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Interfacial Dynamics of Two Liquids Under an
Oscillating Gravitational Field

Walter M. B. Duval* and David A. Jacqmin*
NASA Lewis Research Center, Cleveland, Ohio 44135

The evolution of two miscible liquids meeting at an initially sharp interface inside a cavity under microgravity
£-jitter conditions is studied numerically. We show the response of the interface and kinematics of the flowfield
to various £-jitter accelerations and aspect ratio variations. The interface region acts like a vortex source sheet,
and it can be unstable to Kelvin-Helmholtz and Rayleigh-Taylor instabilities. The vortices produced along the
interface can serve as a stirring mechanism to promote local mixing. Below the critical Stokes-Reynolds number,
the destabilization of the interface results in deformation into wavy structures. In some parameter regions, these
structures oscillate in time; in others, they are quasisteady. Above the critical Stokes-Reynolds number,
4'chaotic" instability results and the interface breaks into concentration pockets. The morphology of the initial
breakup is similar to observed Rayleigh-Taylor instability. Subsequent mixing of the two fluids after the breakup
of the interface is then very rapid.
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Nomenclature
aspect ratio
dimensionless species, C* — C* /C* — C*
molecular mass diffusion coefficient
Grashof number, (Ap/p) (/ig^/fVp2)
gravitational acceleration
cavity height
unit vector in vertical direction
cavity width
normal vector to cavity
ratio
Peclect number based on mass diffusion
distance from mesh points normal to the cavity wall
Reynolds number
Stokes-Reynolds number
Schmidt number, v/Dlr
period of oscillation
dimensionless time, t*/T
characteristic velocity, (Ap/p), (ng0/u)
dimensionless velocity in x and y directions,
u* /Uc = v*/Uc = -
dimensionless horizontal and vertical direction, x*/L,
y*/H
isothermal coefficient of concentration expansivity
boundary cavity
difference
Stokes length scale
dimensionless vorticity, f* H/Uc = (&dv/dx)-(du/dy)
average kinematic viscosity, (v/ + vr)/2
density
dimensionless oscillation time, t/2ir
dimensionless stream function, V*/UCJ-1
circular frequency
gradient in x and y directions
Laplacian in two directions

Superscripts
* = dimensionless quantity
— = average quantity
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Subscripts
c = characteristic value
D = length scale based on mass diffusion
/ = left side
o = reference to Earth
r - right side
5 = length scale based on viscosity
w = mesh points

Introduction

T HEORETICAL efforts aimed at explaining the effects of
the gravitational field on materials processing conducted

inside a Space Shuttle environment1 have focused on the anal-
ysis of convection inside differentially heated enclosures.
These studies show that the gravitational field can be resolved
into a mean and a fluctuating component. The fluctuating
component, often referred to as "g-jitter," can be important
in affecting materials processing. Kamotoni et al.2 studied the
effect of g-jitter on thermal convection inside an enclosure.
They show that g-jitter can be effective in generating thermal
convection, and the resulting flows are oscillatory with very
small displacements.

A particular application of great current interest in solution
crystal growth, as discussed by Galster and Nielsen3 and Gerbi
et al.,4 is the process of opposite oriented diffusion growth.
This process for crystal growth was carried out under both
ground-based conditions on Earth and the microgravity envi-
ronment inside a Space Shuttle. In this method of crystal
growth, multiple chambers filled with fluids of different com-
positions separated by valve arrangements are used to achieve
the growth of the desired crystal. The level of convection pre-
sent, caused by the gravitational field, affects the pattern of
dislocations on the grown crystals. For the ground-based ex-
periments of Galster and Nielsen,3 suppression of gravity in-
duced convection was achieved by placing fibers between the
chambers. The results of their space experiments showed that
the experimental setups where filters used between the cham-
bers gave higher quality crystals than the ones that had no
filters. This indicated that, even in space, excessive levels of
g-jitter could be present. Alternative methods for suppressing
convection involve the use of gels,5 however, impurities and
imperfections are then introduced in the grown crystals.

Recently, after a series of experiments were conducted in
space that used an experimental apparatus with multiple cham-
bers similar to that of Galster and Nielsen, Radcliffe et al.6
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analyzed the effects of the gravitational field on both counter-
diffusion solution crystal growth and on fluid mixing for both
large and small density differences. Their crystal growth ex-
periments did not yield superior crystals to those grown on
Earth. The fluid mixing experiments involving large density
differences showed that convective mixing occurred, whereas
those with low density differences indicated negligible effects
due to convection. The dominant mechanism for low density
difference liquid mixing was hypothezised to be long time
scale mass diffusion. However, the results for both the crystal
growth experiments and the large density difference fluid ex-
periments were unexpected because of the expected low gravi-
tational field in space. These unexpected results were at-
tributed to the overwhelming effects of g-jitter.

