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I. Introduction

T HERE are many gas–liquid, liquid–liquid, and particle–liquid
systems used aboard space platforms such as the International

Space Station (ISS) and in future space exploration activities that
involve the motion of bubbles, droplets, and particles in
microgravity; such systems include material processing devices,
life-support systems, thermal management systems, and propulsion
systems, among others.

In the absence of gravity, a particle would remain stationary in a
liquid even if their densities are drastically different, but the particle
can respond to small external vibrations, called g-jitter on space
platforms. The vibrations may in turn be used to move the bubbles
and particles in a controlledmanner and achieve phase separation in a
fluid–particle system.

This work addresses the motion of a solid particle in a fluid cell
subjected to a sinusoidal vibration with a certain frequency and
amplitude. An inviscid model based on the method of images has
been used to investigate the vibration-induced motion of a particle
oscillating normal to a cell wall in a semi-infinite fluid-filled cell. The
model that accounts for the virtual mass force but neglects the
viscous drag and history forces is applied to predict the cell wall
effect on the particle amplitude.

Coimbra and Rangel [1] derived an analytical model for the
periodic motion of a small particle in a viscous fluid. In their study,
relative scaling of the virtual mass, Stokes drag, and history forces
was presented in terms of the scaling parameter S� �2�f=��
�Ro=3�2 and the fluid-to-particle density ratio �� �f=�s, where f is
the vibration frequency, � is the kinematic viscosity of the fluid, and
Ro is the particle radius. They solved the equation of motion
analytically and graphically presented the ratio of predicted particle-
to-vibration amplitudes in the fixed frame of reference � against S for
different density ratios. Their analysis has been verified
experimentally by Coimbra et al. [2] and L’Esperance et al. [3],
however, the wall effect on the particle amplitude was not addressed.

Recent protein crystal growth experiments conducted by
Gamache and Kawaji [4] have shown that small vibrations can
induce movements of protein crystals that can in turn cause a

significant fluid motion and affect both the growth rates and the final
quality of the protein crystals grown in space. There are other
observations of protein crystals moving in space experiments [5],
possibly due to g-jitter on space platforms.

Although there is a clear need to experimentally investigate the
vibration-induced particle motion in a systematic manner, such an
experiment is not possible on the ground due to the effect of
gravitational sedimentation if there is any density difference between
the particle and surrounding fluid. Recently, Hassan et al. [6,7]
developed a theoretical model to predict the vibration-induced
motion of a spherical particle suspended by a thin wire in a fluid cell
under normal gravity, assuming an inviscid fluid and irrotational
flowfield. Their inviscid model was able to well predict the
amplitudes of different metal particles oscillating in a fluid cell,
which were subjected to small horizontal vibrations under normal
gravity. Their models also showed a resonance phenomenon in
which the particle amplitude would be amplified at a certain cell
vibration frequency.

In the present work, an inviscid fluid assumption is made to obtain
an analytical expression for the amplitude of a freely moving particle
in a semi-infinite fluid cell vibrated in one direction with a certain
frequency and amplitude under zero gravity. The inviscid fluid
assumption can be justified if the following inequality is valid:

f� �

2�R2
o

(1)

For example, for a particle of 1-mm diameter immersed in water
(�� 10�6 m2=s), the lower boundary of the cell vibration frequency
atwhich Eq. (1) is validwould be given byf� 0:16 Hz. The g-jitter
encountered aboard space platforms such as the ISS includes
vibration frequencies much higher than 0.16 Hz [8]. Thus, the
present inviscid analysis of vibration-induced particlemotion influid
systems is expected to apply tomany practical situations encountered
in space.

II. Theoretical Analysis of the Particle Motion
in Zero Gravity

To obtain an expression for the particle amplitude in an inviscid
fluid and zero-gravity environment that accounts for the wall
proximity effect, it is necessary to analytically solve an equation of
particle motion that incorporates the distance H between the
particle’s center of mass and the nearest cell wall and the particle
radius Ro, as shown in Fig. 1. Such an analysis was performed by
Hassan et al. [7] using the method of images for a particle suspended
by a thinwire from the top of thefluid cell, but their expression for the
particle amplitude included a term containing the gravitational
acceleration, the length of the wire used to suspend the particle from
the top of the fluid cell, and the cell vibration frequency.

The Hassan et al. [7] analysis can be readily modified by omitting
the term containing the gravitational acceleration and the length of
the wire. This results in the following equation for the particle
amplitude Ap in the cell frame of reference:

Ap �
��S � �f�a

�
�
�S � �f

�
G
K

�
1
R3
o
� 2

W3

��� (2)

where a is the cell amplitude,W is the distance between the particle
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and its image (W � 2H), and G and K are given by the following
expressions:

G� R3
o�W � Ro�3 (3)

K � 2
�
W3 � 3W2Ro � 3R2

oW � 2R3
o

�
(4)

We note that in the limitH!1 corresponding to an infinite cell,
Eq. (2) reduces to

Ap�H!1� �
2��S � �f�a
��2�S � �f�

(5)

The negative sign in Eq. (2) or Eq. (5) shows that the particle and
the cell are moving with an opposite phase for �S > �f , whereas they
move in phase for �S < �f. For both semi-infinite and infinite fluid
cells, the inviscid model predicts the particle amplitude Ap to be
linearly proportional to the cell vibration amplitude a and
independent of the cell vibration frequency.

