JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 32, No. 5, September—October 1995

Sloshing-Induced Moment Driven by Gravity Gradient
Associated with Spacecraft Slew Motion

R.J. Hung* and H. L. Pan’
University of Alabama in Huntsville, Huntsville, Alabama 35899

The mathematical formulation of spacecraft sloshing for a partially liquid-filled cryogenic helium II in a Dewar
container driven by the gravity-gradient acceleration associated with slew motion is studied. The Advanced
X-Ray Astrophysics Facility-—Spectroscopy spacecraft is chosen as an example in this study. Explicit mathematical
expressions that manage orbital gravity-gradient acceleration associated with slew motion acting on the spacecraft
fluid systems are derived. The numerical computation of sloshing reaction forces and moment fluctuations exerted
on the Dewar container are investigated. This study discloses the liquid-vapor interface fluctuations modulated
by sloshing dynamics the slosh reaction forces, and the moment fluctuations exerted on the spacecraft system. The
relationship with the major driving force of gravity-gradient acceleration associated with slew motion on the fluid

system in microgravity environment is also presented.

Nomenclature
= (Agg,r» Agg 0, Agg,z)> Sravity gradient vector in
cylindrical coordinates
d = vector (not a unit vector) from the fluid element
to the spacecraft mass center

gg

(Fy, F,, F;) = fluid stress force in Cartesian coordinates

8o = 9.81 m/s?, Earth gravity acceleration

h = spacecraft orbit altitude, 650 km for AXAF

L = height of Dewar tank, cm

(L;, Ly, L;) = moment arm in Cartesian coordinates

(M, My, M;) = fluid stress moment in Cartesian coordinates

n = orbit rate of spacecraft, 1.07 x 1073 rad/s for
AXAF

g = unit vector normal to the wall

P = thermodynamic pressure

R, = radius of spacecraft circular orbit, Rg + £, 7023
km for AXAF

(r,6,2) = cylindrical coordinates

. = unit vector from the spacecraft mass center to
the center of the Earth

Rg = radius of the Earth, 6373 km

t = time, §

t, = unit vector tangential to the wall

(u, v, w) = velocity in cylindrical coordinates (cm/s)

X, 9,2 = Cartesian coordinates for fluid-dynamics
computation

x",y", Z" = Cartesian coordinates originating at spacecraft
mass center for spinning and/or slew motions

Sup = Kronecker’s delta function

p = density of fluid

I = fluid stress

n = viscous coefficient of fluid

1) = angular velocity of spacecraft spinning along the
z-axis

T = gpacecraft gravity turnaround time (s)

Ty = orbit period of spacecraft, 97.6 min for AXAF

Ve = azimuth angle of the Earth toward the spacecraft

mass center
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Subscripts

c = location at spacecraft mass center
L = liquid

n = components normal to the wall

t = components tangential to the wall
|4 = vapor

X, 9,2 = components along the x, y, z directions
o, B = direction of flow field

Superscripts

r-z = components in the r—z plane

r—6 = components in the r—6 plane

Introduction

O carry out scientific experiments, some experimental space-

craft use cryogenic cooling for observation instruments and
telescopes, for superconducting sensors for gyro readout, and to
maintain a temperature near absolute zero for mechanical stability.
The techniques for both cooling and control involve the use of super-
fluid liquid helium II. For example, both the Gravity Probe—B (GP-
B) and the Advanced X-Ray Astrophysics Facility—Spectroscopy
(AXAF-S) spacecraft use the cooling and boiloff from the cryogenic
liquid helium Dewar as a cryogen and a propellant to maintain
the cooling of instruments, attitude control, and drag-free opera-
tion of the spacecraft. The potential problems for cryogenic liquid
in a Dewar container are due to sloshing-induced asymmetry in the
liquid-vapor distribution and to perturbations in the liquid—vapor
interface caused by a slosh-wave excitation driven by pointing con-
trol, machinery vibration, etc.

