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Abstract

Sloshing dynamics within a partially filled rotating dewar of superfluid
helium II are investigated in response to constant lateral impulse with variable
thrust. The study, inclﬁding how the rotating bubble of superfluid helium II
reacts to the constant impulse with variable time period of thrust action in
microgravity, how amplitudes of“butible mass ceénter fluctuates with growth and
decay of disturbances, and how fluid feedback forces fluctuates in activating on
the rotating dewar through the dynamics of sloshing waves are investigated. The
numerical computation of sloshing dynamics is based on the non-inertial frame
spacecraft bound coordinate with lateral impulses actuating on the rotating dewar

in both inertial and non-inertial frames of thrust. Results of the simulations

are illustrated.
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I. Introduction
In order to carry out scientific experiments, some experimental spacecraft
use cryogenic cooling for observation instrumentation and telescope,
superconducting sensors for gyro read—out and maintain very low temperatures near

absolute zero for mechanical stability. The approaches to both cooling and

control involve the use of helium II. In this study, the response of cryogenic

systems to sloshing dynamics actuated by constant impulses with variable thrusts
are investigated. Illistrations specific to the Gravity Probe-~B (GP-B)
spacecraft are presented. The GP-B spacecraft adopts the cooling and boil-off
from the cryogenic liquid helium dewar as a cryogen and propellant to maintain
the cooling of instruments, attitude control and drag-free operation of the
spacecraft. Potential fluid management problems may arise due to asymmetric
distribution of liquid helium and vapor or to perturbations in the free surface.

For the case of the GP-B spacecraft, cryogenic liquid helium II, at a
temperature of 1.8 K, is used as the propellant. With its superfluid behavior,
there is very small temperature gradient in the liquid helium. In the negligibly
small temperature gradient along the surface which drive Marangoni convection,
the equilibrium shape of the free surface 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 which
can not be easily visualized or measured experimentally in a microgravity
environment.

The instability of the liquid-vapor inferface can be induced by the
presence of longitudinal and lateral impulses. Thus, slosh waves are excited,

producing high and low frequency oscillations in the liquid propellant. The
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sources of the residual accelerations include effects of the Earth’s gravity
gradient and g-jitcer. A recent study’ suggests that che high frequency
accelerations may be unimportant in comparison witli the residual motions caused
by low frequency accelerations.

The time-dependent behavior of partially-filled rotating fluids in reduced
gravity environments was simulated by numerically solving the Navier Stokes
equations subject to the iﬁiéfffﬁgﬁalboundary conditions®™®. 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 applied?®, The initial conditions were adopted
from the steady-state formulations developed by Hung et al’™®., Some of the
steady-state formulations of interface shapes were compared with the available
experiments carried out by Leslie!® in a free-falling aircraft (KC--135). The
experiments carried out by Mason et all! showed that the classical fluid
mechanics theory is applicable to cryogenic liquid helium in large containers.

As the spacecraft moves along its orbit, the fluid is subject to the
acceleration that arises from the gravity gradients of the Earth!?"!*, The
interaction between the particle mass fluid and the spacecraft due to gravity
gradient accelerations!® are capable of exciting slosh waves which in turn exert
forces and moments on the fluid containers and spacecraft. Sources of residual
acceleration contributing to g~jitter are also capable of exciting slosh waves
on the fluid containers.

The purpose of this paper is to investigate the dynawical behavior of
helium IT in a rotating cylinder activated by a constant lateral‘impulse with

various thrustsi® 17,

At temperatures close to absolute zero, quantum effacts begin to be of
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importance in the properties of fluids. At a temperature of 2.17 K, liquid
helium has a A-point (a second-order phase transition); at temperatures below
this point, liquid helium (helium II) has a number of remarkable properties, the
most important of which is superfluidity. This {s the property of being able to
flow without viscosity in narrow capillaries or gaps. At temperatures other than

zero, helium II behaves as i{f it were a mixture of two different liquids. One
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of these is a superfluid and moves with zefo viscosity along a solid surf’.{c'e“:
The other is a normal viscous fluid. The two motions occur without any transfer
of momentum from one to another for velocities below a critical velocity!%~V7,
For the components of normal and superfluid velocities above a critical velocity,
the two fluids are coupled!s~V’,

