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Numerical Study of Low Frequency G-jitter Effect on Thermal Diffusion

Y. Yan', V. ShevtsovaZ, M. Z. Saghirl

Abstract: Convection has a major impact on diffu-
sion in fluid mixtures either on the Earth or in the mi-
crogravity condition. G-jitters, as the primary source
that induces the vibrational convection in space labora-
tories, should be studied thoroughly in order to improve
the diffusion-dominated fluid science experiments. In
this paper we consider the effect of g-jitters on thermal
diffusion. The mixture water-isopropanol (90:10 wt%)
bounded in a cubic cell is simulated with a lateral heat-
ing and various vibration conditions. The fluid flow, con-
centration and temperature distributions are thoroughly
analyzed for different g-jitter scenarios. It is shown that
the overall effect of vibrations on diffusion can be re-
garded basically as a nonlinear interaction between the
effects caused by each individual g-jitter component. In
the presence of large static residual gravity, the effect of
convection on diffusion is very significant, thus resulting
in a limited Soret separation. On the contrary, the impor-
tance of periodic vibration on diffusion changes accord-
ing to the frequency. Low frequency vibrations exhibit
a more dangerous effect on diffusion measurements with
respect to high frequency vibrations. The dependence of
the Soret separation on frequency and the driving mecha-
nisms at low frequency g-jitters are discussed on the basis
of these behaviors.

keyword: Thermal diffusion, Convection, Numerical
simulation, Finite volume, Microgravity, G-jitter

1 Introduction

The phenomenon related to a convection-free mixture
that separates under a temperature gradient is known as
“thermal diffusion”, or ”Soret effect” for binary mix-
tures. This phenomenon may occur in both liquid and
gaseous mixtures. For years liquid thermal diffusion has
been studied extensively with an intention to understand
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a variety of engineering and scientific problems that it
associates, such as the compositional variation in hydro-
carbon reservoirs, hydrodynamic instability of mixtures,
mineral migrations and mass transport in living matters.

The thermal diffusion process characterizes the coupling
of diffusion fluxes driven by the temperature and con-
centration gradients. It is commonly evaluated by the
thermal diffusion coefficient, or Soret coefficient for bi-
nary mixtures. In reality, a buoyancy force usually ex-
ists simultaneously and drives the natural convection.
This phenomenon is referred to as double diffusion con-
vection. On the Earth, the buoyancy convection is so
strong that it makes the ground-based experiments ex-
tremely difficult. Therefore, performing experiments in
a convection-free environment seems to be a good op-
portunity to bypass this problem. Space laboratories of-
fers microgravity environment, which makes it possible
to achieve somewhat true diffusion conditions. However,
due to the existence of static and oscillatory residual ac-
celerations (g-jitters) in space laboratories, diffusion ex-
periments are affected by the g-jitter induced convection.
Although much weaker compared to that on the Earth,
this convection has to be fully considered to ensure the
accuracy of experiments. G-jitters have a wide spectrum
of amplitudes and frequencies. Their effect on diffusion
varies depending on both amplitude and frequency. The-
oretical study of the g-jitter effect at different conditions
therefore becomes essential in supporting space experi-
ments and better understanding the measurement results.

Recent studies concerning the effect of different grav-
ity modulations on convection have been reported by
several researchers. For example, Farooq and Homsy
(1994) investigated streaming in a square cavity where
a lateral temperature gradient interacts with a constant
gravity field modulated by small harmonic oscillations.
They found that under certain parametric conditions with
finite frequency and moderate Pr number, the periodic
motion interacts with the instabilities associated with
the base flow and causes resonances, which increases
in strength as Ra increases. At low frequencies the
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streaming flow shows marked structural changes as Ra
increases. Farooq and Homsy (1996) studied the dynam-
ics of a differentially-heated, gravity-modulated slot and
observed parametric resonance, which leads to instability
of the flow. The stability boundary were found to depend
on the frequency and the amplitude of the modulation.
Chen and Chen (1999) examined the effect of gravity
modulation on the stability characteristics of convection
in a differentially heat infinite slot for fluids with Pr =1
and Pr = 25. For both kinds of fluids, they observed that
the instability mode switching is a dynamic response to
the periodic forcing and is independent of the dominant
mechanism for instability. Rees and Pop (2001) investi-
gated the influence of periodical gravity modulation on
free convection in porous media. By examining the de-
tailed effect of the g-jitter’ amplitude and frequency on
the flow and heat transfer characteristics, they have stated
that the low-frequency g-jitter has a significant effect on
the stability of the system. For large values of the forcing
frequency, the numerical evidence suggests that the flow
is unaffected by g-jitter at leading order, while at small
values of the frequency, the heat transfer response is al-
most exactly in phase with the gravitational acceleration.

