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Effect of baffle on slosh reaction forces in

rotating liquid helium subjected to a =TI
lateral impulse in microgravity 7277
R.J. Hung and Y.T. Long AL A’V.\‘

The University of Alabama in Huntsville, Huntsville, AL 35899, USA

Sloshing dynamics within a partially filled rotating Dewar of superfluid He Il are inves-
tigated in response to a lateral impulse. The study investigates several factors, includ-
ing how the rotating bubble of superfluid He Il reacts to the impulse in microgravity,
how the amplitudes of slosh reaction forces act on the Dewar with various rotating
speeds, how the frequencies of the sloshing modes excited differ in terms of differ-
ences in rotating speeds, and how the sloshing dynamics differ with and without a
baffle. The numerical computation of sloshing dynamics is based on the non-inertial
frame spacecraft-bound co-ordinate. Results of the simulations are illustrated.
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To carry out scientific experiments, some experimental
spacecraft use cryogenic cooling for observation instrumen-
tation and telescopes, and superconducting sensors for gyro
read-out, and have to maintain very low temperatures (near
absolute zero) for mechanical stability. The approaches to
both cooling and control involve the use of He II. In this
study, the response of cryogenic systems to sloshing
dynamics associated with impulsive oscillations is investi-
gated. The spacecraft uses cooling and boil-off from the
liquid helium Dewar (employing the helium as cryogen and
propellant) to maintain cooling of instruments, attitude con-
trol and drag-free operation of the spacecraft. Potential fluid
management problems may arise due to asymmetric distri-
bution of liquid helium and vapour or perturbations at the
free surface. Baffle-boards may need to be installed inside
the Dewar container to reduce the degree of asymmetry and
damp disturbances in the liquid—vapour distribution.

Liquid He II at a temperature of 1.8 K is used as the
coolant. With its superfluid behaviour, there is a very small
temperature gradient in the liquid helium. With the negligi-
bly small temperature dependence of the surface tension
and the small temperature gradient along the surface, which
lead to Marangoni convection, the equilibrium shape of the
free surface is governed by a balance of capillary, centrifu-
gal and gravitational forces. Determination of liquid—
vapour interface profiles based on computational exper-
iments can uncover details of the flow which cannot be
easily visualized or measured experimentally in a
microgravity environment.

The instability of the liquid—vapour interface can be
induced by the presence of longitudinal and lateral acceler-

ations. Thus, slosh waves are excited, producing high and
low frequency oscillations in the liquid helium. The sources
of the residual accelerations include the effects of the
Earth’s gravity gradient and g-jitter' . A recent study* sug-
gests that the high frequency accelerations may be unim-
portant in comparison with the residual motion caused by
low frequency accelerations.

The time-dependent behaviour of a partially filled rotat-
ing Dewar of fluid in reduced gravity environments was
simulated by numerically solving the Navier—Stokes equa-
tions subject to initial and boundary conditions™®. At the
interface between the liquid and the vapour 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 er al.®. Some of the steady state formulations of inter-
face shapes were compared with the available experimental
results of Leslie® in a free-falling aircraft (KC-135). The
experiments carried out by Mason et al.® showed that
classical fluid mechanics theory is applicable to cryogenic
helium in large containers with sufficiently large velo-
cities'”.

At temperatures close to absolute zero, quantum effects
begin to be of importance with respect to the properties of
the 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 (He II) has a number of
remarkable properties, the most important of which is
superfluidity. This is the property of being able to flow
without viscosity in narrow capillaries or gaps. At tempera-
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tures other than zero, He II behaves as if it were a mixture
of two different liquids. One of these is a superfluid and
moves with zero viscosity along a solid surface. The other
is a normal viscous fluid. The two motions occur without
any transfer of momentum from one to another for velo-
cities below a critical velocity'’~'?. Considering the compo-
nents of the normal and superfluid velocities above a criti-
cal velocity, the two fluids are coupled through snarling in
a complex tangle'~'%.

