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Spacecraft Dynamical Distribution of Fluid Stresses Activated
by Gravity-Jitter-Induced Slosh Waves
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The dynamical behavior of fluids, in particular the effect of surface tension on partially filled rotating fluids
(cryogenic liquid helium and helium vapor) in a full-scale Gravity Probe-B Spacecraft propellant Dewar tank
imposed by various frequencies of gravity jitters, has been investigated. Fluid stress distribution, caused by the
excitation of slosh waves and their associated large-amplitude disturbances on the liquid-vapor interface, exerted
on the outer and inner walls of a rotating Dewar container also has been investigated. Results show that fluid
stress distributions near the outer and inner walls of the rotating Dewar are closely related to the characteristics
of slosh waves excited on the liquid-vapor interface in the rotating Dewar tank. This can provide a useful tool
for managing spacecraft dynamic control leading toward the control of spacecraft imbalance caused by the
uneven fluid stress distribution due to slosh wave excitations at the interface between liquid and vapor

propellants.

1. Introduction

HE Gravity Probe-B (GP-B) Spacecraft is a relativity

gyroscope experiment to test two extraordinary, unveri-
fied predictions of Einstein’s general theory of relativity.!?
The experiment will check, very precisely, tiny changes in the
direction of spin of four gyroscopes contained in an Earth
satellite moving in a 650-km-altitude polar orbit. So free are
the gyroscopes from disturbances that they will provide an
almost perfect space-time reference system. They will measure
how space and time are warped by the presence of the Earth
and, more profoundly, how the Earth’s rotation drags space-
time around with it. These effects, though small for the Earth,
have far-reaching applications for the nature of matter and the
structure of the universe.

In the general theory of relativity, Einstein interpreted grav-
ity not as a force but as a field distorting space and time. By
using gyroscopes, the GP-B Spacecraft measures two distinct
space-time processes, frame dragging (measuring the rotation
of space-time) and the geodetic effect (measuring the curva-
ture of space-time), that gradually change its direction of spin.
In these gyroscopes, the underlying principle is that rotating
systems, free from disturbing forces, should stay pointing in
the same direction in space.

The physical meaning of ‘‘the same direction in space’’ can
be explained from the differences in Newtonian and Ein-
steinian concepts of the universe. For Newton, the answer was
easy: space and time were absolutes. A perfect gyroscope set
spinning and pointed at a star would stay aligned forever. This
was not so for Einstein. For Einstein, space and time were
warped. A gyroscope orbiting the Earth would find the two
distinct space-time processes, frame dragging and the geodetic
effect, that will be measured by the GP-B.
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In order to ensure these extremely precise and accurate
measurements and gyroscope operations, near-zero tempera-
ture practice is required for mechanical stability of the instru-
ment, preservation of the lead bag magnetic shield shielding
the gyroscopes against nongravitational disturbances, and of
reading their direction of spin. Near-zero temperature cryo-
genic liquid helium II (1.8 K) is chosen to serve this purpose.
The Dewar container is adopted to store gyroscopes and other
key instruments, such as telescope, superconducting shields,
drag-free proof mass, etc., in the core surrounded by the
cryogenic liquid helium II (see Fig. 1).

The four gyros in the GP-B Spacecraft are used to monitor
the rate of precession in free fall around the Earth. Extraneous
forces on these gyros must be kept at very low levels, corre-
sponding to an acceleration of 10~ 1%, (g, = 9.81 m/s?) or less.
This will require a drag-free (to 10~ %) control system that
uses a proof mass similar to the experimental gyros as its
sensing element. The experiment uses superconducting sensors
for gyro readout and maintains very low temperature for
mechanical stability. The approaches to both cooling and
control involve the use of superfluid liquid helium. The
boiloff from the cryogenic liquid helium Dewar (Fig. 1) will be
used as a propellant to maintain the attitude control and
drag-free translation of the spacecraft. The requirement for an
operational lifetime approaching one year means that a large
quantity of cryogenic liquid helium must be used and that the
initially large mass of liquid helium will be gradually depleted
over the lifetime of the experiment. This varying amount of
liquid helium gives rise to the possibility of several problems
that can degrade the GP-B experiment. Two potential prob-
lems are those due to asymmetry in the static liquid helium
distribution or to perturbations in the free surface.

