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Effects of g Jitter on Free-Surface Motion in a Cavity

Y. Kamotani,* L. Chao,’ S. Ostrach,* and H. Zhang'
Case Western Reserve University, Cleveland, Ohio 44106

Lateral g-jitter effects on free-surface deformation are studied numerically in a zero-gravity environment for
liquids in an open square container. In order to allow for different contact-line conditions, a hysteresis parameter is
incorporated into the SOLA-SURF finite difference scheme. The resonant frequencies of the free-surface motion are
computed under various conditions. The resonant frequency is largest when the contact line is fixed and decreases
as it is allowed to move. The effect of viscosity reduces the resonant frequency or damps the resonance. The motion
of the free surface and the amplitude of its deformation are investigated for two types of g jitter (sinusoidal and
impulsive) that are typically encountered aboard a spacecraft. It is shown that relatively large deformation occurs
if the frequency of the periodic g jitter is near the resonant frequency. The impulsive g jitter excites capillary
waves with the resonant frequency, but they decay with time. Based on the computation and a scaling analysis,
the amplitude of the free-surface deformation is expressed in useful dimensionless form for those two types of g

jitter.
Nomenclature

A = amplitude of container vibration, m

Bo = Bond number

c,c = dimensionless constants

g = acceleration level for impulsive g jitter, m/s

8o = gravitational acceleration on Earth, m/s’

h = dimensionless height function

ho = dimensionless static height function

£ = dimensionless length scale for viscous stresses

L = length scale (container size), m

Oh = Ohnesorge number

14 = dimensionless pressure

t = dimensionless time

t* = dimensional time, s

fy = dimensionless duration of impulsive g jitter

(u,v) = dimensionless velocity components

(u*, v*) = dimensional velocity components, m/s

x,y) = dimensionless coordinates defined in Fig. 1

x* = dimensional coordinate, m

w = dimensional frequency, s~

U = reference velocity, m/s

r = dimensionless hysteresis parameter defined in
Eqgs. (8) and (9)

A = dimensionless free-surface deformation for periodic
g jitter

Ao = dimensionless free-surface deformation for impulsive
g jitter

A = dimensional free-surface deformation for impulsive
g jitter, m

" = fluid dynamic viscosity, Pa-s

v = fluid kinematic viscosity, m/s?

P = fluid density, kg/m?

o = surface tension, N/m

T = dimensional time, s

) = dimensional duration of impulsive g jitter, s

w = dimensionless frequency
= dimensionless resonant frequency
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Introduction

T is known that containerless materials being processed in a

microgravity environment may be influenced by two effects,
neither of which can be easily controlled.! The first effect is
thermocapillary convection, and the second effect, which can be
serious under some conditions, is the spacecraft vibration (g jit-
ter) from a number of sources.? Both thermocapillary convection
and g-jitter-generated flow are influenced by free-surface motion,
and they can interact with each other. The susceptibility of crystal
melts to g-jitter disturbances not only increases the displacement
of the free surface, but also changes the steady heat transfer during
the material processing to an irregular one, which may adversely
influence the crystal quality. It is therefore important to study the
free-surface motion induced by g jitter and the associated bulk fluid
motion.

In the present investigation, unlike the extensive experimental
and analytical studies of the dynamics of liquid fuel in fuel tanks of
aircraft conducted during the 1960s,3 the capillary force is not negli-
gible, but a dominant force in a weak gravitational field. While there
exist some classical linear and nonlinear inviscid studies of stand-
ing capillary waves in a finite-depth container,*~% those models are
not adequate for the description of current systems with strong vis-
cous and hysteresis effects. Several studies have dealt with g-jitter-
induced convection in a completely enclosed container.”~® However,
in microgravity containerless material processing, the dynamics of
the free surface cannot be ignored. For a liquid in a container with a
free surface, g jitter can cause surface disturbances and associated
bulk fluid motion. A contact line is formed at the intersection of the
free surface and the container wall, and its behavior significantly af-
fects the dynamics of the free surface. In the linearized finite element
study of surface waves by Curvelier,'® while the dependence of res-
onant frequencies on viscous effects was shown, the contact angle
was fixed at 90 deg and no other contact-line conditions or non-
linear effects were considered. In the maker-and-cell dimensional
calculation of the axisymmetrical sloshing in a low-gravity condi-
tion by Veldman and Vogel,!! the contact angle was fixed at 90 or 0
deg, and the dependence of resonant frequencies on the contact an-
gle was shown. However, no variation of the dynamic contact angle
was allowed during the sloshing in their calculations. More recently,
numerical simulations were conducted to study the effects of g jit-
ter and thermocapillary convection on float zones,'? but free-surface
deformation was not considered. Alexander and Zhang!® analyzed
numerically the convection in float zones with free-surface motion
due to g jitter. The contact line was fixed in their analysis, and the
free-surface shape was demonstrated to be sensitive to g jitter.