The key parameter of the critical velocity, to distinguish
one-fluid from two-fluid models is a function of fluid tem-
perature and container size. In other words, in considering
the dynamic behaviour of He II in a large rotating cylinder,
a mixture of the superfluid and the normal fluid, without
separation of the two fluids for fluid velocities greater than
the critical velocity, is accounted for in the model compu-
tation. The density concentration of the superfluid is a func-
tion of temperature, which is also true for the surface ten-
sion and viscous coefficient for He I1'°'°, In this study,
the theory of viscous Newtonian fluids is employed with
transport coefficients being a function of temperature.

In this paper, the response of superfluid He II in a Dewar
with various rotating speeds to a lateral impulse is studied.
To reduce the degree of asymmetry in the liquid—vapour
distribution and damp its associated disturbances, a number
of baffle boards are installed inside the Dewar. The sloshing
dynamics, the modulated liquid—vapour interface disturb-
ances, and the sloshing reaction forces and torques exerted
on the Dewar at various rotating speeds with and without
the baffle in response to a lateral impulse are also investi-
gated.

Non-inertial frame mathematical formulation
of fundamental equations

Experiments undertaken by Andronikashvili'®~'? for rotat-
ing He II show that it is necessary to exceed a critical velo-
city for the interaction between the normal and superfluid
components to be established throughout the container dur-
ing rotation'® '?. For a rotating Dewar with an outer diam-
eter of 1.56 m and an inner diameter of 0.276 m, the critical
velocities needed to assume interaction between the normal
and superfluid components are 6.4x107 and
3.6 x 10°m s, respectively'” ', With a rotating speed of
0.1 rev min~', the linear velocities along the outer and inner
walls of the rotating Dewar are 8.17x 107 and
1.45 x 10°° m s™', respectively, which are at least several
hundred times greater than that of the corresponding critical
velocities needed to ensure interaction between the normal
and superfluid components of the He II. Based on this illus-
tration, the problem under consideration has special fea-
tures which warrant the adoption of a viscous Newtonian
fluids formulation in this study. These special features are
as follows: (a) the fluid velocities are at least several hun-
dred times greater than that of the corresponding critical
velocities; (b) these high fluid velocities can produce great
enough vortex lines to snarl in a complex tangle to ensure
interaction  between the normal and superfluid
components'’~">; and (c) this snarling of the vortex lines
with a complex tangle between the normal and superfluid
components warrants the adoption of the Newtonian fluid
model]'*-13.

Consider a closed circular Dewar partially filled with He
IT while the rest of the ullage is filled with helium vapour.
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The whole fluid system is spinning in the axial direction z
of cylindrical co-ordinates (r, 6, z), with corresponding
velocity components (u, v, w). The governing equations for
non-inertial frame spacecraft-bound co-ordinates spinning
along the z-axis have been given in recent studies'® '®. In
other words dynamic forces, such as the gravity gradient,
g-jitter, angular accelerations, and centrifugal, Coriolis, sur-
face tension and viscous forces, are given explicitly in the
mathematical formulations'® '®. In the computation of the
sloshing reaction forces, and the 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'®~'%.

For the purpose of solving sloshing dynamic problems
of liquid systems in orbital spacecraft under a microgravity
environment, one must solve the governing equations'’'®
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 work by Hung and
Pan'®'"!%_ The computational algorithm applicable to cryo-
genic fluid management under microgravity has also been
given earlier'’"'". A summary of the computational algor-
ithm is illustrated in Figure 1. In this study, in order to
show a realistic example, a Dewar with an outer radius of

[ Assign an initial shape of bubble |

[ Compute pressure jump across the interface]

[Compute flow fields from fluid equationsl

th+! = th + At

Compute external forces acting on
the fluids at corresponding time
-

[
[Compute flow fields from fluid equationsl

lAdjust pressure field based on computed !low ﬁelds—l

Compute liquid-vapor distribution parameter
F along the liquid-vapor interface surface