Cryogenic liquid helium II, at a temperature of 1.8 K, is
used as the propellant for the GP-B Spacecraft. With its
superconducting behavior, there is no temperature gradient in
the liquid helium. In the absence of a temperature gradient
along the surface to drive Marangoni convection, the equi-
librium shape of free surface is governed by a balance of
capillary, centrifugal, and gravitational forces. In contrasting
the effects of surface tension with the effects of gravitational
forces on the free surface of liquid, it was found that the
surface tension force for most liquids is greater than the
gravitational force of 10-8g,.>~ In other words, the equi-
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Fig. 1 Experiment Gravity Probe-B module showing main elements of liquid helium Dewar and probe.

librium shape of the liquid helium free surface in the opera-
tional GP-B Spacecraft is governed by a balance of capillary
and centrifugal forces, instead of a balance of capillary, cen-
trifugal, and gravitational forces. Therefore, one may ignore
the effect of gravitational force in the gravity environment
levels of 10-8g, and lower, in comparison to the surface
tension force. Determination of vapor profiles based on com-
putational experiments can uncover details of the flow that
cannot be easily visualized or measured experimentally under
a microgravity environment.5-?

Surface tension plays an important role in a large variety of
fluid flows. The equilibrium shape of the free surface for the
unsteady state rotating fluids is governed by the balance of
capillary, bulk pressure, viscous, centrifugal, and gravity
forces. The configuration of interface between liquid and
gaseous fluids will be modified greatly when the gravity field
reduces to microgravity levels. The instability of the liquid
surface can be induced by the presence of longitudinal and
lateral accelerations, vehicle vibration, and rotational forces of
the spacecraft in a microgravity environment. Slosh waves are,
thus, excited, which produces high- and low-frequency oscilla-
tions in the liquid propellant. The sources of the residual
accelerations range from the effects of the Earth’s gravity
gradient, atmospheric drag on the spacecraft, and spacecraft
attitude motions to the various frequency ranges of g-jitter
arising from machinery vibrations, thruster firings, and crew
motions. Recent research!%!2 suggests that the high-frequency
accelerations may be unimportant in comparison to the resid-
ual motions caused by low-frequency accelerations.

Behavior of the liquid propellant becomes uncertain when
the gravity environment is reduced to on the order of 10~ %g,.
The requirement to settle or to position liquid fuel over the
outlet end of the spacecraft propellant tank prior to main
engine restart poses a significant microgravity fluid behavior
problem. Retromaneuvers of spacecraft, such as the orbital
maneuvering vehicle (OMV) and space transfer vehicle
(STV)" during flight from high Earth orbit to low Earth orbit,
will require settling or reorientation of the propellant prior to
main engine firing. Usually cryogenic liquid propellant is posi-

tioned over the tank outlet by using small auxiliary thrusters
(or idle-mode thrusters from the main engine), which provide
a thrust parallel to the tank’s major axis in the direction of
flight.'4

Time-dependent dynamical behavior of surface tension on
partially filled rotating fluids in both low-gravity and micro-
gravity environments has been carried out by numerically
computing the Navier-Stokes equations subjected to the initial
and the boundary conditions.>!5-22 At the interface between
the liquid and the gaseous fluids, both the kinematic surface
boundary condition and the interface stress conditions for
components tangential and normal to the interface were ap-
plied.'*-2? The initial condition of vapor profiles was adopted
from the steady-state formulations in which the computer
algorithms have been developed by Hung and Leslie’ and
Hung et al.* in a rotating cylinder tank; and also Hung et
al.%!6 in the coordinate of the Gravity Probe-B Spacecraft.?
Some of the steady-state formulations of vapor shapes, in
particular, for vapor intersecting the top wall of the cylinder,
were compared with the available experiments carried out by
Leslie® in a free-falling aircraft (KC-135). In the KC-135 exper-
iments, the background gravity varies from 1.8 to 10~2g,
during the 30-s low-gravity period. Accelerometer measure-
ments are unavailable. However, comparisons of time-dependent
results between numerical computations and experiments are
not possible at this time. For the GP-B Spacecraft cryogenic
liquid helium management problem, the geometries are so
large that the critical values of a superfluid are exceeded. The
experiments carried out by Mason et al.?* showed that the
classical fluid mechanics theory is applicable for cryogenic
liquid helium in large containers.?*?* The equilibrium configu-
rations of the helium vapor in a rotating Dewar were stud-
ied.*!6 They are relevant to the questions of fluid behavior in
a microgravity environment that were raised by design and
operational considerations for the GP-B experiment. For a
spacecraft operating as designed, spacecraft drag will be bal-
anced by the helium propulsion system. There should be no
net acceleration, above the 10~ 0g, level, on the liquid helium
from these sources. Our earlier studies’> showed that the
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gravitational force of 10~8g, level and lower will never affect
the equilibrium shape of the liquid helium free surface because
the effect of the surface tension force is overwhelmingly
greater than that of the gravitational force at these levels.