The wall proximity effect will be studied by examining the ratio of
the particle amplitude in a semi-infinite cell to that in an infinite cell,
as given by

��
Ap

Ap�infinite�
�

�2�S � �f�

2

�
�S � �f

�
G
K

�
1
R3
o
� 2

W3

��� (6)

By introducing the following dimensionless parameters,

~�� �S
�f
; ~H� H

Ro
; ~Ap �

Ap
a

(7)

Eqs. (2) and (6) can be written in dimensionless form as follows:
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The predictions of the preceding expressions will be first
compared with the graphical results presented by Coimbra and
Rangel [1] for a vibration-induced particle motion in an infinite but
viscous liquid. The wall proximity effect on the particle amplitude
predicted by Eq. (2) will then be examined in detail.

III. Results and Discussion

Coimbra and Rangel [1] graphically presented the ratio of the
predicted particle amplitude to the cell vibration amplitude � in the
fixed frame of reference for a large range of the scaling parameter S,
varying from 10�5 to 105, and different fluid-to-particle density
ratios. They also predicted that the viscous drag and history forces
would be diminished and become less than the virtual mass force for
S > 10. For density ratios of �� 0:001, 0.1, 2, 10, and 1000, the
particle amplitudes at S� 105 predicted by Coimbra and Rangel are
0, 0.14, 1.5, 2.5, and 3.0, whereas those predicted by Eq. (2) in the
fixed frame of reference are 0.0015, 0.143, 1.49, 2.498, and 2.97,
respectively. For heavy particles, �� 0:001 and 0.1, and the particle
amplitude was predicted to become constant at S greater than 0.1 and
10, respectively [1]. It is noted that the particle amplitude in the fixed
frame of reference is related to that in the cell frame reference given
by Eq. (2), as follows:

�� 1 � Ap=a (10)
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Fig. 1 A solid particle oscillating normal to a cell wall with a mirror

image of the particle on the outside.
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Fig. 2 Wall proximity effects on the variation of a) Ap=a for heavy

particles, b) � for a steel particle in water, and c) � for light particles.
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The present inviscidmodel predictions are in good agreementwith
the predictions of Coimbra and Rangel [1], because the effects of
viscous and history forces become much smaller than the virtual
mass force at S� 105. In addition, because the values of � reach
asymptotic values even at small to intermediate S values for heavy
particles, the present analytical expression for the particle amplitude,
Eq. (2), can be applied to many practical situations in space. For
example, the S value for a nonviscous fluid (such as water) readily
reaches a value greater than 10 if the particle is larger than 2–3mm in
radius and the vibration frequency is higher than about 4 Hz. The
vibration frequencies of 4–10 Hz are common high-amplitude
components of g-jitter aboard the ISS [8].

The wall proximity effects are shown in Fig. 2. The predictions of
Eq. (2) for particles heavier than the fluid ( ~�� 7:81, 5.7, and 2.7)
shown in Fig. 2a indicate that the heavier the particle, the greater the
particle amplitude in the cell frame of reference. But in all cases, the
particle amplitude would be diminished as the dimensionless

distance of the particle to the nearest cell wall, ~H, is reduced.
The wall effect is also illustrated in Fig. 2b, which compares the

ratio of the steel particle amplitudes in awater-filled semi-infinite cell
with that in an infinite cell (H=Ro !1) for any cell vibration

frequency. As ~H is reduced and approaches unity, this amplitude
ratio decreases to a value less than 0.5.

The wall effect on the particle amplitude in the fixed frame of
reference is shown in Fig. 2c for particles lighter than the fluid
( ~�� 0:1, 0.5, and 0.001). Again, the particle amplitude in a semi-
infinite cell decreases with the decreasing distance between the

particle and the nearest cell wall, ~H. The wall proximity effect for
particles lighter than the fluid shown in Fig. 2c is shown to be greater

than that for the particles heavier than the fluid. One can see clearly
from Fig. 2b that the wall effect on the particle amplitude is present
only within about two particle radii for a steel particle in water.

Finally, the effect of the particle-to-fluid density ratio at small

values of ~H < 1:725 is examined in Fig. 3, in which the ratio of the
particle amplitudes � in semi-infinite to infinite cells is plotted
against the particle-to-fluid density ratio. A vertical line drawn at
~�� 1 represents a neutrally buoyant system in which no relative
motion exists between the particle and the cell. When the density
ratio is increased, thewall proximity effect is reduced for all values of
~H. For ~� < 1:0, the particle amplitude ratio � is shown to decrease

more rapidly with ~H, indicating a greater wall proximity effect for
lighter particles, which is expected due to a greater effect of
hydrodynamic forces on the motion of lighter particles.
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Fig. 3 Variation of the ratio � of the particle amplitude for a semi-
infinite cell to that for an infinite cell with the particle-to-fluid density

ratio ~� for different values of H=Ro.
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