For both the GP-B and the AXAF-S spacecraft, cryogenic lig-
uid helium II, at a temperature of 1.3 K, is used as the propellant.
Because of its superfluidity, there is no temperature gradient in the
liquid belium. In the absence of a temperature gradient along the
surface that drives Marangoni convection, the equilibrium shape of
the liquid—vapor interface is governed by a balance of capillary,
centrifugal, and gravitational forces. Determination of liquid—vapor
interface profiles based on computational experiments can uncover
details of the flow that cannot be easily visualized or measured ex-
perimentally in a microgravity environment.

Instability of the liquid—vapor interface can be induced by the
presence of longitudinal and lateral accelerations. Thus, slosh waves
are excited, and produce high- and low-frequency oscillations in the
liquid propellant. The sources of the residual accelerations are the
Earth’s gravity-gradient acceleration and jitter acceleration, includ-
ing atmospheric drag on the spacecraft, compressor vibration, space-
craft attitude motions arising from machinery vibrations, thruster
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firings, spacecraft slew motion, pointing control of the spacecraft,
crew motion, etc. A recent study' suggests that the high-frequency
accelerations may be unimportant in comparison with the residual
motions caused by low-frequency accelerations.

Time-dependent dynamical behavior of partially liquid-filled ro-
tating vessels in reduced gravity was simulated by numerically solv-
ing the Navier—Stokes equations subject to the appropriate initial and
boundary conditions.>~> At the interface between the liquid and va-
por fluids, both the kinematic surface boundary condition and the
interface stress conditions for components tangential and normal to
the interface were applied.~1® The initial conditions were adopted
from the steady-state formulations.'~'> Some of the steady-state
formulations of interface shapes were compared with the available
experiments!4 in a free-falling aircraft (KG-135). The experiments*’
showed that the classical fluid mechanics theory is applicable for
cryogenic liquid helium in large containers with sufficiently large
velocities.'®17 .

In the spacecraft orbit around the Earth, the azimuth angle of Earth
at the spacecraft mass center varies from 0 to 360 deg about the roll
axis of the spacecraft, requiring three-dimensional calculation.

As the spacecraft moves along the orbit, any fluid capable of mo-
tion relative to the spacecraft is subject to the acceleration that arises
from the gravity gradients of the Earth.'®=2! The interaction be-
tween the fluid mass and the spacecraft mass due to gravity-gradient
accelerations' is capable of the excitation of slosh waves and the
disturbance of the fluid system. In this paper, we are particularly in-
terested in the study of the fluctuations of slosh reaction forces and
torques on the solid container due to the sloshing dynamics driven
by gravity-gradient acceleration associated with slew motion.

Gravity-Gradient Acceleration Associated
with Slew Motion

The gravity-gradient acceleration acting on each fluid element
inside the on-orbit spacecraft fluid system depends upon the dis-
tance from the fluid element to the spacecraft mass center and
the direction of that displacement with respect to the center of the
Earth. This acceleration has to be calculated in a noninertial frame
(spacecraft-bound coordinates). Thus, the coordinate system must
be transformed from the ordinary inertial frame (Earth-bound coor-
dinates) to a noninertial frame (spacecraft coordinates).

Orbit Motion of Spacecraft

As an example, for the AXAF-S spacecraft, which is an Earth
satellite orbiting at 650-km altitude directly over the poles, the orbit
period 7y can be computed from the following expression:

3
R}

T =27

T m
Regy

For the AXAF-S spacecraft, the orbit period is 7o = 97.6 min, and
orbit rate is n = 27 /79 = 1.07 x 1073 rad/s.

As the spacecraft is orbiting around the Earth, the azimuth angle
of the Earth ¥z, with respect to the spacecraft mass center, varies
with respect to time. At time ¢ = 0 the roll axis of the spacecraft
is aligned with the radial direction from the Earth’s mass center
to the spacecraft mass center. It is assumed that the spacecraft roll
axis turns linearly from 0 to 360 deg over the orbit period 7y of the
spacecraft as the spacecraft orbits around the Earth. Without slew
motion, the azimuth angle g can be defined as

Yeo = 2m/10)t )

where ¢ is the time measured at the instant when the direction of
the spacecraft roll axis is aligned with the radial direction from the
spacecraft mass center to the center of the Earth.