The present study is concerned with liquid free-surface motion in
an open rectangular container subjected to g jitter in the direction
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parallel to the free surface. The free surface is known to be most
sensitive to g jitter in that direction.!4

In the present problem, the contact-line conditions are represented
by a hysteresis parameter that indicates the “hysteresis degree” of
the contact line. In this representation, the contact line is allowed to
move and the contact angle is allowed to change during the g-jitter
disturbance. By using the modified SOLA-SURF code, full transient
Navier-Stokes calculations are performed to obtain quantitative re-
sults and to identify many system characteristics. The present paper
is based on Ref. 15.

Basic Equations and Boundary Conditions

Consider an open square container holding liquid that moves ac-
cording to A sin wt in the x direction (see Fig. 1). The conservation
equations are formulated in a noninertial reference frame attached
to the container. Then the effect of the container motion appears
as body-force terms, called g-jitter terms, in the equations of mo-
tion. Such periodic g gitter is caused aboard a spacecraft by various
sources such as rotating equipment, structural oscillations of the
spacecraft, and, in the case of manned spacecraft, astronauts’ exer-
cise on a bicycle or a treadmill. This type of g jitter is important
in the present problem, since, as will be shown later, it can cause
large free-surface deformation. Primitive variable forms of conser-
vation equations are employed so that it is easier to implement the
free-surface stress boundary conditions. Typically aboard a space-
craft the periodic g-jitter level is 100 to 1000 times larger than the
steady g level; thus, relative to the free-surface deformation due to
the periodic g jitter, the deformation before the start of the g jitter
is very small. Therefore, the initial free-surface shape is determined
by the static contact angle at the wall. In the present analysis the
static contact angle is assumed to be 90 deg; as a result, the initial
shape becomes flat. This assumption is made so that we can use
rectangular coordinates, which greatly simplifies the present anal-
ysis. The flat shape can also be obtained by pinning the contact
lines at the edges of the container and adjusting the fluid volume
in the container, as was done in our past microgravity experiment
on thermocapillary flow,' in conjunction with which the present
work was conducted. The flow is assumed to be incompressible
with constant physical properties. Since relatively small deforma-
tion is of interest in the present study, the fluid motion is assumed
to be laminar and two-dimensional. The velocity scale U is chosen
from the balance of the inertial force (which scales with pU?/L)
and the surface tension force (o/L?), since the dimensionless res-
onant frequencies w, are nearly fixed except for a small shift due
to viscous effects. Therefore, the length, time, velocity, pressure,

and frequency are nom%imensionalized by L, (pL3/0) 3 , (o) pL)% s
o/L,and 2w (0/p/L3)2, respectively. The dimensionless governing
equations can then be written as
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The dimensionless parameters appearing in the above equations
are defined as
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Ohnesorge number Oh =

Bond number Bo =

Oh represents the ratio of the viscous (damping) force to the surface-
tension (stabilizing) force, and Bo represents the ratio of the g-jitter
force to the surface-tension force.
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Fig. 1 Configuration and coordinate system.

At the rigid walls, we have the no-slip boundary condition
u=v=0 “)

The no-slip condition does not apply to the contact line, which is
allowed to move along the wall.

At the free surface, we have the kinematic boundary condition
and the normal and tangential stress balance equations as follows:

oh  oh _ -
ar T Max Y
14 (0h/3x)? v 921 /ax>

=20h C— = 6
1—(3R/0x)* 3y [1+4 (3h/ox)2]2 ©

du _ dv  4(3h/dx)(dv/dy) o
dy  dx 1 — (3h/dx)?

where 4 is the free-surface height function. Equation (6) is the nor-
mal stress balance equation, and Eq. (7) is the tangential balance
equation.