As to the effect of centrifugal force on the liquid helium
and helium vapor, the propellant tank will not be spinning
when the GP-B Spacecraft is deployed. In the early stages of
the experiment, a spin rate of up to about 1 rpm will be
imposed for instrument calibration. After calibration, the ro-
tation rate will be reduced to its operational value of approx-
imately 0.1 rpm.

During the study described here, time-dependent computa-
tions were carried out to investigate the dynamical behaviors
of cryogenic liquid helium and helium vapor in the geometry
of a full-scale GP-B propellant Dewar container under a mi-
crogravity environment. The computations were also extended
to study sloshing waves induced by the various frequencies of
gravity jitters and variations in different rotating speeds of the
GP-B Dewar container and different background gravita-
tional fields. In this paper, slosh-wave-induced stress distribu-
tions on the external and internal walls of the propellant
Dewar container are considered. This study will disclose time-
dependent fluctuation in dynamical torque due to uneven
viscous stress distributions that are initiated by the excitation
of slosh waves propagating along the liquid-vapor interface.
The large-amplitude oscillations of the liquid-vapor interface
will enhance the fluctuations in moment of inertia of the
rotating Dewar container, which causes the disturbances in
angular momentum of the dynamical system of spacecraft.
Understanding fluctuations of torque and angular momentum
of spacecraft can provide a useful tool for spacecraft dynamic
control, in particular, the attitude control of spacecraft dy-
namic imbalance caused by the uneven stress distributions due
to the excitation of slosh waves that are induced by the oscilla-
tions at the liquid-vapor interface.

II. Dynamical Behavior of Liquid-Vapor Interface

Detailed descriptions of the time-dependent mathematical
formulation, initial and boundary conditions, together with a
computational algorithm applicable to cryogenic fluid man-
agement in a microgravity environment, are given in our ear-
lier studies.5:'1-12:15-22 For this paper, a full-scale GP-B space-
craft propellant tank with a radius of 68 cm and a height of
145 cm was used in the numerical simulation. The propellant
tank was 80% filled with cryogenic liquid helium and the rest
of the ullage (20%) was filled with helium vapor. The temper-
ature of cryogenic helium is 1.8 K. In this study, the following
data were used: liquid helium density = 0.1457 g/cm?3, helium
vapor density = 0.00147 g/cm?, fluid pressure = 1.6625 X 10*
dyne/cm?, surface tension coefficient at the interface between
liquid helium and helium vapor = 0.353 dyne/cm, liquid he-
lium viscosity coefficient = 9.609 x 10~3 cm?/s, and the con-
tact angle =5 deg. The initial profiles of the liquid-vapor
interface for a rotating Dewar were determined from compu-
tations based on algorithms developed for the steady-state
formulation of microgravity fluid management.16

A staggered grid for the velocity components is used in the
computer program. This type of grid was developed by Har-
low and Welch? for their MAC (marker and cell) method of
studying fluid flows along a free surface. The finite difference
method employed in this numerical study is the hybrid scheme
developed by Spalding.?® The formulation for this method is
valid for any arbitrary interface location between the grid
points and is not limited to middle point interfaces.?’ An
algorithm for a semi-implicit method?”?® was used as the pro-
cedure for modeling the flowfield. The time step is determined
automatically based on the size of the grid points and the
velocity of the flowfield. The computational algorithm appli-
cable to microgravity fluid management is illustrated in our
earlier studies.!!:12:1422 Figure 2 shows the distribution of grid
points for a Dewar tank in the radial-axial plane of cylindrical
coordinates.
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Fig. 2 Distribution of grid points in the radial axial plane of cylindri-
cal coordinate for the propellant Dewar tank.

