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Abstract

The phenomenon of mass flux in a mixture due to a temperature gradient is known as the Soret effect or thermal diffusion. This effect
is usually small but can be quite important in the analysis of compositional variation in hydrocarbon reservoirs. Diffusion-dominated
experiments on-board the International Space Station will be greatly affected by convective flow due to the residual acceleration field and/or
to oscillatory g-jitters caused by several sources. In this paper we are interested in investigating the flow due to thermal diffusion for different
oscillatory g-jitters. The model considered is a rectangular rigid cavity filled with a binary mixture of methane and normal butane, subject to
a temperature difference on its end walls and radiation heat transfer on the lateral ones. The non-linear differential equations for the mass-
thermo-vibrational problem are derived in the case of a unique mode oscillatory acceleration. The full transient Navier–Stokes equations
coupled with the mass and heat transfer formulations and the equation of state of the fluid are solved numerically using the finite element
technique. Results revealed that the thermal diffusion is important and drives a strong convection. Convection is enhanced and therefore
temperature and species profiles distortion from purely diffusive condition increases when a parallel g-jitter is added to the residual gravity,
in a destabilizing configuration. The numerical study shows that both residual gravity and g-jitter may be detrimental but also beneficial
to achieve purely diffusive conditions, according to the orientation of the vibration direction and the residual gravity vector, relative to the
direction of the main density gradient. For the different configurations investigated, the g-jitter is found to reduce compositional variation.
When the stable regime is attained, thermal and compositional quantities fluctuate following a mode whose frequency is equal to that of the
initially imposed vibration. Even if the temperature fluctuation at a given point remains small, the compositional variation due to residual
g-jitter convection is not negligible.
 2002 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

The phenomenon of mass flux in a mixture due to a tem-
perature gradient is known as the Soret effect or thermal dif-
fusion. This effect is usually small but can be quite important
in the analysis of compositional variation in hydrocarbon
reservoirs. In order to uncover the mechanism of composi-
tional variation in a reservoir fluid, great efforts have been
invested in the development of theoretical models as well as
experimental set-ups. Because of buoyancy-induced convec-
tion in the gravitational field, accurate measurement of the
Soret coefficient for multi-component mixtures is nearly im-
possible. Therefore an emergence of experimental set-up in
micro-gravity environment becomes eminent. A joint micro-
gravity experiment is planned by the authors to measure the
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Soret coefficient for a various multi-component oil system
during a Space Shuttle mission. However, analysis of the ef-
fective acceleration environment on-board the Space Shuttle
has shown that the residual acceleration field comprises a
frequency spectrum. At frequencies of about 1 Hz, the am-
plitude is of the order of 10−4g0 to 10−3g0 whereg0 is the
earth gravity magnitude, and increasing linearly with the fre-
quency for higher frequencies [1]. The effect of such vi-
brations (called g-jitter), induced by on board machineries
or excited by crew activities, on experiments conducted in
space is largely unknown. Therefore, it is important to con-
sider the effect of g-jitter in the analysis in order to better
understand the micro-gravity experimental results.

Theoretical work concerning the instability in fluids
under the influence of g-jitter in weightlessness conditions
has been reported by several authors. Merkin [2], Davidson
[3], Haddon and Riley [4] analyzed the instability in a liquid
due to fluctuations of the acceleration field. They found

1290-0729/02/$ – see front matter 2002 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
PII: S1290-0729(02 )01382-0



900 M. Chacha et al. / International Journal of Thermal Sciences 41 (2002) 899–911

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 (or concentration)

c0 initial butane concentration
cp mixture specific heat . . . . . . . . . . . . . J·kg−1·K−1

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

DM molecular diffusivity . . . . . . . . . . . . . . . . . m2·s−1

Dp pressure diffusion coefficient . . . . m2·s−1·Pa−1

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

f frequency of the g-jitter . . . . . . . . . . . . . . . . . . Hz
g0 earth gravity acceleration magnitude . . . . m·s−2

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

g2 amplitude of the g-jitter . . . . . . . . . . . . . . . m·s−2

Hk partial molar enthalpy of
componentk . . . . . . . . . . . . . . . . . . . . . . . J·mol−1

�J total mass flux . . . . . . . . . . . . . . . . . . kg·m−2·s−1

�Jq heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

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

kij binary interaction parameter
lij binary interaction parameter
L11 phenomenological coefficient . . . . . kg·s·K·m−3

L′
1q phenomenological coefficient . . . . . . J·s·K·m−3

L cavity length . . . . . . . . . . . . . . . . . . . . . . . . . . . mm
H cavity height . . . . . . . . . . . . . . . . . . . . . . . . . . . mm
M mixture molecular weight . . . . . . . . . . kg·mol−1

Mk molecular weight of componentk . . . kg·mol−1

p pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
pTm pressure at mean temperature. . . . . . . . . . . . . . Pa
Qk heat of transport of the componentk . . J·mol−1

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

ST Soret coefficient . . . . . . . . . . . . . . . . . . . . . . 1·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
Tr reduced temperature
u velocity component inx-direction . . . . . . m·s−1

ũ molar internal energy. . . . . . . . . . . . . . . . J·mol−1

ūk partial molar internal energy of
componentk . . . . . . . . . . . . . . . . . . . . . . . J·mol−1

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

ṽ molar volume. . . . . . . . . . . . . . . . . . . . . m3·mol−1

v̄k partial molar volume of
componentk . . . . . . . . . . . . . . . . . . . . . m3·mol−1

x1 mole fraction of the transported species
xi mole fraction of componenti
xk mole fraction of componentk
Z compressibility factor

Greek symbols

ε emissivity of the radiating walls
µ mixture dynamic viscosity. . . . . . . . kg·m−1·s−1