The purpose of this investigation is to examine the effect of
g-jitter typical of the Space Shuttle environment on the mixing
characteristics of two miscible liquids with no surface tension,
which initially meet at a sharp interface. We consider both
small and large density differences in our parametric studies.
This brackets many liquid pairs that mix ideally7'9 with no
heat generation. We show that the transient evolution of the
liquid-liquid interface exhibits trends that can be characterized
as either stable or unstable to the input forcing gravitational
field. On the one hand, though convection is present for the
stable case, the interface remains sharp and undeformed over
the time considered. Long time scale mixing, for the stable
very low density difference case, is dominated by mass diffu-
sion. On the other hand, two types of interfacial instabilities
are identified for the large density difference cases: the classi-
cal Kelvin-Helmholtz instability,10'11 which results in growth
and oscillation of the interface, and "chaotic" instability as-
sociated with interfacial breakup. Because of the discontinuity
associated with the initial condition at the interface, it behaves
like a vortex sheet as it evolves, and it displays many features
discussed in the works of Rosenhead,12 Zalosh,13 Rottman and
Olfe,14 and more recently by Krazny.15 These features include
the influence of vortex concentration on the interface shape,
vortex rollup, and breaking waves. Paths to chaotic instability
are shown to be associated with continuous growth and defor-
mation of the interface leading to Rayleigh-Taylor instability,
and finally breaking into concentration pockets with a large
number of vortices distributed in the flow that give rise to a
vigorous mechanism for mixing.

To get a full scope on the effects of convection on mass
transport under microgravity conditions, in addition to a full
parametric study on square cavities of various sizes, we also
consider both high- and low-aspect ratios. We show the effect
of both amplitude and frequency variation. Lastly, we study
the evolution of the interface leading to chaotic instability,
and show when breakup of the interface occurs and chaotic
mixing ensues.

where

=l^E-

g(t*) = ng0 cos(co/*)y

with the following initial and boundary conditions

<x<L/2

(4)

(5)

(6)

(7)

= 0 on T, no slip

VC*/i =0 on F, condition of impermeability

In the preceding equations, the viscosity and mass molecular
diffusion coefficient are approximated to be independent of
concentration. Over the interface region, the viscosity and
density are averaged.

The two components of the momentum equation may be
combined into one equation by using the vorticity-stream
function relationships. We use the geometric dimensions of the
cavity of length scales, and the frequency of the oscillating
gravitational field for time scale. The characteristic velocity is
based on the ratio of buoyancy to input frequency. The result-
ing equations may be cast into dimensionless form to obtain
the following equations:

a2*
T~Idy2 (8)

Gr

ac— costdx (9)
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——dt Re2
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Formulation
The mixing characteristics of two fluids under g-jitter con-

ditions are studied by adopting the initial condition in Fig. 1.
The two fluids components are in contact at the centerline.
The higher and lower density fluids are, respectively, on the
left and right sides of the cavity. They are subjected to a
sinusoidal gravitational field that is oriented in the vertical
direction. For an isothermal system, the resulting flow may be
approximated mathematically by the Boussinesq equations:

DK*
i ————— :

D/*

DC*
D/*

(D

(2)

(3)
Fig. 1 Physical description of two fluids in contact at an interface.
The heavy and light fluid occupy the left and right regions, respec-
tively.
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where

Gr Ap ng0

Re2~ p u2H

Re = ̂ -

(lla)

(l ib)

(He)

the same level of accuracy as central differencing while elimi-
nating false oscillations and minimizing numerical diffusion.
This method is specially suited for sharp density difference
cases because of its ability to handle discontinuities such as
shocks and steep gradients. The technique is mass conserving,
stable, and, in our case, assures positivity of the concentration
field in order to eliminate false oscillations. For the vorticity
boundary condition, we used the second-order Woods for-
mula,19 namely,

A = - (lid)

In the preceding set of dimensionless equations, since we
have a nonhomogeneous media, a vorticity creation term
arises. Four significant large scale parameters result from the
nondimensionalization. Various length scales also occur in the
problem. In addition to the large geometric length scales H and
L, there are also two small boundary-layer length scales,
bs = Jp/co, based on the Stokes length scale,16 and 6D = J/5/r/co.
These diffusion length scales can be used to classify the re-
sponse of the interface evolution to external acceleration forc-
ing. If we replace the geometric length scales by the diffusive
length scale ds in the dimensionless set of equations, then the
number of parameters reduces to two, namely:

Pen=-^

Gr Ap ng0

Re2 p o>3/2i>1/2

(12a)