The most important computation in this study is the setting
up of conditions between the vapor and liquid interface. At
the interface, the stress must be continuous. These can be
decomposed to the components normal and tangential to the
interface. For the component tangential to the interface be-
tween liquid and vapor fields

[(75tn)iiquia = [(7321)]vapor ey

must hold. Here,

du; du; 2 0u ) duy
e Y [ L
=R (ax, ox T30k ) i ¥

is the viscous stress tensor, u the viscous coefficient of the first
kind, ¢ the viscous coefficient of the second kind, #; the unit
vector tangential to the interface, n; the unit vector normal to
the interface, u; the flow velocity, and é; the Dirac delta
function. For the component normal to the interface between
the liquid and gaseous fluids, the expression becomes
Laplace’s formula, which is

Pg — Py — (7 )vapor + (Tt tiquid

a_(_i_ ry
- _‘7dr[(1 + \02)'/2} @

Here, P; denotes the liquid pressure at the interface, Pg
the gaseous pressure at the interface, o the surface tension of
the interface, and ¢ the tangent of the interface, which is
defined by

o

b4
Yy=— on
’

ni = (ti,r,2) 3

Gravity jitters are the fluctuations of gravity fields and
gravity gradients that are particularly pronounced in a low-
gravity environment. Under a microgravity environment, gravity
jitters are produced by spacecraft attitude motion, space envi-
ronment fluctuations in density distribution, spacecraft ma-
chinery (turbine, pump, engine, etc.) vibrations, thruster fir-
ing, thruster shutdown, etc.!0-121417.19-22 Vibration of the
gravity environment (gravity jitters) is governed by the follow-
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Fig. 3 Time sequence of dynamical evolutions for interface oscilla-
tions between liquid helium and helium vapor under background
gravity environment of 10-4go, rotating speed of 1.0 rpm, and gravity
jitter frequency of 10.0 Hz. The sequence shows slosh wave evolution
at different time periods from 0.0 to 29.0 s.

ing equation:
g = ggll + V2 sin (2%ft)] 4)

where gp denotes the background gravity environment, and
f (Hz) is the frequency of the gravity jitters.

The equilibrium shape of the liquid-vapor interface for a
rotating Dewar under a background gravity environment of
10~ g, and rotating speed of 1.0 rpm is a vertically elongated
doughnut with a near conical shape cross section based on the
computation of the numerical algorithm developed in our
earlier studies.*!6 Figure 3 shows the time sequence evolution
of the dynamical behaviors of the liquid-vapor interface oscil-
lations driven by the restoring force fields of gravity jitters
with a frequency of 10 Hz. In this condition, the elongated
doughnut shape configuration of the liquid-vapor interface is
attached to the top wall of the Dewar.

It shows clearly that both horizontally and vertically propa-
gated transverse and longitudinal modes at the liquid-vapor
interface are present.

III. Slosh Wave Excitation in a Partially Filled
Rotating Dewar Due to Gravity Jitters

In this study, evolutions of slosh waves at the liquid-vapor
interface caused by the 10-Hz gravity-jitter frequency under
10~4g, background gravity environment and 1.0-rpm rotating
speed of the Dewar container have been investigated.

Time series of wave amplitudes for liquid-vapor interface
fluctuations can be obtained from the numerical simulations
of the time sequence interface oscillations accomplished in
Fig. 3. Figure 4 shows the time series of wave amplitude for
the liquid-vapor interface fluctuations at z; = 61.46, z, =
101.4, and z; = 133.6 cm in the axial coordinate measured
from the bottom wall of the Dewar container (see Fig. 2 for
the Dewar geometry).

Characteristics of slosh waves along the interface are inves-
tigated based on the data adopted from wave amplitude fluc-
tuations at z; = 61.46, z, = 101.4, and z3 = 133.6 cm in the
axial coordinate measured from the bottom wall of the Dewar
container, shown in Fig. 2. The wave period of various modes
of slosh waves can be determined from the Fourier spectral
analysis of time series at z;, 2,, and z3;, whereas wavelength,
phase velocity, and propagation direction of slosh waves can
be deduced from the cross-correlation analysis of the combi-
nations of any two time series selected out of the three time
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Fig. 4 Time series of wave amplitude fluctuations for the interface
between liquid helium and helium vapor in a rotating propellant
Dewar tank shown in Fig. 3. Three time series are detected from
interfaces at z; = 41.46, 72 = 101.4, and z3 = 133.6 cm in the axial
axis.
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Fig. 5 Sample Fourier power spectral analysis of time series for slosh
wave amplitude fluctuations under background gravity environment
of 10-4gy, rotating Dewar speed of 1.0 rpm, and gravity jitter fre-
quency of 10 Hz, indicating four major peaks of wave modes.