µk chemical potential of componentk . . . . J·mol−1

ω acentric factor
ρ mixture mass density . . . . . . . . . . . . . . . . kg·m−3

σ Stefan–Boltzmann
constant . . . . . . . . . . . . . . . 5.67032 W·m−2·K−4

τk ratio of the energy of
vaporization to the energy
of viscosity of componentk

θ angle between the vertical direction
and the gravity field . . . . . . . . . . . . . . . . . . . . . rad

that convection induced by g-jitter resulted in a significant
increase of the heat transport when compared with the
purely diffusive distribution. In their studies the research was
focused mainly on the onset of convection. Savino et al. [5]
performed a three-dimensional numerical simulation on a
fluid cell subject to periodic accelerations with a relatively
high frequency. In their study, they focused only on the time
averaged convective motion arising from thermovibrational
effect.

Gershuni [6–8] and his co-workers reported a series of
theoretical work in micro-gravity subject to the influence
of vibrations, which was mainly focused on the flow insta-
bility. Later Gershuni et al. [9,10] investigated theoretically
the vibrational convective instability for the case of an infi-
nite 2D horizontal binary mixture layer, in the presence of
the Soret effect. These attempts, based on linear analysis,
resulted in the derivation of the convection stability limits

and provided qualitative understandings of different insta-
bility mechanisms and forms. Efforts were made to extract
precise qualitative as well as quantitative effect of thermal
diffusion on convection in more realistic situations: low fre-
quencies, arbitrary wave and multi-mode vibration. How-
ever, non-linearity—neglected in the preceding analysis—
may become important to enhance the driving of the convec-
tion. Direct numerical simulations are essential tools for this
purpose. Rees and Pop [11,12] studied the effect of g-jitter
on free convection in porous media. Of particular impor-
tance, they quantified the influence of g-jitter’s amplitude
and frequency on the rate of heat transfer.

In this paper we study the Soret effect by performing a
direct numerical analysis considering the effects of density
variation (fluid compressibility) under the influence of vi-
brational instability in micro-gravity environment. We con-
sider a finite two-dimensional binary mixture of methane
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andn-butane (C1/nC4) subject to lateral temperature gra-
dient including the Soret effect. In Section 2 we present
the mathematical formulation of the problem in dimen-
sional form. Section 3 presents the numerical procedure.
In Section 4 we discuss the results obtained for different con-
ditions. Section 5 concludes the results of this work. The ap-
pendix is devoted to the formulation and calculation of dif-
fusion coefficients as well as the calculation of the density of
the mixture using appropriate equation of state. To the best
of our knowledge no work has been addressed to investigate
the vibration effects on thermal diffusion.

2. Problem description and basic equations

In this section, we describe the basic equations and
boundary conditions that govern the problem. The physical
model of the cavity under study is sketched in Fig. 1(a).
The system consists of a rectangular cavity containing a
binary mixture. The cavity is subject to vibrations. These
vibrations are due to the oscillatory component of the gravity
called g-jitter. The cavity vibrations are thus modelled by a
harmonic contribution to the body force. Two orientations
of the gravity acceleration are considered: parallel and
perpendicular to the thermal gradient. The cavity is allowed
to exchange heat with its environment through radiation
process at its top and bottom walls. The vertical walls are
set to constant temperatures,Th andTc with Th greater than
Tc (horizontal thermal gradient). All walls are assumed to be
rigid and impermeable to matter.

(a)

(b)

Fig. 1. Physical model and finite element mesh. (a) Physical model.
(b) Finite element mesh and reported data analysis locations.

2.1. Mass conservation equation

The principle of mass conservation applied to a fluid,
assuming a compressible flow in order to take into account
the variation of the density, results in the following equation:

∂ρ

∂t
+ ∂ρu

∂x
+ ∂ρv

∂y
= 0 (1)

whereρ is the density,u andv are, respectively, the velocity
component in thex andy directions, andt denotes the time.

Since the fluid is composed of two species, the principle
of mass conservation applies to each individual component
as well as to the mixture as a whole. For each component
and in terms of the mass fractionc, the principle of mass
conservation results in an equation of the form:

ρ

(
∂c

∂t
+ u

∂c

∂x
+ v

∂c

∂y

)
= −�∇ · �j

�j = −ρ[Dc �∇c−DT �∇T ] (2)

where the total flux�j comprises a Fickian diffusive flux (first
term) and a thermal diffusive flux (second term). Eq. (2)
is used for the solute conservation within the cavity, the
second component (carrier-fluid) concentration being equal
to 1 − c. The termsDc and DT represent, respectively,
the mass diffusivity and the thermal diffusion coefficient
assumed to be constant in our analysis. The coefficients
Dc andDT deserve a particular attention since they are
essential parameters for the process under investigation. The
theoretical calculation of these coefficients is presented in
the appendix, based on the thermodynamics of irreversible
processes [13].

2.2. Momentum conservation equation

The principal of linear momentum is represented by the
Navier–Stokes equations. In thex direction, this equation is
written as:

ρ

[
∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y

]
= −∂p

∂x
+µ

[
∂2u

∂x2
+ ∂2u

∂y2

]
+ ρgx

(3)

Whereas in they direction, the equation is written as:

ρ

[
∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y

]
= −∂p

∂y
+µ

[
∂2v

∂x2 + ∂2v

∂y2

]
+ ρgy

(4)

where

gx = [
g1 + g2 sin(2πf t)

]
sinθ,

gy = −[g1 + g2 sin(2πf t)
]
cosθ

We assume a periodical vibration, set only in one direc-
tion at a time:θ = 0 or θ = −π/2. θ is the angle between
the negativey-axis and the gravity acceleration vector. The
termg1 is the magnitude of the residual gravity, whileg2 is
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the amplitude of the gravity oscillating part (g-jitter) andf
is the frequency of the oscillation. The pressure is denoted
by p andµ is the dynamic viscosity of the mixture.

