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Abstract

Diffusion-dominated experiments on-board the International Space Station and other free-flying platforms are affected by the c
flow due to the residual acceleration field and/or to the oscillatory accelerations (g-jitters) caused by several external sources. We are intere
in investigating these effects on the solutal-thermo-diffusion for a binary fluid mixture. We considered a rectangular rigid cavity fil
methane (20%) and normal butane (80%), subject to a temperature difference on its lateral walls and radiation heat transfer on the
walls. The full transient Navier–Stokes equations, accounting for aunique mode of oscillatory acceleration, coupled with the mass and he
transfer formulations and the equation of state of the fluid were solved numerically using the control volume technique. The specie
equation accounts for varying diffusion coefficients with the temperature and the fluid composition and their effect is analysed as compared
that of their average constant values. Results revealed that convection is enhanced and temperature and species profiles distortion
diffusive (zero-gravity) condition increases in a buoyancy-destabilizing configuration. The numerical study shows that by elimina
the residual gravity and theg-jitter levels are essential to achievenearly purely diffusive conditions when their direction is orthogonal to tha
of the temperature gradient. For the configuration investigated, theg-jitter is found to reduce compositional variation.When quasi-stead
state conditions are attained, thermal and compositional quantities fluctuate following a mode whose fundamental (primary) frequency
equal to that of the initially imposed vibration.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Thermal diffusion—Soret effect—causes a composit
gradient to arise in an initially homogeneous mixture due
the temperature gradient. This effect can be quite impor
in the analysis of compositional variation in hydrocarb
reservoirs. Great efforts have been invested in the deve
ment of theoretical models as well as experimental set
to account for and quantity the importance of this eff
in reservoir modelling in order to enhance oil recove
Because of buoyancy-induced convection in the grav
tional field, accurate measurement of the Soret coeffic
for multi-component mixturesis nearly impossible. Eve
when one had succeeded to ‘eliminate’ gravity-induced con
vection in ground-based experiments, results have reve
up to 50% discrepancy. Therefore an emergence of
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ducting experiments in micro-gravity environment is imp
tant to set benchmarks and help refining ground-based
cedures. Analysis of the effective acceleration environm
from space missions has shown that the acceleration
contains a constant component (residual-gravity) and o
latory components (g-jitters) covering a wide spectrum o
amplitudes and frequencies. Theg-jitters effects on spac
experiments are largely unknown. Considering the con
bution of the g-jitters and residual-gravity in theoretic
and numerical models thus appears detrimental for a be
ter understanding and analysis of the diffusion measurem
from experiments carried out on free-flying platforms wh
buoyancy is minimized.

Free convection is driven by buoyancy forces, wh
result from both density gradients and gravity field. Wh
a system with density gradients is subject to vibrations,
resulting buoyancy forces produced by the interaction of
density gradients with the acceleration field have a comple
spatial and temporal structure depending on both the na
of the density gradients and the spatial and freque
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Nomenclature

a interaction energy between
molecules . . . . . . . . . . . . . . . . . . . . . . J·m3·mol−2

b hard-core or co-volume parameter . . m3·mol−1

c transported component mass fraction
c0 initial butane mass fraction
cp mixture specific heat at constant

pressure . . . . . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

Dc mass diffusivity . . . . . . . . . . . . . . . . . . . . . m2·s−1

DT thermal diffusion coefficient . . . . . m2·s−1·K−1

f frequency of theg-jitter . . . . . . . . . . . . . . . . . . Hz
g magnitude of acceleration due to gravity m·s−2

g0 earth gravity acceleration magnitude,
= 9.81 m·s−2

g1 magnitude of the (quasi)-static gravity . . m·s−2

g2 amplitude of theg-jitter . . . . . . . . . . . . . . . m·s−2

k mixture thermal conductivity . . . . W·m−1·K−1

L cavity length . . . . . . . . . . . . . . . . . . . . . . . . . . . mm
H cavity height . . . . . . . . . . . . . . . . . . . . . . . . . . . mm
p pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
pTm pressure at mean temperature . . . . . . . . . . . . . Pa

