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Prediction of Apollo Service Module Motion after Jettison

D. H. MercHANT* AND R. M. GATEst
The Boeing Company, Houston, Texas

AND

J. F. MurraAY}
Boeing Computer Services Inc., Houston, Texas

After the re-entry separation during two Apollo missions, the astronauts observed the jet-
tisoned Service Module to be moving in the opposite direction from that of the initial separa-
tion. This anomalous retrograde motion was attributed to the gross reorientation of the re-
sidual Service Module propellants. To determine analytically the effects of propellant reorien-
tation on Service Module dynamics after jettison, an analytical representation and computer
program were developed to simulate the complex interaction between the spacecraft motion
and the general motion of the fluids within the propellant tanks. The resulting numerical
analyses indicated that forces exerted on the tanks by the sloshing propellants can combine
with unsymmetric thrust forces to produce the unexpected retrograde motions observed dur-

ing the Apollo missions.

Nomenclature

A, = rigid-body component of a propellant mass ac-
celeration defined by Eqgs. (3-5)

Ay = translational inertial acceleration of a propellant
mass

Cr = proportionality constant in friction force expres-
sions

eg,emer = radial, meridional, and tangential unit vectors
associated with a local spherical coordinate
system

F = total force applied to SM centroid in SM body-
fixed coordinate system

F, = force applied to a propellant mass when in con-
tact with tank wall

I = inertia tensor of SM exclusive of sloshing propel-
lant

M = total moment applied to SM centroid in SM body-
fixed coordinate system

M, = mass of a sloshing propellant

M, = mass of SM exclusive of sloshing propellant

R, == position vector of origin of a local coordinate sys-
tem relative to SM centroid

R, = position vector of a propellant mass relative to SM
centroid

I, = position vector of a propellant mass relative to
origin of local coordinate system

Rr = radius of propellant tank cylinder and hemisphere

SM = Service Module

Tar = Euler transformation from SM body-fixed to
inertial coordinate system

b4 = franslational inertial acceleration of SM centroid

e = angle between the rotational velocity vector and
the body-fixed z axis

8 = angle between the inertial X axis and the body-
fixed z axis

0,0, = relative radial position, meridional angle, and

tangential angle, respectively, of a propellant
mass in a local spherical coordinate system
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Associate

PCyNCyD = relative radial position, longitudinal position, and
tangential angle, respectively, of a propellant
mass in a local cylindrical coordinate system

Q = rotational inertial velocity of SM centroid

Subscripts

CR,CL,CT = radial, longitudinal, and tangential components
of a vector in a local cylindrical coordinate
system

R,M,T = radial, meridional, and tangential components of

a vector in a local spherical coordinate system

Introduction

HE Service Module (SM) is 13 ft long and 12.8 ft in

diameter. It provides power and propulsion for the
Apollo Command Module (CM) throughout each mission.
Prior to normal re-entry of the CM, the SM is jettisoned.
Since the SM does not have closed-loop attitude control in the
jettison mode, a preset firing sequence of the SM Reaction
Control System (RCS) thrusters is intended to provide ade-
quate and predictable SM/CM separation. The RCS firing
sequence used for the Apollo flights through Apollo 12 speci-
fied translational thrust along the SM longitudinal axis until
fuel depletion (about 300 sec) with the roll jets firing for 5.5
sec after separation to provide spin stability. For the mis-
sions of Apollo 7-11, flight data have shown that the actual
separation velocity was much less than expected.’? More-
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over, during the flights of Apollo 7 and 11, the crew reported
sighting the SM tumbling after jettison. If the SM remains
stable throughout the jettison maneuver, it will neither
tumble nor enter the crew’s field of vision. These two sight-
ings indicate primarily that the SM attained a retrograde
velocity relative to the CM (Fig. 1).

The anomalous motion of the SM was attributed to the
gross longitudinal sloshing of the residual Service Propulsion
System (SPS) propellants within the sump tanks.2.®* The four
tanks are arranged as shown in Fig. 2. At the time of SM
jettison, the storage tanks are empty, and the sump tanks
contain the residual oxidizer and fuel. The reorientation of
the propellants can produce major disturbing forces, since
they comprise as much as 259, of the total SM weight. The
mass-spring slosh analogy commonly used to represent the
sloshing of fluids is not applicable for this phenomenon, since
the fluid is essentially in a low-g environment of variable
magnitude. Furthermore, since the residual propellant
typically occupies less than 159, of the tank volume, the
fluid undergoes completely general motion within the tank.