The key parameter of critical velocicy to distinguish one-fluid from two-
fluid models is a function of fluid temperature and container size. In other
words, in considering the dymamical behavior of helium Il in a large rotating
cylinder, a mixture of the superfluid and the normal fluid without separation of
the two fluids is accounted for in the model computation. Density concentration
of superfluid is a function of temperature, which is also true for the surface
tension and viscous coefficient for helium II!}*-2%, In this study, the theory of
viscous Newtonian fluids is employed with modiiication of transport coefficients
adjusted by normal and superfluid density concentration which is a function of
temperature.

In this paper, the response of superfluid helium II to constant lateral
impulse with variable thrust is studied. The effect of the variations of thrust
(or the variations the time period of thrust) acting on the dewar with coenstant
lateral impulses in bubble mass center oscillations and the fluid feedback forces

due to bubble deformations and oscillations activating on the rotating dewar are



investigated.

II. Non~Inertial Frame Mathematical Formulation of Fundamental Equations

Consider a closed circular dewar partially filled with helium II while the
rest of the ullage is filled with 1elium vapor. The whole fluid system is
spinning in the axial direction z of cylindrical coordinates (r, 4, z), with
corresponding velocity components (u, v, w). The governing equations for non-
inertial frame spacecraft boﬁgézigéfdina:es spinning along its z-axis has been
given in our recent studies?!™?), In other words, dynamical forces, such as
gravity gradient, g-jitter, and angular accelerations, and centrifugal, Coriolis,
surface tension, viscous forces, etc., are given explicitly in the mathematical
formulations?!™2®, In the computation of fluid forces, moments, viscous stress and
angular momentum acting on the container wall of the spacecraft, one must
consider those forces and moments in the inertial frame rather than in the non-
inertial frame?!~23,

For the purpo.: of solving rloshing dynamic problems of liquid propellent
systems in orbital spacecraft under a microgravity environment, one must solve
the governing equations?!™2? accompanied by a set of {initial and boundary
conditions. A detailed illustration of these initial and boundary conditions
concerning the sloshing dynamics of fluid systems in microgravity was precisely
given in Hung and Pan?2:2*, The computational algorithm applicab” : to cryogenic
fluid management under microgravity is also given in Hung et al2?%:2®, 1In this
study, in order to show a realistic example, a full scale GP-B spacecraft
propellant dewar tank with an outer radius of 78 cm, and an inner radius of 13.8
cm, top and bottom radius of 110 cm and a height of 162 cm has been used in the
numerical simulation. The dewar tank is 60% filled with cryogenic liquid helium

and the rest of the ullage is filled with helium vapor. The temperature of



cryogenic helium is 1.8 K. In this study the following data were used: liquid
helium density = 0.146 g/cm’, helium vapor density = 0.00147 g/cm®, fluid
pressure = 1.66 x 10* dyne/cm®, surface tension coefficient at the incerface
between liquid helium and helium vapor = 0.353 dyne/cm, liquid helium viscosity
coefficient = 9.61 x 107% cm?/s; and contact angle = 0°. The initial profiles of
the liquid-vapor interface for the rotating dewar are determined from

o Ao oA re e gt e a4 S

k co'mp‘u't:aci'.ons' based on algorithms developed for the steady state formulacion of -
microgravity fluid management?:2%.27,