2.3. Energy conservation equation

Assuming no internal heat generation and constant ther-
mal conductivity, the principle of conservation of thermal
energy is expressed by the following equation:

ρcp

[
∂T

∂t
+ u

∂T

∂x
+ v

∂T

∂y

]
= k

[
∂2T

∂x2
+ ∂2T

∂y2

]
(5)

wherecp andk are, respectively, the specific heat and the
thermal conductivity of the fluid andT is the temperature.

2.4. Equation of state

It is necessary to define the relationship of the density
of the fluid to the flow parameters such as temperature,
pressure, and species concentration in order to make use of
the preceding conservation equations. This relationship is of
the form:

f (ρ,p,T , c)= 0 (6)

A specific paragraph is dedicated in the appendix to the
calculation of the fluid density, which is performed using the
Peng–Robinson equation of state [14].

2.5. Boundary conditions

The no-flow and no-slip boundary conditions are consid-
ered on the walls (Eq. (7)), which are not subject to sur-
face reactions or mass flux (Eq. (8)). Constant yet different
temperatures are imposed on the vertical walls and the hori-
zontal walls are allowed to exchange heat through radiation
with the surroundings (Eq. (9)). The boundary conditions are
given below:

• Velocity boundary conditions

u= v = 0 x = 0, x = L

u= v = 0 y = 0, y =H
(7)

• Species boundary conditions

−Dc ∂c
∂x

+DT
∂T

∂x
= 0 x = 0, x = L

−Dc ∂c
∂y

+DT
∂T

∂y
= 0 y = 0, y =H

(8)

• Temperature boundary conditions

T (x = 0, y)= Th T (x = L,y)= Tc

−k ∂T
∂y

= εσ
(
T 4 − T 4

0

)
y = 0, y =H

(9)

where ε is the radiating surface emissivity,σ is the
Stefan–Boltzmann constant, andT0 is the temperature
of the surroundings.

2.6. Initial conditions

The initial conditions are as follows (i.e., at timet = 0):

u(x, y)= v(x, y)= 0 (10)

c= c0 (11)

T (x, y)= T0 (12)

3. Numerical procedure

We assume a single-phase fluid (liquid phase). All phys-
ical properties, except the fluid density, are constant with
the assigned values obtained at mean temperatureTm =
(Th + Tc)/2. Table 1 lists the thermo-physical properties,
the working conditions and the geometric data of the sys-
tem used in the present numerical analysis. The working
conditions are such that the pressure at mean temperature
is pTm = 350 bar [15], whereTm = 60◦C.

The numerical procedure consists of solving Eqs. (1)–(6)
together with the appropriate boundary conditions (Eqs. (7)–
(9)) by applying the Galerkin finite-element method for a
variable density. The problem is strongly coupled since the
density is related to the pressure, temperature and composi-
tion. The density is continually updated during the course of
the solution procedure from the equation of state (Eq. (6)) at
each mesh point. Following the initial flow field described
by the initial conditions (Eqs. (10)–(12)), the time integra-
tion is performed using a first-order implicit scheme. The
solution proceeds iteratively via a conjugate-gradient type
iterative solver following the segregated approach (more
cost-effective for considerable size or strongly coupled prob-
lems). The solution convergence is achieved at each time
step and the iteration obtained once the relative error in
the unknownsu, v, c andT for two successive iterations
is less than 1× 10−3. Fig. 1(b) displays the mesh that was
used to obtain all the results reported here: 40× 10 second-
order quadrilateral elements for a total of 1701 (81× 21)
nodes. The locations of interest in the results analysis are
also shown in Fig. 1(b).

Table 1
Physical properties of the mixture and physical model data

Th 338 K
Tm 333 K
Tc 328 K
µ 2× 10−4 kg·m−1·s−1

k 0.095 W·m−1·K−1

pTm 35 MPa
cp 2040 J·kg−1·K−1

Dc 5.88× 10−9 m2·s−1

DT −5.0× 10−12 m2·s−1·K−1

ST = −DT /Dc 8.5× 10−4 K−1

L 19 mm
ε 0.1
T0 303 K
H 6 mm
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4. Results and discussion

Sources of the residual accelerations include the effects
of the earth’s gravity gradient and the g-jitter. The high-
frequency accelerations may be unimportant in comparison
with the residual motions caused by low frequencies. As
a preliminary step towards complete investigation of the
effects of vibrations on the mass-thermo-fluid dynamics
of the binary mixture (C1/nC4), calculations have been
performed for different cases. In the first case zero gravity
condition is adopted, in the second case the g-jitter and/or
residual gravity inx direction (i.e.,θ = −π/2) is applied
and finally in the third case the g-jitter and/or residual gravity
in y direction (i.e.,θ = 0) is studied. Three frequencies are
investigated:f = 0.1, f = 1 andf = 10 Hz. When present,
the steady residual acceleration (residual gravity) and the
purely vibrational or oscillatory acceleration (g-jitter) are
considered to be parallel. The initial mass fraction ofn-
butane is fixed toc0 = 0.8. All the results are presented at
time t = 2025 s after the thermal steady state condition is
reached.