Some researchers, in particular, have focused on the ef-
fect of low frequency vibrations on convection. Hirata
et al (2001) have recently analyzed the system response
of buoyancy driven fluid to oscillatory accelerations in
a microgravity environment by means of a fully nonlin-
ear numerical simulation for a two-dimensional, bottom-
heated, square cavity. They have found that, in the
range tested, time evolutions exhibit synchronous, 1/2-
subharmonic and non-periodic responses, and the flow
pattern is characterized mainly by a one- or two- cellular
structure according to the vibrational Rayleigh number
Ra and the dimensionless angular frequency ®. As ®
increases or Ra decreases, convection becomes more sta-
ble. The non-periodic responses appear for Ra > 5 x 10*
in the flow regimes as the result of transitions between
flow patterns.

In earlier studies, transition to chaos at Ra = 10* for a
laterally heated square cavity was reported by Lizée and
Alexander (1997), who considered the onset of chaotic
thermovibrational convection in a laterally heated square
cavity. They stated that the intermittent transitional flows
exhibit strong nonlinearities and cannot be considered in
terms of a small perturbation superimposed on a mean
flow that is close to the Ra, =0 flow.
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More recently, Savino and Lappa (2003) have tried to
build new sets of reduced equations valid at relatively
low frequencies by direct numerical simulation of the
Navier-Stokes equations with an oscillatory body force
in the momentum equation. In practice, these different
sets of equations, given by the omission of some terms,
have been obtained through an “a posteriori” analysis of
the different diffusive, convective and production terms
in the Navier-Stocks equations.

Other recent articles that have discussed vibrations in
general and depicted in detail the structure of steady
three-dimensional gravitational flows may be found
in Lappa (2005a), Lappa (2005b), and Melnikov and
Shevtsova (2005).

Lappa (2005a) has presented a comprehensive review
and critical analysis on the possible strategies for the
control and stabilization of Marangoni flow in laterally
heated floating zones; in particular, the application of
forced high-frequency vibrations has been considered as
a possible and economic means to induce flow stabiliza-
tion.

Lappa (2005b) has investigated the different scenarios
that arise in cubical and shallow cavities filled with sil-
icon melt in terms of the structure of the convective
field and possible stable and unstable regimes within
the framework of numerical solution of the non-linear
balance equations through multiprocessor computations.
Various types of convective mechanisms under different
heating conditions have been thoroughly discussed to il-
lustrate the possible three-dimensional patterns of sym-
metry.

Melnikov and Shevtsova (2005) have numerically stud-
ied the buoyancy-driven convective flows in a laterally
heated cubic enclosure through a liquid particles trac-
ing technique. In particular they have shown that two-
dimensional approach can not provide a clear picture of
the three-dimension convection, especially at large Pr
number.

Several articles also exist where attention was focused
on double-diffusion convection, for example, Monti and
Savino (1995), Shu et al (2001), Chacha et al. (2002),
and Chacha and Saghir (2005). Monti and Savino
(1995) studied a general case of quasi steady residual
gravities superimposed to high frequency-small ampli-
tude g-jitters by means of a time-averaged formulation
in order to evaluate the maximum allowable high fre-
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quency g-jitters that specific microgravity experiments
can tolerate. They numerically analyzed the thermo-
fluid-dynamic distortions as a function of the classical
Rayleigh number for steady gravities, and of the vibra-
tional Rayleigh number, for high frequency g-jitters. On
the basis of their results, the g-tolerability domain was
drawn for a study on thermal diffusion in a fluid cell.

Shu et al (2001) utilized the finite element method to
study the double-diffusion convection driven by g-jitter
in a microgravity environment for binary alloy melt
systems. Their computations include various vibration
conditions, i.e., idealized single-frequency and multifre-
quency g-jitter as well as the real g-jitter data taken dur-
ing an actual Space Shuttle flight. They have found that
the disturbance of the concentration field is pronounced,
and with an increase in g-jitter force (or amplitude), the
nonlinear convective effects become much more obvious,
which in turn drastically change the concentration fields.

Chacha et al. (2002) investigated the thermal diffusion
in a binary mixture of methane and n-butane subject to
g-jitters with moderately high frequency. For various
configurations, they noticed that the g-jitter causes mix-
ing and overcomes the Soret effect in the cavity. The
flow was found to respond synchronously to the oscil-
latory accelerations. More recently, Chacha and Saghir
(2005) have studied the effect of the time dependent ver-
tical gravity vector on the mass diffusion in a binary fluid
mixture in a rigid rectangular cell subject to a lateral tem-
perature gradient. Their numerical results show that the
g-jitter reduces the compositional variation; and it is es-
sential to eliminate both residual gravities and g-jitter
levels to achieve nearly ideal diffusive conditions when
their directions are orthogonal to that of the temperature
gradient. They have also found that the Soret number
oscillates with time at the same frequency as the origi-
nal excitation. However, the backflow disturbs this vari-
ation and makes it non-sinusoidal in shape. Shevtsova
et.al. (submitted) have studied the influence of differ-
ent vibration conditions on thermal diffusion for a binary
mixture. They have noticed that the effect of the com-
bined static and oscillatory vibrations on diffusion is not
a simple summation of fields generated by each individ-
ual vibration component. The vibrational mean fields, as
well as the “convective” mean fields with and without the
static gravity are different.

