C, (0—0,) simultaneously, Platus' has shown that
the precessql‘on rate will decrease to and remain zero, i.c.,
¥=0. Therefore, a small impulsive out-of-plane moment,
coupled with in-plane moment perturbation, can drive the
precession rate to zero for arbitrary initial conditions. In
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practical applications one can approximate the 6(¢) by a
rectangular pulse of duration ¢, and magnitude of
~16y,/ q.Adt,. Then this would cause a transverse velocity
perturbation,!

AV= CLa0pqut,,/m

Transient Unstable or Neutral Stability Derivative (i.e., Cm =0 or
w=0).

Under the approximations of qua51steady condition
(=6=0), negligible damping ({=0) and ¢ C,, my =0, the Euler
angle equations (i.e., Eq. 5a) would be simplified to:

(o +ppY—92)6=0 M

For 6#0, one solution to Eq. (7) is w=y =0, if Cma =0. One
well known example for unstable C,, is the pitching moment
observed on a blunt face cylinder (see Fig. 2). It is noted C,,
assumes zero value at =0, 21.8, 31, and 83 deg, however,
the stable trim points only exist at «=21.8 and 83 deg. Then if
the missile angle-of-attack oscillation about the trim point
(i.e., a=21.8 deg) is large enough, « may cross into the range
where Cn,=0. Under these conditions the precession rate
would slow down, at least momentarily.

A Shift from Body-Fixed to Wind-Fixed Trim Moment in a High ¢,
Environment

The precession motion of an RV at high altitude (i.e.,
g < <1) is initiated by the initial spin and original angle-of-
attack. At low altitude, a body fixed disturbance (e.g., nose
tip asymmetric ablation) and the yaw moment (C,, ) could be a
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Fig. 2 Hypersonic static stability characteristics C,,, vs « on a flat
face cylinder and flat face core.
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driver modifying the precession motion. For the special case
of sudden disappearance of C,, and C, in a high g, en-
vironment, the precession equation [Eq. (5b)] becomes:

d . X
E(¢92)=—2§w(1//02), 121, ®

Other assumptions implied in Eq. (8) are < <1, upfi< <1
and e=0. Equation (8) can then be integrated as:

929 =(6y) g exp[ —A(t—1y) ], 1=ty ®
Cr oAl
where A= [—";:%—— - (C,,,q+Cmd)qud2/2Vm]/I=2§‘w

Furthermore, under the assumptions of quasisteady con-
dition, and the in-plane pitch moment having the following
form

Cm = Cma (0_ etrim)

Using this, the angle-of-attack equation can then be integrated
to give:

[w2+¢(/"p—¢)] 0=w20trim (10)

The steady-state solution to Eq. (10), which is relevant to our
problem, is

6= etrim

which results if
Yy=pp or  Y=0

Equations (9) and (10) indicate an exponential decay of the
precession rate after the disappearance of C,,. When the
damping parameter A=0(1) or A>>1, the RK’ precession
rate, ¥, will rapidly decrease to an almost zero, and large
missile dispersion will result. It should be noted that the
mechanism (2) mentioned above, i.e., Eq. (6b), is a special
case of Eq. (9) for A=0. However, the precession slowdown
considered here does not require 6,/6> >1; rather ¥ is ex-
ponentially damped out due to the inherent pitch and normal
force damping under the high freestream dynamic pressure,
g environment.

It should be emphasized that the case of interest (i.e., RV at
low altitude where the freestream dynamic pressure is high)
usually involves body-fixed disturbances. For the occurrence
of RV precession stoppage, the body-fixed trim must dis-
appear concurrently with the advent of the wind-fixed trim.
However, the precession stoppage would occur even if no
body-fixed trim is present initially. The real cause of the
precession stoppage is the appearance of the wind-fixed trim
moment, which in the absence of the body-fixed trim and with
the inherent normal force damping at high g,, environment,
produces the conditions y—0 and ¢—p.