R universal gas constant, 8.31441 J·mol−1·K−1

ST Soret coefficient . . . . . . . . . . . . . . . . . . . . . . . K−1

t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
T0 room/initial temperature. . . . . . . . . . . . . . . . . . . K
Tc cold wall temperature . . . . . . . . . . . . . . . . . . . . . K
Th hot wall temperature . . . . . . . . . . . . . . . . . . . . . . K
Tm mean temperature . . . . . . . . . . . . . . . . . . . . . . . . K
T∞ temperature of the surroundings. . . . . . . . . . . . K
u velocity component inx-direction . . . . . . m·s−1

v velocity component iny-direction . . . . . . m·s−1

ṽ mixture molar volume . . . . . . . . . . . . m3·mole−1

(x, y) Cartesian coordinates . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

ε emissivity of the radiating walls
µ mixture dynamic viscosity . . . . . . . . . . . . . . Pa·s
ω pulsation of theg-jitter, = 2πf rad·s−1

ρ mixture mass density . . . . . . . . . . . . . . . . kg·m−3

σ Stefan–Boltzmann constant, 5.67032 W·m−2·K−4
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distribution of the vibration-induced acceleration field. Th
g-jitter environment is being characterized in a grow
literature. Theoretical work onthe instability in fluids unde
the influence ofg-jitter in weightlessness conditions h
been reported by Merkin [1], Davidson [2] and Haddon a
Riley [3]. Their results revealed that convection induced
g-jitter resulted in a significant increase of the heat trans
when compared with the purely diffusive distribution. Rees
and Pop [4,5] studied the influence of periodical grav
modulation on free convection in porous media. Th
determined the detailed effect of theg-jitter’ amplitude
and frequency on the flow and heat transfer characteris
In [4], they showed how the boundary-layer flow induc
by a constant temperature vertical surface embedded
fluid-saturated porous medium is modified by time-perio
variations in the gravitational acceleration using a sm
amplitude expansion up to fourth-order. An asympto
analysis showed that theg-jitter effect is eventually confine
to a thin layer embedded within the main boundary-la
and becomes weak at increasing distances from the leadin
edge. In [5], they examined the response of a nonlin
system consisting of a flow near the front stagnation o
cylindrical surface with a constant temperature to a tim
periodic perturbation of the gravitational field. It was fou
that low-frequencyg-jitter has a significant effect on th
stability of the system. For large values of the forc
frequency, the numerical evidence seemed to suggest
the flow is unaffected byg-jitter effect at leading order
while at small values of the frequency, the heat tran
response is almost exactly in phase with the gravitatio
acceleration. The effect of increasing the values of
.

t

forcing amplitude is to give an almost proportional incre
in the shear stress and rate of heat transfer response
long as the Prandtl number is kept constant. They notic
persistence of the velocity and temperature oscillations e
when the thermal field was conductive and concluded
this could be of importance in mass transport processe
the presence of impurities. Jue and Ramaswamy [6] stu
a two-dimensional thermosolutal convection flow (with
Soret effect) under a sinusoidal gravity modulation fie
The fingering regime (regime set with a destabilizing so
field and a stabilizing thermal field) and the diffusive regi
(destabilizing thermal field) were explored for a series
gravity modulation frequencies. Two types of flow evolutio
synchronous and subharmonic responses, were obtaine
different frequencies. They showed that the increase
gravity modulation frequency provides larger heat and m
transfer rates in the fingering regime; but results in sma
value in the diffusive regime.

In a new approach tog-level tolerability for fluid and
material science experiments, Monti and Savino [7] car
out the analysis of the general case of quasi steady res
g-levels superimposed to high frequency-small amplit
g-disturbances by means of a time-averaged formulation
This helps in evaluating the maximum allowableg-levels of
high frequencies periodic disturbances that specific micro
gravity experiments can tolerate. They numerically analy
the thermo-fluid-dynamic distortions as function of the cl
sical Rayleigh number for steadyg, and of the vibrationa
Rayleigh number, for high frequenciesg-jitters. On the ba-
sis of their results, theg-tolerability domain was drawn fo
a study case on thermal diffusion in a fluid cell. Savino
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al. [8] performed a three-dimensional numerical simulat
on a fluid cell subject to periodic accelerations of relativel
high frequencies, i.e.,f � 1 Hz, orthogonal to the densit
gradient. The attention was focused on the time avera
convective motion arising from thermo-vibrational effec
The 3D numerical results presented in terms of velocity and
temperature fields enable to evaluate the range of val
of the two-dimensional assumption routinely invoked. Glo
ally, the results show that the vector plots and the isothe
in the mid-section of the cellz = A/2 are qualitatively sim-
ilar to the analogous 2D fields (A = Lz/L is the aspect ra
tio of the cell of dimensionsL × L × Lz). However quan-
titatively, significant differences between 2D and 3D res
exist for small values of the aspect ratio because of the
fluence of the viscous side walleffects. The 3D results ap
proach those obtained under 2D assumption when the a
ratio increases. Larger value of the aspect ratioA is neces-
sary at large Rayleigh numbers to obtain a good descrip
of the field in the mid-sectionz = A/2 using a 2D formu-
lation as the influence of the side walls increases with
vibrational Rayleigh number.