The studies cited in the foregoing text are valuable ex-
amples of efforts provided to discern the characteristics
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of double diffusion convection and thus to improve our
understanding of the g-jitter effect on diffusion process.
However, more precise knowledge is still needed to un-
cover the underlying mechanisms and to determine the
range of the most harmful frequencies in space exper-
iments. This requires extensive numerical work to be
done for g-jitters in a variety of frequencies. So far,
most of studies have been focused on (moderate) high
frequency vibrations. Very limited information is avail-
able for the double-diffusion convection under low fre-
quency vibrations. Furthermore, it is not clear that under
multiple-frequency g-jitter conditions, whether the effect
of vibration is amplitude dependent, frequency depen-
dent or both play important roles through somewhat in-
teraction still remains a question mark. It is expected that
further numerical work will help to discover the physi-
cal difference of the impacts of vibration frequencies on
diffusion. It will also contribute to a larger database,
through which the diffusion theories may be validated
more generally and thoroughly.

The main purpose of this research is to evaluate the g-
jitter effect on thermal diffusion with a focus on low fre-
quency g-jitters. Single-frequency g-jitters represent the
idealized situation. Although they rarely happen in real
microgravity environment, they are very essential to gain
fundamental insights into the mechanisms of double-
diffusive convection. In this paper we numerically study
the thermal diffusion process of a binary mixture water-
isopropanol (90:10 wt%) in a cubical cell in the presence
of g-jitters ranging from 0.001Hz to 0.025Hz. These
frequencies in general fall into the low-frequency spec-
trum of the microaccelerations onboard the Foton satel-
lites [Sazonov et al (2004)]. A lateral heating condition
is applied to the fluid system. The finite volume method
is used to solve the Boussinesq approximated governing
equations. The effect of g-jitter frequency and amplitude
on the intensity of the fluid flow, heat and mass transfer,
and Soret separation are investigated in a quite exhaus-
tive way.

2 Mathematical model

An initially homogenous binary mixture, water-
isopropanol (90:10 wt%) is filled ina 10 x 10 x 10(mm?)
cubical cavity. Fig. 1 illustrates the physical problem.
The two opposite side walls are kept in constant tempera-
tures, Tjo; = 303.15K and T,,;; = 293.15K, respectively.
All other walls are thermally insulated. The cubical
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Table 1 : Physical properties of the mixture at 7y = 298.15K and py = 1.013 x 10°Pa

Density po 984 kg/m®

Kinematic viscosity v 1.41 x 10~%m?/s

Specific heat cp 3990.5 J/(kg K)

Thermal conductivity k 0.522 W/(m K)

Thermal expansion coefficient By 3.1x107% 1/K

Volumetric concentration expansion coefficient 3. | 0.1386

Molecular diffusion coefficient D, 8.7 x 10792 /s

Soret coefficient St .., (conventional definition) —10.6 x 10731 /K (21°C)
—7.63 x 10731/K (37.5°C)

HOT WALL

Z{m)

COLD WALL

L™ +

Figure 1 : Physical model

cavity is rigid and impermeable to matter. The system
is subject to static and/or oscillatory gravities, which are
oriented perpendicular to the temperature gradient, i.e.,
in the Z (vertical) direction. Physical properties of the
mixture are summarized in Tab. 1.

2.1 Governing equations

The problem of double diffusion convection is governed
by the mass conservation, species conservation, energy
and momentum equations. Both molecular and thermal
diffusion coefficients are assumed to be constant in the
simulation. The Boussinesq approximation is applied,
therefore the equation of state may be simplified as:

P=po[l =Br (T —To) +Bc (¢ —co)] (1)
The governing equations take the form:

V.i=0 ()
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where the operator D% = %—l— uaa—x —l—va% —l—wa%; p is the
density; T is the temperature; c¢ is the mass concentra-
tion of water (carrier); p is the pressure; i is the velocity
vector; i = u-i+v- f—I—w -k; cp is the specific heat; k is
the thermal conductivity; v is the kinematic viscosity; Br
is the thermal expansion coefficient; 3, is the volumetric
concentration expansion coefficient; D, is the molecular
diffusion coefficient; Dy is the thermal diffusion coeffi-
cient; g is the gravity vector, see Eq. 17; and the subscript
0 denotes properties at the initial state.