[ Compute new interface proﬁles]

bubble volume
conservation,

no

Bubble volume
too big

no,

Proportionally shrink I Proportionally inflate
the bubble size the bubble size

Assign computed bubble shape
as a new input interface profile

Figure 1 Computation algorithm for sloshing dynamics




0.78 m, and an inner radius of 0.138 m, a top and bottom
radius of 1.10 m and a height of 1.62 m has been used in
the numerical simulation. The Dewar tank is 60% filled
with liquid helium and the rest of the ullage is filled with
helium vapour. The temperature of liquid helium is 1.8 K.
In this study the following data were used: liquid helium
density = 145.7kgm™, helium vapour density =
1.47 kg m™*, fluid pressure = 1.6625 Pa, surface tension
coefficient at the interface between liquid helium and
helium vapour = 0.0353 Nm™', liquid helium viscosity
coefficient = 9.61 x 107" m* s' and contact angle = 0°. The
initial profiles of the liquid—vapour interface for the rotat-
ing 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 computer program. The marker and cell (MAC)
method'” of studying fluid flows along a free surface is
adopted and the volume of fluid (VOF) method is used to
solve finite difference equations numerically. The approxi-
mate flow velocity is calculated from the explicit approxi-
mation of momentum equations based on results from the
previous time step. Computations of the pressure and velo-
city at the new time step are thus carried out by iteratively
solving the pressure equation via a conjugate residual
technique® . The configuration of the liquid—vapour
interface adjusted by the surface tension effect at the new
time step is then finally obtained. The time step during this
computation is automatically adjusted through fulfilment of
the stability criteria of the computed grid size. The conver-
gence criterion for iteration of the pressure equation is
based on the computed velocity at each cell which satisfies
the continuity equation with an error of no more than 10
in terms of velocity difference®. As for the volume conser-
vation of liquid, a deviation of less than 1% in volume is
always guaranteed before moving to the next time step.
Figures 2a, b and ¢ show the three-dimensional configur-
ation of the baffle installation, and the distribution of grid
points for the Dewar tank with baffle boards in the radial—
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Figure 2
in the radial-circumferential plane
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axial plane and radial—circumferential plane, respectively,
in terms of cylindrical co-ordinates. The baffle-boards are
installed with three parallel plates perpendicular to the rot-
ating axis and four radial plates aligned with the rotating
axis. The inner radius, outer radius and thickness of the
three parallel baffle-boards chosen in this computation are
60, 77.48 and 0.1016 cm, respectively. These three baffles
are installed at locations z,, z, and z; of 38.74, 80.94 and
84.4 cm, respectively. Four radial baffle-boards are located
90° apart with the same inner and outer diameters and
thickness as those of the three parallel baffle-boards.

Microgravity sloshing dynamics in response
to lateral impulse

Three examples are given to illustrate the sloshing dynam-
ics of partially filled liquid helium in a Dewar container
with rotating speeds of 0.1, 0.2 and 0.3 revmin' in
response to a lateral impulse during the time period of guid-
ance and/or attitude control. In this study, the following
form of lateral impulse is assumed:

a=la,a,al]=1[1,0,0]102g, in cartesian co-ordinates

a=la, ay, a.] = [cosH, —sind, 0] 102g, in cylindrical co-
ordinates for 0 <t < 1025
and

a=10.0.0] fortr>1072s

where g, (= 9.81 m s7?) is the Earth’s gravitational acceler-
ation.

The time evolution of the liquid—vapour interface with-
out a baffle is first investigated. Figures 3(A)a, b and c
show three-dimensional bubble deformations with Dewar
rotating speeds of 0.1, 0.2 and 0.3 rev min~!, respectively,
without a baffle in response to a lateral impulse. Figures
4(A)a, b and ¢ show the corresponding bubble deformations
accompanied by flow profiles with Dewar rotating speeds

Three Dimensional Profile of Baffle Boards

Grid Points in Radial Axial Direction With
Baffle Boards

Grid Points in Radial - Circumferential
Direction With Baffle Boards

™ % 0 3 ™
RADIUS (cm)

(a) Three-dimensional configuration of container with baffle; (b) distribution of grid points in radial-axial plane; and (c)