Reducing the gravity field reduces the Fickian diffus
ity value as compared to that obtained atg0-level and the
reduction ofg-jitter afforded on-board free-flying platform
reduces the measured value of the Fick diffusion coeffic
even further; see Smith et al. [9]. Savino and Monti [1
studied the natural and vibrational convection induced
steady residual-g and high frequencyg-jitters in a typical
process for the measurement of the diffusion coefficient
liquids at isothermal conditions (Fick diffusion) onboard t
orbiting platforms. They demonstrated through numer
experiments that a residual-g of the order of magnitude o
10−6g0 is responsible for a negligible error in the measu
ment of the Fick diffusion coefficient, whereas more relev
distortions could be associated to extremely largeg-jitters.

The preceding studies showedthat convection in micro
gravity environment is related to the magnitude ofg-jitter
and to the alignment of the gravity field with respect to
growth or the direction of the temperature gradient. It w
found that the frequency, amplitude and spatial orienta
of the residual gravity vector all play an important role
determining the convective flow behaviour of the syste
However, such research was focused on the onset of
ural convection and only a few authors included the F
diffusion in their analysis as in [10]. Very limited effor
have been directed towards the study ofg-jitter effects in
double-diffusion situations, i.e., vibrational convection o
fluid mixture in the presence of Soret effect. In their pione
ing work, Gershuni et al. [11] investigated theoretically
linear stability of a plane horizontal layer of a binary m
ture with Soret effect subject to a static gravity and lon
tudinal high-frequency vibration. The study was based
the closed system of equations, obtained by applying
averaging technique to describe the behaviour of the m
field. This resulted in the derivation of the convection s
bility limits and provided qualitative understandings of d
t

-

ferent instability mechanismsand forms. Later on, Gershu
et al. [12] studied the stability of the mechanical equil
rium of a plane horizontal binary mixture layer with So
effect in the presence of high frequency transversal vi
tion. They showed from the asymptotic analysis for lon
wave disturbances and from the numerical solution of
spectral amplitude problem for cellular disturbance that
dependently of the properties of the binary mixture, the
fect of the transversal vibration is always stabilizing. Stu
ing the convective disturbances induced byg-jitters on the
space station, Monti et al. [13] demonstrated that under
assumption of small amplitudes and large frequencies o
oscillatory accelerations, direct numerical solution of the
Navier–Stokes equations containing time-dependent acce
erations yields similar results as those obtained solving
time-averaged field equations (Gershuni’s formulation), c
taining all theg-jitter terms grouped in a single paramet
Considering a typical experiment with metal alloys the d
ference between direct and time-averaged formulations wa
found to be less than 1%. They showed that while no s
aration occurs on earth in this particular system, separatio
does take place in microgravity environment rendering S
coefficient measurement feasible; and the apparent valu
tained in the presence of residual-g andg-jitter could be up
to 30% smaller than the real one. Results obtained by Sa
[14] show that for the microgravity level on board the Int
national Space station, the two formulations give almost
same results and orienting the residual-g parallel to the den
sity gradient, reduces the convective disturbances and ca
also help mitigating the disturbances induced by theg-jitter.

Chacha et al. [15] studied the solutal thermodiffus
in a binary mixture subject to the influence of resid
gravity field and (single mode) moderately high freque
g-jitter acceleration under Boussinesq approximation, u
the finite-element method. For the different configurati
investigated, theg-jitter was found to reduce composition
variation and synchronous responses of the flow evolu
were obtained.