The conditions at the contact lines are very complex. Al-
though the static contact angle is assumed to be 90 deg in the
present problem, it does not remain constant in general during
the unsteady motions of the fluid and the contact lines. The
contact-line behavior depends on various factors, such as the
wetting conditions, the wall roughness, and the fluid motion. In
the case where the dynamic free-surface location deviates only
slightly from the static shape, Satterlee and Reynolds!® intro-
duced a hysteresis parameter to provide a macroscopic way to in-
clude those factors. As free-surface deformation is relatively small
in the present analysis, we simplify the contact-line conditions
by adopting the hysteresis parameter and impose the following
conditions:

oh

8*=F'(h—ho) ®
X

oh

5—=—F'(h—ho) )]
X

Equation (8) is for the upper left corner, and Eq. (9) is for the
upper right corner. The static height function hy is assumed to
be constant (= 1) in this study. The hysteresis parameter I" is
a dimensionless parameter. When I' is zero, the contact angle
is fixed and the contact line is free to move, whereas when I’
is infinite, the contact line is fixed but the dynamic contact an-
gle is allowed to vary. The free-surface shapes for various values
of T" are sketched in Fig. 2. The experimental data of Satterlee
and Reynolds,'® and Reynolds and Satterlee,!” taken under vari-
ous conditions and with various materials, fall between I' = 0 and
' =o0.
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Fig. 2 Fundamental resonant modes for three values of T,

Solution Procedure

The SOLA-SUREF finite-difference solution algorithm is chosen
to solve the present transient free-surface flow.'8° This scheme is an
explicit one that uses a height function to describe the free-surface
motion. Since we are concerned with the transient flow behavior
and the amount of free-surface deformation is relatively small in the
present study, this explicit scheme is appropriate. In each step, the
pressure and velocities are iterated simultaneously, and the Dirichlet
free-surface pressure boundary condition [Eq. (6)] is directly incor-
porated into the iteration procedure. Since Eq. (6) is satisfied only at
the free surface, whose location does not necessarily coincide with
the center of the surface cell where the pressure is defined, interpola-
tion or extrapolation is made in the surface cell in order to insure that
the capillary effect applies at the exact location. The interpolation
or extrapolation in the surface cell is made with the aid of the height
function, which is calculated from the last time step. After both new
pressure and new velocities are known, the new height function is
calculated by the Crank-Nicholson finite differencing of the kine-
matics [Eq. (5)], and hence the contact-line conditions (8) and (9)
are the Robin (mixed) boundary conditions for Eq. (5). Finally, after
the new height function is calculated, a cubic-spline-fitting method
is used to determine the curvature in Eq. (6), which is needed at the
next time step.

For oscillatory flow over a flat plate it is known® that the
dimensionlegs boundary-layer thickness along the wall is about
9.0(v/wL?)2, which can be expressed as 9.0(Oh/w)%. As the
smallest boundary-layer thickness in the present study is about 0.2,
a 20 x 20 uniform mesh is very adequate for the present analysis. A
more detailed discussion of the grid-size effect is given in Ref. 15.
Also in Ref. 15, the free surface motion due to periodic g jitter for
a viscous-dominated case is analyzed theoretically, and the approx-
imate analytical solution is shown to agree well with the present
numerical result. In the present numerical scheme, the free-surface
deformation must be within one numerical grid for stability, which
limits the mesh size. With the uniform 20 x 20 mesh, the amount
of surface deformation is limited to less than 5% of the container
size.

Results and Discussion

Resonant Frequencies

Since it is important to know the resonant frequencies of the sys-
tem before we discuss the effect of g jitter, they are computed under
various conditions. As will be discussed later, simple sloshing mo-
tion of the fluid is of main interest in the present study; thus only the
resonant frequencies for the mode (see Fig. 2) are presented herein.
The value of each resonant frequency is determined by specifying
an initial free-surface shape and observing the subsequent motion
of the free surface without g jitter. With Bo = 0, Egs. 1-9 show
that the fluid motion depends on Oh and T'.
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Fig. 4 Effect of contact-line hysteresis on resonant frequency.