It should be mentioned thatD7 in Eq. 3 adopts the defi-
nition in the Firoozabadi model [Shukla and Firoozabadi
(1998)]. It relates to the conventional definition, Dy ., ,
as follows:

Dr = CO(l - CO)DT_C()n (6)
therefore the Soret coefficient, St, in this study relates to
the conventional definition, S7 .., as follows:

(N

St = CO(l - CO)ST_C()n

2.2 Boundary and initial conditions

The no flow and no slip boundary conditions are applied
to the side walls; and there are no reactions inside the
cavity and no mass flux through the side walls. The ver-
tical walls have constant temperatures, and other walls
are assumed to be adiabatic. The boundary conditions
are given by:
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atx=0,x=L:
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where J,, J, and J; are the diffusion fluxes in the X,
Y and Z directions, respectively; L, W, and H denote
the length, width, and height of the cavity. The initial
conditions are # = 0, cg = 0.9, po = 1.013 x 10°Pa and
Tp=298.15K (0<x<L).

3 Numerical method

The set of governing equations, Eq. 1 to Eq. 5, contain
seven unknowns, i.e, (u,v,w,p,p,T,c) to be solved for
each mesh point in the cavity. In our model the finite
volume method is used for discretizing the mass, mo-
mentum and energy equations along with the appropriate
boundary and initial conditions. For solving the govern-
ing equations, the SIMPLE algorithm [Patankar (1980);
Peyret and Taylor (1983)] is implemented. In this algo-
rithm, the iteration process starts by using guessed ini-
tial pressure and velocity fields. Then, solving the con-
tinuity equation, a pressure correction field is obtained,
which, in turn, is used to update the velocity and pressure
field. This procedure is iterated until the convergence is
achieved. More details of the numerical procedure may
be found in Chacha et al (2003). The mesh sensitivity
analysis has been conducted with the Nusselt number at
the hot and cold walls as the evaluation criterion, see
Chacha et al (2003). The optimal mesh 19 x 9 x 19 was
used to obtain all the results presented in the following
sections.
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4 Results and discussion

In this paper we have studied five different g-jitter cases
with respect to the amplitude and frequency as well as
static residual gravity cases ranging from 0 to 1072 g.
Tab. 2 lists the details of these g-jitter cases. The gravity
vector takes the form:

§=—[gu +&upsin(2nfr)] -k a7
where g, is the static component of the g-jitter; g, is the
amplitude of the oscillatory component of the g-jitter; f
is the g-jitter frequency; and the sign minus denotes that
the gravity is in the opposite direction of Z axis.

Table 2 : G-jitter cases simulated in this study

Frequency | g« 8vib
Case 1 0.025 Hz
Case 2 0.005 Hz 0
Case 3 0.001 Hz 1073 g
Case 4 0.025 Hz 104
Case5 | 0.001 Hz g0

In the following sections we will discuss how the static
residual gravity, pure oscillatory g-jitter, and the combi-
nation of both affect the diffusion process. We will also
analyze the effect of g-jitter frequency on diffusion. The
separation rate, Sr, has been used to quantify the compo-
nents separation. It is defined with respect to the maximal
possible separation at zero gravity, Ac , as follows:

Sr= (5601(1 - é:hot)/Ac (18)
and
Ac = co(1 —¢0)ST_conAT (19)

where AT is the initial temperature difference between
the hot and cold walls. ¢.,;4 and &, are average concen-
trations of water at the cold and hot walls, respectively,
when the system reaches the quasi steady state. At ideal
zero gravity, Sr = 1. In the presence of g-jitters, Sr < 1.
The more the Soret separation departs from 1, the more
strongly the convection affects the diffusion. The effect
of convection on diffusion is also reflected in tempera-
ture profiles. The maximum deviation of the temperature
profile from the linear distribution, 87 , is thus examined,
which is defined as follows:

6T = max [abs(Tfu” — Tlinear)] (20)
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Figure 2 : Comparison of water concentration contours at different levels of gravity

where Ty, is the local temperature when the system
reaches the quasi steady state; and 7T}, 1S the tempera-
ture at the same location assuming that the zero gravity
condition is applied.

Prior to discussion, it is necessary to address the charac-
teristic times, namely, thermal characteristic timet,, =
L?/a, molecular diffusion characteristic time Tp =
L?/D,, and viscous characteristic time T, = L?/v. 1y
measures how quickly materials respond to thermal
changes and reach to a new equilibrium. It depends on
the characteristic length of the cavity Land the thermal
diffusivity of the material a (a = k/pc,). For water-
isopropanol in the cubic cell in this study, T, ~ 770s.
Simultaneous to the heat transfer, mass transfer occurs
along the temperature gradient, however, much more

slowly than the thermal process. Its characteristic time
is usually much higher than the thermal characteristic
time. In this study Tp =~ 115 x 103s . Viscous charac-
teristic time usually has a much smaller value than the
thermal and molecular diffusion characteristic times. In
this study Ty, ~ 70s.