In this paper we study the effect of verticalg-jitter and
residual gravity on mass-thermo-fluid dynamics in a fl
mixture by performing a direct numerical simulation of t
time-varying processes using the control volume meth
We consider a finite two-dimensional binary mixture
methane andn-butane(C1/nC4) subject to lateral temper
ature gradient including the Soret effect under the influe
of vibrational instability in micro-gravity environment. Th
mathematical formulation of the problem in dimensio
form is introduced in Section 2. Our mathematical mo
accounts for the fluid density variation as well as the va
tion of species diffusion (Fick diffusion) and thermal diff
sion (Soret diffusion) coefficients with the temperature a
the fluid composition. Section 3 presents the numerical
cedure adopted for the problem solution. In Section 4
discuss the results obtained for different micro-gravity c
ditions and the effects of varying transport coefficients. S
tion 5 concludes the results of this work.
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2. Problem description and basic equations

In this section, we describe the basic equations, boun
and initial conditions that govern the problem. The phy
cal model of the cavity under study is sketched in Fig
The system consists of a rectangular cavity (H × L) con-
taining a single-phase binary fluid mixture in micro-grav
environment under the influence of residual gravity. The c
ity may be subject to vibrational effects due to oscillato
acceleration component calledg-jitter. The cavity vibration
is modelled by a harmonic contribution to the body for
Both the residual gravity and theg-jitter are assumed to b
perpendicular to the thermal gradient. The cavity is allow
to exchange heat with its environment atT∞ through radi-
ation process at its horizontal walls. The vertical walls
set to constant temperatures,Th andTc with Th greater than
Tc (horizontal thermal gradient). All walls are assumed to
rigid and impermeable to matter.

2.1. Mass conservation equation

The principle of mass conservation applied to the fl
mixture accounting for the variation of the density results
the following equation:

∂ρ

∂t
+ ∂ρu

∂x
+ ∂ρv

∂y
= 0 (1)

For the solute and in terms of its mass fractionc, the
principle of mass conservation results in:

∂

∂t
(ρc) + ∂

∂x
(ρuc) + ∂

∂y
(ρvc)

= ∂

∂x

[
ρ

(
Dc ∂c

∂x
+ DT ∂T

∂x

)]

+ ∂

∂y

[
ρ

(
Dc ∂c

∂y
+ DT ∂T

∂y

)]
(2)

The second component (carrier-fluid) concentration is 1− c.
The Fickian and Soret diffusivities (Dc and DT ) are the
very essential parameters for the process under investiga
They are assumed to vary with the actual local temperatur
pressure and composition and can be mathematically fo
lated using the thermodynamics of irreversible processe
discussed in de Groot and Mazur [16], Shukla and Firr
abadi [17] and Firoozabadi [18]. Firoozabadi [18] provide
the detailed analytical models for the calculation of the
fusion coefficients.

Fig. 1. Geometrical model and boundary conditions.
.

2.2. Momentum conservation equation

The principle of momentum conservation is represen
by the Navier–Stokes equations for a weakly compress
(temperature and species varying density) fluid. In the
x-direction, this equation writes

∂

∂t
(ρu) + ∂

∂x
(ρuu) + ∂

∂y
(ρvu)

= −∂p

∂x
+ ∂

∂x

[
µ

(
∂u

∂x

)]
+ ∂

∂y

[
µ

(
∂u

∂y

)]
(3)

whereas in they-direction, the equation is

∂

∂t
(ρv) + ∂

∂x
(ρuv) + ∂

∂y
(ρvv)

= −∂p

∂y
+ ∂

∂x

[
µ

(
∂v

∂x

)]
+ ∂

∂y

[
µ

(
∂v

∂y

)]
+ ρgy (4)

gy = −g1 − g2 sin(2πf t) (5)

g1 and g2 are respectively the magnitude of the residu
(static) gravity and the amplitude of oscillation of t
g-jitter, whilef is the frequency of oscillation. The dynam
viscosity µ is assumed to be varying in the cavity as
function of the local pressure, temperature and composi
The dynamic viscosity model is found in Jossi et al. [19]
well as in Lohrenz et al. [20].

2.3. Energy conservation equation

Assuming there is no internal heat generation, the pri
ple of conservation of energy is expressed by the follow
equation:

∂

∂t
(ρT ) + ∂

∂x
(ρuT ) + ∂

∂y
(ρvT )

= ∂

∂x

[
k

cp

(
∂T

∂x

)]
+ ∂

∂y

[
k

cp

(
∂T

∂y

)]
(6)

The specific heat at constant pressurecp and the therma
conductivityk are assumed to be constant.