In Fig. 3 the dependence of the resonant frequency w, on Oh is
shown for the fixed-contact-line condition (T is set equal to 1000)
and for the free-contact-line condition (I" = 0). The resonant fre-
quency for I' = 1000 is about twice as large as that for I' = 0 for
a given Oh. When Oh becomes larger than about 0.15 for T’ = 0
and 0.3 for ' = 1000, the viscous effect from the walls becomes
dominant, so that the initial surface displacement decays monoton-
ically, which is considered as zero frequency. On the other hand,
when Oh is less than about 0.01, the wall effect becomes small
and the resonant frequency becomes equal to that for inviscid flow
(Oh = 0), although the fluid motion will decay slowly if O# is not
exactly zero. The results of analysis by Curvelier'® for I' = 0 are
also shown in Fig. 3, and good agreement with the present results
is shown.

The effect of " on the resonant frequency is shown in Fig. 4
for Oh = 0.01 (nearly inviscid case). The frequency up to about
I = 0.01 is equal to that for the free contact line; the resonant
frequency then increases with I' up to about ' = 1000, beyond
which it is equal to that for the fixed-contact-line condition (I" = 00).
Satterlee and Reynolds'® computed the resonant frequencies for an
open cylindrical container by the variational method. Their results
for a concave free surface (static contact angle = 60 deg) and for a
flat surface are shown in Fig. 4. The effect of I" has the same trend as
in the present cavity configuration, although the resonant frequency
is generally higher in the cylindrical configuration. The ratio of the
resonant frequency for I' = oc to that for I' = 01is 2.2 in the present
configuration, but is 2.4 in the cylindrical configuration with a flat
free surface. According to Ref. 16, the frequency decreases as the
concavity of the free surface increases.
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Based on the results of Figs. 3 and 4, if one has water in a 5-
cm container, for example, the resonant frequencies are 0.67 and
1.47 Hz for I' = 0 and 10,000, respectively. These values are the
lowest resonant frequencies; in comparison, according to Ref. 15,
the second resonant frequencies for the above water system are 3.45
and 4.40 Hz for ' = 0 and 10,000, respectively. Those frequencies
are all within a typical frequency range of g jitter aboard the Shuttle
and Spacelab.?!

Effects of g Jitter

In order to study the effect of g jitter, the fluid is subjected first to
a simple harmonic g jitter in a direction parallel to the original flat
free surface. The g jitter generates a time-dependent, nonuniform
hydrostatic pressure field in the fluid, which must be balanced by
the deformation of the free surface, resulting in a motion of the fluid.
As at any given time the hydrostatic pressure distribution is linear in
the g-jitter direction, it tends to generate a simple sloshing motion
of the fluid from high- to low-pressure regions. Therefore, when the
g-jitter frequency is approximately equal to the lowest resonant fre-
quency previously discussed, the free-surface disturbance becomes
large because the resonant motion is also a sloshing motion. On
the other hand, when the g-jitter frequency is close to the second
resonant frequency, it excites the second mode, but since the second
mode is not simple sloshing motion,' an interaction between the
second mode and the g-jitter-induced motion results in a complex
motion but with a much smaller free-surface deformation than in
the first case. For that reason we analyze mainly the first case in
this work. The magnitude of harmonic g jitter aboard a spacecraft
can be as large as 10~%go—1073go. If one considers a container di-
mension of 10 cm or smaller, the order of magnitude of Bo is unity
or smaller for most common liquids and is in the range studied
herein.