Cryogenics 1995 Volume 35, Number 9 591




J—

Slosh reaction forces: R.J. Hung and Y.T. Long

(a) =225 s, w=0.1 rpm

(A) Without Baffle

(a) t=225 s, w=0.1 rpm

(B) With Baffle

(c) t=473 s, w=0.3 rpm
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Figure 3 Three-dimensional bubble deformation for Dewar with rotating speeds of 0.1, 0.2 and 0.3 rev min ' in response to a lateral

impulse for container without and with baffle
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Figure4 Bubble deformation for Dewar with rotating speeds of 0.1, 0.2 and 0.3 rev min' in the r-z plane at #=0° and 180°, in

response to a lateral impulse for container without and with baffle

of 0.1, 0.2 and 0.3 rev min', respectively, without a baffle
in the vertical r—z plane at 6=0° and 180°, in response to
the same lateral impulse.

Comparison of Figures 3(A) and 4(A) for bubble defor-
mations in a rotating Dewar without a baffle leads to the
following conclusions: 1, an eccentric-wheel type of
rotation in bubbles demonstrates that the bubble swings
around with respect to the rotating axis, and that the bubble
swings from the left to the right side, as shown in Figures
3 and 4 in response to a lateral impulse; 2, the bubble is
floating in the middle of the rotating Dewar with a speed
of 0.1 rev min™' — it elongates vertically and contacts the
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upper and lower walls of the Dewar as the rotating speeds
increase to 0.2 rev min™' and above; 3, the area of bubble
contacting the upper and lower walls of the Dewar
increases as the rotating speed increases to 0.2 rev min™'
and above; 4, the maximum cross-sectional area of the bub-
ble decreases as the rotating speed increases; 5, the
maximum radius of baffle swelling during the asymmetric
oscillations decreases as the rotating speed increases; and
6. increasing the rotating speed, which results in an increase
of centrifugal force, contributes to the stability of the bub-
ble in response to the lateral impulse.

In this study, the time evolution of the liquid—vapour




interface oscillations for the container with a baffle due to
sloshing dynamics driven by the same impulsive acceler-
ation as that acting on the Dewar without a baffle has been
investigated. Figures 3(B)a, b and ¢ show three-dimen-
sional bubble deformations with Dewar rotating speeds of
0.1, 0.2 and 0.3 revmin™', respectively, with baffles, in
response to a lateral impulse. Figures 4(B)a, b and ¢ show
the corresponding bubble deformations accompanied by
flow profiles with Dewar rotating speeds of 0.1, 0.2 and
0.3 rev min~', respectively, with baffles in the vertical r—z
plane at #=0° and 180°, in response to the same lateral
impulse. Comparison of Figures 3 and 4 for bubble defor-
mations in the rotating Dewar with and without a baffle in
response to a lateral impulse leads to the following con-
clusions: 1, the conclusions drawn for the bubble oscil-
lations shown in Figures 3(A) and 4(A) for a rotating
Dewar without a baffle are also applicable for the Dewar
with a baffle; 2, bubble oscillations in the rotating Dewar
with a baffle demonstrate smaller amplitudes of fluctuation
than those for the Dewar without a baffle; and 3, a different
flow profile around the rotating bubble is seen for the
Dewar with a baffle, in which the flow around the bubble
circumvents the baffle (which is not available for flow with-
out a baffle).

Sloshing reaction forces and torques exerted
on the Dewar in response to an impulse

In this study, the characteristics of the slosh reaction forces
and torque fluctuations exerted on the Dewar in response
to a lateral impulse are investigated. The mathematical for-
mulation of the fluctuations of the slosh reaction forces and
torques exerted on the Dewar are illustrated precisely in the
paper given by Hung et al.?’. With reference to the previous
section for sloshing dynamics driven by an impulse and
mathematical formulations®’, one can calculate the slosh
reaction force and the associated moments acting on the
Dewar.