This paper describes a) an analytical simulation of the
complex interaction between the spacecraft motion and the
fluid motion inside the tanks and b) the results of a numeri-
cal simulation which indicate that the observed retrograde
motions can be reproduced analytically. These results, along
with additional data presented in Ref. 4, formed the basis for
a decision by the NASA Manned Spacecraft Center to elimi-
nate the possibility of SM retrograde motions by modifying
the RCS timing sequence. References 5 and 6 describe the
theoretical derivations and the digital computer program de-
veloped for the SM jettison studies.

Fig.3 Service module coordinate systems and orientation
angles.
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Theoretical Development

The SM with sloshing residual propellants is idealized as a
3-mass system having 12 dynamic degrees of freedom. Three
translational and 3 rotational freedoms represent the rigid-
body motion of the SM, and 3 translational freedoms repre-
sent the general motion of each propellant centroid within its
tank. The propellants are idealized as perfectly inelastic
point masses which move within approximate envelopes de-
fined by the fluid centroidal positions. When either of the
propellant masses contacts the boundary surface of its
idealized tank, a constraint foree normal to the surface is im-
parted to the propellant mass in addition to friction forces
tangential to the boundary surface. The equal and opposite
reactions are then applied to the SM centroid as external
forces and moments. Additional external forces and mo-
ments result from the RCS thruster firings.

The 3-dimensional motion of the SM centroid under the in-~
fluence of the RCS thrust and propellant reaction forces is
described in an inertial coordinate system. The forces ap-
plied to the SM centroid and the general motions of the pro-
pellant point masses relative to the rigid SM are described in a
moving coordinate system fixed at the SM centroid. These co-
ordinate systems, shown in Fig. 3, are related by orthogonal
Euler angle transformations. For simplicity in studying the
complex interaction between the spacecraft dynamics and
propellant motions, centrifugal forces arising from the slight
curvature of the Apollo re-entry trajectory are assumed to be
exactly equilibrated by the earth’s gravitational forces. The
equations of motion are therefore developed without reference
to the earth’s gravitational field.

To aid in understanding the SM dynamics during jettison
as determined by the numerical simulations, two SM orienta-
tion angles are defined (see Fig. 3): « is the angle between
the SM body-fixed longitudinal axis (z) and the rotational
velocity vector (£2); B is the angle between the body-fixed =
axis and the longitudinal axis (X) of the inertial coordinate
system. When the SM is spin stabilized, « ~ 0; when the
SM is tumbling, « — 90°; and when 8 > 90°, the SM is
tending to return to its initial position.

The translational acceleration of the SM centroid is given
in the inertial coordinate system by

X = (Ts)F/Ms ¢y

The rotational acceleration of the 83 centroid is given in
the body-fixed coordinate system by Euler’s equations of
motion:

O = Is~iM — QXI:Q) ©)

The total forces and moments applied to the SM centroid in
Eqgs. (1) and (2) result from the RCS thrust forces required by
the evasive jettison maneuver and from the propellant mass
reaction forces generated whenever the propellants contact
the tank walls. The translational inertial acceleration of each
propellant mass is given in the SM body-fixed coordinate
system by

A, = F/M, + OXR, + QXQXR, + 2@XR, + R, (3

Since the necessary equations of constraint for the propel-
lant point masses may be most conveniently expressed in
terms of local coordinate systems, Eq. (3) must be transformed
from the SM body-fixed coordinate system. The three local
coordinate systems used to describe the motion in each tank
are shown in Fig. 4 along with the SM body-fixed coordinate
system. Motions in the forward and aft hemispheres of each
tank are described by two distinet spherical (p,8,¢) coordipate
systems whereas motion in the center of each tank is described
by a cylindrical (pc,nc,¢) coordinate system. Transforma-
tions between the coordinate axes are facilitated by the fact
that all the coordinate systems used in the analytical repre-
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sentation (except the Euler system) are right-handed and
orthogonal.

The propellant acceleration of Eq. (3) may be expressed as
follows when the point mass is located in either the forward
or the aft tank hemispheres. Since the SM is assumed to be
rigid, the relative position, velocity, and acceleration are
given by

R.=Ry+1,
Substituting these relations into Eq. (3) yields
A, = A, + OXr, + QXQXr, 4 2QXt, + 1,  (5)

where A, is the sum of all terms not depending on the relative
propellant motion. The orthogonal components of relative
position, velocity, and acceleration in the spherieal coordinate
system are readily obtained:®