2.4. Equation of state

It is necessary to define the relationship of the den
of the fluid to the flow parameters such as temperat
pressure, and species concentration in order to make u
the preceding conservation equations. The Peng–Robi
equation of state (PR-EOS) [21] is adopted in the pre
work:

p = RT

ṽ − b
− a

ṽ2 + 2bṽ − b2 (7)

The PR-EOS enjoys practically the same level of comple
and accuracy for phase-behavior prediction as many othe
cubic equations of state (SRK-EOS, etc.). Our choice
mostly a matter of simplicity and straightforwardness
the analytical models for the calculation of the mass
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thermal diffusion coefficients are derived using the P
EOS [18]. The different steps involved in the calculati
of the fluid mixture density are detailed in Chacha et
[15]. The state of the fluid (liquid state) is fixed by th
initial composition, temperature and pressure level. Pres
negligible variations in the cavity do not affect the dens
very much afterward. The main parameter governing
density variation in the process is the temperature varia
of a lesser but not negligible importance is the mixt
compositional variation.

2.5. Boundary and initial conditions

The no flow and no-slip boundary conditions (�V · n̂ = 0;
where �V is the velocity vector and̂n is the outward unit
vector normal to the boundary) are considered on the
walls of the rectangular cavity which are not subject
surface reactions nor to mass flux (�J · n̂ = 0; where �J is the
diffusion flux). The left vertical wall is imposed a consta
temperatureTh while the right vertical wall is atTc (Th −
Tc = 10 K). The top and the bottom walls are allowed
exchange heat through radiation with the environment wh
temperature is assumed to be equal toT∞ = 303 K (�q · n̂ =
Φ; �q is the conductive heat flux andΦ is the net radiation
heat exchange between the sample and its surroundi
The imposed boundary conditions are shown in the phys
model, see Fig. 1. For the initial conditions, the velocit
in the computational domain are set equal to zero,
concentration is set equal to the initial concentrationc0, the
pressure atpTm for the average temperatureTm. Initial field
temperature is equal toT0.

3. Numerical procedure

All physical properties, except the fluid thermal cond
tivity and specific heat at constant pressure, are varying
time and space. Table 1 lists the average working conditi
the thermo-physical properties obtained at those condition
as well as the geometric data of the system used in the
merical analysis. The average working conditions are s
that the pressure at mean temperature ispTm = 35 MPa as
discussed by Georis et al. [22] whereTm = 1

2(Th + Tc) =
333 K.

Table 1
Average physical property of the mixture and physical model data

PTm 35 MPa Tm 333 K
ρ 538 kg·m−3 cbutane 0.8
µ 2× 10−4 kg·m−1·s−1 Tc 328 K
cp 2040 J·kg−1·K−1 Th 338 K
k 0.095 W·m−1·K−1 T∞ 303 K
Dc 3.771× 10−9 m2·s−1 ε 0.1
DT 5.060× 10−12 m2·s−1·K−1 L 19 mm
ST = DT /Dc 1.342× 10−3 K−1 H 6 mm
).

To complete the numerical model, a pressure-correc
equation is implemented. The equation for the press
correction inside the cavity is:

∂ρ

∂t
+ ∂

∂x

(
ρu∗) + ∂

∂y

(
ρv∗)

= ∂

∂x

[
ρKx

(
∂p′

∂x

)]
+ ∂

∂y

[
ρKy

(
∂p′

∂y

)]
(8)

and the field pressurep is given by

p = p∗ + p′ (9)

The exact velocity field represented byu and v is ob-
tained by introducing the responses to the pressure co
tions:

u = u∗ − Kx
∂p′

∂x
(10)

v = v∗ − Ky
∂p′

∂y
(11)

u∗ and v∗ are the solutions of the momentum equatio
corresponding to the guessed pressure fieldp∗ and p′ is
the pressure correction.Kx andKy are coefficients resultin
from the discretization scheme.

The numerical procedure is based on the SIMPLE a
rithm, see Patankar [23]. The NSPCG package (with M
as pre-conditioner and BCGS as accelerator) was use
solve the (nonsymmetric) algebraic system of equationsu,
v, p′, T , andc, which resulted from the control volume a
proximation. The problem is strongly coupled and nonlin
since the density and the diffusion coefficients are relate
the temperature, pressure and mixture composition. The
vergence is achieved at each time step once the maximu
the average relative errors in the unknownsu, v, p, c andT

between two successive iterations is less than 1× 10−6; i.e.,
Max(φu,φv,φT ,φc,φp) < 10−6. The average relative erro
is defined by

φF = 1

(n × m)

i=m∑
i=1

j=n∑
j=1

∣∣(Fk,s+1
i,j − F

k,s
i,j

)
/F

k,s+1
i,j

∣∣ (12)

whereF stands for the unknownu, v, p, T or c. k denotes
the time step number, while the iteration number iss. The
grid point is specified by its mesh coordinates(i, j).