A simple velocity-vector plot is shown in Fig. 5 for Bo = 0.25,
Oh = 0.01, T = 1,000, v = 1.92 (resonant frequency), and time
= 5.76 (the fluid flow has been excited to the periodic steady state
by this time). At that moment the body force acts from right to
left (Fig. 5) and the fluid motion is strong enough to cause a visi-
ble free-surface deformation. Since the fluid motion is induced by
the change in the free-surface shape, it occurs mainly near the sur-
face. As shown in Fig. 5, most of the fluid motion occurs in the
top half of the container, and the fluid in the bottom half is virtu-
ally unaffected by the g jitter. Since the contact lines are anchored
in this case, not much fluid motion occurs near the contact lines.
Atx = }‘, the time history of the free-surface deformation in re-
sponse to the above g jitter is shown in Fig. 6. In the case of inviscid
flow, if the system is excited at the resonant frequency, the sur-
face deformation will increase without bound, but in the present
problem the excitation energy is eventually balanced by the viscous
dissipation in the fluid, resulting in a finite deformation as seen in
Fig. 6. It takes about 10 cycles to get to the periodic steady state
at that Ohnesorge number (Oh = 0.01) but the number of cycles
becomes smaller with increasing Oh. The largest positive deforma-
tion and negative deformation are not exactly equal, because of a
small nonlinear effect. It can be shown that the ratio of nonlinear
inertia terms to unsteady terms in Egs. (2) and (3) is represented
by the dimensionless free-surface deformation. As the deformation

PO P

Fig. 5 Velocity vectors during g jitter. Bo = 0.25, 0h = 0.01,T =
1000, w = 1.92,t = 5.76 (Viax = 0.071)
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becomes large, the nonlinear effect becomes important. In the para-
metric ranges of the present analysis, the nonlinearity is relatively
small, and its main effect is a slight difference in the peak and val-
ley positions of the free surface, as seen in Fig. 6, which is found
to occur when the dimensionless deformation becomes larger than
about 1%.

In the subsequent discussion the amount of free-surface defor-
mation is represented by the maximum value A in the periodic
steady state. For large I' the maximum free-surface deformation
occurs near x = % (Fig. 5), and for small T" it occurs at the wall
(x = 0). In Fig. 7, the Bond-number effect on the free-surface de-
formation is shown for two different-contact-line conditions with
the excitation imposed at the corresponding resonant frequency.
For a given Bo and Oh, the deformation increases with decreas-
ing I as the increasingly free contact line makes it easier for the
free surface to move. In the parametric ranges of the present in-
vestigation, the relation between the deformation and Oh is found
to be linear, independent of the contact-line conditions. However,
the present linear resulls are true only for relatively small deforma-
tion as in the present analysis. Much larger deformation results in
nonlinear capillary waves. Consider, for example, 10-cS silicone
oil in a 5-cm container. The resonant frequency is 0.83 Hz for
the fixed-contact-line-condition and Oh = 0.01. If one wants to
have the free-surface deformation be within 2% of the container
size, Bo should be less than 0.1 according to Fig. 7, or the g-jitter
level should be less than about 107gy. That level of g jitter is
obtainable,” but it should be noted that the above estimation is
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Fig. 8 Effect of Ohnesorge number on free-surface deformation for
fixed contact line.

rather restrictive. It assumes that the sinusoidal g jitter at a partic-
ular frequency (0.83 Hz) lasts at that level for several cycles (at
least 5 s), which may not be very realistic, depending on the partic-
ular spacecraft environment. For a small-viscocity, large-surface-
tension fluid, such as water and liquid metals, Ok becomes very
small, on the order of 1074, Although such small O% is beyond
the range of the present calculation because it results in a very thin
boundary layer, it is clear that it will make the free surface much
more sensitive to g jitter. Therefore, one needs to be very careful
when designing a fluid system involving a free surface of such a
fluid.

Figure 8 shows the effect of Ohnesorge number on free-surface
deformation for two different Bond numbers and forI" = 1000 at the
resonant frequency (note that the ordinate is a logarithmic scale). In
order to interpret the results in Fig. 8, the free-surface deformation
is estimated by a scaling analysis as follows.