Figure 5 shows the computed time variation of the fluc-
tuations of the slosh reaction force, with solid and broken
lines along the x- and y-axes, respectively, for the rotating
Dewar without a baffle, exerted on the Dewar in response
to the impulse. Figures 5a, b and c illustrate the time evol-
ution of the fluctuations of the slosh reaction forces exerted
on the container with rotating speeds of 0.1, 0.2 and
0.3 rev min™', respectively, for a Dewar without a baffle.
As the impulse was applied laterally along the x-axis with
container-bound co-ordinates, the slosh reaction forces act-
ing on the container were in the radial direction along the
x- and y-axes, and there is no force in the z-axis.

Table 1 shows the characteristics of the slosh reaction
forces exerted on the Dewar without a baffle in response
to a lateral impulse, based on Figure 5. The following con-
clusions can be drawn from Figure 5 and Table I: 1, fluid
flows with higher Dewar rotating speeds imply that the rot-
ating fluid is associated with a higher energy system; 2, the
maximum and minimum slosh reaction forces acting on the
rotating Dewar in response to the lateral impulse increase
as the Dewar rotating speed increases; and 3, the Dewar
with a higher rotating speed requires a longer time period
to dissipate the sloshing perturbations because of the
association of the sloshing wave with higher energy for
higher rotating speeds.

There are some peculiar differences shown between the

Slosh reaction forces: R.J. Hung and Y.T. Long

200.0 (A) ®=0.1 rpm

= Fx Fy Fz
.,_,z 100.0 /_ ’_
o o
=
- i
N 00
w
> :
& i
» 1000
[t H
3
-200.0 T r T g
0 1000 2000 3000 4000
Time (s)
5000 (B) ®=0.2 pm
~
z
w
o
-
c
N
w
>
'S
x
.
-600.0 T T T )
0 1000 2000 3000 4000
Time (s)
(C) w=0.3rpm
800.0
~ 1 . Fy
Z so00df |} fi f /—
- .
) )
N 00 AVAVAVATAYATH
N A8
>
'S
. 4000
x
'S
-800.0 + —T 1

0 1000 2000 3000 4000 5000 8000
Time (s)
Figure5 Time sequence evolution of fluid feedback force fluc-
tuations exerted on Dewar with rotating speeds of 0.1, 0.2 and
0.3 rev min~' along the x-, y- and z-axes in response to a lateral
impulse for container without baffle

results of the plots illustrated in Figure 5 and the data
shown in Table 2. In Figure 5, the maximum absolute
values of slosh reaction forces exerted on the container
without a baffle are of the order of a few hundred dynes.
On the other hand, in the data, the maximum absolute value
of slosh reaction forces exerted on the container without a
baffle are of the order of values greater than ten newtons
(10° dyne). From Table 2 we can draw the following
results: 1, for time r < 100 ms, the slosh reaction forces in
response to a lateral impulse introduce a large amplitude
force greater than 10° dyne, which is exerted on the Dewar
at the moment the impulse is applied; 2, the magnitude of
these instant slosh reaction forces decreases as the Dewar
rotating speeds increase, because higher centrifugal forces
contribute to the stability of the fluid system; and 3, these
large amplitude slosh reaction forces damp out quickly at
time t > 1 s.

To understand this instant excitation and dissipation of
slosh reaction forces in the initial stage, the time average
of the impulse force in response from the cryogenic fluid
to the container is computed. The time average impulse
force for an impulse from time r=0 to 7, is

Tx
Fdt
" 0

I ="——(dyne)

di —
x
J dr
0
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Table 1 Characteristics of slosh reaction force for times >1 s after end of lateral impulse

Maximum (minimum) slosh  Tine required
reaction forces to dissipate Force reduction
Rotating speed perturbation Wave period due to baffle
(rev min") Baffle F. (x10°N) F, (x10°N)  (s) excited (s) (%)
0.1 Without 173 -178 1300 571 21
With 128 -152 600 667
0.2 Without 360 -372 2200 235 14
With 310 -320 1800 267
0.3 Without 602 -612 6000 167 1
With 535 -550 2600 182 '