Slew Motion of Spacecraft

In order to carry out wide-range observations, some scientific
spacecraft require slew motion with respect to the spacecraft mass
center. Then the azimuthal angle givenin Eq. (2) is modified through
the coordinate transformation of slew motion as the spacecraft orbits
around the Earth.

z (2"

CENTER OF MASS

Slew Motion

Fig. 1 AXAF-S spacecraft coordinate systems with azimuth angle ¢’
from spacecraft mass center to the center of the Earth. Coordinates
", y",z"") for slew motion, and coordinates (x, y, z) for fluid-mechanics
computation.

Let us assume that the slew motion starts at the mass center of the
spacecraft. Let us choose Cartesian coordinates x”, y”, z” with the z”
axis along the axis of the Dewar container (see Fig. 1). Attime ¢ = 0,
the radius vector 7, from the spacecraft mass center to the center
of the Earth lies in the x"—z" plane of the Cartesian coordinate
system (see Fig. 1). The azimuthal angle vz is defined as the angle
between the radial vector 7, and the z” axis. The rotation matrices
for spinning and/or slew motions along the x”, y”, and z” axes can
be expressed as

1 0 0 coswy,t 0 —sinwyt

0 cosw,t sinwet |, 0 1 0

0 —sinwt coswyt sinwyt 0  coswyt
cosw,t sinw,t 0O

-sinw,t cosw,t 0
0 0 1

respectively. The radial vector 7. in Cartesian coordinates without
slew and spinning motion is (see Fig. 1)

Feo = [sin ¥go, 0, — cos Vgl 3

For spinning motion along the z” axis, slew motion along the y”
axis, and slew motion along the x” axis, the radial vector F, is

1 0 1 coswyt 0 —sinw,t
Fepye = |0 coswyt  sinw,t 0 1 0
0 —sinw,t CcoSw,t sinw,t 0 coswyt
cosw,t sinw,t 0O sin ¥zo
X | —sinw,t cosw, O 0 “@
0 0 1 —Cos ¥go

Mathematical formulations for the dynamics of spacecraft slew
motion are quite general. In order to show a specific example in
numerical simulation, spacecraft slew motion at 90 deg for 600 s
along the y” axis is considered in this study.
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Gravity-Gradient Acceleration
The gravity-gradient acceleration acting on the fluid mass of the
spacecraft can be shown to be

dgy = —n*[3G. - d)f. —d] ®)

It is assumed that the gravity gradient exerted on the spacecraft

mass center orbiting around the Earth on its specified orbit is zero.

~In other words, the gravity acceleration exerted on the spacecraft is
nothing but the gravity-gradient acceleration defined in Eq. (5).

For the convenience of mathematical calculations along the yaw,
pitch, and roll axes, let us describe all the parameters involved in
Eq. (5) in terms of Cartesian coordinates. In order to match the
computer simulation, the mathematical derivation is performed in
the first quadrant. Figure 1 illustrates the geometrical relationship
of the parameters shown in Eq. (5).

Let us consider the fluid element of interest, m, located at (r, 8, z)
in cylindrical coordinates and at (x, y, z) in Cartesian coordinates.
The origin of the two coordinate systems is located at the center
bottom of the Dewar tank. The slew and/or spinning motions, men-
tioned earlier, are executed with respect to the spacecraft mass center
with Cartesian coordinates (x”, y”, z”). The spacecraft mass center
is located at z = L.. Assume that the vector 7, lies in the x—z plane
of the Cartesian coordinate system at time £ = 0.