4.1. Influence of the residual gravity

In the present case, we are assuming that there is no
g-jitter in the system. Fig. 2 shows the influence of the
residual gravity on the thermo-diffusion in the absence of
any oscillatory g-jitter at three horizontal lines situated at
y1, y2 andy3 and passing, respectively, by nodes 333, 819
and 1305. The case denoted byg0 corresponds to the flow
in the absence of any gravity (i.e., no residual gravity and
no g-jitter,g1 = g2 = 0), while 0HzH, and 0HzV stand for
the flow in the presence of a residual gravity (i.e., no g-jitter,
g1 = 5 × 10−5 m·s−2, g2 = 0) oriented towards negativex
and negativey, respectively. The profiles are drawn for the
lines passing by node 333 (y1), node 819 (y2) and node 1305
(y3).

In Fig. 2(a), non-linear temperature distributions are ob-
tained due to the radiation heat losses along the horizontal
walls. In fact, slight temperature differences do exist be-
tween the profile at the middle line (y2) and those off the
middle line (y1 andy3). It is interesting to notice that the
minimum temperature location is near the cold wall. It is ev-
ident that for this condition the line aty = y2 is a symmetry
line for the temperature and species distribution. Therefore
the results of the fluid temperature and the butane concentra-
tion aty = y1 and aty = y3 are identical.

Fig. 2(b) shows the butane concentration profiles at three
horizontal planesy1,y2 andy3. For the sake of clarity some
of those profiles are not represented. It was noted that the
profiles aty1 and aty3 were identical, in the cases of zero-g

and horizontal residual gravity. By comparing the butane
distribution aty1 andy2, it is found that as we get closer to
the cavity wall, more butane is located due to the loss of heat
by radiation. In the presence of any residual gravity (cases
0HzH and 0HzV), it is found that low butane concentration

(a)

(b)

(c)

Fig. 2. Influence of residual-g on the diffusion processes. (a) Temperature
profile. (b) Butane concentration. (c) Mixture density profile.

exists near the end walls compared to the central region
of the cavity. The amount of butane on the cold end is
however higher than that on the hot end. Two symmetric
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rolls form apart from the liney2 in the presence of horizontal
residual gravity. Fig. 2(b) (bottom) shows the corresponding
flow structure illustrated by the velocity field. The maximum
butane concentration is found to be near the radiating walls
as in the previous case. However, the hot wall is now the
location of minimum butane concentration as it is the case
when any static gravity is accounted for. In the case of the
downward residual gravity (i.e., 0HzV) the flow structure is
asymmetrical. Two convection rolls are observed sustaining
the presence of a minimal temperature cross-section. A large
convective cell exists near the hot wall whereas a weak
convective cell is near the cold end. A dissymmetry also
appears in the butane distribution. The difference in the
concentration distribution of the butane near the hot and cold
end is due to the convective cell in the cavity. The strong
convection near the hot wall developed a large concentration
gradient of the butane. Whereas in the cold end of the cavity,
where the convection is weaker, the concentration gradient
is less pronounced. More butane is found to segregate into
the lower part of the cavity (represented by the profile “y1,
0HzV”). The hot and the cold ends are concentration local
minima.

Fig. 2(c) shows the influence of residual gravity on the
mixture density. Profiles alongx direction are drawn for
the three planes which arey1, y2 andy3. In the case of
zero gravity, the density variation is very smooth and is
monotonically increasing from the hot end to the cold end
(not shown). Variation of density at the two locations ofy2
andy1 is minimal. When the residual gravity is present, the
density increases to a maximum value situated at around
3/4 of the cavity length and then decreases progressively
to an intermediate value at the cold wall. The large density
gradient near the hot wall is again due to the strong observed
convection. While profilesy1 and y3 are symmetric in
the case of horizontal residual gravity and represent higher
density in comparison to the centre liney2, a dissymmetry
is naturally found betweeny1 and y3 in the case of a
downward residual gravity with denser fluid in the lower half
of the cell.

The physics at zero gravity seem to differ from that at any
residual gravity when heat losses are allowed on the lateral
walls of the cell. In fact in the present case, the envelope
of the butane concentration variation in thex direction is
“concave” in zero gravity, while it is “convex” if any residual
gravity is present. This is due to the convection in the cavity
in the presence of residual gravity.

Cross-sectional temperature profiles are shown on
Fig. 3(a) atx1, x2 andx3 (see Fig. 1(b)). The case with
no-gravity condition is presented here. However, the trend
was similar for those cases with a static gravity compo-
nent (g1 = 5 × 10−5 m·s−2). Radiation losses on the lateral
walls induce a lateral temperature gradient. Thus, as indi-
cated in Fig. 3(a), non-linear temperature distributions were
obtained. It is worth noticing that at the steady state the cold
end temperature (Tc = 328 K) is still higher than the maxi-

(a)

(b)

Fig. 3. Temperature and butane concentration profile under zero gravity
condition. (a) Temperature profile. (b) Butane concentration profile.

mum temperature atx3; sustaining the influence of the heat
losses.

Fig. 3(b) shows the butane concentration profile at differ-
ent cross-sections (x1,x2 andx3) at zero gravity. The butane
segregates towards the radiating walls while the methane mi-
grates towards the central part of the cavity. This behaviour
is expected from the fact that the Soret number is positive.

The previous case is repeated with a residual gravity
applied in the horizontal and vertical direction, respectively.
Under horizontal residual gravity, Fig. 4(a) shows the butane
distribution at three different cross sections (x1,x2 andx3).
High concentration of butane is found to be near the two
horizontal walls and lower butane concentration is found
at the centre of the cavity. The centre line aty = y2 is a
symmetry line for the temperature and species distribution.
Fig. 4(b) shows the same case but the residual gravity is
oriented in the vertical direction. The convective flow is
stronger and dominates over the thermodiffusion process, at
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(a)

(b)

Fig. 4. Butane concentration under horizontal and vertical residual gravity.
(a) Horizontal residual gravity. (b) Vertical residual gravity.

least on a considerable part of the cavity. The centre line is
no more a line of symmetry for species distribution.