(12b)

where PeD = Sc, the Schmidt number, and Res = Gr/Re2 de-
notes the Stokes-Reynolds number. The Stokes-Reynolds
number represents the relative importance of buoyancy to in-
ertia forces; it is also a measure of the importance of nonlinear
effects from the point of view of the large scale computations.
Even if nonlinearity is unimportant on the large scale, it may
be of great importance in interface evolution on the small
scale. As shown by Jacqmin and Duval,17 small-scale Kelvin-
Helmholtz and Rayleigh-Taylor instabilities can be generated
at the interface. These are not necessarily resolved by the larger
scale computations of this paper. However, a good measure
for predicting the evolution of the interface leading to chaotic
mixing can be expressed in terms of the Stokes-Reynolds num-
ber, in which the small length scale is employed. Because we
are interested in interface evolution, ds is more appropriate
than <5D for scaling. For long time solutions, not discussed in
this paper, in which the flowfield becomes stratified, <5D would
be more appropriate. In this case, the problem reduces to one
significant parameter, namely, ReD =Res\f&c.

Solution Technique
The previous set of equations is solved by a finite-difference

technique. The flow is initialized as motionless, with the pre-
ceding indicated initial values of concentrations. The oscillat-
ing acceleration field coupled to the density jump at the inter-
face then forces convection. The numerical solution at each
time step is carried out by sequentially solving first the vortic-
ity equation, then the steam function equation, and lastly the
concentration equation. The nonlinear terms in the vorticity
and concentration equations are discretized in time using the
explicit third-order Adams-Bashforth scheme. Diffusive and
stream function terms are discretized spatially by central dif-
ferencing. The concentration equation advective terms are cal-
culated using a number of techniques, among them central
differencing, upwind differencing, and the flux corrected
transport (FCT) method of Boris and Book.18 The FCT
method, used for the numerical studies, yields results on about

(13)

This boundary condition is derived from a Taylor series expan-
sion of the stream function from the wall. In addition to being
second-order accurate, we found it to be stable for our compu-
tations.

Discussion and Numerical Results

Parametric Range
Inside the Space Shuttle environment, the g-jitter fre-

quency, co/2?r, ranges from 0.1 to 10 Hz, whereas its ampli-
tude, ng0 varies from 10~3g0 to 10~5g0

2. The space experi-
ments of Radcliffe et al.6 investigated the mixing of
chloroform and heptane (large density difference), as well as
pure methanol and methanol solutions with yellow or blue dye
(small density difference) by counter-diffusion inside an enclo-
sure under g-jitter microgravity conditions. We use these two
sets of fluids in our computational examples to cover a large
range of possible density differences. For the large density
difference fluids, the properties are i> = 0.00495 cm2/s,20 Ap/
p = 0.721, and Dlr = 2x 10-5cm2/s. With these liquid proper-
ties and for the specific case where w = 27r/3 s-1, and
«g0 = 10~3, our dimensionless parameters become Gr/
Re2 = 0.0165, Re=4.24x\Q\ Res = 3.4\, Sc = 247, and
PeD = 1.05 x 107. Whereas, for the low density difference flu-
ids, the properties are taken to be j> = 0.00702 cm2/s,9 Ap/
p = 0.00215, and Dlr = 0.87 x 10~5 cm2. Cavity sizes (see Fig. 1)
for which we will present calculations cover the following
range: //and L = 10, 5, 2, 1, and 0.6 cm for the square cavity.
Variations for the horizontal cavity, keeping L = 10 cm, in-
clude // = 5, 2, 1, and 0.5 cm. Similar variations in size for the
vertical cavity are obtained by reversing the values of L and //.
Our parametric studies cover the following range of parame-
ters: ^R = 0.05-20, Gr//?e2 = 9.61 x 10~6-0.5887, Re = 1.06
Xl02-4.24xl04, /?e5 = 8.30xlO-4-14.86, Sc-241, and 807,
and PeD = 3.78 x 104-1.04x 108.

Square Cavity
We next present calculations for the square cavity. We show

that the interface evolution consists of deformation and oscil-
lation. Deformation of the interface occurs for low values of
Gr/Re2, and at those low values the interface does not neces-
sarily oscillate. However, oscillation of the interface is always
accompanied by deformation for certain ranges of Gr/Re2. In
the first series of studies, we consider effect of grid size, details
of interface evolution, and effect of decreased cavity size. The
parametric ranges are show in Table 1 with corresponding
Figs. 2-5. In Fig. 2, we show the effect of grid size on resolu-
tion of the details of an interface for both the maximum cavity
size and time considered. Whereas the 36 x 36 grid size predicts
the correct trend, the 54x54 grid picks up the finer details.
Doubling the grid size to 72x72 enhances the finer details.
These trends indicate that for our computations the 72x72
grid size gives adequate large scale resolution of the interface
region. However, we found that for certain cavity sizes the
36 x 36 grid size gives equivalent results to the 72 x 72 grid in
predicting interfacial configuration. Unless noted, all para-
metric studies are done using the 72x72 grid size.
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Table 1 Parametric range for the square cavity
centration distribution stream function distribution magnitude of velocity field

T .25, v,,,., 0.0, vm,n .165. Avy .0165

Case Figure Res Gr/Re2 Re PeD

1
2
3
4
5

3a,3b
5a
5b
5c
5d

3.41
3.41
3.41
3.41
3.41

0.0166
0.0331
0.0823
0.1656
0.2759

4.24 xlO4

1.06 XlO 4

1698
424
153

1.05X107

2.62 xlO6

4.19X105

1.05 x lO 5

3.78 XlO 4

grid size
—— - 36x36
——— 54x54

. ~ ——— 72x721.0 —————————————————————————
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Fig. 2 Effect of grid size.