Trim Plane Migrations Induced by Sequences of Asymmetric Nose
Spallation

The trim meridian may undergo rapid changes as a result of
a series of different asymmetric nose tip shapes that would be
produced if the nose rapidly erodes in high pressure en-
vironments. A special case of interest corresponds to the
windward meridian migration rate equal to RV roll rate. This
situation implies that —0, since Eq. (5d) indicates y=p—¢
as ¢=p. This mechanism is suggested by the observation of
ballistics range erosion data on nosetip shape change. Thyson,
et al.,! found that the nose tip erosion process cannot always
be viewed in terms of the axial translation of a smooth,
symmetric, blunt configuration. Frequently, nose shape
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irregularities such as shoulder asymmetry and Z-rod matrix
projections have been observed during tests. This continuous
development of the erosive shape irregularities is postulated to
be the basic mechanism responsible for trim plane migrations.

Out-of-Plane Moment Induced by Ablation Time-Lag with Wind-
Fixed Trim Moment

When an out-of-plane moment is induced and assumes a
form similar to Magnus moment, i.¢.,

C,= _cnap,],o (11a)
and the pitch plane moment is:
Cn=—Cp (0-6,) (11b)

Then the basic equations [i.e., Eq. (5)] can be integrated to
give (withe=C 0):

Mpody =
(1—y?/w?)0=8, ~constant—0 =0, =constant =,

and

Y82 = (y62) gexp [~ N] (11¢)

or
y=4ygexp[—N]

Table1 Sphere-cone(6, =6°, Ry/R; =0.15) aerodynamics

@
(Degree) Cy Cy -C,
0 0 0.048 0
1 0.021 0.048 0.0162
3 0.077 0.049 0.0594
5 0.145 0.051 0.11194
7.5 0.23 0.1774
10 0.315 0.243
15 0.485 0.3741
20 0.655 0.509
90 3.305 2.5495

# (WINDWARD MERIDIAN, DEG,
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Fig. 3 6DOF simulation results for transient C,, =0(¢ and « vs
time).
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where A=2{w=* |C,,ap lgAd/I=2fwk

K= IC,,ap lgAd/I

When «<2{w, then A\>0, and an exponential decay of the
precession rate is predicted and the effect of the out-of-plane
moment is to enhance the effective damping of the precession.
For x>2{w, an amplification of Y may occur. Normally Eq.
(11c) is used to explain the angle-of-attack divergence ob-
served on re-entry flight when 2¢{w =+ k<0 and ¥ =constant.!?
When A<0, Eq. (11c) suggests 6% =0,° exp(— \?), i.e., angle-
of-attack divergence.

It follows shat this mechanism or Waterfall’s® ablation
time-lag postulation can be used to interpret the precession
stoppage phenomena when the freestream dynamic pressure is
not high. Since both the magnitude and the algebraic sign of
Cn,, are important in predicting the amplification factor
(i.e., N), it appears that the spin rate of the RV and the
heatshield material properties play an important role in
estimating dynamic instability phenomena. It should be noted
that Platus’ impulsive C,,, discussed previously, is similar to
the Magnus moment given in Eq. (11a).

The precession stoppage causes of (2), (3), (5) and (7) all
require the application of a predominantly in-plane wind-
fixed trim moment, which is the primary cause of the
precession stoppage. The difference between causes (5) and (7)
is the presence of a small out-of-plane moment, which
enhances the dampings of the precession motion, where the
inherent aerodynamic pitch and normal force damping is low,
e.g. at high altitude. The distinction between mechanisms (2)
and (5) is that the latter does not require a relatively large
increase in angle-of-attack [i.e., 8> >8,, see Eq. (6b)].

IV. Six-Degree-of-Freedom Simulation
The mechanisms discussed above would result in §—0,

provided that the many restrictive assumptions are valid.
These analytical results will now be examined with a full
6DOF simulation. The input mass properties and the
aerodynamic coefficients are as follows:

I,=1199.8 kg-cm?