R, =%, R, =% (@

Ip = p-€r (6)
fp = prex + p-0-ey + p-d- sinf-er )
f, = (b — p-0% — p-¢* sin’f)-ex +
(00 +2:p-0 — p-¢* sinb- cosh)-ex +
(p-¢- sind + 2p-¢- sinf -+ 2p-¢-6- cosfler (8)
The radial, meridional, and tangential components of the
remaining terms of Eq. (5) may be simply obtained through
the orthogonal transformation from the SM body-fixed co-
ordinate system to the local spherical coordinate system.
The scalar components, in the spherical coordinate system, of
the inertial aceeleration of a propellant mass located in either
the forward or aft tank hemispheres are then expressed as
follows:
Apn)e = Aoz — @a® + QD) -p +
My p-d- sing — 2Qr-p-0 + p — p-62 —
p-¢?- sin2f (9)
(A + Qr-p + Q- Queep +
2Wr-p — 20+ p-dp- sind + p-§ + 25-6 —
p-¢?- sind- cos¢ (10)

(A1 = (Ao)r — Qu-p + Qo Qrp +
20z-p-8 — 2y-p + p-¢- sing +
26-¢+ sing + 2p-¢-6- cos§  (11)

(A p) M

These general equations are applicable for either of two pro-
pellants located in either the forward or aft hemispheres.

The inertial acceleration of a propellant mass located in the
cylindrical portion of a tank may be derived in an exactly
analogous manner. The radial, longitudinal, and tangential
components in the cylindrical coordinate system are as fol-
lows:

(A)er = (Aer — Qer-ne — Qor? +
Qer?) - pc + Qer-Qezr-ne + 22 po-¢ —
2Qcr ¢ + b — pe-d* (12)
(Ao = (Ao)er + Qer-pe + Qer-Qorpe —
Qcr? + Qor? e + 2er-pe —
20cr-pe-¢d + Hic (13)
(Aper = (Ao)er — Qer-pe + Qor-ne +
Qer-Qer-pe + Qo Qer ne — 20160 +
2z fc + po-d + 2pc-d  (14)
When a propellant mass in a tank is floating free of its

tank wall, the inertial acceleration (A,) is zero. For a propel-
lant mass located in the forward or aft hemispheres, Eqs.
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Fig. 4 Local tank coordinate systems.

(9-11) may be solved, respectively, for 5, 8§, and ¢. The
scalar second derivatives (5,§,¢) may be successively inte-
grated to obtain position and velocity relative to the SM
centroid. Similarly, Eqgs. (12-14) may be solved for ¢, e,
and ¢ when a propellant is located in the cylindrieal portion of
its tank.

When a propellant mass is in contact with its tank wall, a
force of constraint normal to the boundary surface is applied
to the mass. The kinematic constraint relations correspond-
ing to the propellant mass in contact with its tank boundary
surface are as follows:

p=Rr p=p=0 (15)

The normal constraint force applied to a propellant mass by
its tank hemisphere wall is simply the product of the mass
times the radial acceleration Eq. (9) constrained by the kine-
matic relations of Eq. (15):
(Fpyr = M,[(Adr — (Qa* + Q8 -Br +
ZQMRT¢ sin0 - 2QTRTG -_— RT-OZ —
Rr-¢* sin20] (16)
The normal force applied by a tank eylinder wall is obtained
similarly from Egs. (12) and (15) as
(FP)CR = Mp[(AO)CR - QCT"?C -
Qer® + Qor®) Ry + Qer-Qerne +
20c.-Rr ¢ — 2cr-ic — Rr-¢?] (17)
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The friction forces between a propellant and its tank wall
are approximated by an empirical function proportional to the
product of the radial force times the relative velocity. When
a point mass is located in either hemisphere of its tank, the
meridional and tangential components of the friction force
applied to the propellant mass are given by

(Fo)u = Cy Rr-6-(Fy)e (18)

(Fo)r = Cp Rr-¢-sind- (Fy)r (19)

Note that the friction forces always oppose the relative mo-
tion since the normal force is negative whenever the propel-

lant is in contact with the wall surface. When a point mass is
located in the cylindrical portion of its tank, the longitudinal
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and tangential components of the friction force applied to the
propellant mass are given by

(Fp)er = Cronic- Fo)er (20)
(Fp)er = Cp-Rr-¢-(Fr)er (21)

For a propellant mass in contact with its forward or aft
tank hemispheres, Eqs. (10) and (18) and Eqgs. (11) and (19)
may be combined with the kinematic constraint relations
[Eq. (15)] to yield expressions for § and ¢. Similarly, when a
propellant mass is in contact with its tank cylinder, Egs. (13)
and (20) and Egs. (14) and (21) may be combined with the
constraint relations to yield expressions for %¢ and ¢é. The
relative positions and veloeity of a propellant mass in contact
with its tank boundary surface may be obtained by succes-
sively integrating these scalar second derivatives.