Table2 Maximum and minimum slosh reaction forces for less than initial 100 ms

Maximum slosh reaction forces Minimum slosh reaction forces
X-component Y-component X-component Y-component
Rotating
speed Time F, Time F, Time F, Time F,
Baffle (revmin') (x1073%s) (x10°"N) (x103s) (x10""N) (x103s) (x10°"N) (x10%s) (x10°"N)
Without 0.1 2.0 146.0 1.0 24.4 16.0 -3.81 4.0 -3.35
0.2 8.0 145.7 18.0 0.08 11.0 -1.94 16.0 -2.26
0.3 4.3 143.8 35.0 0.06 19.0 -1.63 1.0 -1.47
With 0.1 1.0 162.2 1.0 91.0 21.0 -17.72 25.0 -3.41
0.2 4.0 149.7 6.0 1.42 17.0 -2.57 7.0 -0.64
0.3 1.0 146.5 1.0 0.34 15.0 -1.14 2.0 -0.09

During the initial time period of 1 s, the major contributions
are the component along the x-direction, and the contri-
butions from the components in the rest of the directions
are negligibly small. Table 3 shows the time-averaged
impulsive forces acting on the Dewar in response to a lat-
eral impulse at time 7= 0.01, 0.02, 0.59, 100, 1000 and
4000 s. This leads to the following conclusions for the
Dewar without a baffle: 1, in the initial stage with time
t <1 s, a great amplitude of slosh reaction force is immedi-
ately induced in response to a lateral impulse; 2, the ampli-
tude of slosh reaction force acting on the rotating Dewar
increases as the Dewar rotating speed increases; 3, in the
later stage of development, for time 7> 1s, a dramatic
damping effect causes the time-averaged impulsive force
to reduce to the order of 1000 dyne, and then to the order
of 100 dyne for time > 100s; and 4, it takes a longer
time to damp out the slosh reaction force fluctuations
associated with Dewars with higher rotating speeds because
of the association with higher wave energy.

The power spectrum of the slosh reaction force fluctu-

Table3 Time-averaged impulsive forces acting on Dewar

ations for a Dewar without a baffle in response to a lateral
impulse is analysed through fast Fourier analysis of data
obtained from Figure 5. Figure 6a shows the power spec-
trum of the slosh reaction force fluctuations for a Dewar
without a baffle for rotating speeds of 0.1-0.3 rev min™',
in response to a lateral impulse. With reference to Figure
6, Table 1 lists the values of wave period of slosh reaction
force fluctuations excited by the lateral impulse. This leads
to the following results based on Figure 6a and Table I:
I, wave periods of 571, 235 and 167 s excited for slosh
reaction force fluctuations corresponding to Dewar rotating
speeds of 0.1, 0.2 and 0.3 rev min~', respectively, have
been obtained for a Dewar without a baffle; 2, Dewars with
higher rotating speeds are responsible for the excitation of
sloshing waves with shorter wave periods (higher fre-
quency modes) than wave modes with longer wave periods
(lower frequency modes) for Dewars with lower rotating
speeds; 3, the higher frequency sloshing modes associated
with Dewars of a higher rotating speed (higher centrifugal
force) are responsible for the excitation of sloshing modes

Time-averaged impulsive forces acting on Dewar (x10° N)
Rotating
speed Time period of impulsive force activation (s)
Baffle (rev min~") 0.01 0.02 0.59 100 1000 4000
Without 0.1 1252 x 10° 669 x 10° 23 x 10° 295 134 71.9
0.2 1320 x 10° 721 x 10° 25 x 10° 493 280 155.2
0.3 1352 x 10° 730 x 103 27 x 10° 706 493 291.3
With 0.1 1329 x 10° 728 x 103 27 x 10° 278 101 40.0
0.2 1342 x 10° 740 x 10° 30 x 10 439 212 93.0
0.3 1380 x 10° 758 x 10° 35 x 10° 665 323 124.0
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Figure 6 Power spectra of fluid feedback force fluctuations exerted on Dewar with rotating speeds of 0.1, 0.2 and 0.3 rev min ' in

response to lateral impulse for container without and with baffle

with a higher wave energy, which require a longer time
period to damp out the waves than those excited by a
Dewar with lower rotating speed.