The radial vector 7. with the modification for slew and/or spin-
ning motion along the x”, y”, and z” axes has been derived in
Egs. (3) and (4). In view of the relationship between (x, y, z) and
(xll’ y//’ Z”),

n

The vector 4 in (x, y, z) coordinates becomes
d = [~rcosf, —rsinf, —(z — L.)] ©))

Substituting Eqgs. (4) with w, = w, = 0 and (7) into Eq. (5), the
noninertial-frame expression for the gravity-gradient acceleration
associated with spinning motion along the z axis becomes

Thus, the gravity-gradient acceleration at (r, 8, z) can be computed
from that at (x, y, z) shown in Egs. (8-10), from the following
relation:

Age cosf sind 0| | ag
Qg = | Gggo | = | —sinf cosf 0O Qge,y an
Qgg 2 0 0 1 Qg ;

Sleshing Dynamics Driven by Gravity-Gradient
Acceleration Associated with Slew Motion

The dynamical behavior of fluid elements inside the on-orbit
spacecraft fluid system is strongly modified by the gravity-gradient
acceleration associated with slew motion. In order to accommodate
the effect of gravity-gradient acceleration, one has to consider the
noninertial frame of the spacecraft-bound coordinates rather than
the inertial frame used in the ordinary fluid-mechanics formulation.
In this formulation, one has to explicitly consider the dynamical
forces, including gravity-gradient acceleration, angular accelera-
tion, centrifugal force, surface tension force, viscous stress forces,
Coriolis forces, etc., acting on the fiuid element inside the container
in microgravity.?>%

Consider a closed circular cylinder that is partially filled with
liquid helium, the ullage being helium vapor. Let us use the cylin-
drical coordinates (r, 8, z), with corresponding velocity components
(#, v, w), and corresponding components (dge ,, dgp 0, dgg,z) Of the
gravity-gradient acceleration associated with slew motion. The typ-
ical governing equations of continuity and the full Navier-Stokes
equations in noninertial-frame cylindrical coordinates, including
gravity gradient and angular accelerations, centrifugal, surface ten-
sion, viscous, and Coriolis forces, etc., are adopted in this study.?>%3

For the purpose of solving sloshing-dynamic problems of liquid
propellant systems in orbital spacecraft under microgravity, one has
to solve the governing noninertial-frame equations*23 accompa-
nied by a set of initial and boundary conditions. A detailed illus-
tration of the initial and boundary conditions concerning sloshing
dynamics of fluid systems in microgravity is available”?* and is not
repeated in this paper. Detailed descriptions of the computational
algorithm applicable to cryogenic fluid management under micro-
gravity have also been given.®!? In this paper, a full-scale AXAF-S
spacecraft propellant Dewar tank with a radius of 68 cm and a height

Qgp x 3[—r sin Yrgg cos(0 + w,t) + (z — L) cos Yrgel sin g cos w,t + r cos 6
Qg y = —n? | —3[—7 sin Y¥rgocos(@ + w.t) + (z — L.) cos Yol sin Ygo sin w,? + r sinf ®)
gz 3 gpin —3[—r sin Yo cos(0 + w,2) + (z — L) cos Yrol cos Ygo + (z — L)

Substituting Eqgs. (4) with w, = w, = 0 and (7) into Eq. (5), the
noninertial-frame expression for the gravity-gradient acceleration
associated with slew motion along the y axis becomes

of 145 cm is used as an example in the numerical simulation. The
propellant tank is 70% filled with cryogenic liquid helium, and the
ullage is helium vapor. The temperature of cryogenic heliumis 1.3K,

Qg 3[—r sini// cosO +cosyr(z — L.)]siny + rcosf
Agg,y =-n? rsin@ )
gz | gow,y —3[—rsinyrcos@ +cosy(z — L)jcosy + (z — L)

where Yr = Yro + wyt.