The time step is in general different from one stu
case to another as it depends strongly on the period o
imposed vibration, if any.

The Soret and Fick diffusion coefficients and the visc
ity are calculated at each mesh point and are continually
dated during the course of the solution procedure. Foll
ing the initial flow field described by the initial condition
the time integration is performed using a first-order se
implicit scheme. Time integration is pursued until the ste
state is attained, when it exists. The conservation of the
tane total mass fraction is satisfied at each time step. Det
calculation steps may be found in Chacha et al. [24].
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Fig. 1 shows the rectangular mesh that was used to ob
all the results reported in this paper which consist of
control volumes in thex-direction and 19 control volume
in they-direction, for a total of 1701(21× 81) nodes. The
locations of interest (i.e., P1, P2 and P3) in the resul
analysis are also shown in the same figure. Mesh sensi
performed by Chacha et al. [24] revealed that the ado
mesh is accurate.

4. Results and discussion

Different acceleration levels applied to the cavity will be
discussed in this section; as we will investigate the ca
under earth gravity condition, residual-gravity and mic
vibrations.

4.1. Cavity under earth gravity condition

In the case of earth gravity condition, Fig. 2 prese
the convection in the cavity as well as the heat and m
transfer. As shown in Fig. 2(a), a single -boundary la
type flow- clockwise rotating convective cell is prese
Because we are in the condition of side heating, the sys
is always unstable and no critical Rayleigh number exi
Fig. 2(b) presents the temperature distribution in the ca
Because the horizontal walls of the cavity are subjec
heat losses by radiation, nonlinear temperature distribu
is obtained in the cavity. Large temperature gradient d
exist at the cold and at the hot walls. This is evident fr
the temperature distribution shown in Fig. 2(b). During t
computation, the initial temperature in the cavity was se
be the average temperature between the cold and the
walls and the species and thermal diffusion were vary
with the temperature and the fluid composition. This la
mixing which is due to the buoyancy force shadowed
Soret effect and as shown in Fig. 2(c), a uniform cons
distribution of the butane is found in the interior part of t
cavity.

Having large temperature gradient at the two vert
walls also reflects the large mass gradient at the hot an
cold walls. The temperature profile is almost linear with
the boundary layer, see Fig. 2(b). As shown in Fig. 2
near the hot and cold walls, important Soret effect is pre
which will then reduce to zero far from the lateral wa
due to the strong mixing condition. Because gravity indu
convection makes the measurement of the species and
mal diffusion nearly impossible to achieve in earth gravity
shown in Fig. 2, it is necessary to measure those coeffic
under microgravity conditions. Preceding observations
ply that ground experiments would accommodate only wit
very thin one-dimensional cell while microgravity expe
ments appear to yield more flexibility and accuracy.

In order to show the importance of adopting a varia
diffusion coefficients model in time and space, Fig. 3
presents the case of the butane concentration distribu
t

r-

(a)

(b)

(c)

Fig. 2. Streamlines, temperature and butane distribution in the cavity
Streamline; (b) Temperature contours; (c) Butane distribution.

in the cavity when the thermaland species diffusion co
efficients were varying with the temperature and the fl
composition and when they were set constant. As see
Fig. 3, the absence of gravity annihilates the mixing in
fluid cavity and, leads to a symmetric distribution of buta
with respect to the horizontal centre-line. The dashed l
represent the case when the coefficients are maintained
stant and the continuous lines represent the case when
coefficients are varying as functions of the temperature
the composition. Butane, which is the heavier compon
migrates to the cold wall. This migration is however le
pronounced—weaker—near the cold wall when the coe
cients are kept constant. This reflects the importance of
ing the diffusion coefficientsto vary in the numerical calcu
lation rather than assuming a constant parameter. The
linear complex variation of the butane near the cold wa
mainly due to the nonlinear temperature distribution at
horizontal walls of the cavity; indeed because of the rad
ation, the ‘coldest point’ is situated not on the cold wa
but in an inner zone of the cavity. All other computatio
were done assuming a variable Soret and Fickian diffus
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(a)