4.1 Effect of static residual gravities

When only the static residual gravity exists, the buoy-
ancy force constantly acts on the mixture without chang-
ing direction. It has a negative effect on thermal diffu-
sion; the degree of its effect depends on the magnitude
of the residual gravity. Fig. 2 compares the contours
of water distribution in the X-Z middle cross-section of
the cubic cell at different levels of residual gravity. With
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Figure 3 : Comparison of the water distribution along
the X axis in the central line of the cavity

negative Soret coefficient water as the reference matter
(carrier) migrates to the hot wall, and isopropanol to the
cold wall. At zero gravity, the concentration of water
distributes linearly along the direction of the temperature
gradient from the hot wall to the cold wall (graph not
shown). This linear concentration profile doesn’t change
very much at 10~®ggalthough locally small deformations
have indeed been observed. With further increase of the
gravity level, the effect of buoyancy convection becomes
significant. The smooth and linear concentration profile
is greatly distorted at 10~*gy When the gravity increases
to 103gg, a boundary layer structure appears in the con-
centration profile: along the direction of the temperature
gradient the mass separation mainly takes place in the
vicinity of the hot and cold walls; while in the centre of
the cubic cell it is almost homogenous. The thickness
of the boundary layers is about 2 mm in this case. This
phenomenon reveals the fact that the residual gravity is
responsible for mixing in the cavity due to the effect of
the buoyancy force. As the magnitude of the residual
gravity increases further towards the ground gravity, such
mixing tends to become very dramatic and the boundary
layer structure becomes more distinct. The thickness of
the boundary layer reduces with increase of the residual
gravity, as shown in Fig. 3, which compares the water
concentration along the X axis in the central line of the
cavity for 10 3ggand 10~2g, .

The strong effect of the buoyancy convection can be eval-
uated quantitatively through the maximum temperature
deviation 8T and the Soret separation Sr . Tab. 3 com-
pares 07 and Sr under different static residual gravities.
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Table 3 : Comparison of Sr and 87 at different static

residual gravities

Static residual gravity

10 go 10~ g 10°gy [ 107*gg
oT | 0.00011 K | 0.01425K | 0.1813K | 1.63K
Sr | 0.9998 0.7213 0.2669 0.1403

As the gravity increases, the temperature profile devi-
ates further away from the linear distribution, and 07 be-
comes very significant at high residual gravities. Mean-
while, at these conditions the Soret separation can not be
fully developed due to the remixing of the mixture com-
ponents, therefore Sr drops quickly below 1 and can only
reach very limited values at high gravities.

As stated earlier, mass transport is a slow process in the
presence of Soret effect. It is interesting to examine the
relationship between the molecular diffusion characteris-
tic time Tp and the time required for the system to reach
the mass equilibrium at different levels of gravities. Tab.
4 summarizes the results. We notice that at zero grav-
ity and 10~%g( the mass equilibrium of the system es-
tablishes on Tp. As the static residual gravity increases
the time needed for establishing the mass equilibrium re-
duces greatly. This may be attributed to the contribu-
tion of convection to the mass transport. At zero and
microgravity conditions, the mass transport is purely due
to thermal diffusion as a result of the temperature gra-
dient. As the gravity increases, the buoyancy force be-
comes stronger and tends to prevent the Soret separation.
The two driving forces of the mass transport — diffusion
and convection — balance at a certain point and the sys-
tem therefore reaches the equilibrium. At high levels of
gravities, the convection far overcomes the diffusion and
speeds up the fluid remixing dramatically. As a result,
the system reaches the equilibrium much faster than it
does at the pure or nearly pure diffusion conditions. Tp
can only be regarded as a close estimation of the time the
system requires to reach the mass equilibrium at zero and
microgravity conditions. This concept is of importance
when estimating the necessary physical time required for
numerical simulations and experiments. With Tp as the
indicator for zero gravity, simulations for zero and mi-
crogravity conditions should cover a period of time com-
parable to Tp or longer. However, at higher levels of
gravities, it is reasonable to reduce the physical time for
simulations to some extent in order to save the scientific
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Table 4 : Time required for water-isopropanol to reach the mass equilibriums at different static residual gravities

Gravity Zero

10~°go 10%go 10"%gy | 10°go

32 hours

Time to reach the mass equilibrium

32 hours 22 hours 8 hours | 50 min.

manpower.

4.2 Effect of pure oscillatory g-jitters

Three pure oscillatory g-jitter cases, as specified in Tab.
2, are investigated. The frequencies are selected in a way
such to establish scales of different characteristic times.
In Case 1, the oscillation period of the external vibration
is T,s = 1/f = 40s , which is smaller than any character-
istic times, Ty (70s), T, (770s) and Tp (115x103s) for this
mixture. In Case 2, T, < T,; = 200s < Ty, ; and in Case 3,
Tos = 1000s > 1,4, The rational for simulating these cases
is to study the effect of different range of low-frequency
vibrations on thermal diffusion.