Interface Deformation
We now consider details of interface evolution showing de-

formation of the interface for the first 10 cycles of oscillation.
These calculations are for the 10 x 10 cm cavity. We show the
first cycle of oscillation, in Fig. 3a, and subsequent cycles in
Fig. 3b. Nine concentration contour lines are shown at the
interface region in increments of 0.1. In response to the g-jitter
initially pointing downward, within the first quarter cycle
(T= 1/4) the heavier fluid on the left side of the cavity flows
down and the lighter fluid flows up. The g-jitter vector, which
was initially downward, changes direction. A clockwise rotat-
ing flow results from the hydrostatic pressure imbalance,
which deforms the interface at the top and bottom of the
cavity. There is a near discontinuity of tangential velocity. This
characteristic of the flow is emphasized by the sharp corner
effects shown in the stream function plots. Thus, the interface
behaves like a vortex sheet. This portion of the cycle results in
the most intense flow. The enclosure geometry forces a flow
that begins to rotate. However, at the second quarter cycle
(T= 1/2) the flow changes direction. The g -jitter vector,which
had changed direction, goes through a relative minimum. The
rotation is halted when the flowfield changes direction; then
vorticity begins to be eliminated. The interface does not return
to its original position and displays a phase lag. A residual
shear layer flow forms in the neighborhood of the interface
caused by vorticity production in the earlier part. If the inter-
face was frozen in position, despite motion of the fluid, the net
integrated vorticity production from TT to r would be exactly
zero and the flow at TT or T - 1/2 would be motionless. Be-
cause the interface distorts and moves, there remains a net
vorticity in the fluid that drives a local shear flow in the
vicinity of the interface. The vorticity is like a dipole layer, so
both velocity shear and velocity itself are found only near the
interface. The flow reaches its maximum strength at the third
quarter cycle (r = 3/4), where it is again rotating in the coun-
terclockwise sense. The total force from the potential energy
of the flow pushes against the interface in the opposite sense as

Fig. 3 Evolution of the interface and kinematics of the flowfield.
(The minimum and maximum values of the stream function corre-
spond, respectively, to ^min and ¥max with increments of A¥. They are
divided into 10 intervals varying from ¥1 to ¥u). The number on the
bottom right-hand side of the vector fields represents the relative
scaling of the vectors.
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that of the first quarter cycle. As motion proceeds to the
fourth quarter cycle (r = 1), a relative maximum of the forcing
function is reached and the flow changes direction, displaying
a residual shear flow in the opposite sense as that of the second
quarter cycle. An increase in both vorticity generation at the
walls and the interface results. This oscillation in flowfield
continues for each period as time increases, and its effect is
deformation of the interface. Thus, for increasing time within
a cycle, the flowfield alternates sinusoidally between a rotating
clockwise and counterclockwise flow when the g-jitter vector
changes direction, and transforms to a residual shear flow
when the g-jitter vector goes through a relative minimum or
maximum.

Subsequent deformation of the interface due to the flow-
field is shown in Fig. 3b. In addition to the deformation of the
interface near the top and bottom of the cavity, which was
apparent for short times, deformation of the center of the
interface becomes more prominant at the fifth quarter cycle
(r = 5.25). This occurs because of the net effect of the rotating
and residual shear component of the flow on the interface
structure. Unlike the early part of the first cycle, the flowfield
induces a kink at the center of the interface where it has its
maximum strength. When the g-jitter vector goes through a
relative minimum, in addition to the residual shear flow, vor-
tex generation at the center of the interface and ends of the
cavity results. These net effects cause deformation of the cen-
ter of the interface, and these deformations amplify for in-
creasing time. The fifth half (r = 5.5) and fifth three quarter
(r = 5.75) cycles are similar to the first half (r = 0.5) and first
three quarter cycles (r = 0.75) in terms of trends. However,
vortex generation at the interface increases. Finally, after five
more cycles (r= 10), generation of vortex at the interface is
intensified, and a wavy inter facial structure with larger ampli-
tudes results. The vortices along the interface form two distinct
rows similar to a vortex street.

x x x

Fig. 4 Wave formation and oscillation of the interface.