As was shown by Kamotani and Ostrach,'* when the system is
excited at the resonant frequency, the amount of deformation can be
estimated by balancing the viscous stress (i dv*/3x*) at the wall
and the hydrostatic pressure (o Aw?L). The balance gives, after
nondimensionlization, v/ ~ Bo/Oh, where £ is the length scale
(relative to L) to estimate the viscous stress. Since the velocity v
- scales with A - w during periodic oscillations, the above relation
can be wrjtten as A - w/¢ ~ Bo/Oh. In the viscous-dominant case
[(OR/w)z 3 1], ¢ scales with the container size, namely £ ~ 1,
so the free-surface deformation during excitation at the resonant
frequency is given by

Bo

A w, ~ —
“n ™ On

(10)

In the boundary-layer flow case [(Oh/ a))% K 1]1, £ scales with the
boundary-layer thickness, namely £ ~ (Oh/w)z, so the deforma-
tion is estimated as

Bo

A wy~ ———
(Ohw,)?

amn

In both cases, A is proportional to Bo, as seen in Fig. 7. Equation
(11) was also derived by Kamotani and Ostrach'® for a cylindrical
container. In Fig. 8 the ordinate is Aw,. For a given Bo, Aw, scales
with Oh~! in the viscous case [Eq. (10)] and with Oh~™1 in the
boundary-layer case [Eq. (11)]. As can be seen in Fig. 8, the present
results cover both regions. The viscous estimate is applicable below
Oh = 0.1, but, since the resonant frequency does not exist beyond
Oh = 0.3 (Fig. 3), the viscous region is relatively small. Figure
8 indicates that the boundary-layer estimate can be used when Oh
is below 5 x 1073 or when (Oh/w)? is below about 0.05. The
constant of proportionality for Eq. (11) is determined to be 0.03
from Fig. 8. In the drop-tower tests by Kamotani and Ostrach'*
with cylindrical containers, the proportionality constant was found
to be 0.01. There are two reasons why the experimental value was
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Fig. 9 Free-surface deformation as a function of g-jitter frequency for
fixed contact line.

smaller. First, less than 2s was available for microgravity in the
tests, and the imposed frequencies were around 2 Hz, so that only
four cycles were imposed, not enough to obtain the steady state, as
Fig. 6 shows. Secondly, the configuration in the tests was cylindrical,
which made the free surface more stable than in the two-dimensional
configuration studied herein.

The g-jitter frequency versus the steady-state free-surface defor-
mation for the fixed contact-line condition (I' = 1000) is shown
in Fig. 9a. If the system is disturbed at or near the resonant fre-
quency, the free-surface deformation is very large. In that case the
free-surface deformation increases with time until the steady state
isreached (see Fig. 6), and the system can be said to be excited. The
free-surface deformation near the resonant frequency is shown in
Fig. 9b. The frequency range where the excitation occurs is narrow
when Oh is small, but it broadens and the maximum deformation
value decreases as the flow becomes more viscous (larger Oh). A
second peak corresponding to the second wave mode can be identi-
fied in Fig. 9a at about w = 5.9, but with a much smaller magnitude
than the first peak. On the other hand, if the system is disturbed at a
frequency away from the resonant frequency, the deformation will
be much smaller, and different characteristics of the free-surface
response will be present. For example, in Fig. 10 the transient and
steady responses of the free surface are shown when the system is
forced at two non resonant frequencies [one above (Fig. 10a) and one
below (Fig. 10b) the resonant frequency]. In both cases the resonant
frequency is excited initially in addition to the g-jitter frequency.
However, the transient response is quickly damped, and eventu-
ally the free surface oscillates with the frequency of the g jitter.
Unlike Fig. 6 for the resonant case, the amplitude of surface defor-
mation is now larger in the transient period. Since waves generated
by higher-frequency g jitter experience larger viscous dissipation,
the steady deformation in Fig. 10a is smaller than that in Fig. 10b,
and the steady deformation in Fig. 10b is nearly equal to the transient
deformation.
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So far periodic g jitter has been discussed. The actual g jitter
aboard a spacecraft may contain more than one frequency or a spec-
trum of frequencies. Although this case is not studied herein (a gen-
eral treatment of that type of g jitter is difficult), it is clear from the
above discussion that if the g jitter contains a frequency component
at or near the resonant frequency, the free surface responds predom-
inantly to that component and the deformation is relatively large.
In that situation the amount of deformation can be estimated from
the present results if the g jitter level associated with the frequency
range where the excitation occurs (Fig. 9b) is used.