Whether the residual gravity is oriented horizontally or
vertically, the mid-section corresponds to the highest butane
concentration when compared to the other two sections
at x1 and x3, respectively. On the contrary, under zero
gravity condition (see Fig. 3(b)), the middle section (i.e.,
x = x2) corresponds to the lowest butane concentration
level. We believe this is due to the fact that Soret effect
is more pronounced in a zero gravity environment and is
overcome by convection when the residual gravity is present.
This in fact justifies the importance of measuring the Soret
coefficient of a multi-component system in a zero gravity
environment.

The centre line is found to be the loci for the mini-
mal concentration in cross-sectional profiles for both zero
gravity and horizontal residual gravity conditions. The min-
imum concentration location is not fixed in the case of a
vertical residual gravity. Comparing longitudinal profiles to

Fig. 5. Temperature and butane concentration time variation under a vertical
vibration (θ = 0, f = 0.1 Hz, time step is 21 seconds).

transversal ones, it is apparent that at zero gravity where
no convection is observed, lateral segregation is very impor-
tant and is even comparable to longitudinal segregation. It is
obvious that when only residual gravity is present, the maxi-
mum deviation of the mass-thermo-fluid dynamic field from
the purely diffusive situation (i.e., zero gravity) corresponds
to a residual gravity vector orthogonal to the direction of
the main temperature gradient. In this case convection de-
velops for all values of the temperature difference between
the hot and the cold ends and antagonises species separation
by Soret diffusion.

4.2. Influence of the frequency of the g-jitter

In this case, the g-jitter implemented in Eqs. (3) and (4)
will be adopted. The objective of this section is to examine
the influence of frequency in the butane and temperature
variation in the presence of the Soret effect. Three different
frequencies will be used in our analysis. These are mainly
0.1, 1 and 10 Hz. The rational for using these frequencies
is that we are interested in studying the effect of large
frequency spectrum on the thermal diffusion. Fig. 5 shows
the temperature and butane concentration variation in time
at three specified nodes: 333, 819 and 1305. An oscillatory
g-jitter having a frequency off = 0.1 Hz is acting in
the vertical direction in addition to the downward residual
gravity. The temperature and concentration variation at
the three nodes near the hot wall were investigated with
time. While the temperature and the density (not shown)
reach a periodical regime, the species concentration still
undergoes an important activity. The average concentration
continues to vary with time, tending asymptotically to
a quasi-equilibrium value. In addition, a phase shift is
noticeable for the temperature and the species concentration
at off centre nodes (i.e., 333 and 1305). At the middle of
the cavity (i.e., node 819), the temperature fluctuation in
time can be considered negligible when a periodically stable
regime is established in the flow. The density was found not
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(a)

(b)

Fig. 6. Temperature and concentration profiles with g-jitter oriented
vertically. (a) Temperature profile. (b) Concentration profile.

to be affected by the fluctuation of the composition and was
found to depend on the temperature variation only.

Species diffusion (Soret and Fickian) is a slow process
when compared to the heat diffusion process. By designating
τth = ρcpL

2/k the heat transport characteristic time and
τFd = L2/π2Dc the mass diffusion characteristic time [16],
one may find thatτth � τFd. One could “speculate” that the
average profile variation of the butane concentration with
time is particularly attributable to thermo-diffusion process,
while instantaneous fluctuations are due to the convection in
the fluid.

Another way to examine the importance of the heat dif-
fusion process versus the species diffusion is to present the
temperature and the butane concentration at the middle of
the cavity along its length. Fig. 6 represents the cases where
an oscillatory g-jitter is added to the static gravity for a fre-
quencyf = 1 Hz. The gravity acceleration is directed along
the y-axis with the static component downward (θ = 0).
Fig. 6(a) shows the influence of the g-jitter frequency on the

Fig. 7. Influence of the frequency of the g-jitter on the diffusion processes:
temperature and butane variation at a mesh point.

temperature. A comparison between a residual gravity case
and a g-jitter having a frequency of 1 Hz is presented. In the
residual gravity case, a decrease in the temperature along the
length of the cavity is noticeable. If we recall, our observa-
tion presented earlier showed that a lower temperature was
found to be close to the cold end. This variation of temper-
ature is mainly due to the radiation. In the presence of the
g-jitter, disturbances create an additional mixing in the cav-
ity and a quasi-linear temperature distribution in the cavity is
noticeable. The minimum temperature is therefore displaced
to the cold end. It was noticed that when a periodical regime
is attained in the flow, the temperature at the mid-planey2
is the same at every frequency; therefore only temperature
profiles at 0 and 1 Hz are shown in Fig. 6(a).

Fig. 6(b) presents the butane concentration profile at two
different cases at the mid-plane of the cavity. In the absence
of g-jitter, the residual gravity directed downward shows a
large butane concentration decrease near the hot wall due to
the Soret effect. Let us recall that the g-jitter amplitude is 40
times greater than the residual gravity in the present study.
In the presence of a g-jitter with a frequency of 1 Hz, mixing
prevents Soret diffusion and lead to approximately constant
butane concentration in the cavity. This finding shows again
that g-jitter may create mixing and will overcome the Soret
effect in a cavity. Therefore measuring the Soret coefficient
in micro-gravity requires a zero gravity environment.

In order to examine the effect of the temperature and
the butane variation with the g-jitter, Fig. 7 compares the
results of these two variables at the mesh point (i.e., node
819) for the three different frequencies. For the temperature,
it is important to notice that the frequency variation effect
is negligible. However, for the butane concentration, one
can definitely agree that low frequency g-jitter will have a
tremendous effect on the butane distribution in the cavity.
Therefore one may conclude that low and high frequency g-
jitter will affect the Soret diffusion process in microgravity.