Fig. 4 compares the time variation of water concentra-
tion for Case 1 to Case 3 at P1, which is located close to
the hot wall at x =1.3mm, y = 5mm, z = Smm (see Fig.1).
Although in all cases local oscillations are observed, it is
more noticeable at the frequency of 0.001Hz rather than
at the other two higher frequencies. The mean values de-
part further away from zero-g as the g-jitter frequency de-
creases. By examining the concentration contours, Fig.
5(a), we notice a strong deformation of water distribution
at the g-jitter with frequency of 0.001Hz. As a compar-
ison, the water concentration contours at the higher fre-
quency g-jitter (0.025Hz) has only been slightly distorted
from the linear shape. This definitely suggests that low
frequency g-jitters have a tremendous effect on Soret dif-
fusion process. The temperature profiles, Fig. 5 (b), have
also been affected by g-jitters; however, the frequency
variation seems to have a less dramatic effect on the heat
transfer process.

Tab. 5 and Tab. 6 quantitatively compare Sr and 07 at
these g-jitter conditions, respectively. At all frequencies,
both Sr and 87 fluctuate with time and approach asymp-
totically to quasi-equilibrium values as the time prolongs.
This is easy to understand if we recall the fluctuation pat-
tern of the concentration and temperature distributions.
We also notice a phase shift in Sr and 87. Both Sr and
0T do not respond synchronously to the excitation of the
g-jitters. Furthermore, the oscillation frequencies of Sr
(if any) and 0T double the frequency of the external ex-

90.35%
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% 4
90.30% 0.005 Hz

90.25% - 0.001 Hz

90.20% -

90.15% -

Mass Fraction of Water
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90.00%

0 10000 20000 30000 40000 50000 60000 70000 80000
Time (s)

Figure 4 : Water concentration variation with time

citation. At higher frequencies of 0.025Hz and 0.005Hz,
however, the oscillations of Sr are considerably weak and
may be negligible. As the frequency decreases to a few
thousandths of a hertz, the output oscillations become
much stronger. This can be seen from the amplitudes of
the local oscillations. In terms of the mean values, both
Sr and 8T depart further away from the ideal zero gravity
values as the g-jitter frequency decreases.

4.3 Effect of combined static and oscillatory g-jitters

In reality, g-jitters are random and may consist of both
static and oscillatory components simultaneously. In
order to understand the fluid diffusion behaviors under
these conditions, we further simulate two cases, Case 4
and Case 5 as specified in Tab. 2. In both cases, the
static component of the g-jitters maintains the magnitude
of 10™* go; while the frequency changes with Case 4 (
f = 0.025Hz) representing a higher frequency vibration
and Case 5 ( f = 0.001Hz) a lower frequency vibration.

It is anticipated that with the addition of a non-zero static
residual gravity, the buoyancy convection becomes much
stronger than the one induced by pure oscillatory grav-
ities alone. Such change is, first of all, reflected in the
local velocity profile, see Fig. 6. When there exists only
the oscillatory g-jitter, for example in Case 1, the veloc-
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Table 5 : Comparison of Sr at pure oscillatory g-jitter cases after 18 hours of physical time

Case 1 Case 2 Case 3

(0.025Hz) (0.005Hz) (0.001Hz)
Sr (mean value) 0.9457 0.9205 0.8376
Deceased from its corresponding static case 0-g | 5.4% 7.95% 16.2%
Oscillation in Sr negligible negligible yes
Frequency of Sr oscillation - - 0.002Hz
Amplitude of Sr oscillation - - 2.38x107%

Table 6 : Comparison of 8T at pure oscillatory g-jitter cases after 18 hours of physical time

Case 1 Case 2 Case 3
(0.025Hz) (0.005Hz) (0.001Hz)
0T (mean value) 0.0159K 0.0424 K 0.0706 K
Oscillation in 8T yes yes yes
Frequency of o7 oscillation 0.05 Hz 0.01 Hz 0.002 Hz
Amplitude of 87 oscillation 6.74x1073 K 31.99x103 K 46.78x1073 K
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(a). Water concentration contours

(b) Temperature contours

Figure 5 : Comparison of concentration and temperature contours (Case 1: solid lines; Case 3: dashed lines)

ity is symmetric with respect to the time axis and changes
in a sinusoidal shape. However, in the case of combined
static and oscillatory gravities, for example in Case 4, the
velocity plot shifts toward the negative Z axis (the direc-
tion of the static component of the g-jitter) with a mean
value not equal to zero. In addition, the amplitude of the
velocity oscillation increases noticeably compared to that
in the pure oscillatory g-jitter case.