As for the slosh wave induced fluid torque exerted on the
Dewar without a baffle in response to the lateral impulse,
calculation shows that it is negligibly small because all the
slosh reaction forces are pointing towards the Dewar
mass centre.

In this study, the characteristics of the slosh reaction
forces and the torque fluctuations acting on the Dewar with
a baffle in response to the lateral impulse are also investi-
gated. Figure 7 illustrates the time evolution of the fluctu-
ations of slosh reaction forces exerted on the Dewar with
rotating speeds of 0.1-0.3 rev min™' for the Dewar with a
baffle. Table I also shows the characteristics of the slosh
reaction forces exerted on the Dewar with a baffle in
response to a lateral impulse based on Figure 7. Compari-
son of Figures 5 and 7 and Table 1 for slosh reaction forces
exerted on the Dewar with and without a baffle in response
to a lateral impulse leads to the following conclusions: 1,
the conclusions for the slosh reaction force fluctuations
drawn for the Dewar without a baffle are basically appli-
cable to the Dewar with a baffle; 2, comparison of both the
maximum and minimum slosh reaction forces exerted on a
container for the Dewar with and without a baffle shows
that the forces are smaller for the Dewar with baffle than
for the Dewar without a baffle; 3, the Dewar with a baffle
provides a very effective damping mechanism of viscosity
dissipation for fluctuations between liquid—solid and
vapour—solid interfaces and ends up with a reduction of
slosh reaction forces in the Dewar with and without a baffle
in the range of 21, 14 and 11% reduction each for Dewars
with rotating speeds of 0.1, 0.2 and 0.3 rev min™!, respect-
ively; and 4, the times required to dissipate the slosh reac-
tion force fluctuations show that a longer period is required

to damp out force fluctuations for the Dewar without a baf-
fle than for the Dewar with a baffle.

Comparison of the maximum absolute values of slosh
reaction forces exerted on the Dewar with a baffle and the
results of the plots illustrated in Figure 7 and the data
shown in Table 2 is also made. Similar to the results shown
in Figure 5 and Table 2 for the Dewar without baffle, a
large amplitude of the order of values greater than 10°
dynes of slosh reaction forces is also instantly introduced
in response to the lateral impulse for the Dewar with a
baffle. Figures 5 and 7 and Table 2 for the Dewar with and
without a baffle lead to the following conclusions: 1, the
conclusions drawn for the slosh reaction force fluctuations
for the Dewar without a baffle are applicable to that for the
Dewar with a baffle; 2, comparison of the Dewar with and
without a baffle shows that the magnitudes of these
instantly induced slosh reaction forces exerted on the
Dewar in response to a lateral impulse during the period
of time r << 100 ms are about the same for the Dewars with
and without a baffle.

To understand this instant excitation and dissipation of
slosh reaction forces in the initial stage for the Dewar with
a baffle during the period of time 7 < 100 ms, the accumu-
lative impulse and the time-average of the impulse force in
response from the cryogenic fluid to the Dewar are also
computed. Table 3 shows the time-averaged impulsive
forces acting on the Dewar with and without a baffle in
response to a lateral impulse. We can now draw the follow-
ing conclusions: 1, the conclusions drawn for the initial
stage excitation of the slosh reaction force obtained for the
Dewar without a baffle are also applicable for the Dewar
with a baffle; 2, the magnitude of the time-averaged fluid
impulsive forces acting on the Dewar with a baffle are
about the same order of magnitude as that for the Dewar
without a baffle during the time period of r < 100 ms; and
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Figure 7 Time sequence evolution of fluid feedback force fluc-
tuations on Dewar with rotating speeds of 0.1, 0.2 and
0.3revmin' in response to lateral impulse for container with
baffle

3, the greater damping effect contributed by the baffle due
to viscosity dissipation for fluctuations between the liquid—
solid and vapour—solid interfaces means that the magnitude
of the time-averaged fluid impulsive forces acting on the
Dewar with a baffie is smaller than that for the Dewar with-
out a baffle during the time period ¢ > 100 ms.