series.2-32 Figure 5 shows a sample Fourier power spectral
analysis of time series at z;. This figure clearly indicates that
there are four major peaks of wave nodes corresponding to
wave periods of 2.81, 4.03, 6.08, and 11.5 s. A filter shall be
properly chosen to apply certain ranges of window for sepa-
rating these four wave nodes, shown in Fig. §, from each other
from the data of three time series recorded at three locations,
Z1 22, and z3, shown in Fig. 4, for the determination of wave-
length, phase velocity, and propagation direction of slosh
waves.2%-32

Table 1 shows the characteristics of major slosh waves
induced by the restoring gravity jitter force fields. There are
four major modes of slosh waves: two longitudinal modes
with wave periods of 2.81 and 4.03 s; and two transverse
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Table 1 Characteristics of major slosh waves in Gravity Probe-B Spacecraft experiment?

Propagation Ratio of maximum
direction wave amplitude
Wave period, Wavelength, Phase velocity, (clockwise from to wavelength,
Type of wave mode s cm cm/s axial direction, deg) Max (A/N) ratio, 10-2
Longitudinal 2.81 27.3 9.7 19 0.04
4.03 41.1 10.2 23 0.03
Transverse 6.08 10.9 1.8 73 0.56
11.5 9.2 0.8 89 1.69

2Background gravity = 10~ *g,; rotating speed = 1.0 rpm; frequency of gravity jitters = 10.0 Hz.

modes with wave periods of 6.08 and 11.5 s. Propagation
direction (in degrees) is measured clockwise from the positive
axial direction. The ratio of maximum wave amplitude to
wavelength, Max (A /N), where A is the wave amplitude and A
the wavelength of slosh wave, for each slosh wave is calculated
based on the following procedures: 1) determine each wave
mode based on the peaks of power intensity shown in the
power spectral density analysis in the Fourier domain (see
Fig. 5); 2) apply the proper window of the filter to separate
each wave mode shown on the peaks of power intensity; 3)
calculate wavelength, phase velocity, and propagation direc-
tion of each wave mode from the cross-correlation analysis
based on the separated wave modes through filtering the time
series in Fourier domain at locations z,, 2,, and z3; 4) reverse
Fourier transform the separated wave mode based on the
filtered time series in Fourier domain to time domain and
obtain the amplitude of each mode of slosh waves; and 5)
compute the ratio of maximum wave amplitude to wavelength
[Max (A4 /N)] for each mode of slosh waves from items 3 and 4.

IV. Slosh-Wave-Induced Fluid Stress Distributions
on the Dewar Walls
A. Mathematical Formulation of Stress Distributions
For the purpose of considering large-amplitude slosh wave
modified fluid stresses acting on the solid walls of the Dewar,
the fluid stresses are decomposed into the tangential and nor-
mal components to the walls, which can be expressed as follows:

Bua 6u3
IL=pl— +— )17
TR <axﬁ 6xa> s ®
ou ou
I, =Pé.5— Tha | THB i A
s “(axB + 6xa>n i ®

where II, denotes the tangential component of fluid stresses,
IT, the normal component of fluid stresses, P the thermody-
namic pressure, u,, the fluid velocity in the « direction, 7, the
component of unit vector tangential to the wall, and rfﬁ the
component of unit vector normal to the wall. Subscripts « and
B imply the directions of the flowfields.

Figure 6 shows the geometry of the GP-B Dewar propellant
tank. In order to make the computation of fluid stresses
matching the geometry of the Dewar tank, mathematical for-
mulations have been divided into three sections: 1) top wall
(dome) section, 2) bottom wall (dome) section, and 3) cylindri-
cal section.

Top wall (dome) section:

ou ow
(T )iop wan = u(a—z + ;) cos 2¢ Q)
du dw) .
(IL, )top wall =P +p <'52’ + E) sin 2¢ ®

Bottom wall (dome) section:

du aw
(I )bortom wall =\ 7— +—— ]JCOs 2¢ 9)
az  or
du  aw\
(IL )bottom wan= —P —p <_ + _> sin 2¢ (10)
dz  or

Cylindrical section:

ou ow
(Ht)cylindrical =4 a—z + 5; (1 1)