Substituting Egs. (4) with w, = w, = 0 and (7) into Eq. (5), the
noninertial-frame expression of gravity-gradient acceleration asso-
ciated with slew motion along the x axis becomes

Gggx 3Asin Yo +rcosd
2| 3Acosygsinwt + rsind (10)
3AcosYrgcoswyt + (2 — L;)

gy =-n
g,z slew,x

where

A = —rcos8sin g+ cos Ygo [ sinw, 2 sin@ + cos w, t (z — L,)]

and the contact angle of the liquid on the Dewar wall is assumed to
be 0 deg. The properties of liquid and vapor helium are listed in our
previous publications as functions of fluid temperature.'®-!7 The ini-
tial profiles of the liquid—vapor interface for the rotating Dewar are
determined from computations based on algorithms developed for
the steady-state formulation of microgravity fluid management,?®
A staggered grid for the velocity components is used in this com-
puter program. The marker-and-cell method? of studying fluid flow
along a free surface is adopted. The finite difference method em-
ployed in this numerical study was the hybrid scheme.?”’” The for-
mulation for this method is valid for any arbitrary interface location
between the grid points and is not limited to midpoint interface.?® An
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algorithm for a semi-implicit method® was used as the procedure for
modeling the flowfield. The time step is determined automatically
from the size of the grid points and the velocity of the flowfields.
A detailed description of the computational algorithm applicable
to microgravity fluid management has been given.5° Figures 3a
and 3b in the following show an example of the distribution of grid
points for the Dewar tank of the AXAF-S spacecraft in the radial-
axial plane and the radial-circumferential plane, respectively, in
cylindrical coordinates.

Spacecraft Sloshing Dynamics Associated
with Spinning and/or Slew Motions

Assuming that slew motion is along the y” axis (see Fig. 1), the
gravity-gradient acceleration associated with slew motion can be
computed from the noninertial-frame expressions of Egs. (8-11). It
is assumed that the slew motion operates at 90 deg in 600 's.

In this example, spacecraft sloshing dynamics driven by gravity-
gradient acceleration associated with slew motion along the y” axis,
shown in Fig. 1, has been investigated. As the orbital period of
the AXAF-S spacecraft is 97.6 min and the period of 90-deg slew
motion along the y” axis is 600 s, the components of gravity-gradient
acceleration along the x, y, z directions acting on the fluid mass
located at (r, 8, z) = (12 cm, 7w /2 , 3 cm) are as shown in Fig. 2. This
figure shows that the magnitude of the gravity-gradient acceleration
is on the order of 107 g, for the AXAL-S Dewar on its operation

”
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Fig. 2 Time variation of AXAF-S spacecraft gravity-gradient acceler-
ation acting on a fluid mass located at (r, 0,z) = (12cm, 7/2, 3 cm)
for 90-deg slew motion for 600 s along the y” axis with orbital period
97.6 min; go = 9.81 m/s2,
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Fig. 3 [Initial profiles of liquid-vaper interface for spacecraft Dewar
tank under background gravity of 10~7gy and direction of background
gravity at ¢g = 0 deg: a) r—z plane at 8 = 0 and 180 deg (x—z axis), b) r—z
plane at 6 = 90 and 270 deg (y-z axis), ¢) -0 plane at z = 95.9 cm (x-y
axis), and d) three-dimensional profile.

orbit. The distance from the spacecraft mass center to the bottom of
the Dewar, L., shown in Fig. 1, is 257.8 cm.

The gravity-gradient acceleration shows the following character-
istics: 1) the acceleration acting on any fluid mass inside the con-
tainer decreases by two units per unit of distance measured from the
spacecraft mass center to the location of the fluid mass paraliel to the
radial axis from the spacecraft mass center to the center of the Earth
(parallel to the unit vector 7. shown in Fig. 1; and 2) the acceleration
acting on the fluid mass increases by one unit per unit of the shortest
distance measured from the location of the fluid mass to the radial
axis along the vector from the spacecraft mass center to the center
of the Earth.!® The magnitude and the direction of gravity-gradient
acceleration acting on each fluid mass are strongly dependent upon
1) how far the location of the fluid mass deviates from the spacecraft
mass center measured along the axis parallel to the vector 7. and
2) how 7, varies with respect to time. It can be anticipated that the
gravity-gradient acceleration acting on the fluid mass is different at
different locations in the container.