The power spectrum of the slosh reaction force fluctu-
ations for the Dewar with a baffle in response to a lateral
impulse is also analysed via fast Fourier analysis of data
obtained from Figure 7. Figure 6 shows the power spec-
trum of the slosh reaction force fluctuations for the Dewar
with and without a baffle for rotating speeds of 0.1-
0.3 rev min™', in response to a lateral impulse. With refer-
ence to Figure 6, Table 1 lists the values of wave period
of slosh reaction force fluctuations excited by the lateral
impulse. We can now conclude the following results for
the Dewar with and without a baffle, based on Table I and
Figure 6: 1, the conclusions drawn for wave excitations
associated with the slosh reaction force fluctuations for the
Dewar without a baffle are also applicable for the Dewar
with a baffle; 2, wave periods of 571, 235 and 167 s excited
for the Dewar without baffle and of 667, 267 and 182s
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excited for the Dewar with a baffle have been obtained,
and these values are associated with slosh reaction force
fluctuations corresponding to Dewar rotating speeds of 0.1,
0.2 and 0.3 revmin™', respectively; 3, for wave modes
excited by slosh reaction force fluctuations, the Dewar with
lower rotating speeds and the Dewar with a baffle are
responsible for the excitation of longer period (lower fre-
quency modes) wave modes than the wave modes with
shorter periods (higher frequency modes) for the Dewar
with a higher rotating speed and the Dewar without a baffle;
4, the lower frequency sloshing modes associated with a
Dewar of lower rotating speed and a Dewar with a baffle
indicate that the Dewar of lower rotating speed (lower cen-
trifugal force) together with the Dewar with a baffle are
responsible for excitation of sloshing modes with lower
wave energy, which require a shorter time period to damp
out the waves than those excited by a Dewar with a higher
rotating speed and a Dewar without a baffle; and 5, results
show that the Dewar with a baffle is able to reduce the
slosh reaction force fluctuations for a Dewar with rotating
speeds of 0.1, 0.2 and 0.3 rev min~' by 21, 14 and 11%,
respectively, compared to a Dewar without a baffle.

Discussion and conclusions

The sloshing dynamics of fluid system disturbances in
response to a lateral impulse due to the activation of guid-
ance and/or attitude controls for spacecraft operation®* in
microgravity have been investigated. In this study, the
effect of surface tension on a partially filled rotating Dewar
(liquid helium and helium vapour) with various rotating
speeds activated by a time-dependent impulse in the lateral
x-direction with and without a baffle has been considered.
The study is based on the computation of three-dimensional
non-inertial frame Navier—Stokes equations subject to the
initial and boundary conditions?>?3. The initial conditions
for the liquid—vapour interface profiles were adopted from
the steady state formulations for a rotating Dewar
developed by Hung and Leslie?” and by Hung e al.’.

In response to a lateral impulse, the sloshing dynamics
are responsible for the excitation of sloshing waves of
higher frequency modes for Dewars with higher rotating
speeds. On the other hand, sloshing dynamics also account
for the initiation of sloshing waves of higher frequency
modes for Dewars without a baffle. These higher frequency
modes are inherently associated with waves of higher
energy, which requires a longer time period to damp out
the fluctuations.

Because of the peculiar physical properties of liquid
helium'>2°, extremely low values of surface tension and
viscosity coefficient of the materials make the oscillations
of the bubbles and sloshing dynamics acting on the con-
tainer in response to the impulse continue for a long period
of time and gradually decay exponentially. This paper also
discusses how a baffle installed in the container can provide
an effective mechanism to damp out these fluctuations. In
this research, it was demonstrated how the amplitude of the
cryogenic helium sloshing dynamics disturbances grow and
decay in response to a lateral impulse for a Dewar with
various rotating speeds in microgravity. A full understand-
ing of the time history of the growth and decay of the dis-
turbances is important for the design of guidance and atti-
tude control mechanisms for spacecraft utilizing cryogenic
liquid systems>27.
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