I,=27800.7 kg-cm?

A=Dbasearea=0.0511 m?

c =0
b
.}
_ 5|
H
2
o}
14
3
g
r A
100
15
204
-25.,
VU 7es, 1785 1 769.5 1970. 1770.5 1771, 175 1772

TIME (SEC)

Fig. 4 6DOF simulation results for transient C,,,a =0(y vs #).
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6.=6°, weight =40.82 kg
e=c.g. offset =0.01016 cm

The calculations were initiated at 2= 18.29 km with V_ =6.51
km/s. The RV roll rate is kept at a constant value, i.e.,
p=pgand Cy =Cgp =0 [see Eq. (5¢)].

The first three mechanisms mentioned in Section III have
been extensively studied by several investigators! and con-
sequently are not examined in this 6DOF simulation.

RYV with Transient Unstable or Neutral C,,

The input pitch moments are given below and we will
impose C,,=C,_ =0 for 0.5 s (i.e., from t=1770.5 s to
t=1771 s, see Fig. 3).

<150,

-100.
50,4
2
b S
&
0. ~200
N
>
<
50, 150
REGION WHEREC _ =0
100, <100
150.L <450 2
<
[
»
-0 %
v
avy
30
4-100
L 1 1 1 s i =150
1768, 17685 1769, 17695 1770, \770.8 71, NS m

1, TIME (SEC)
Fig.5 6DOF simulation results for transient Cma =0AV vs 1),

BEFORE AND AFTER THE
ANOMALOUS ENVIRONMENTAL
ENCOUNTER C  =c =0
m n
WIND

o (DEGREE)

1 L i
-1. -0.5° .5 1 1.5¢

DURING THE ANOMALOUS
ENVIRONMENTAL ENCOUNTER

(9 =C =0 0,004
n

0.002
o (DEGREE)
I ] Il 1 1
-1.5° -1.00 -0.5% 1° 1.5¢
-0.002 |-
-0.004 -

Fig. 6 Input aerodynamic pitching moment coefficients.
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Cn,= —0.01(x—0.3°),1<1770.5, t>1771 s

Cmb=0, Cpn,=0=C,, 1770.5<¢=1771 s

The numerical results for both the angle-of-attack and the
windward meridian are illustrated in Fig. 3. The precession
rate history is depicted in Fig. 4. As expected, when the input
C,,,a assumes a zero (or positive Cn,) value, a starts to in-
crease rapidly. Simultaneously, the precession rate decreases
to zero value within 0.14 s after we impose C,, =0, and ¢
would more or less follow the roll rate [see Eq. (7?] . The total
lateral induced velocity also becomes very large as shown in
Fig. 5: Since the angle-of-attack increases so drastically, the
RV may not survive because of structural failure, in which
case the error caused by the precession slowdown becomes a
secondary issue. Therefore, in most cases, this phenomenon
‘would be important for dispersion considerations only when
the forcing function (i.e., C,, =0) appears for a short duration
as a transient phenomena.

A Shift from Body-Fixed to Wind-Fixed Trim Moment in High ¢,
Environment

The second case considered here for 6DOF simulation is the
fifth mechanism mentioned previously in Section III. The
aerodynamic forcing function is given in Fig. 6, which shows
the input moment is switching from Cp, to C,,,Win p forals
duration, i.e.,

—Before and after the anomalous aerodynamic forcing
function

C,=0
Cry,=—0.011 (¢ ~ar)
ar=trim angle which assumes to increase linearly
from 0.1° to 0.4° in 0.5 s (starting at =
17705s)
—During the anomalous environmental encounter
Cn,=0,C,=0

Cp..  =—0.01(x-0.5%)

wind

The numerical results for the precession rate is depicted in
Fig. 7 for the case of roll rate p=p, =310 deg/s. As soon as
the external moment is switched from body-fixed to wind-