M. Chacha et al. / International Journal of Thermal Sciences 41 (2002) 899–911 907

Fig. 8. Influence of the g-jitter direction on the diffusion processes at
different cross-sections.

4.3. Influence of the direction

Up to now we have investigated the effect of temperature
and butane concentration in the presence of g-jitter when the
later is oriented in a vertical direction. In this section we
intend to examine the previous case but where the orientation
of both the g-jitter and the residual gravity is horizontal.
Fig. 8 presents the variation of the butane at three different
cross-sections of the cavity along the cavity height (i.e.,x1,
x2 andx3). In the presence of g-jitter having a frequency
of 1 Hz and directed downward (i.e., HzV notation), a
large variation of butane is observed. Mixing creates a non-
uniform distribution of the butane. When horizontal g-jitter
is applied at the same frequency (i.e., HzH notation), one
may notice symmetry for the butane concentration between
the upper and the lower part of the cavity. In addition, a high
concentration of butane is found to be in the lower part of the
cavity. Regardless whether the g-jitter is oriented vertically
or horizontally, the Soret effect is eliminated due to this
mixing which is coming from external disturbances.

Fig. 9 compares the time variation of the species concen-
tration at three different mesh points: 333, 819 and 1305. The
start-up is “chaotic” for both configurations. As we advance
in time, differences appear progressively in the dynamics
taking place in the two configurations. For the horizontally
oriented gravity case, a multi-cellular convection is gen-
erated. A symmetrical convective cell with respect to the
middle of the cavity is noticeable. By examining the con-
centration near the hot wall at three different nodes (i.e.,
333, 819 and 1305) it is found that there is no phase shift by
comparing the concentration between nodes 333 and 1305.
The average concentration at node 819 is smaller than that of
nodes 333 (or 1305), and the difference seems to remain con-
stant in time. When the gravity is directed vertically, a single
convective cell dominates the entire cavity. The concentra-
tion when examined at nodes 333 and 1305 has identical
behaviours with a phase shift equal toπ . The time variation
of the average concentration in the vertical case is slower

(a)

(b)

Fig. 9. Influence of the fluctuating gravity direction on the diffusion
processes (time step is 15.1 seconds). (a) Gravity acceleration in the
horizontal direction. (b) Gravity acceleration in the vertical direction.

than in the horizontal case. One may conclude that the orien-
tation of the g-jitter is thus very critical to the mass transport
process.

5. Conclusion

Static gravity (residual gravity) and oscillatory grav-
ity (g-jitter) are unavoidable sources of convection during
diffusion-dominated fluid science experiments on the In-
ternational Space Station. We have investigated the role of
thermal diffusion phenomena on compositional variation in
a binary mixture of methane and normal butane in the pres-
ence of a fluctuating acceleration field. We considered a
situation where the amplitude of the g-jitter is greater than
the residual gravity. The mixture is contained in a rectangu-
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lar cavity subject to heat losses on its horizontal walls and a
temperature difference between its vertical walls.

In the absence of g-jitter, convection arises due to the
presence of a residual gravity orthogonal to the main
temperature gradient. The overall effect of the g-jitter is to
reduce compositional variation. The presence of the g-jitter
in the vertical or horizontal direction leads to the progressive
remixing and therefore butane distribution tends to become
uniform with increasing time. Remixing is stronger in the
case of a fluctuating gravity field parallel to the main density
gradient. Buoyancy and mass-thermo-vibrational effects can
be completely eliminated, orienting the facility in such a way
that the density gradient and the acceleration directions are
aligned. When the g-jitter and the residual gravity act in the
vertical direction (orthogonal to the main density gradient),
the velocities are larger and the distortions of the isotherms
from the purely diffusive situation reach the maximum.
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Appendix A

A.1. Density calculation

Optimal recovery of oil and natural gas relies to a consid-
erable extent upon the knowledge of their thermodynamic
properties. Cubic equations of state are widely used in
reservoir simulation for this purpose, because of their com-
putational simplicity. In our study, the (single-phase) fluid
density is obtained at any point and time by solving the
Peng–Robinson [12] cubic equation of state (PR CEOS).

A.1.1. The Peng–Robinson equation of state (PR EOS)
The Peng–Robinson [12] equation of state is:

p = RT

ṽ − b
− a

ṽ2 + 2bṽ− b2
(A.1)

whereR is the universal gas constant,ṽ is the molar volume,
a is the interaction energy between molecules and,b is the
hard-core or co-volume parameter and therefore,ṽ should be
larger thanb. The parametersa andb are obtained for a pure
component from the critical temperature, critical pressure
and the acentric factor as we will see later. For our mixture
of 2 components,a andb are given by the following mixing
rules:

a =
2∑
i=1

2∑
j=1

xixjaij (A.2)

b =
2∑
i=1

2∑
j=1

xixjbij (A.3)

wherexi is the mole fraction of componenti.
The cross term parametersaij andbij are given by the

following combining rules:

aij = (1− kij )
√
aiiajj (A.4)

bij = 0.5(bii + bjj )(1− lij ) (A.5)

whereakk andbkk (k = i, j ) are, respectively, the interaction
energy and co-volume of the pure componentk. kij andlij
are the binary interaction parameters. In our analysis, the
parameterkij was made temperature dependant through the
following relation:

kij = γij + χij√
T

(A.6)

This functional form representing the temperature depen-
dence of the binary interaction parameterkij was proposed
by Fenghour et al. [17,18]. The optimal parameters of the PR
EOS for a (methane+ n-butane) system are:γ12 = 0.0295,
χ12 = −8.817× 10−4 andl12 = 0.0200.