(Hn )cylindrical =P (12)

where ¢ is the azimuth angle of the dome. Subscripts top wall,
bottom wall, and cylindrical denote stress distributions at top
wall, bottom wall, and cylindrical sections, respectively. Ve-
locity components in cylindrical coordinates of (r,8,z) are
shown as (u,v,w). As we indicated Sec. III of this paper, axial
symmetric formulation is assumed in this study of slosh-wave-
induced stress distribution for a partially liquid-filled rotating
Dewar container. In other words, stress distribution in the cir-
cumferential direction around the axial coordinate is supposed
to be symmetric, and uneven stress distribution, if any, shall
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Fig. 6 Geometry of the Gravity Probe-B Spacecraft Dewar propel-
lant tank with the coordinate system perpendicular and tangential to
the surfaces of the top and bottom domes of the rotating Dewar.
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be in the axial and/or radial directions of the cylindrical coor-

dinates. To fulfill this goal, stress distributions, shown in Egs.

(7-12), must be recalculated in the axial and radial directions.
Top wall (dome) section:

(Hax)top wall = (Ht)top wall COS ¢ + (Hn )top wall sin ¢

ou ow
=pul— + ——)cos 2¢-cos ¢
0z ar

du  Iw) . .
+ [P + y.<a—z + E)sm 2¢]sm ¢ (13)

(Hra)top wall = (T top wan sin ¢ + (I1, )top wall COS @

= <a_u +a—w>sin¢ cos 2¢
"Mz T ar

du

ow\
n [p 4 “<8_z + E)sm 2¢]cos ¢ (14)

Bottom wall (dome) section:

(Hax)bonom wall = (Ht)bonom wall COS ¢ - (Hn )bottom wall sin ¢

= M(B_u + ?—v—v>cos 2¢ - sin 2¢
0z ar

[ <au aw> . ] !
+ | =P —pul— + — Jsin 2¢ [sin ¢
a9z or
(15)

(Hra)hottom wall = (Ht)bottom wall sin d’ + (Hn )bottom wall COS ¢

= <6_u + a—w>sin ¢ - cos 2¢
e 9z ar

du aw\ .
+ | —P—pul— +—)sin2¢|cos ¢
az ar
(16)
Cylindrical section:

(nax)cylindrical = (Ht)cylindrical

ou  ow
—ulZ + 22 17
# <az 3r> 1
(Hra)cylindrical = (H'q)cylindrical
S 8)

where II,, denotes axial components of stress, and II,, ex-
presses radial components of stress.

Total stress and direction of stress at any location of interest
can be expressed as

I = [([y)? + (1) 19

11,
= -1 X
¢ = tan (Hra> (20)

In this study, flowfields of a partially liquid filled rotating
Dewar have been numerically computed and shown in the first

paper. With the computed results of P, du/dz, and dw/dr at
each grid point along the wall, one can seek stress distributions
at every location along internal and external walls of the
rotating Dewar tank.

B. Slosh Wave Induced Fluid Stress Distributions

Fluid stress distribution at the interfaces of liquid-solid,
vapor-solid, and liquid-vapor under the dynamical impact of
slosh wave excitation can be computed. In this study, we are
particularly interested in the fluid (liquid and vapor) stresses
exerted on the solid walls of the Dewar container, including
the outer and inner walls. Figure 6 shows that the outer wall
contains three sections (top dome, cylindrical, and bottom
dome), whereas the inner wall is in a profile of the cylinder.

By combining axial and radial components of fluid stress
distribution at the top dome, the cylindrical, and the bottom
dome, shown in Eqs. (13-18), one can compute the magnitude
and direction of total stress distribution exerted on the outer
wall of the Dewar, as shown in Egs. (19) and (20). The inner
wall fluid stress distribution can be calculated based on the
cylindrical section formulation, shown in Egs. (17-20).

Figure 7 shows time sequence distributions of fluid stresses
exerted on the outer wall, and Fig. 8 illustrates time sequence
distributions of fluid stresses exerted on the inner wall. In
these figures, solid lines show the magnitude of fluid stresses
in units of dyne/cm? (scale shown on the lower side of the
horizontal axis), the dotted lines illustrate the direction of
fluid stress (scale shown on the upper side of the horizontal
axis with positive angle indicating upward direction; negative
angle, the downward direction; and zero angle, the horizontal
direction). In these figures, the vertical axis shows the values
at the corresponding location of the axial coordinate measured
from the bottom wall of the Dewar. Vapor pressure of helium
keeps the saturation vapor pressure at 1.8 K, which is 16,625
dyne/cm?, or 12.47 Torr.