Wave Formation and Oscillation of the Interface
Even though the initial deformation of the interface is illus-

trated in Fig. 3, its oscillation is not readily apparent, since
Gr/Re2 ( = 0.0166) is low. In Fig. 4, we show case 3 in Table
1. This shows both oscillation and deformation of the interface
leading to wave formation for the first six oscillations in incre-
ments of one-half cycle. For clarity, only the contour line
C = 0.5 is shown. The figure shows the flowfield at the mini-
mum and maximum of the forcing function, which also corre-
sponds to the minimum and maximum of the g-jitter vector.
As we pointed out earlier, when the g-jitter vector goes
through a relative minimum or maximum, the flowfield trans-
forms to a residual shear flow. In this case, the residual shear
flow is intensified. As the flow evolves, the number of vortices
generated at the interface increases. These flow configurations
are similar to the vortex sheet evolution associated with Kelvin-
Helmholtz instability waves. Unlike most classical analysis of
shear flow problems, we have an oscillating flow that behaves
alternately with rotating and residual shear during a cycle.
During the first half cycle, the interface is shifted to the left,
and at the full cycle, it is almost restored to its original posi-
tion. Boundary-layer formation at the interface and side walls
also result. The second and subsequent oscillations occur sim-
ilarly. In this case, for large Gr/Re2 ( = 0.0828), the net effect
of the rotating and residual shear causes both deformation and
oscillation of the interface. This type of behavior is similar to
problems associated with discrete vortex approximation to in-
vestigate short time evolution of a vortex sheet,12'14 and long
time vortex sheet evolution past the critical time.15 Though our
flow is more complex than most classical analysis of vortex
sheet and Kelvin-Helmholtz instability, it demonstrates the
evolution of a vortex production sheet inside a rectangular
cavity due to an oscillated flowfield when viscous effects and
interfacial mass diffusion are also taken into account.

Effects of Cavity Size
Effects of cavity size on the dynamics of the interface shape

and its relationship to the dimensionless parameters and set of
field equations are now investigated. Because /R= l , both
horizontal and vertical spatial dependence in these equations
are of equal importance. The parametric range is shown in
Table 1, cases 2-5, and corresponding Figs. 5a-5d, for a fixed
oscillation time T= 10. According to the dimensionless set of
equations, the parameters Re and PeD are proportional to //2,
whereas Gr/Re2 is proportional to I///. Therefore, as the
cavity size decreases, there is faster change in Re and PeD,
which means that the flow becomes effectively more viscous.
From the dimensionless set of field equations, these paramet-
ric ranges indicate that the nonlinear convective terms in the
vorticity equation are dominant, but the viscous diffusion
terms become important for a low Reynolds number. The
cases when viscous effects become progressivly important are
shown in Figs. 5a-5d. These cases are in contrast to Fig. 3,
\/Re<Gr/Re2, where the flow was basically inviscid and the
interface between the two fluids deformed while remaining
sharp. In Fig. 5a, larger amplitude waves are formed and an
increase in size of the vortices also results. These vortices are
in proportion to the curvature and the number of waves at the
interface; they form two rows on either side of the interface
and propagate in the flowfield, depending on the amplitude.
Further decrease in the size of the cavity results in a decrease
in the number of waves formed at the interface and also the
number of vortices generated. However, larger amplitude
waves are formed and the interface also oscillates, as shown in
Fig. 4. These oscillations and generation of vortices at the
interface can serve as a mechanism to enhance mass transport.
This becomes more apparent in Fig. 5c, where there is a tran-
sition from multiple waves to single wave formation with a
relatively larger vortex size. For this cavity size (1 x 1cm), dif-
fusion of mass at the interface has become important. In addi-
tion, the boundary layer at the side walls increased in relative
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Table 2 Parametric range for the horizontal narrow cavity

Fig. 5 Configuration of the interface and flowfield for decreasing
cavity size at T= 10.

thickness and amalgamates with the entire flowfield. The com-
bination of increased amplitude oscillation and larger vortex
size rotating in the flowfield promotes a mechanism for mass
transport, as shown in Fig. 5d. In this case the cavity is
so small (0.6 x 0.6 cm) that mass diffusion is indeed an impor-
tant component of overall mass transport. The mass transport
is localized to the interface region and is shown by the diffu-
sion of the concentration field into the flow. These parametric
variations indicate that the amplitude of wave formation is
governed essentially by the magnitude of the nonlinear convec-
tive terms, Gr/Re2. Even though the concentration field equa-
tion indicates that the convective transport is dominant over
mass diffusion, interface oscillation and vortices rotating in
the flowfield can provide the mechanism for localized mass
transport at the interface.