A staggered grid for the vealocity components i{s used in this computer
program. MAC (marker-and-cell) method?® of studying fluid flows along a free
surface is adopted. VOF (volume of fluid) method is used to solve finite
difference equations numerically. Approximate flow velocity is calculated from
the explicit approximation of momentum equations based on the results from the
previous time step. Computation of pressure and velocity at the new time step
are, thus, obtained from iteratively solving pressure equation through conjugate
residual technique?®~®?, Configuration of liquid-vapor interface adjusted by the
surface tension effect at the new time step are then finally obtained. The time
step during this computation is automatically adjusted through the fulfillment
of the stability criteria of computed grid size. Convergence criterion of the
icteration of pressure equation is based on the computed velocity at each cell
which shall satisfy continuity equation with the errors no more than 107% of the
velocity difference3®. As for the volume conservation of liquid, a deviation of
less than 1 % error of volume is always guaranteed before a move to the next time
step. Figs. 1(A), (B), and (C) show initial shape of rotating bubble in three-
dimensional profile, the distribution of grid points for the dewar in the radial-

axial plane and radial-circumferential plane, respectively, in cylindrical
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coordinates.
IIX. Microgravity Sloshing Dynamics Response to Constant Lateral Impulse wich
Various Magnitudes of Thrust Acting on Rotating Dewar
By using the mathematical formulations {llustrated in the previous
sections, one can riumerically simulate microgravity sloshing dynamics associated
with spinning motion. An example is given to illustrate sloshing dynamics in
response to consﬁ;aﬁc lateral im;:ﬁs'e wich various magnitudes of thrust during the
time period of guidance and/or attitude controls. The dewar container of the GP-
B is spinning with a rotating rate of 0.1 rpm during its normal operation. In
this study, with the following lateral imp'ilses are assumed:
(a) Constant lateral impulse per unit mass is 10™* g,es where g, ( =9.81 m/s?)
is the Earth’s gravitational acceleration.

(b) Time period of thrust acting on the dewar is at.

(c) Forms of lateral impulsive (thrust) accelerations acting on non~inertial

frame are
4=(a,,a,.a,1=[1,0,0]la,; in cartesian coordinate

4=[a,, a9, a,] =[cosB, -sinb, 0]} a,; in cylindrical coordinate

both for 0 s t < at

and &=[0,0,0] for t<0 and t>At

Table 1 shows the cases of variable magnitudes of thrust (or variable time
periods of thrust) with constant lateral impulses acting on rotating dewar
considered in this study. Cases A to F show the thrust with a value of 1073, 2
x 107%, 107%, 5 x 1077, 2.5 x 1077, and 2 x 1077 g,, respectively, acting on the
dewar container.

The time evolution of the bubble (liquid-vapor interface) oscillations in
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response to the constant lateral impulses with various magnitudes of thrust are
investigated. Figure 2 shows the time sequence evolucion of three dimensional
rotating bubble oscillations. The figure shows bubble oscillations ac times
t=0.00 (shown in Figure 1), 209, 409, and 1980s. It shows that a greater bubble
deformation is resulted for a greater value of thrust acting on the dewar than

thact for a smaller value of :hrust even though the values of lateral impulses are

constant.

Figure 3 shows the time sequence of the bubble oscillation profiles in the
vertical r-z plane at # = 0° and 180° for the similar cases as that shown in
Figure 2. It indicates that the horizontal cross-section of the doughnut-shape
bubble was pushed to the left (liquid to the right), then to the right (liquid
to the left) and vise versa during the course of oscillation in response to the
lateral impulses acting on the rotating dewar in positive x-~direction.

As indicated earlier, two kinds of lateral impulses, one actiﬁg on inertial
frame and the other on non—-inertial frame (dewar-bound frame), are activated on
the rotating dewar. Figures 4 and 5 show the time evolution of growth and decay
of the bubble mass center fluctuating amplitudes driven by lateral impulses
acting on non-inertial frame and inertial frame, respectively, with rotating
dewar. Sub figure (A) and (B) are bubble mass center fluctuations along x- and
y—-axes, respectively, in dewar-bound coordinates shown in Figures 4 and 5.
Comparison of Figures 4 and 5 for bubble mass center fluctuations in response to
constant lateral impulses acting on rotating dewar in inertial or non-inertial
frames with various magnitudes of thrust are resulted as follows: (a) 1here is
not much difference in terms of the excited wave periods of bubble mass center
fluctuations between lateral impulses acting on dewar in inertial and non-