The volume correction or translation was introduced in
our model. Previous works have shown that this last modifi-
cation of the PR EOS can improve volumetric predictions for
pure substances, except for supercritical compressed fluid
(Peneloux et al. [18]; Jhaveri and Youngren [19]; Fenghour
et al. [17]). For mixtures, a very satisfactory solution is not
yet available (Firoozabadi [20]).

A.1.2. Parametersa andb in the PR EOS for pure
components

To our knowledge, the latest improvement to the PR EOS
parameters calculation is due to Twu et al. [21]. The ability
of a CEOS to correlate the phase equilibrium of mixtures
depends not only on the mixing rule, but also on the alpha
function. These authors proposed a generalized temperature-
acentric factor dependent function of the attractive term,
called the alpha function. This generalized alpha function
allows accurate reproduction of the vapour pressure data
from the triple point to the critical point for hydrocarbons
when used with the PR CEOS. The new PR EOS provides
much more accurate and reliable vapour pressure predictions
for light as well as heavy hydrocarbons than the original PR
EOS.

For a pure component, the first and second derivatives of
the pressure with respect to the volume are equal to zero at
the critical point; that is:

∂p

∂ṽ

∣∣∣∣
p=pc, T=Tc

= 0,
∂2p

∂ṽ2

∣∣∣∣
p=pc, T=Tc

= 0 (A.7)

These critical constraints give:

a(Tc)= 0.457235528921
R2T 2

c

Pc
(A.8)

b= 0.0777960739039
RTc

Pc
(A.9)

The subscriptc denotes the critical condition,b is
constant whilea is a function of the temperature.
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At temperatures other than critical temperature, the value
of a (i.e.,a(T )) is given by:

a(T )= a(Tc)α(Tr ,ω) (A.10)

The dimensionless parameterα(Tr ,ω) called the alpha
function is the function that takes into account the attractive
forces between the molecules. The reduced temperature is
known to beTr = T/Tc andω is the acentric factor. The first
form of the alpha function was proposed by Soave [22]:

α = [
1+m

(
1− T 0.5

r

)]2 (A.11)

where m is a 2nd (Peng and Robinson [12]) or a 3rd
(Stryjek and Vera [23]) order polynomial in the acentric
factor. This equation performs well for light hydrocarbons
(acentric factors up to 0.5) at reduced temperatures between
0.7 and 1.0, but gives rise to significant errors at all
temperatures for components with large acentric factors and
the errors increase rapidly at low reduced temperatures for
all components.

The development of the new generalized alpha function
by Twu et al. [21] is based on the principle of corresponding
states. The principle of corresponding states is a very useful
tool for the prediction of the properties of a large class of
substances from the knowledge of a few compounds. After
selecting a group of compounds, which cover a wide range
of acentric factors (mostly normal paraffin hydrocarbons),
they first derivedα as a function of temperature for each
individual compound as:

α = T N(M−1)
r eL(1−T NMr ) (A.12)

whereL, M andN are unique to each component and have
been determined from the regression of pure component
vapour pressure. A plot ofα vs.ω for a number of reduced
isotherms showed a linear dependence ofα on ω. A least-
squares linear fit ofα vs. ω finally yielded the generalized
alpha function.α is finally expressed as a function of the
reduced temperature and acentric factorω as:

α = α(0) +ω
(
α(1) − α(0)

)
(A.13)

where α(0) and α(1) correspond toω = 0 and ω = 1,
respectively.

For the sub-critical conditions (Tr � 1),

α(0) = T −0.171813
r e0.125283(1−T1.77634

r ) (A.14)

α(1) = T −0.607352
r e0.511614(1−T2.20517

r ) (A.15)

For the supercritical conditions (Tr > 1),

α(0) = T −0.792615
r e0.401219(1−T−0.992615

r ) (A.16)

α(1) = T −1.98471
r e0.024955(1−T−9.98471

r ) (A.17)

While the correlation was developed primarily using the
data of n-paraffin hydrocarbons, it gives, relatively high
accuracy for various other hydrocarbons as expected from
the corresponding states principles.

A.1.3. Solving the PR CEOS
Close examination of the PR EOS exhibits three vertical

asymptotes:

ṽ = b (A.18)

ṽ = +(√2− 1
)
b (A.19)

ṽ = −(√2− 1
)
b (A.20)

The only branch with physical meaning is that withṽ > b.
The PR EOS can be rewritten:

Z3 − (1−B)Z2 + (
A− 3B2 − 2B

)
Z

− (
AB −B2 −B3)= 0 (A.21)

where

Z = pṽ

RT
(A.22)

A= ap

R2T 2
(A.23)

B = bp

RT
(A.24)

This equation has only one root forTr > 1 and three
equal roots forTr = 1. WhenTr � 1, the cubic equation of
state has three roots from which the complex roots are to be
eliminated. If all the three roots are real roots, the smallest
root corresponds to the liquid phase and the largest one to
the vapour phase. The intermediate root has no physical
meaning.

In our particular case, only one real root is obtained
since our mixture is single-phase fluid. Thus, solving the
cubic equation of state forZ, the compressibility factor, the
mixture density is obtained from:

ρ = 1

ṽ
M = p

ZRT
M (A.25)

whereM is the mixture molar mass.

A.2. Diffusion coefficients calculation

Soret effect is important for the study of compositional
variation in hydrocarbon reservoirs. Several theoretical mod-
els have been suggested to calculate thermal diffusion fac-
tors in binary mixtures with varying degrees of success.
Among them, the model developed recently by Shukla
and Firoozabadi [24] using irreversible thermodynamics got
a remarkable attention. In the present work, we adopted
Shukla–Firozabadi model in order to calculate thermal dif-
fusion coefficient for the mixture under consideration.