(b)

Fig. 3. Butane distributions in the cavity (- - - constantDc and DT ,
— variable Dc and DT ). (a) Butane variation in the cavity; (b) Butan
variation near the cold wall.

ties. Fig. 3(b) shows the butane variation near the cold
for the two diffusion coefficient conditions. It is clearly ev
dent to observe a large difference in the butane variation

4.2. Influence of the residual gravity

We have seen in the first case that gravity causes
mixing in the fluid cavity leading to a uniform mas
distribution of the butane. Fig. 4 presents the case of the m
diffusion when a residual-gravity vector of 1 µg (10−6g0)
and of 10 µg magnitude is present. Fig. 4(a) show
comparison between the zero gravity case and a 1 µg gr
condition. The dashed line presents the mass transfe
1 µg whereas the continuous line is for the ideal condi
of zero gravity. It is evident to notice that a small resid
gravity will initiate a mixing in the cavity. Such finding i
more pronounced for a residual-gravity of 10 µg as show
Fig. 4(b). Rotating flow initiates a nonuniform mass trans
variation in the computational domain. One can also no
that even with such low residual gravity, buoyancy sta
to affect the mass diffusion as less butane is migra
toward the cold end of the cavity. Such finding justifi
the importance of zero gravity environments to study
diffusion of different fluid mixtures. Fig. 4(c) presents t
butane distribution in the vertical direction, at the middle
the cavity, for different gravity levels. In the case of ze
gravity a concave variation of the butane with symmetry
present. As the residual-gravity level increases to 1 µg an
(a)

(b)

(c)

(d)

Fig. 4. Butane distributions in the cavity for different residual gravity
conditions. (a) (- - - 1 µg, — zero gravity); (b) 10 µg condition; (c) Butane
variation at the middle of the cavity (x = 0.5 L); (d) Butane variation near
the cold wall atx = 0.9 L.
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10 µg, the buoyancy convection becomes more dominan
a deformed butane profile indicates the effect that buoya
convection has on the solutal diffusion in the cavity. Fig. 4
presents the butane distribution in the vertical direct
near the cold end of the cavity. As the residual grav
increases, buoyancy effect reduces the butane diffu
toward the cold wall. However, the disturbances measu
by the nonsymmetrical lateral butane distribution are m
pronounced in the middle of the cavity as was shown
Fig. 4(c) than near the cold wall as presented in Fig. 4
The weaker butane differentiation due to increased resi
gravity level yields a smaller Soret coefficient which is
agreement with the observations presented by Savino [14]

4.3. Influence of theg-jitter

Since the gravity vector used in our model has two co
ponents, after having studied the influence of the cons
component (residual-gravity) we are going to focus on
time varying component characterised by its amplitude an
frequency. In this section we will present the effect that
amplitude and the frequency will have on the mass distr
tion in the cavity. In each case, the time step,	t , is obtained
from the relation

	t = (nT + 1) × Tjitter/8 (13)

where nT is a selected (integer) number of the vibrati
period,Tjitter. Thus by choosing the number of periodsnT

greater than zero, we are able to reduce the computat
time while maintaining the “same” periodic excitation ov
the system.

4.3.1. Effects of the amplitude variation on mass diffusio
Three different amplitude values varying between

and 100 µg will be analysed for this case. Fig. 5
presents the butane variation at P1 located near the h
wall. A comparison is made with the ideal condition
zero gravity. In this case as discussed earlier, a decrea
butane concentration near the hot wall is evident with t
thus the butane migrates towards the cold wall. A sta
oscillating regime is obtained for the three amplitudes
the g-jitter. Considering the 10 µg-amplitudeg-jitter with
no residual gravity, for example, the butane concentra
oscillates at the same frequency as the original excita
of 0.01 Hz (nT = 40). As the amplitude of theg-jitter
increases, the oscillation amplitude changes very slig
while the difference between the initial value and
average value of the concentration is significantly reduced
Increasing the amplitude on theg-jitter enhances the mixin
of the fluid in the cavity and therefore reduces spec
differentiation. The velocity in thex-direction as presente
in Fig. 5(b) is also strongly affected by the amplitu
variation. Although the velocity magnitude is small—stric
speaking—, nevertheless it is important for a diffusion c
as the one presented in this paper. This large oscillation
definitely enhance the mixing in the fluid cavity therefo
l

l

n

(a)

(b)

Fig. 5. Butane and velocity variation near the hot wall. (a) But
distribution near the hot wall; (b) Horizontal velocity component near
hot wall.

defeating the purpose of measuring the thermal and sp
diffusion coefficient in theg-jitter environment.