The changes of variables which occur as a propellant mass
moves from the cylindrical section of a tank to a hemispheri-
cal section are effected by continuity equations. These equa-
tions, derived simply from the position expressions in local

" coordinates and their scalar time derivatives, provide contin-

uous propellant motions across the tank section boundaries.
When either of the propellant masses contacts the bound-
ary surface of its idealized tank, additional forces and mo-
ments are applied to the SM centroid. These additional
propellant reaction forces are obtained by first reversing the
direction of the forces defined by Egs. (16-21) and then
transforming them from the local coordinates into the SM
body-fixed coordinate system. These reaction forces and the
corresponding moments are then used in Egs. (1) and (2) to
yield SM rigid-body accelerations. However, as shown in
Eq. (5), the SM rigid-body accelerations are themselves
major contributions to the propellant accelerations and there-
fore to the propellant/spacecraft interaction forces. This
nonlinear feature of the equations of motion is very signifi-
cant to the numerical simulation of the jettison maneuver.

Numerical Simulation

The salient features of the computer program developed to
perform numerical simulations of the jettison maneuver are
associated with numerically integrating the differential equa-
tions, iterating for the SM rigid-body accelerations, establish-
ing the logic for the discontinuous boundary conditions, and
determining the accuracy requirements for the system of
equations.

The numerical integration of the differential equations of
motion is accomplished by a fixed-step Runge-Kutta proce-
dure in which the forces and derivatives are recalculated four
times during each integration time step? A Runge-Kutta
procedure is applicable only to first-order differential equa-
tions. Since the equations to be integrated are all second-or-
der differential equations, each second-order equation must be
expressed as two first-order equations by a simple change of
variables.

Table 1 Typical SM properties at jettison

SM weight 10,650 1b
Oxidizer weight 850 Ib
Fuel weight 370 b
SM centroidal moments of inertia
- 33.14 X 10%1b in.?
I, 55.88 X 10¢1b in.?
I, 53.74 X 10¢1b in.2
1., —0.49 X 10¢1b in.?
Iz 2.10 X 10%1b in.2
I, —2.67 X 10¢1b in.?
SM centroid relative to centerline
Yeg —5.8 in.
Zeg 10.9 in.
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Fig. 7 Orientation angles, « and 8.

As previously mentioned, the SM rigid-body acceleration
terms appear as contributions to the external forces and
moments applied to the SM centroid. This nonlinearity re-
quires that an iteration technique be used to solve for the
acceleration terms prior to integration. With the fourth-
order Runge-Kutta procedure, the iteration must be per-
formed four times for each integration time step. The initial
guesses assumed as acceleration values at the first cycle of a
given time point are calculated by linear extrapolation of the
converged values from the previous time point. With the
initial guesses given, the acceleration terms are calculated and
compared with these guesses for convergence. If convergence
is not obtained, a new set of guesses is determined for the
next pass. A maximum of twenty iteration passes is allowed.
During the first ten iterations, the new guesses are set equal
to the calculated values. During each of the last ten passes,
the new guesses are determined by averaging the calculated
values with the guesses used for that pass. Averaging serves
to improve convergence by eliminating numerical oscillation.
This approach was found to give rapid convergence.

The derived system of equations allows for the propellant
masses to impact with and to separate from the tank walls.
To represent the inelastic impact, which involves discontin-
uous fluid motion and instantaneous energy loss, the local
relative radial velocity and acceleration are set to zero when
the radial position coordinate equals the tank radius. To
represent the separation from the tank wall, the forces ap-
plied to the propellant mass are set to zero when the radial
position coordinate is less than the tank radius or when the
normal constraint force applied to the point mass is tensile.

Since the motion of a propellant mass is described by dif-
ferent variables depending on whether it is located in the for-
ward, central, or aft sections of its tank, a change of variables
must be performed when a location change occurs. Based on
requirements for numerical accuracy, the procedure that
evolved is to predict continuously the time at which each
fluid changes location. Then, when one of these times be-
comes less than the constant integration time step, the pro-
gram integrates to the location change, performs the change
of variables, and completes integration of that time step.

Table 2 Preset RCS firing sequence

Time Event
t=20 RCS —z thrust begins (100 lb/thruster)
t=0.1 SM-CM separation
t=2.0 RCS roll jets fire
t=17.5 RCS roll jets off
t ~ 300 RCS —z thrust terminates

APOLLO SERVICE MODULE MOTION AFTER JETTISON 591

va

N
Z

n

o
N
[4

N
P

Fig. 8 Service
module separa-
tion velocity.

-

SEPARATION VELOCITY, IN/SEC
@
S

s.