In a fluid mixture consisting of two components at a
given temperatureT and pressurep, where the only external
force is gravity, assuming that there is no heat generation,
viscous dissipation or chemical reaction, de Groot and
Mazur [13] proposed the entropy production to be written
as:
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σ = − 1

T 2

(
�Jq −

2∑
k=1

�Hk
Mk

�Jk
)

· �∇T

− 1

T

2∑
k=1

�Jk ·
(

�∇T µk
Mk

− �F
)

(A.26)

where �Jq , Mk, �Hk, µk and �Jk are heat flux, molecular
weight, partial molar enthalpy, chemical potential and mo-
lar diffusion flux relative to molar average velocity of the
componentk, respectively. The term

∑2
k=1 (

�Hk/Mk) · �Jk is
the transfer of heat due to diffusion.

Defining

�J ′
q = �Jq −

2∑
k=1

�Hk
Mk

�Jk (A.27)

and using�J1 + �J2 = 0, we can write

σ = − 1

T 2
�J ′
q · �∇T − 1

T
�J1 · �∇T

(
µ1

M1
− µ2

M2

)
(A.28)

From the concept of irreversible thermodynamics and
molecular kinetic theory�Jq can also be written as

�Jq = Q1

M1
�J1 + Q2

M2
�J2 (A.29)

whereQk is the heat of transport of the componentk. �J ′
q

then takes the form:

�J ′
q = Q1 − �H1

M1
�J1 + Q2 − �H2

M2
�J2 = Q∗

1

M1
�J1 + Q∗

2

M2
�J2 (A.30)

Substituting �J ′
q in the expression of entropy production

strength and using�J1 + �J2 = 0 yields

σ = − 1

T

[(
Q∗

1

M1
− Q∗

2

M2

) �∇T
T

+ �∇T
(
µ1

M1
− µ2

M2

)]
· �J1

(A.31)

Since entropy production strength is a product of fluxes
and driving forces and both of them are related to the same
reference velocity, a linear relation exists between the forces
and fluxes. Therefore we can write the phenomenological
equations for the diffusion flux in the following two forms:

�J1 = −L′
1q

�∇T
T 2 − 1

T
L11�∇T

(
µ1

M1
− µ2

M2

)
(A.32)

and

�J1 = − 1

T
L11

[(
Q∗

1

M1
− Q∗

2

M2

) �∇T
T

− �∇T
(
µ1

M1
− µ2

M2

)]
(A.33)

L′
1q andL11 are phenomenological coefficients called On-

sager coefficients [25,26]. Comparing the fluxes we have

L′
1q = L11

(
Q∗

1

M1
− Q∗

2

M2

)
(A.34)

The diffusive flux of component 1 (the transported com-
ponent),�J1, may be written in compact form as:

�J1 = − ρ

M

(
DM �∇x1 +DT �∇T +Dp �∇p) (A.35)

whereDM is the molecular diffusivity,DT is the thermal
diffusivity, Dp is the pressure diffusivity. The molecular
diffusivity is given by:

DM = ṽRL11

M2x2

(
M1x1 +M2x2

M1

∂ lnf1

∂x1

∣∣∣∣
x1,T ,p

)
(A.36)

where

lnf1 =
ṽ∫

∞

[
1

nRT

(
∂p

∂x1

)
T ,ṽ,n2

− 1

ṽ

]
dṽ

− lnZ+ ln(x1p) (A.37)

f1 is the fugacity of the transported component and is
calculated directly from the equation of state, whilen is the
total number of moles of the mixture. Knowing the value of
DM one can evaluate the value of Onsager coefficientL11
from Eq. (A.36). The thermal diffusivity is then obtained as
follows:

DT = ṽMRL11

M1x1M2x2

kT1

T
(A.38)

kT1 = M1x1M2x2

MRTL11
L′

1q

= M1x1M2x2

MRTL11

(
Q∗

1

M1
− Q∗

2

M2

)
= x1

RT
Q∗

1 (A.39)

where we have used
∑2
k=1 xkQ

∗
k = 0. There is no need

for Dp in the present analysis. We can calculateQ∗
k using

the expression by Shukla and Firoozabadi [24] from the
following expression

Q∗
1 = − ū1

τ1
+
[
ū1

τ1
+ ū2

τ2

]
v̄1

ṽ
(A.40)

Q∗
2 = − ū2

τ2
+
[
ū1

τ1
+ ū2

τ2

]
v̄2

ṽ
(A.41)

where ūk, v̄k and τk are the partial molar internal energy,
partial molar volume and ratio of the energy of vaporization
to the energy of viscosity of componentk. ūk andv̄k may be
defined as:

ūk =
(
∂ũ

∂xk

)
T ,p,xl,l �=k

and v̄k =
(
∂ṽ

∂xk

)
T ,p,xl,l �=k

(A.42)

The molar internal energy of the mixture,̃u, has the
expression:

ũ(T ,p)− ũ∗(T ,0)=
ṽ∫

∞

[
T

(
∂p

∂T

)
ṽ

− p

]
dṽ (A.43)

whereũ∗(T ,0) is the ideal gas molar internal energy at zero
pressure and temperatureT .
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The molecular diffusion coefficientDM may be calcu-
lated directly, following the method given by Kooijman et
al. [27].DM is then converted intoDc using the following
straightforward relationship involving the mixture molecu-
lar weightM, and the components molecular weightsM1
andM2:

Dc = M2

M1M2
DM. (A.44)
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