Horizontal Narrow Cavity
The parametric studies where ^= 1 permitted us to study

the evolution of the interface when both horizontal and verti-
cal spatial dependence is of equal importance. We now con-
sider the horizontal narrow cavity in which H decreases (see
Fig. 1). Table 2 displays the range of parameters covered for
this case. From the dimensionless set of equations, it can be
seen that as M. decreases, the spatial dependence in the hori-
zontal direction becomes of secondary importance in compar-
ison to the vertical direction, and the vorticity production term
also becomes less important. Cases 6-8 in Table 2 correspond
to cases 2-4 in Table 1, except for the change in /R. Figures
6a-6c show the resulting evolution of the flowfield at T= 10. In
comparison to Figs. 5a-5c (cases 2-4), in which the cavity
height is equivalent to those in Figs. 6a-6c, the amplitude of
the interface and the number of vortices in the flow decreased.
This results because the horizontal dependence in the dimen-
sionless field equations, which gives rise to the amplitude size

Case
6
7
8
9

Figure
6a
6b
6c
6d

M
0.50
0.20
0.10
0.05

Res

3.41
3.41
3.41
3.41

Gr/Re2

0.0331
0.0828
0.1656
0.3312

Re
1.06X104

1698
424
106

PeD

2.62 xlO6

4.15X105

1.05X105

2.62 xlO4

lagnitude of velocity field
max ^ .(X)27, V|/min = -.0144, Avy = .00171

a)

b)

)- Vm,n = -.0293, A\|f = .00487

:
- 1 i i i 1 i i i i - 1 i i i ̂ A\ i i i ;*\j::::::j;::-::p:f:._ î::::::i;:::::p::j£*

d) x x x
Fig. 6 Effect of narrow horizontal cavity at T = 10.

of the interfacial wave, becomes much smaller than the vertical
dependence. Hence a reduction of wave amplitude results. At
the same time, since ^ multiplies the vorticity production
term, the number of vortices generated at the interface also
decreases. Thus, for low narrow horizontal cavities, the flow
is restricted to the interface region and decays outside that
region where it becomes nearly quiescent. Even though the
magnitude of Gr/Re2 increases for a horizontal narrow cavity,
the amplitude of the waves decreases, which is contrary to the
cases for ̂  = 1. This happens because & becomes the domi-
nant parameter, and its effect on interface evolution becomes
readily apparent by inspecting the field equations. However,
similar to Fig. 5a, in Fig. 6a a stacking phenomena occurs in
which vortex rows on both sides of the interface form. De-
creasing the cavity size results in the formation of a flowfield
with a small core flow embedded in a larger one [Fig. 6d (five
streamlines are shown)], and very slight deformation of the
interface. The flow also becomes viscously dominated, and
vortices diffuse toward the center of the cavity.

Vertical Narrow Cavity
We now consider the other end of the spectrum, in which the

length of the cavity is decreased in order to approach a narrow
vertical slot. The corresponding parametric variations are
shown in Table 3 and illustrated in Fig. 7a-7d for r- 10. Cases
10-13 are analogous to case 1; they have the same cavity height
as Fig. 3 except for changes in length. According to the set of
field equations and the magnitude of the parameters, the
vertical component of the velocity becomes dominant over the
horizontal component. This means that the production of
vorticity should increase at the interface and larger amplitude
waves should also result, in contrast to the horizontal narrow
cavity. Such trends are shown in Fig. 7, with important differ-
ences. Comparison of Fig. 7a to Fig. 3 (r = 10) shows equiva-
lent wave amplitude near the center of the cavity, and an
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increase in both amplitude and number of waves near the top
and bottom of the cavity. This increase near the ends of the
cavity is expected. (Recall that the hydrostatic pressure field
gives rise to the flow and subsequent deformation of the
interface occurs near the ends of the cavity.) With a decrease
in width of the cavity, the equivalent hydrostatic pressure field
is more effective at establishing intensive flowfields that gener-
ates vorticity, and gives rise to larger amplitude waves near the
top and bottom of the cavity. Similar to Fig. 6a, a stacking
phenomena (see Fig. 7a) is formed with rows of vortices on
both sides of the interface. As the cavity is made narrower,
(Fig. 7b) the vertical component of the velocity becomes dom-
inant and gives rise to an intensive core shear flow near the
center of the cavity. This shear flow then suppresses wave
formation at the core region. The structure of both the inter-
face and flowfields is transformed to one where the core region
increases as the aspect ratio increases. The inter facial wave
amplitude also increases near the ends of the cavity until
viscous action becomes overwhelming. These trends are shown
in subsequent figures (Figs. 7b-7d). In the limiting case of the
very small narrow cavity (Fig. 7d), the boundary layers at the
walls amalgamate with the core shear flow and become an
effective mechanism for promoting local mass transport at the
interface.