Another important parameter to study is the ratio
thermal diffusion coefficientDT to the species diffusion
coefficientDc known as the Soret coefficient. Fig. 6 prese
the variation of the Soret at P1 near the hot wall.
one can see a large fluctuation of the Soret coeffic
is another indication of the importance of taking varyi
thermal and species diffusion coefficient into account du
the computation. Such observation was also identical for th
two other points P2 and P3, which are located at the mid
and near the cold end of the cavity. The Soret coeffic
decreases with increasing amplitude of theg-jitter as a
consequence of reduced species gradient in the cavity.

4.3.2. Frequency variation effect on mass diffusion
In the previous section we highlighted the importan

the amplitude will have on the mass diffusion as well
on the Soret coefficient. In the present case, the ampli
was maintained constant at 10 µg and the frequency
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Fig. 6. Soret number variation near the hot wall for different jitter
amplitudes.

Fig. 7. Butane variations near the hot wall for different jittering frequenc

the varying parameter in the gravity vector. Because we
interested in low frequency condition, which does exis
the frequency spectrum on board the International Sp
Station, three different frequencies of 0.001, 0.005 an
0.01 Hz will be used in this model, withnT equal 0, 16
and 40, respectively, for the calculation of correspond
time steps. Fig. 7 presents the variation of the butan
point P1 near the hot wall. It is evident to observe t
even with a low frequency of 0.001 Hz (nT = 0) the mass
diffusion is affected with the gravity oscillation; with mo
pronounced effect at a higher frequency. The amplitud
fluctuations of the butane concentration increases with
frequency, with a slight change in the average value.
Soret coefficient oscillates due to the external disturban
As the frequency is decreasing from 0.01 to 0.001 Hz,
Soret coefficient variation is decreasing accordingly and
reaching the variation which could be obtained for the zer
gravity condition.

In order to better examine the variation of the So
and the velocity for a short period of time, Figs. 8 and
presents those variations. In Fig. 8 the Soret coefficien
.

Fig. 8. Flow and Soret coefficient at 0.01 Hz (amplitude= 10 µg).

Fig. 9. Flow and Soret coefficient for 0.001 Hz (amplitude= 10 µg).

well as the velocity in the horizontal direction is present
The time step that was used to get the results shown
Fig. 8 is 41× Tjitter/8 (Tjitter is the period of oscillation
of the g-jitter); thus nT = 40. It is evident that the flow
manifests a sinusoidal variation with a frequency ident
to the excitation frequency of 0.01 Hz; however, the So
coefficient oscillates at the same frequency but with a ph
shift and the variation is not sinusoidal. This behavi
of the Soret coefficient is explained by the fact that
flow characteristic time is smaller than the mass diffus
characteristic time. The nonsinusoidal shape of the S
coefficient may be attributed to the buoyancy convec
disturbing the mass diffusion for a time interval.

Fig. 8 is repeated but for the lower frequency of 0.001
as shown in Fig. 9. Here the time step (or time interv
wasTjitter/8. The flow variation is identical in shape to th
previous case. However, the Soret coefficient profile is
purely sinusoidal. First the Soret coefficient amplitude
variation in value has been reduced due to the low freque
and secondly, the mass characteristic time is smaller ma
the flow disturbances more obvious in this case. The S
coefficient tends to oscillate but with the back flow, th
oscillation is distorted.
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5. Conclusion

In this paper we have studied the effect the time dep
dent gravity vector will have on the mass diffusion in a
nary fluid mixture. In the earth gravity condition, a const
butane distribution in the fluid mixture is due to the m
ing generated by the strong buoyancy convection. Sore
fect was not very apparent in this case. For the zero g
ity condition, it was found that mass diffusion is importa
with butane being the heavy component of the mixture
grating to the cold wall due to the Soret effect. As the gr
ity vector became time dependent it was found that wit
variation of amplitude and frequency, the vibration affe
the mass diffusion. Finally we have shown for the first ti
that even the Soret number which is the ratio of the th
mal diffusion to the species diffusion oscillates with time
the same frequency as the original excitation. However,
backflow disturbs this variation and makes it nonsinuso
in shape.
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