Tab.7 compares the velocity fluctuation for different g-

jitter cases. The data shown in this table suggest that the
static gravity is not really “static” when interacting with
the oscillatory g-jitter. Its existence can not only generate
a stronger mean fluid flow (compared to where the static
gravity is absent) in the order similar to that generated
by its corresponding static gravity. It can also enhance
the fluctuation of the fluid flow and cause stronger vibra-
tions than the pure g-jitter alone. We have further noticed
that in both pure oscillatory g-jitter cases and combined
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Table 7 : Comparison of the velocity in Z axis, Vz, at the location P1 (after 18 hours of physical time)

Vz Frequency of Vz oscillation Amplitude of Vz oscillation
(mean value)
Case 1 0 0.025Hz 4.44x10~° m/s
Case 2 0 0.005Hz 4.93x107% m/s
Case 3 0 0.001Hz 5.40x10~° m/s
Case 4 -0.6x10~° m/s 0.025Hz 5.52x107° m/s
Case 5 -0.7x10°m/s | 0.001Hz 6.18x107° m/s
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Figure 6 : Comparison of velocity variation with time at the location P1 for different cases
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Figure 7 : Comparison of concentration contours: (a). Case 4 (solid lines) vs. static g; =10"*gq (dashed lines) (b).
Case 5 (solid lines) vs. static g =10"% go (dashed lines)

g-jitter cases, the fluctuation of the fluid flow intensi- and/or high frequency g-jitter components. In all the g-
fies as the g-jitter frequency decreases. We may there- jitter cases simulated, the velocity field oscillates in a fre-
fore anticipate that the effect of low frequency g-jittersis quency equal to that of the driving g-jitters.

considerable either alone or in a combination with static  Fjg_ 7 illustrates the water concentration contours at Case
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Figure 9 : Comparison of 87 variation with time

Table 8 : Comparison of Sr at cases when both static and oscillatory g-jitter exist (after 18 hours of physical time)

Case 4 (0.025 Hz) Case 5 (0.001 Hz)
Sr (mean value) 0.7090 0.6727
Deceased from its corresponding static case g, = 10™% gy | 1.7% 6.7%
Oscillation in Sr ? yes yes
Frequency of Sr oscillation 0.025 Hz 0.001 Hz
Amplitude of Sr oscillation 3.35x107% 93.35x107*4

Table 9 : Comparison of 8T at cases when both static and oscillatory g-jitter exist (after 18 hours of physical time)

Case 4 (0.025 Hz) Case 5 (0.001 Hz)
6T (mean value) 0.0249 K 0.0801 K
Oscillation in 0T ? yes yes
Frequency of o7 oscillation 0.025 Hz 0.001 Hz
Amplitude of 87 oscillation 16.96 x103 K 74.81 x1073 K
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4 and Case 5 after the system reaches the quasi steady
state. A comparison with their corresponding static case
(g = 107%gg) is also shown in this plot. It is obvi-
ous that with the presence of the oscillatory g-jitter com-
ponent, the water distribution has been further distorted
compared to that when only the static residual gravity
exists; and the degree of such distortion increases as the
frequency of the oscillatory g-jitter decreases. This is
caused by the vibrational convection due to the oscilla-
tory component of the g-jitter. Such vibrational convec-
tion induces an extra disturbance on the fluid flow in ad-
dition to that caused by the static residual gravity. The
Soret separation is thus affected by the total effect of both
static and oscillatory gravities. The fact that the concen-
tration contour is distorted much significantly at a lower
frequency g-jitter indicates a stronger vibrational convec-
tion generated by the lower frequency g-jitters than by
the higher frequency ones. If we recall that the same ten-
dency has also been observed at the pure oscillatory g-
jitter cases, we may conclude that low frequency g-jitters
have a much harmful effect on diffusion process regard-
less of the existence and/or the magnitude of static resid-
ual gravities. The effect of low frequency g-jitters is also
evident from Fig. 8, where the water concentration is
presented along the X axis (direction of the temperature
gradient). It can be seen that the off-central locations ex-
perience a much stronger convection than the central line
of the cavity. This is true for both cases, f = 0.025Hz
and f= 0.001Hz, with the latter being affected more sig-
nificantly. Moreover, at the lower frequency case [ =
0.001Hz, even the central line shows a strong departure
from its corresponding static residual gravity case. Since
in both cases, the convection contributed by the static
gravity is the same, these findings may only be explained
as the result of different levels of vibrational convections
related to the oscillatory part of g-jitters with different
frequencies.

The temperature distortion is not obvious from the tem-
perature contours. We plot the maximum temperature
deviation 87T instead to illustrate the effect of convection.
Fig. 9 compares 07T during the last few periods of time
evolution for different cases. The value of 8T at the static
residual gravity case is also plotted as a reference. It is
very obvious that when both the static and oscillatory
gravities exist, the behavior of the temperature changes
greatly in terms of both intensity and duration. The mean
values of the temperature fluctuations increase sharply
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Figure 10 : Separation rate variation with time

as well as the amplitudes. In addition, a secondary os-
cillation appears; and such oscillations become increas-
ingly strong as the frequency of g-jitter decreases, see
the plots for Case 4 and Case 5 in Fig. 9. The change of
the temperature magnitudes and patterns clearly demon-
strates the strong effect of convection and the nonlinear
interaction between the static and oscillatory gravities.