Effects of Forcing Function

Amplitude Variation
For the preceding parametric variations, the relative impor-

tance of the linear viscous diffusion and the nonlinear convec-
tive terms cannot be addressed independently, since they are
both dependent on the variation of the geometric length scales
of the cavity. Keeping the geometrical length scales fixed, we
can vary the g-jitter amplitude. The amplitude variation af-
fects only the magnitude of Gr/Re2 based on the large length
scale and Res based on the small length scale, while all other

m function distribution magnitude of velocity field
9- Vm,n = -.(XXV79, A\|/ = .00107

a)

•±0. 103

0. 108

£ 0 . 1 5 9

O

0 . 1 7 7

d) 0.0 0 .6 1 .0 0 .0 0 .6 1 .0 0.0 0 .6 1 .0

X X X

Fig. 7 Effect of narrow vertical cavity at T= 10.

parameters remain fixed. This allows for independent varia-
tion of the nonlinear convective terms. The parametric ranges
for g -jitter amplitude variation, which shows effects of the
nonlinear convective terms, are shown in Table 4. As the
nonlinear terms become important, their effect is clearly to
increase the amplitude and the number of waves formed at the
interface, as shown in Fig. 8. For this parametric range, com-
puted using 36 x 36 grid size, higher grid size did not have any
significant effect on the interface structure.

Frequency Variation
The g-jitter amplitude variation allowed for a first glimpse

at the relationship between the large scale phenomena mea-
sured by Gr/Re2 and the small scale phenomena measured by
Res. The parameter Res may also be interpreted as the ratio of
frequencies, that is, the frequency response of the interface
region (Ap/p -ng0/vl/2) to the input frequency co of the gravita-
tional flield. Thus, as the input frequency is varied, one can
find near resonance conditions. In this parametric variation
(see Table 5), we show the effect of the small scale on the
interface evolution by varying the g -jitter frequency. The large
scale parameters are also shown in Table 5, for comparison
purposes with previous calculations. As we have mentioned,
for the small scale interpretation of the results, the dimension-
less field equations become dependent on two parameters
only, Res and Sc. Thus, the magnitude of the nonlinear con-
vective terms for both vorticity and concentration is dependent
only on Re*, and the mass diffusion terms depend on Sc.
According to these equations, since Res is directly proportional
to co3/2, we would expect a rapid growth in the amplitude of the
interface as co increases. Such trends are shown in Figs. 9 and
10. In Fig. 9a, we consider a limiting case, very small Res,
corresponding to the small density difference experiments of
Radcliffe et al.6 The result shows that at r= 10 oscillations the

Table 3 Parametric range for the vertical narrow cavity

Case Figure Res Gr/Re2 Re PeD

10
11
12
13

7a
7b
7c
7d

2
5

10
20

3.41
3.41
3.41
3.41

0.0166
0.0166
0.0166
0.0166

4.24 xlO4

4.24 xlO4

4.24 xlO4

4.24 X l O 4

1.05 xlO 7

1.05 xlO 7

1.05 xlO 7

1.05 XlO 7

Table 4 Parametric range for g-jitter amplitude variation

Case
14
15
16

Figure
8
8
8

M.
1.29
1.29
1.29

Res

1.6
3.2
4.7

Gr/Re2

0.0973
0.1946
0.2919

Re
264
264
264

PeD

1.06 XlO 5

1.06 XlO 5

1.06 X l O 5

Rc, = 1.6 ——
RC ( = 3.2 ——.

Re, = 4.7 __„

Fig. 8 Configuration of the interface at various excitation ampli-
tudes, C = 0.5 and r = 4.
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Table 5 Parametric range for g -jitter frequency variation

Case Figure Res Sc Gr/Re2 Re Pep
17 9a 1 8.30X10-4 807 9.61 x 10~6 7459 6.02xl06

18 9b 1 5.25 247 0.1472 1273 3.14xl05

19 9c 1 5.25 247 0.1472 1273 3.14xl05

20 9d 1 9.67 247 0.3312 849 2.09xl05

21 10 1 14.86 247 0.5888 637 1.57xl05

concentration distribution stream function distribution magnitude of velocity field

t = 10.0, vmal = 0.0, ymin = -.(X)592, Ay - .M0592

a

b)

c)

d) x x x
Fig. 9 Stabilized and destabilized interfaces, and transition to incip-
ient destability.

interface is stable against Kelvin-Helmholtz instability, and
remains sharp and undeformed. For this case, mixing of the
fluids would ultimately occur by mass diffusion over a long
time scale, which is in agreement with the experimental trends
of Radcliffe et al.6 The interface evolution leading to incipient
destability, near resonant conditions, is shown in Figs. 9b and
9c. Unlike the preceding cases, which result in a stable interfa-
cial wave structure, in Fig. 9b at T=\ the formation of an
unstable break wave is shown. This break wave oscillates and
grows with time, and at r = 5 the interface is transformed to an
incipient destability situation that ultimately results in the
breakdown of the interface. This is accomplished by an in-
crease in the number of vortices in the flow. Thus, Res = 5.25
represents an approximate value where chaotic instability is
about to occur. In this case, oscillation of the interface also
occurs. An increase in Res (Fig. 9d) results in a continuous
deformation of the interface without any oscillations, unlike
the preceding case, leading to a complex break wave pattern.
The interfacial structure displaying incipient destability occurs
for a shorter time, 7= 1.5.