The equilibrium shape of the liquid—vapor interface for a Dewar
with 70% liquid filling under a residual gravity below 1077 gy, as
shown in Fig. 2, based on the computation of minimum Gibbs free
energy of the bubble,? is a sphere. Figure 3a shows the initial shape
of the interface in the r—z plane at & = 0 and 180 deg. Figure 3b
shows it at 8 = 90 and 270 deg; Fig. 3c shows the initial profile of
the liquid-vapor interface in the r—f plane at height z = 95.9 cm;
and Fig. 3d shows the initial profile of the three-dimensional liquid—
vapor interface.

" Figure 4 shows the time sequence evolution of the three-
dimensional dynamical behavior of the interface oscillations driven
by gravity-gradient acceleration associated with slew motion. The
liquid-vapor interface profiles with the time sequences chosen in
this paper are at time ¢ = 334, 392, 431, 456, 487, 524, 554, 588,
600, 695, 784, and 800 s.

Comparison- of Figs. 2—4 illustrates some peculiar behavior
of helium temperatures below the A point (2.17 K) in which
helium demonstrates a number of remarkable properties of
superfluidity>~17 such as extremely low viscous and surface-tension
coefficients in response to the disturbances driven by gravity-
gradient acceleration associated with slew motion. The following
results can be concluded:

1) The configuration of bubble fluctuations at time ¢ = 334 s,
shown in Fig. 4, indicates a near-perfect sphere, like that shown in
Fig. 3, even though an extensive gravity-gradient acceleration was
continuously applied to the fluid system starting at ¢+ = 0, shown in
Fig. 2.
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D£=800s

h)t=588s

Fig. 4 Time sequence evolution of spacecraft three-dimensional
liquid-vapor interface oscillations for a Dewar driven by gravity-
gradient acceleration associated with slew motion along the y” axis;
liquid filling 70%.

2) The components of gravity-gradient acceleration in the x and
z directions are negative, which implies that the forces are pointing
toward the lower left. Thus liquid is pushed toward the lower left,
while the bubble is pushed toward the upper right. These results are
shown in Fig. 4.

3) The uneven and unbalanced flow velocities toward the lower
left created a similar uneven and unbalanced pressure distribution
pushing the bubble toward the upper right. Because of the extremely
low surface tension coefficient of helium II at the liquid-vapor in-
terface, a deformed irregular concave oscillating bubble is created.

Slosh Reaction Forces and Moment Fluctuations
Due to Sloshing Dynamics

To model the slosh reaction forces and torques exerted on the
Dewar by large-amplitude liquid motions, the fluid stresses are
decomposed into a tangential component I1, and a normal com-
ponent I, relative to the walls. Their expressions are

8ua auﬁ A a
I, = t 12
¢ M(axﬂ + Bx,,) ] (12)
and
3ua 3uﬁ ~ A
I, = Pdyp — 13
wp “(axﬁ + axa)nanp 13)

In the computation of how the slosh reaction force and torque act-
ing on the container, the mathematical formulation in the noninertial
frame (container-bound coordinates) derived earlier has to be trans-
formed back to the inertial frame (Earth-bound coordinates).?® Also,
to accommodate the spacecraft dynamics of pitching (x), yawing
(), and rolling (z), it is convenient here to use Cartesian coordinates
(x, y, z) with corresponding velocity components. For the AXAF-S
spacecraft, the axis of slew motion is always fixed at the spacecraft
mass center, which is located at (x., y., z.) = (0,0, L.), where L.

is the height of the axis of slew motion (see Fig. 1). Detailed math-
ematical derivation and expression of (F, F,, F;) is given in our
recent work.!°

The components of the moment can be written as the following
expression'?;