Another important type of g jitter is the impulse type. This
type is characterized by short impulsive disturbances and cansed
by thruster firings for spacecraft altitude control and impulsive
crew activity. In the present work, such g jitter is simulated by a
constant acceleration of the container for a short period of time.
The Bond number is now based on that acceleration level g. As
will be shown later, the resonant frequency is excited by this g-
jitter, so the non-dimensionalization of various quantities is done
in the same way as in the periodic case. The fluid is considered
to be quiescent up to time 0, when a constant acceleration (a con-
stant Bo) is applied. The constant acceleration lasts up to time #,
(dimensionless).

A typical free-surface response is presented in Fig. 11. The g-
jitter excites waves at the resonant frequency, but their amplitude
decays with time because of the viscous dissipation in the fluid.
The impulsive g jitter accelerates the fluid and deforms the free
surface. Even after the g jitter is stopped at £y, the fluid keeps mov-
ing by its own inertia until the inertia is balanced by the surface-
tension force, as in capillary waves, and the subsequent free-surface
motion is that of capillary waves with the resonant frequency of
the system. In this problem it is interesting to compute the max-
imum free-surface deformation (Ag), which occurs in the first
cycle.

If the flow is nearly inviscid (small Oh) and if #; is of order
1/w, (in that case the g jitter duration is comparable with the pe-
riod of capillary waves), then by the time the g jitter ends, the
free surface has enough time to deform as in capillary waves. In
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Fig. 11 Free-surface deformation for impulsive g jitter with fixed con-
tact line.
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Fig. 12 Correlation of maximum free-surface deformation for impul-
sive g jitter with fixed contact line.

that situation the surface shape is determined by a static balance
between the hydrostatic pressure (pgL) and the capillary pressure
(o A} L?), which gives a dimensionless relationship A ~ Bo. If, on
the other hand, #; is much smaller than 1/w,, the situation is now
dynamic: the work done to the system by the g jitter is first con-
verted to the kinetic energy of the fluid at time £y, and the latter is
eventually converted to the work done by the surface-tension force
at the time the deformation becomes largest. Therefore, by balanc-
ing the input work [(pL*g) x (g72) = (force) x (distance)] and the
work done during the free surface motion [0 A%2/L], one obtains
Ap ~ Boty. If the flow is not inviscid, Ag will also be a function of
Oh.

In Fig. 12a, the computed (Aq/Bo ty) is plotted against fow,. As
seen in the figure, when fyw, is less than about 0.05, A, scales with
Bo 1y, and when fyw, is larger than about 0.5, A, scales with Bo.
Figure 12b illustrates the influence of Oh on A, for a fixed #: the
above inviscid estimate is valid up to about 0% = 0.01, but beyond
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that, Ag/(Boty) decreases with increasing O#, as a part of the input
work is dissipated by viscosity.

The capillary waves thus generated decay with time (Fig. 11) as
the total kinetic energy of the fluid decreases on account of vis-
cous dissipation. By balancing the rate of change of the total kinetic
energy of the fluid [pL? 8u*?/3¢*] and the total viscous dissipa-
tion in the fluid [ (u*/£)?L£), it can be shown that in the viscous
case (£ ~ 1) the free-surface deformation amplitude decreases as
exp(—c Oht), whereas in the boundary-llayer case ({2 ~ Oh/w)
the amplitude decays as exp(—¢(Oh w)2t). Based on the present
computation, the value of ¢ for viscous case is 23.0, and ¢ for the
boundary-layer case is 3.1.

Concluding Remarks

For a liquid placed in an open square container in microgravity,
the free-surface deformation and the associated bulk fluid motion
are computed numerically under various g-jitter and contact-line
conditions. The results show that the free-surface deformation can
be appreciable if the g jitter occurs near or at the resonant frequency
for sloshing motion. Therefore, a liquid system with a free surface
should be designed so that its resonant frequency does not coincide
with the characteristic g jitter frequencies of the spacecraft, and
if Oh of the system is larger than 0.001, one can use the present
results to compute the amount of deformation in that situation. The
g-jitter-induced flow occurs near the free surface. If the g-jitter is
of the impulsive type, capillary waves with the resonant frequency
are excited, but they decay with time. The present work predicts the
maximum free-surface deformation for such g-jitter.

The motion and stability of a liquid free surface are an important
problem in microgravity. In designing a fluid system with a free sur-
face, the present result can be used to avoid unwanted disturbances
due to g jitter aboard a spacecraft.
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