inertial frames with various magaitudes of thrust. (b) Wave periods of bubble



mass center fluctuations vary from 280 s for disturbances driven by thrust with
107% g, (or time period of thrust with 10 s) and to 500 5 f.r disturbances driven
by thrust with 2 x 1077 g, (or time period of thrust with 500 s) acting on
rotating dewar at the beginning of bubble fluctuations. In other words, longer
wave periods of bubble mass center fluctuations are excited for lower thrust (or
longer time period of thrust) acting on the dewar than trnit with shorter wave
periods of bubble mass center oscillations are induced for higher thrust (or
shorter time period of thrust) activating on the dewar. (c) Wave periods of
bubble mass center fluctuations prolong from 480 s for disturbances driven by
thrust with 1073 g, to 680 s for disturbarces driven by thrust with 2 x 1077 g,
acting on the dewar with smaller amplitudes near the end of bubble fluctuations,
(d) There are some differences in tinims ¢f the excited wave amplitudes of bubble
mass center fluctuations between lateral impulses acting on dewar in inertial and
non—inertial frames with various magnitudes of thrust. To be specific for the
maximum amplitudes of the excited bubble uass center fluctuations, there are (1.8
cm, 0.3 cm) for 500 s time period of thrust, (2.3 cm, 1.2 cm) for 400 s time
period of thrust, (3.2 cm, 2.5 cm) for 200 s time period of thrust, and (3.4 cm,
3.0 cm) for 10 s time period of thrust corresponding to amplitudes excited by
thrust acting on the rotating dewar in (inertial frame, non-inerctial frame). In
other words, thrust acting on rotating dewar in inertial frame always excite
greater amplitude of bubble mass center fluctuations than that of amplitudes
induced by thrust acting on rotating dewar in non-inertial frame. It is also
true that a longer time period of thrust acting on the dewar can excite a greater
deviation of bubble mass center fluctuations between that associated with
inertial and non~inertial frames than that of shorter period of thrust acting on

the dewar. This is due to the fact that a longer period of thrust acting on the
N



dewar in inertial frame is equivalent to the thrust acting on a wider range of
fluids in the rocating dewar which induces a disturbance of collective
oscillacions resulting in a greater maximum amplitude fluctuations. (e) Lateral
impulses with a greacer thrust acting on the dewar can excite a greater magnitude
of bubble mass center fluctuations than that of a smaller thrust acting on the
dewar. (f) Constant lateral impulses with various strengths of thrust excite a
greater amplitude of bubble mass center fluctuations associated with a higher
strengch of thruct at the very beginning. The characteristics of this mass
center fluctuations with a higher dissipation rate for a greater amplitude mode
makes the time period of dissipation with roughiy a same value for constant
lateral impulses with variable thrusts acting on the dewar in both inertial and
non-inertial frames. (g) There are some delay time between time period of thrust
acting on the dewar and the time of bubble mass center fluctuations which reach
to its peak value. Times at which bubble mass center reach to their peak values
are 120, 170, 300, 650, 1020 and 1180 s for time periods of thrust acting on the
dewar with 10, 50, 100, 200, 400, and 500 s.

A comparison of Figures 4 and 5 also illustrates some peculier behavior of
cryogenic helium fluids with temperature below A--point (2.17 k) in which helium
demonstrates a number of remarkable properties of superfluidity such as extremely
low viscous and surface tension coefficients in response to constant lateral
impulses with various thrust in a microgravity environment. It can be concluded
as follows: (a) There is a great time delay between the ending time of impulse
acting on the dewar and time of bubble mass center fluctuations reaching their
peak values. (b) Proportionality of time delay to time period of thrust acting
on the dewar is greater for a greater thrust acting on the dewar while the value