15k PRECESSION RATE VS, TIME
C  =C =0,1770.5 ¢+ %
m n

10 b
g 1771.5 SECONDS
< 5
g
& of
)
]
3 sk
P
o
z 10
4 -
¥
S
14
-3 ELy

20

" " " " A s
1769.5 1770 1770.5 1771 1775 1772
TIME, + (SEC)

Fig. 7 6DOF simulation results (p =310 deg/s)—precession rate vs
time—C,, =C,=0,1770.5=<¢=<1771.5s.
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i AV VS TIME
or
C_  =C =0,1770,5 £ + £ 1771.5 SECONDS
my n
o}
4v,
-s0
=100 |-
AV,  (FPS)
=150 | 50
av.
200 Y 0
4V,
-250 -50 Y )
<00 WEATHER 100
i i i i

~350 -
1769.5 1770 1770.5 1771 17715 1772 1772.5

Fig. 8 6DOF simulation results (py =310 deg/s)—AV vs time—
Cpy =C, =0,1770.5=<1<1771.5s.

CF ANDCF VS TIME
N ¢ z

- ¢
.04 C"‘b €, =0FOR1770.5 £ + < 1715 5KC
.02
< 0
fz
.02
.04 0.04
0.02
¢
”WM L H"kﬁm / 'hl Fy
-0.02
0,004

L 1 —L L] 1 -l
1769.5 1770. 1770.5 1771, 77V.5 1772,

Fig. 9 6DOF simulation results (p, =310 deg/s)—Cp,, and Cr, vs
time—C,, =C, =0,1770.5sr<1771.5s.

fixed, the precession rate starts to decrease. It drops to
¥ (0)/e(e=2.71828) within 0.4 s which is comparable to the
time constant given in Eq. (6a) i.e.,

1 Cn oA -1
= [—Naq—— (Cp +Cp- )qud2/2V,I] £0.37s
A mVe q o

g =61.03 kg/cm?
V=5791.2m/s
CNQ =2/ radian

Ciy +Cny = —0.018

The lateral perturbation velocity [i.e. Eq. (3)] is shown in
Fig. 8, which indicates that the large AV appears soon after
the disappearance of C,,,. Figures 9 and 10 illustrate the
lateral forces and moments as observed by the onboard
sensors (i.e., accelerometer and gyro). As.can be seen, these
two signatures did not indicate any abnormal RV dynamics.
The windward meridian and angle-of-attack are given in Fig.
11 and show ¢ is almost rotating at the RV spin rate (i.e.,
¢ =p).

When the roll rate p= —310 deg/s instead of 310 deg/s, the
6DOF simulation result for y is given in Fig. 12, which shows

§A more realistic value for the pitching damping derivative would
be Cmq +Cpp, = —1.5. When using this value, it yields 1/A=0.25 s.
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that the precession rate also slows down atter the external
moment switches from C,, 5 10 Copy The time constant A1
is still about 0.4 s. Slmllarly, we of)served that AV increases
dramatically (see Fig. 13), but is of opposite sign when
compared with the case of p=310 deg/s (see Fig. 8). This is an
interesting as well as significant result, since it indicates that
the RV would disperse to the left side of the unperturbed
trajectory when p >0 and to the right side when p <0.

Finally, we consider a case where the roll rate is p=930
deg/s. The 6DOF calculated results suggest that the
precession rate also begins to decrease after the external
moment switches from C,,, to C,, (see Fig. 14); however,
now the AV is smaller (see f:lg 15) t‘ﬁan the case when p=310
deg/s. This reduction is AV is probably due to the following
reasons: the initial precession rate, y(0), at the time of the
disappearance of C,, is much larger for the case of p=930
deg/s [e.g., see Eq. (6)] and the term I, p00/I appearing in the
precession equation [see Eq. (5b)] is larger for p=930 deg/s
case.