M, LyF, — (L, — LJ)F,
My = (Lz'-Lc)Fx _Lsz (14)
M, L,F,~ L,F,

where L,, L,, and L, denote the components of the moment arm
along the x, y, and z axes, respectively. Similarly, the moment arms
of the fluid stress induced by the sloshing dynamics can be computed
from the following relations®:

L, F,M, — F,M,

1
SErpy R | B0
* 1y e | oM, — FyM,

Characteristics of Slosh Reaction Force and Moment
Fluctuations Exerted on the Dewar Container
Figures 5a~5c show the computed time variation of the fluctua-
tions of slosh reaction forces exerted on the Dewar container driven
by gravity-gradient acceleration associated with slew motion along

Fzldyne)
-40
|

-80
1

-120

T T 1] T L
0 160 320 480 640 800
Time (s)
o F,

Fig. 5 Time sequence of the fluctuations of slosh reaction forces ex-
erted on the Dewar container due to the sloshing dynamics driven by
gravity-gradient acceleration asseciated with slew motion.
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Fig. 6 = Time sequence of the fluctuations of the slosh reaction moment
exerted on the Dewar container due to the sloshing dynamics driven
by gravity-gradient acceleration associated with slew motion along the
y axis.

the y axis, with components along the x, y, and z axes, respectively.
These figures show the folowing results:

- 1) The values of slosh reaction force fluctuations are
(AF,, AF,, AF,) = (59.2,4.11; 61.02). dynes; this clearly indi-
cates AF, > AF, > AF,. The maximum absolute values of slosh
reaction force are max(|Fy|, |Fy|, |F;]) = (47.42,4.11,78.68)
dynes. This result indicates | F,| > |F,| > {F,|.

2) The initial values of F, and F, are zero, while F, starts from
a nonzero value. This is due to the fact that the major driving force
of gravity-gradient acceleration associated with slew motion at the
beginning of slew motion is equal to zero along the x and y axes,
and is nonzero along the z axis.

3) The characteristics of slosh reaction forces and their fluctu-
ations are likely to follow the trend of the major driving force of
gravity-gradient acceleration associated with slew motion in the y
axis like that shown in Fig. 2. Comparison between Figs. 5 and
2 shows that the fluid system serves as a nonlinear modulator of
spring mass and damper systems, amplifying and damping the forces
acting on the fluid flows and then transmitting them back to the
spacecraft.’30 ,

Figures 6a-6c show the variations of fluid torques exerted on
the Dewar container due to sloshing dynamics driven by gravity-
gradient acceleration associated with slew motion with components
along the x, y, and z axes, respectively. These figures show the
following results:

Lylem)

-60
L

Lzlcm) =z
180 240 300 ‘eh ~120
1 i J

120
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T T T ! 1
0 160 320 480 640 800

Time (s)
oL,

Fig. 7 Time sequence of the fluctuations of the fluid moment arm ex-
erted on the Dewar container due to the sloshing dynamics driven by
gravity-gradient acceleration associated with slew motion.

1) The values of the slosh reaction torque fluctuations are
(AM;, AM,, AM;) = (770.6, 10784.5, 0.0004) dyne-cm.
The maximum absolute values of the slosh reaction torques are
max(|M,|, IM,l, |M,]) = (770.6, 8595.9, 0.0004) dyne - cm.

2) Because slew motion is along the y axis, the magnitudes of
both AM, and |M,] are maximum.

3) When slew motion is along the y axis, the value of the moment
arm along the y axis is zero; also, because the y component of the
major driving force of gravity-gradient acceleration associated with
slew motion along the y axis is equal to zero, the magnitude | F, | is
near zero. Both |F,| and L, are small; thus M, = L, Fy, — L, Fy is
also small.

Figures 7a—7c show time fluctuations of the moment arms of slosh
reaction torques exerted on the Dewar container due to sloshing
dynamics driven by gravity-gradient acceleration associated with
slew motion along the y axis for components along the x, y, and z
axes, respectively. These figures show the following results:

1) The values of the moment arm fluctuation are (AL,, ALy,
AL,y = (119.2,11.7, 156.1) cm. The maximum absolute values
of the moment arm are max(|L,|, |L,l, L) = (91.3, 11.7,257.8)
cm. This shows AL, > AL, > ALy and |L,| > |L,| > |Ly|.