TIME, SECONDS

The equations for the propellant motions are extremely
sensitive; and the necessity for double precision arithmetic
was readily identified from the results of a check for conserva-
tion of energy. Even with double precision (16 digits on the
SRU 1108 computer), the maximum integration time step
allowed by the propellant motions is 0.005 sec. In addition,
the singularities associated with the use of spherical and
cylindrieal local coordinates require special attention. When-
ever the solution approaches within a given distance of a
singularity, the integration time step is automatically de-
creased an order of magnitude to maintain numerical stability.
Numerous test simulations for specialized conditions in-
creased confidence in the numerical stability of the calcula-
tions and in the accuracy and repeatability of the results.

Results

For convenience in approximating the relative motion be-
tween the Command and Service Modules, the origin of the
inertial coordinate system is assumed to be moving with the
CM at constant inertial velocity. Typical SM mass prop-
erties are shown in Table 1. A damping coefficient Cr of 0.01
was used in Egs. (18-21) to represent the propellant damping.
This analytical value was obtained from the classical solution
of the energy losses for turbulent fluid flow in curved pipes.

Ten SM jettison simulations were made by varying the
magnitude of the propellant masses and their initial position
within the tanks. The RCS firing sequence used was the
sequence employed during the flights 6f Apollo 7-12 as shown
in Table 2. Five of the ten simulations indicated the pos-
sibility of retrograde motion. SM and propellant response
time histories for a case exhibiting retrograde motion are

‘shown in Figs. 5-9. In this example, the SM demonstrates

flight characteristics suggestive of a boomerang and, after 400
sec of flight, passes within about 400 ft of the CM.

~ The following is a brief description of the complex interac-
tion between the SM motion and the motion of the fluids
within the tanks. During the first two seconds after separa-
tion, the propellants move to the forward ends of the tanks
under the action of the —z RCS thrusters (Fig. 5). During
this same time, the SM rotates slightly about the y and 2

RCS OFF
(300 sE€) POINT OF
pd MINIMUM
SEPARATION
(410 FT)

PROJECTION

OF SM

TRAJECTORY STARTS

IN X-Y PLANE (35 SEC)  cy/om X

SEPARATION

Fig. 9 Service module separation trajectory relative to

command module.
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axes primarily because of the moments resulting from the
offset SM centroid (Fig. 6). Then, with the initiation of +z
roll at £ = 2.0 sec, the propellants are forced to the outer
envelope of the tanks. The propellant forces and unsymmet-
ric SM mass properties cause a wobble about the inertial X
axis which excites longitudinal motion of the propellants in
the tanks (Fig. 5). At termination of the roll-jet firing (¢ =
7.5 sec), the SM has attained a spinning motion similar to the
desired spin-stabilized attitude (Fig. 6a). However, the gross
longitudinal sloshing of the propellants persists, and the
energy dissipation resulting from this fluid motion ultimately
results in the SM rotating about its axis of maximum mo-
ment of inertia. This is because a rotating body, capable of
dissipating energy internally, tends to assume a configuration
which is stable and which has the minimum kinetic energy.

Since the desired spin-stabilized attitude of the SM is not
the attitude of minimum energy, the SM spinning motion
tends toward the minimum energy configuration (MEC) with
a, the angle between the rotational velocity vector and the
body z axis, oscillating about a value near 90° (Fig. 7). The
angle 8 between the body z axis and the inertial X axis also
oscillates about a value near 90° (Fig. 7). As the SM enters
the MEC spin, the propellants are forced to the forward or
aft ends of the tanks where they remain. Thus the MEC is a
stable configuration. The position of the propellants and the
location of the SM centroid determine the mean values of «
and B. If the mean value of 8 is greater than 90°, the —z
RCS foree will have a component in the positive inertial X
direction which decreases the relative separation velocity be-
tween the SM and CM (Fig. 8). Then, if the RCS thrust re-
mains on long enough, the SM will finally attain a retrograde
velocity and may pass close to the CM as shown in Fig. 9.
With a mean value of 8 less than 90°, the SM will retain a
force component in the —X direction providing additional
separation velocity.

Concluding Remarks

As demonstrated by the preceding analytical results, gross
propellant slosh or fluid reorientation can have significant ef-
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fects on the motions of a spacecraft in a low-g environment.
To represent this phenomenon adequately, the propellant
motion must be described by general equations rather than by
the more restrictive spring-mass slosh equations. Since these
general equations are very sensitive to numerical inaccuracies,
extreme care is required in their solution.

The motion of the SM during jettison is influenced by the
damping characteristics of the propellants. Although some
studies of low-g slosh have been made,?10.11 energy dissipation
during fluid reorientation in a low ¢ environment is not well
defined.
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