In summary, the 6DOF simulation results suggest that the
transient unstable Con,» as well as the disappearance of the
body-fixed moment coupled with the introduction of a wind-
fixed moment, would result in an exponential decay in .
These 6DOF numerical results are similar to the simple
analytical results given in Eq. (7) and (9). Obviously, the rapid
decrease of ¢ is not a desirable situation for a ballistic RV
when the ambient dynamic pressure is high. The numerical
results also indicate first, that the precession rate slow-down
depends strongly on the initial RV roll rate, and second, that
the direction of RV spinning may determine the RV dispersion
direction, e.g., a clockwise rotation, RV trajectory deflects to
the left, and a counterclockwise to the right.§ Another subtle,
but important observation is that the precession stoppage
phenomena does not seem to be strongly affected by the
magnitude of the RV static margin.

V. Physical Mechanism

From the mathematic relations, we have identified several
forcing functions which would result in RV precession
stoppage. Physical mechanisms that may reproduce those
mentioned force/moments are summarized below.

Roll-Through-Zero (RTZ)

RTZ can result from negative RV frustum/nose roll torque
on missiles with trim/c.g.-offset coupling or from an RV with
a principle axis tilt. These undesirable motions have been
observed on many flight experiments. It is essential to avoid
RTZ, particularly when the missile is in lunar motion. This
can be achieved by careful design of the aerodynamic con-
figuration of the RV and by designing the structure and
heatshield to avoid mass and ablation asymmetries.

Unstable C,,

Slender missiles with unstable (or neutral) static stability
derivatives have been found on flat face cylinders (see Fig. 2).
However, wind tunnel measurements on flat face 6° cone
(Ry/R,=25%) indicates C,, is stable for angle-of-attack
—8°<a=<8° (see Fig. 2). The wind tunnel conditions
corresponds to M,, =8, Re/meter = 1.1 x 108,

The RV aerodynamics during the frustum boundary layer
transitions have been extensively investigated. Some
researchers suggest that C,, can become momentarily un-
stable due to asymmetric boundary layer transition patterns
which causes temporary angle-of-attack divergence.

Another postulated mechanism for unstable C,, is when the
RV travels through a highly erosive environment, e.g., an

{The correlation between trajectory bending and the direction of
spin rate cannot be explained by the effect of Yaw of Repose (Ref. 9)
which would give an incorrect direction to RV dispersion.
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unusually high stagnation heating (~100kW/cm?) such as
NASA Galileo Probe.!> The frustum/nose tip spallations
could eject debris into the shock layer. Hence, the flowfields
are significantly perturbed (see Fig. 16). The resulting two-
phase flow patterns have been observed in both wind tunnel as
well as ballistic range tests. Under certain circumstances,
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debris particular can permeate the front of the bow shock and
reach the freestream. The resulting vortical flows are com-
plicated and can evolve into unsteady pulsating flows. ¢
Consequently, this type of two-phase flow may strongly affect
RV aerodynamics (e.g., C,,,a =0).

The Disappearance of C,,
Fixed Trim Moment

It is demonstrated here with 6DOF that the precession rate
would exponentially decrease to, and remain at, a near-zero
value with a sudden disappearance of C, iy coupled with the
advent of a wind-fixed trim moment in hig% q. environments.
Several possible mechanisms are postulated for the shift from
body-fixed to wind-fixed trim moments. For instance, when
an RV suddenly encounters a severely erosive environment,
the nose tip recession rate can be so large that the ablation is
similar to a ‘‘grindstone”’ phenomena (see Fig. 16). Con-
sequently, the original body-fixed trim moment can stop the

body

Coupled with the Advent of Wind- ,
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Fig. 16 Postulated physical mechanism for wind-fixed disturbance.

precession motion. The appeéarance of a wind-fixed moment
can be induced by the debris in the shock layer, as mentioned
before, or by the existence of flow separation on the leeward
plane of spinning RV with a flat face nosetip (see Fig. 16).
This flow separation can be caused by pressure gradients
and/or asymmetric boundary layer transition.