Figure 7 shows time sequence evolution of fluid stress distri-
bution exerted on the outer wall at a background environment
of 10~ gy, Dewar rotating speed of 1.0 rpm, with gravity jitter
frequency of 10 Hz. The dynamics of bubble interface shows
a configuration of a vertically elongated doughnut with a near
conical shape cross section attached to the upper central sec-
tion around the inner wall of the rotating Dewar with oscilla-
tions imposed by a series of slosh wave propagation (see Fig.
3 for the time evolution of interface oscillations, and Fig. 4 for
time sequences of fluctuations). Characteristics of slosh waves
are illustrated in Table 1. It is shown in Fig. 7 that there are
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Fig. 7 Time evolution of slosh wave disturbance-associated fluid
stress distribution exerted on the outer wall at the eastern hemisphere
section of the Dewar under the conditions of background gravity level
= 10-9gg, rotating speed = 1.0 rpm, and gravity jitter frequency = 10
Hz.
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Fig. 8 Time evolution of slosh wave disturbance-associated fluid
stress distribution exerted on the inner wall at the eastern hemisphere
section of the Dewar under the conditions of background gravity level
= 10-4gy, rotating speed = 1.0 rpm, and gravity jitter frequency = 10
Hz.

time-dependent fluctuations of fluid stress distribution at the
upper top dome section of the outer wall of the Dewar tank
caused by the slosh wave associated oscillations of bubble
interface that appeared in the top dome section. As to the
cylindrical and bottom dome sections, it shows time-depen-
dent oscillations of fluid distribution. It is also obvious that
the maximum fluid stress distributions are always located in
the upper cylindrical section near the top dome of the outer
wall in this case.

Comparing Figs. 3 and 7, they show that the locations of
maximum fluid stress distribution always correspond to the
nearby locations of slosh wave excitations along the liquid-va-
por interface with maximum wave amplitude oscillations. This
result indicates that the fluctuations of torque exerted on the
spacecraft Dewar tank are closely related to the slosh wave
excitations.

Figure 8 shows the time sequence evolution of fluid stress
distribution exerted on the inner wall of the rotating Dewar. In
view of Fig. 3 for flow profiles around the inner wall of the
Dewar container it shows that there was no liquid helium
attached on the upper half section of the inner wall, whereas
the liquid helium attached on the lower half section of the
inner wall was deeply influenced by the circulation flow pat-
terns induced by the large-amplitude fluctuations of slosh
waves propagated along the liquid-vapor interface. These re-
sults were reflected on the fluid stress distributions on the
inner wall in which there were dramatic time-dependent fluc-
tuations in the liguid-attached section of fluid stress distribu-
tion exerted on the lower section of the inner wall in this case.
In comparison of fluid stress distribution exerted between the
inner and outer walls, it also shows that the contribution on
the outer wall is much greater than that on the inner wall due
to the effect of centrifugal force.

V. Conclusions

The time evolutions of slosh-wave-induced fluid stress dis-
tribution exerted on the outer and inner walls of a rotating
Dewar have been studied. Results show that fluid stress distri-
bution exerted on the outer wall is always greater than that
exerted on the inner wall (see Figs. 7 and 8). It also shows that
there are time-dependent fluctuations of the fluid stress distri-
bution at the top dome and upper cylindrical sections of the
outer wall that are dependent on the location of the liquid-
vapor interface. These fluctuations excite large-amplitude
slosh waves that disturb the entire flowfield within the rotating
Dewar (see Fig. 3 for interface disturbances, and Fig. 4 for

time sequence fluctuations). A computer algorithm has been
demonstrated that can be used to simulate the fluid behavior
in a microgravity environment, in particular, the production
of uneven distributions in fluid stress exerted on the Dewar
walls. In GP-B Spacecraft, the goals of the experiments are to
find distinct space-time processes, frame dragging (measuring
the rotation of space-time) and the geodetic effect (measuring
the curvature of space-time), which require the high degree of
drag-free operation. The present study can greatly contribute
to these goals by proper control of torque and angular mo-
mentum disturbances caused by large-amplitude slosh wave
excitation and fluid stress distribution exerted on the Dewar.
The results obtained should be useful in handling and manag-
ing the cyrogenic liquid propellant and in designing the atti-
tude control spacecraft that contain large amounts of cryo-
genic liquids.
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