A quantitative evaluation of the combined effect of
static and oscillatory g-jitters on diffusion may be given
through the separation rate, Sr . Fig. 10 compares the
time evolution of Sr for both Case 4 and Case 5 with
the static case as the comparator. It is interesting to note
that during the whole period of the evolution, Sr in the
lower frequency case, Case 5, shows a very strong os-
cillation. The oscillation of Sr in Case 4, however, is
considerably small. Tab. 8 compares the values of Sr
for these two cases. In Case 5 the amplitude of S7 os-
cillation is almost 30 times larger than that in Case 4.
We also notice that, by comparing Tab. 8 and Tab. 5,
the amplitude of Sr oscillation is greatly enlarged in the
presence of the static residual gravity regardless of the
magnitude of the g-jitter frequencies. The same tendency
is also found for 87 if we compare Tab. 9 and Tab. 6.
This again suggests that the two components of the buoy-
ancy force, static and oscillatory, interact with each other
nonlinearly; and this interaction enhances the vibrational
convection, which would be induced by pure oscillatory
g-jitters alone. Therefore with the existence of the static
residual gravity, larger fluctuation amplitudes are shown
in local parameters, such as the concentration, tempera-
ture and velocity; and these fluctuations are reflected in
both Srand 87T . In terms of their mean values, both cases
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have reached a much smaller separation rate, either com-
pared with the values at the static residual gravity case or
with the values at pure oscillatory cases.

In addition, we observe that when the static residual grav-
ity exists, both concentration (i.e. Sr) and temperature
fields oscillate in a frequency equal to that of the driving
g-jitter excitation. This is very different from the pure
oscillatory g-jitter cases. The reason for that is not clear
yet. However, we may relate this phenomenon to the rel-
ative importance of the convection intensities induced by
the static residual gravity and the oscillatory g-jitter com-
ponent. If we compare the values of Sr in a set of cases,
say, Case 1, Case 4 and the static case g;=10"*g or Case
2, Case 5 and the static case g;=10"*gy, we may notice
that the values of Sr in Case 4 and Case 5 are very close
to that in their corresponding static case (g; = 10~*gp).
This implies that at the level of 10~*g, the convective
effect of the static component is dominant; and the os-
cillatory g-jitter can be regarded as a disturbance to the
main flow. The dominance of the large static convection,
on one hand, intensifies the overall convection, thus re-
sulting in enlarged amplitudes in local parameters as dis-
cussed earlier. On the other hand, it tends to stabilize the
main flow, therefore further perturbations are suppressed
and the local oscillations are limited in a frequency iden-
tical to the external excitation.

5 Conclusions

G-jitters are unavoidable sources of convection during
diffusion-dominated fluid science experiments in the
Space. In this paper we have studied the effect of both
static and oscillatory gravities on diffusion with a particu-
lar focus on low frequency g-jitters. A three-dimensional
numerical model has been introduced within the frame-
work of a finite volume method to solve the govern-
ing equations. Different scenarios have been studied
with respect to the amplitude and frequency of the g-
jitters, which may exist alone or simultaneously with
static residual gravities. The effect of g-jitters on the in-
tensity of the fluid flow, temperature distribution, solutal
transport and Soret separation has been thoroughly inves-
tigated. Several conclusions may be drawn:

1. The overall effect of vibrations on diffusion is in
essence a combination of the effect caused by each
individual g-jitter component. However, the interac-
tion between different g-jitter components such as
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the static and oscillatory components is nonlinear,
which makes the phenomenon of double diffusion
convection rather complicated.

2. The static residual gravity may cause a very strong
fluid flow depending on the magnitude of the resid-
ual gravity. Convection thus arises and remixes the
fluid mixture, resulting in an imperfect developed
Soret separation. This is especially pronounced at
large static residual gravities. Under such condi-
tions, the accuracy of the diffusion measurement
will be affected significantly. Large static residual
gravity is definitely the most hazardous factor in dif-
fusion measurements.

3. In the presence of oscillatory g-jitters the flow field
is characterized by the oscillating convection, which
has a frequency identical to the external g-jitter ex-
citation. The flow field is enhanced when the static
residual gravity exists simultaneously with the os-
cillatory g-jitter component in the direction per-
pendicular to the temperature gradient. The effect
of convection on the concentration distribution be-
comes very dramatic especially when the g-jitter os-
cillates in a low frequency no matter the static resid-
ual gravity is present or not. This in turn affects
the fluctuation of the Soret separation in terms of its
mean value and amplitude. Similarly, the convec-
tion also affects the temperature field, which shows
a larger deviation (mean value) from the ideal lin-
ear distribution as the g-jitter frequency decreases.
In addition, as the frequency decreases the fluc-
tuation in the temperature field becomes increas-
ingly strong. In summary, low frequency g-jitters
have more harmful effect on diffusion than high fre-
quency ones. They should be very well controlled
in diffusion measurements in the Space.
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