2) The spacecraft stew motion is along the y axis; thus, the value
of L, is the minimum, and that of M, is the maximum.

3) Because L, is the function of F;M,, the value of M, is the
maximum, and that of F, is near the maximum. Thus, the values of
L, are maximum.
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4) The trend of the fluctuations of the moment arm is very much
like that of the slosh reaction forces acting on the Dewar container
of the spacecraft. Also, the trend of the fluctuations of the moment
arm is very much like that of the major driving forces of gravity-
gradient acceleration associated with slew motion along the y axis
(see Figs. 7 and 2).%-%0

Conclusions

With different scientific missions, some experimental spacecraft
have to operate with various kinds of slew motion for the pur-
pose of performing their scientific experiments. In this study, the
AXAF-S spacecraft has been given as an example of a spacecraft
operated with slew motion. Oscillatory motions of the liquid—vapor
interface of the fluid systems can be induced by the presence of
gravity-gradient acceleration associated with spacecraft slew mo-
tion. These oscillatory fluctuations originating from sloshing dy-
namics can cause various problems in spacecraft control systems.
Sometimes, these sloshing dynamic problems can even degrade
the normal operation of the spacecraft. It is virtually important to
understand fully the characteristics of the spacecraft sloshing dy-
namics before one can assure high-quality operation of a scientific
spacecraft. In this paper, we have investigated the mathematical
formulation of sloshing dynamics and the associated fluctuations of
slosh reaction forces and torques exerted on the container wall for
a partially liquid-filled Dewar tank driven by the gravity-gradient
acceleration associated with slew motion.

A numerical simulation of the slosh reaction force and torque
fluctuations due to sloshing dynamics driven by gravity-gradient
acceleration associated with slew motion has been conducted.
The results show that there are large-amplitude fluctuations of
slosh reaction forces and torques, which lead to the following
conclusions: :

1) For the spacecraft system as a whole, gravity-gradient
acceleration associated with slew motion serves as a major driv-
ing force that acts as an input to the system, and slosh reaction
forces and moments exerted on the Dewar container serve as the
response activating on the spacecraft system. The conversion from
input to slosh reaction system is through the nonlinear modulation
of amplification and damping processes of sloshing fluid systems
inside the Dewar container.

2) Characteristics of slosh reaction forces and their fluctuations
exerted on the Dewar container reflect the dynamical trend of
gravity-gradient acceleration associated with slew motion modu-
lated by nonlinear sloshing dynamics. In this relationship, the fluid
system serves as a nonlinear modulator with amplifications and
dampings for the slosh reaction forces and torques acting on the
Dewar. Eventually, through this modulation, the slosh reaction force
and torque act back on the spacecraft.

3) Because the spacecraft slew motion is along the y axis, the
magnitude of the fluid moments and their fluctuations along the y
axis are maximum.

4) Because the spacecraft slew motion is along the y axis, the
component of the fluid forces and moment arms acting on the Dewar
container along the y axis is near zero.

5) Characteristics of the moment arm of sloshing dynamics acting
on the Dewar container also reflect the dynamical trend of gravity-
gradient acceleration associated with slew motion, which is nonlin-
early modulated by the fluid systems.

The examples shown in this computation demonstrate 1) the ex-
tent to which sloshing dynamics affects the fluid forces and moments
(torques) that act on the Dewar container, and 2) the relationship of
fluid sloshing to the major driving force of gravity-gradient accel-
eration associated with slew motion. The mathematical formulation
shown in this study can provide a better understanding of sloshing
dynamics and its response to the orbital acceleration acting on the
Dewar container, and also provide a useful tool for the development
of effective control techniques to assure the high-quality operation
of the spacecraft to achieve scientific missions.
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