of time delay between the time reaching their peak values of mass center



fluctuacions and the ending time of impulse acting on the dewar is greater for
longer time period of thrust acting on the dewar. (c) The displacement of
bubble mass center was sinusoidally shifting continuously even long after the
ending of the impulse. Because of extremely low surface tension and viscosity
for helium II fluids, the oscillations of the bubble mass center fluctuations
continued for a long period of time and exponentially decaying out finally.
Figures 6 and 7 show the time evolution of the growth and decay of
interactive fluid feedback forces due to bubble deformations and oscillations
activating on the rotating dewar in response to lateral impulses acting on the
dewar in non—-inertial and inertial frames, respectively. Subfigures (A) and (B)
are fluid feedback force fluctuations along x- and y-axes, respectively, in
dewar-bound coordinates shown {n Figures 6 and 7. Comparison of Figures 6 and
7 for fluid feedback forces fluctuations due to bubble deformations and
oscillations in response to constant lateral impulses acting on the rotating
dewar in inertial or non-inertial frames with various magnitudes of thrust are
resulted as follows: (a) In contrast to bubble mass center fluctuations with
delay time; an immediate reaction is observed for fluid feedback force activating
on the dewar due to bubble deformations in respunse to the lateral impulses. (b)
Wave periods of fluid feedback force fluctuations are very much similar to that
of the wave periods of bubble mass center fluctuations in response to the lateral
impulses. (c) Similar to bubble mass center fluctuations, longer wave periods
of fluid feedback force fluctuations are excited for lower thrust acting on the
dewar than that with shorter wave periods of fluid feedback force fluctuations
ave induced for higher thrust activating on the dewar. (d) It is also true that
wave periods of fluid feedback force fluctuations became longer at the end of

oscillations than that were excited right at the beginning of lateral impulses
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acting on the dewar. (e) There are some differences in terms of the excited wave
amplitudes of fluid feedback force fluctuations acting on the dewar in inertial
and non-inertial frames with variable thrusts. To be specific for the maximum
amplitudes of the fluid feedback furce fluctuations, there are (90, 20) dynes for
500 s time period of thrust, (115, 60) dynes for 400 s time period of thrust,
(205, 160) dynes for 200 s time period of thrust, (260, 220) dynes for 100 s time
period of thrust, (340, 315) dynes for 50 s time period of thrust, (402, 395)
dynes for 10 s time period of thrust corresponding to amplitudes excited by
thrust acting on the dewar in (inertial frame, non-inertial frame). 1In other
words, thrust acting on rotating dewar in inertial frame always excite greater
amplitude fluid feedback force fluctuations than that of amplitudes induced by
thrust acting on rotating dewar in non—-inertial frame. It is also true that a
longer time period of thrust acting on the dewar can excite a greater deviation
of fluid feedback force fluctuations between that associated with inertial and
non—inertial frames than that of shorter time period of thrust acting on the
dewar.
IV. Discussion and Conclusion

Sloshing dynamics of spacecraft disturbances in response to constant
lateral impulse witﬁ variable thrust due to the activation of guidance and/or
atcitude controls of spacecraft operation® in microgravity have been
investigated. 1In this study, the effect of surface tension on partially-filled
rotating dewar (liquid helium and helium vapor) activated by the time-dependent
constant lateral impulse with variable thrust in inertial and non—inertial frames
of rotating dewar have been carried out. Study is based on the computation of
three-dimensional non-inertial frame Navier-Stokes equations subject to the

initial and boundary conditions?!:22, The initial condition for the liquid-vapor

11

CRIGINAL PAGE IS
PGOR QuALITY

B
-V



interface profiles were adopted from the steady-state formulation of rotating
dewar developed by Hung and Leslie?’ and by Hung et all.

In this study, the time evolution of the sloshing dynamics governed liquid-
vapor interface bubble oscillations in response to constant lateral impulse with
variable thrusts have been investigaiced. The simulation of both bubble mass

center and fluid feedback force fluctuations due to the bubble deformations show

that the greater the thrust, the greater the amplitudes of fluctuations are
resulted. There is some delay time between tle ending of thrust acting on the
dewar and the time of bubble mass center fluctuations reaching their peak values.
On the contrary to delay time for bubble mass center fluctuations, there is an
immediate reaction resulted for fluid feedback force acting on the dewar in
response to the lateral impulse. Comparison for both the amplitudes of bubble
mass center and fluid feedback force fluctuations due to bubble deformations for
variable thrusts in inertial and non-inertial frames acting on the dewar show
that the amplitudes of the fluctuations driven by thrust acting on the dewar in
inertial frame are always greater than that driven by thrust acting on the dewar
in non~inertial frame.