Another mechanism that would cause the trim planes to
migrate in a manner following the roll rate is postulated to be
induced by a series of asymmetric nose spallation in a high
pressure or an erosive environment. The ballistic range data
suggests that the nose tip shape change process cannot be
viewed in terms of the axial translation of a smooth, sym-
metric blunt configuration. Actually, it involves nose shape
irregularities such as shoulder asymmetries. This continuous
evolution of erosive shape irregularities is suggested as the
basic mechanism responsible for the trim plane migration.!!

Ablation-Time Lag Phenomena

Waterfall® proposed to use the ablation-time lag concept in
explaining the appearance of out-of-plane moment on a
spinning/ablating re-entry vehicle. Recently, several ground
tests™® where the models used a camphor heatshield were
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designed to verify Waterfall’s postulations. For instance,
Morrison and Fiscina’ measured out-of-plane force/moments
which are 1 to 4% of the magnitude of the inplane values.
With their measured C,, values as input to 6DOF simulation,
Morrison et al.” did not find the catastrophic angle-of-attack
divergence as observed on flight Black Knight®; instead they
found that the effective aerodynamic dampings were in-
creased. This numerical result can be explained by the
following analytic result. Based on measurements of Ref. 7, it
can be assumed that the yaw moment is:

C,= —C’C,,,mﬁ,C,,,C¥ <0,C’ =constant <0

The magnitude of C’ is about 0.01-0.02. The basic equation
[Eq. (5)] can be integrated as:

Y02 = (y8?) jexp— (Qfw = |C w? /¢ 1)1t (12)

where v is assumed to be a slow varying function.

Several observations can be made here. When
k;=IC"w? /Y1 <2{w, the dynamic motion (§ envelope) is
exponentially damped in a manner which is faster than the
nominal simulation without the yaw moment. In other words,
the out-of-plane moments act to enhance the aerodynamic
damping coefficients (i.e., CpnytChg)- This is what is
observed in the 6DOF simulation of Morrison et al.” On the
other hand, when 2{w—k; <0, the missile angle-of-attack
would exponentially diverge. This type of instability was
observed in the Black Knight flight.® Obviously, Morrison
and Fiscina’s measurements correspond to the former case.
This is the familiar Magnus phenomenon'®** which has been
observed on artillery shells.
~ Since this out-of-plane moment/ablation-lag can amplify
the aerodynamic dampings, it consequently increases the rate
at which the precession stops. With a given wind fixed
moment. to sustain a trim angle, 8, [see Eq. (11b)], a
2{w+k;<0 can enhance the aerodynamic damping
mechanism such that y is exponentially decreased to the zero
value [see Eq. (11c) or (12)].

Summary

An investigation was made to identify the aerodynamic
forcing functions which would induce the ballistic RV
precession slowdown or stoppage. This, in turn, would result
in a prohibitively large RV dispersion. In addition to the well-
known phenomena of roll-through-zero, roll-near-zero, and
angle-of-attack divergence, four forcing functions were
obtained from analytical studies. These functions were used in
6DOF simulations and the numerical results essentially
confirmed the simple closed form solutions. Of the four, the
sudden disappearance of a body-fixed disturbance coupled
with the introduction of a wind-fixed trim moment in a high
d. environment, or the situation where Magnus-type yaw
moment exists, are of particular interest and significant.
Furthermore, it was found that the initial roll rates before the
advent of anomalous forcing function can be important in
determining the magnitude as well as the directions of the
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trajectory deflections. Additionally, the physical mechanisms
and circumstances (e.g., boundary layer transition or weather
erosion, etc.) that can cause these forcing functions are
delineated. .

Finally, it should be emphasized that the mechanisms of
inducing the forcing functions discussed in the paper are of
speculative nature. Flight measurements and/or ground tests
are required to verify their validity and existences.
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