In Figs. 9c and 9d, we showed the interface structure at
incipient destabili ty near and beyond the critical Stokes-Rey-
nolds number. The evolution of interfacial s tructure i l lus t ra t -

Fig. 10 Transition of the interface to random structure, indicating
chaotic mixing.

ing chaotic mixing is shown in Fig. 10. This case shows the
resulting interfacial structure when the g-jitter frequency is
well within the resonance range. We show the details of the
first one and a half cycles, and the resulting configuration at
the tenth oscillation. Comparison to Fig. 9 at the respective
time shows that larger amplitude deformations result. During
the first cycle of oscillation (see Fig. 10), the interface is un-
stable against Rayleigh-Taylor instability in the interim to
chaotic mixing. Similar interfacial features for the classical
Rayleigh-Taylor instability are discussed by Tryggvason.21 The
continual deformation of the interface leads to a double-
branched vortex and also exhibits vortex sheet rollup14 during
the first cycle. Interfacial breakup soon follows at r= 1.5. The
interface evolves into a random structure indicating chaotic
mixing, T= 10. In the accompanying flowfield, a large number
of rotating vortices are also generated. These vortices serve as
a stirring mechanism to promote mixing. These computations
also show that near the critical Res, the phenomena leading to
interface breakup is governed by the small length scale. Cases
3-5 bracket case 19 in terms of the large scale parameter Gr/
Re2, yet incipient destability of the interface did not occur for
these cases. This reinforces the fact that the small-scale phe-
nomena indicated by the Stokes-Reynolds number is a good
predictor of chaotic mixing.

Conclusions
Interfacial dynamics of two fluids subjected to g-jitter have

been studied to predict motion of the interface and kinematics
of the flowfield for a wide range of parameters. The interface
evolves like a vortex source sheet. The characteristics of inter-
face evolution are governed by two length scales: a large length
scale based on the geometry of the cavity, in which the field
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equations become dependent on four parameters, namely, yR,
Gr/Re2, Re, and PeD, and a small Stokes length scale, which
is independent of geometry and reduces the parametric depen-
dence of the field equations to two parameters, Res and Sc.
The applicable scale depends on a criterion based on a critical
magnitude of Res for incipient destability, which is approx-
imately 5.25. For flows below the critical value of Res inside a
square cavity, interfacial deformation depends mainly on the
magnitude of Gr/Re2. The interface is stable against Kelvin-
Helmholtz instability for very low values of Gr/Re2 (Gr/
Re2 = 9.61 x 10~6). For values of Gr/Re2 = 0.017 and higher,
the interface becomes unstable against Kelvin-Helmholtz in-
stability and deforms into wavy structures. These interfacial
deformations oscillate as time increases for Gr/Re2 on the
order of 0.03 or higher. Vortices are produced at the interface
and, for interfacial structures with a large number of waves,
these vortices form stacking rows on both sides of the inter-
face. We show that vortices along the interface can serve as a
stirring mechanism to promote mass transport at the interface.
For the horizontal cavity, we show that both the number and
amplitude of waves decrease as the size of the cavity decreases,
and a weak flow results with inner and outer core at the inter-
face whereas, for the narrow vertical cavity an intense core
shear flow develops that amalgamates with the boundary layer
at the walls and also gives rise to local mass diffusion at the
interface.

Near the critical Stokes-Reynolds number, the interface is
destabilized and breakup of the interface into distinct concen-
tration pockets follows. The amplitude of the interface grows
rapidly with time and oscillates. Unlike the cases below the
critical value, the waves formed at the interface take the form
of unstable breaker waves. Beyond the critical value, no oscil-
lation of the interface occurs. Instead, it deforms continuously
into complex breaker wave patterns and exhibits Rayleigh-
Taylor morphology with distinctive features of double-vortex
formation and vortex rollup. Once the interface breaks,
chaotic mixing follows, with a random distribution of concen-
tration pockets in the cavity. The flowfield also has a large
number of vortices, which serves as a vigorous stirring mecha-
nism to promote mixing.

For practical crystal growth applications under microgravity
environment, the above work delineates parametric conditions
for which g-jitter can be effective in driving convective flow
fields. These flow fields can be significant enough to cause
unwanted convection during experiments. In particular, even
in the solution crystal growth techniques which are designed to
take advantage of the low gravity conditions, significant levels
of convection can be generated. Therefore, precautionary
measures, such as vibration isolation tables, should be consid-
ered for solution crystal growth experiments in which minimal
levels of convection are desired.
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