Because of the pe:uliar physical properties of cryogenic liquid helium!®-20,
extremely low values of surface tension and viscosity coefficient of the
materials make oscillations of bubble and sloshing dynamics modulated fluctuating
fluid feedback forces actuated on the container in response to the lateral
impulsive acceleration continue for a long period of time and gradually decay
exponentially. In this research, it has demonstrated how the amplitude of
cryogenic helium sloshing dynamics disturbances grow and decay in response to the
lateral impulsive acceleration in microgravity. A full understanding of the time

history of growth and decay of disturbances is important for the design of
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guidance and attitude controls of spacecraft wucilizing cryogenic liquid
systems? 15720,34
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Table 1 Constant Lateral Impulses with Variable Magnitudes
of Thrust Acting on the Rotating Dewar

Case | Thrust (g,) ;ig:; :eor'i‘ogeﬁa 'l;h(r:)st impulse (ggs)
2 10° 10 104
B 2X106 50 104
c 10-6 100 104
p_| sx107 200 | 10+
E 2.5X10°7 400 104
F 2X10-7 500 04
Qi 0 RS

OF PUOW L GALITY



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure Captions
(A) Initial shape of rotating bubble in three-dimensional con-
figuration, (B) discribution of grid points in the radial-axial
plane, and (C) in the radial-circumferential plane.
Time sequence evolution of three-dimensional bubble oscillations for

rotating dewar in response to constant lateral impulse with variable

thrusts in cases (A) to (F).

Time sequence evolution of bubble oscillations for rotating dewar in
r-z plane at § = 0° and 180°, in response to constant lateral impulse
with variable thrusts in cases (A) to (F).

Time sequence evolution of bubble mass center fluctuations in response
to constant lateral impulse with variable thrust acting on non-inertial
frame. (A) Bubble mass center fluctuations in x-coordinate, and (B)
Bubble mass center fluctuations in y-coordinate.

Time sequence evolution of bubble mass center fluctuations in response
to constant lateral impulse with variable thrusts acting on inertial
frame (A) Bubble mass center fluctuations in x-coordinate and (B)
Bubble mass center Fluctuations in y-coordinate.

Time sequence fluid feedback forces fluctuations exerted on the dewar
in response to constant lateral impulses with variable thrusts acting
on non-inertial frame. (A) Fluid feedback force fluctuations along x-
direction, and (B) Fluid feedback force fluctuations along y-direction.
Time sequence fluid feedback force fluctuations exerted on the dewar
in response to constant lateral impulses with variable thrusts acting
on inertial frame. (A) Fluid feedback force fluctuations along x-

direction, and (B) Fluid feedback force fluctuations along y-direction.
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(A) X-Direction Bubble Mass Center Fluctuations
With Various Time Impulse
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(B) Y-Direction Bubble Mass Center Fluctuations
With Various Time Impuise

Lateral Impulses Acting on Dewar-Bound Coordinates
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Lateral Impulses Acting on Inertial Coordinates

{A) X-Direction Bubble Mass Center Fluctuations
With Various Time Impuise
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(B) Y-Direction Bubble Mass Center Fluctuations
With Various Time Impuise
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(A) X-Direction Fluid Feedback Forces Exerted 3
on The Rotating Dewar
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(B) Y-Direction Fluid Feedback Forces Exerted
on The Rotating Dewar

Lateral Impulses Acting orn Dewar-Bound Coordinates
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Lateral Impulses Acting on Inertial Coordinates
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(A) X-Direction Fluid Feedback Forces Exerted
on The Rotating Dewar
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