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Abstract

Convection has a very important effect on the thermal diffusion process in hydrocarbon porous media. We investigate the convec
in a vertical cavity having an aspect ratio of 10 and subject to a lateral heating condition based on two-dimensional numerical s
Using the irreversible thermodynamics theory of Shukla and Firoozabadi [Ind. Engrg. Chem. Res. 37 (1998)], the space depende
molecular and pressure diffusion coefficients are calculated at each point of the grid as functions of the temperature, pressure
properties of the mixture. The thermal diffusion process is simulated in a vertical porous media combined with natural convection
a range of permeability from 0.001 to 10 000 md. Numerical results reveal that the lighter fluid component migrates to the hot side of th
cavity, and as the permeability increases, the component separation in the thermal diffusion, or Soret effect, process increases first, reache
its peak, and then decreases. This phenomenon is illustrated and discussed both numerically and physically.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

In a uniform mixed binary mixture, when a temperatu
gradient is applied there appears a composition grad
This thermal diffusion effect is named the Soret effect, a
the ratio of the thermal diffusion coefficient to the molec
lar diffusion coefficient is known as the Soret coefficient,
Soret [1]. Usually, in a binary mixture, the lighter compon
migrates to the hot side. Theoretical developments relate
the calculation of the molecular, thermal and pressure d
sion coefficients have received much attention by differ
researchers [2–10] in this field. Among these, Shukla
Firoozabadi [2], Riley et al. [5] and Ghorayeb et al. [6–
using the irreversible thermodynamics theory, were abl
extend the work of De Groot [9]. Ghorayeb et al. dev
oped an analytical relation between the thermal, molec
and pressure diffusion coefficients and the properties o
fluid mixture, such as the temperature, pressure and c
position. The advantage of this approach is that the S
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coefficient is calculated at each point of the cavity grid a
all diffusion coefficients are completely defined. Compa
with other approaches, such as Rutherford and Roof [
the theoretical prediction of this approach is much closer
experimental data, especially for non-ideal mixtures, suc
hydrocarbon mixtures.

Because of the complicated combination of different dif-
fusion factors, the majority of previous studies on the So
effect have investigated mainly the gravitational effect on
composition variation in a one-dimensional convection-fre
channel, see Schulte [11] and Hirschberg [12]. Studies on
convection effect include the research work of Faruque e
[13], Jacqmin [14], Riley and Firoozabadi [5], and Bena
Melly et al. [15]. Shulte [11] and Hirschberg [12] have inve
tigated the gravitational effect on the composition variat
in a one-dimensional convection-free channel. Their s
ies show that the thermal diffusion is of the same orde
magnitude as the effect of pressure diffusion. However, t
neglected any convection in their analysis, which is a n
ural phenomenon in real cases. Faruque et al. [13] using
Firoozabadi approach comparedthe theoretical results wit
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Nomenclature

c methane mole fraction
Cp heat capacity
DM molecular diffusive coefficient . . . . . . . . m2·s−1

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

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

�J molar diffusive flux . . . . . . . . . . . mole·m−2·s−1

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

kp thermal conductivity of the solid
particles . . . . . . . . . . . . . . . . . . . . . . . W·m−1·K−1

Lc characteristic length
P pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
q separation ratio
ST Soret coefficient,= DT

DMc(1−c)
. . . . . . . . . . . . K−1

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
u velocity component inx-direction . . . . . . m·s−1

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

�V fluid velocity vector(u, v) . . . . . . . . . . . . . m·s−1

x dimension inm
y dimension inm
Le Lewis number,= α/DM

Da Darcy number,= κ/L2
c

Rac Solutal Rayleigh number,= gβc�cLcκ
νDM

RaT Thermal Rayleigh number,= gβT �T Lcκ
να

Greek symbols

α thermal diffusivity,= ke

(ρCp)f
. . . . . . . . . m2·s−1

βC solutal volume expansion coefficient
βT thermal volume expansion coefficient . . 1·K−1

φ porosity
κ permeability . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

µ dynamic viscosity of the fluid
mixture . . . . . . . . . . . . . . . . . . . . . . . . kg·m−1·s−1

ν kinematic viscosity of the fluid mixture m2·s−1

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

ρm fluid mixture molar density . . . . . . . . mole·m−3

τf flow characteristic time in seconds,= L
3/2
c√

gβT �T κ

τT thermal characteristic time in seconds,= L2
c

α

Subscripts

o reference quantities
c solutal
e effective
f fluid mixture
m molar quantities
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the experimental data of Rutherford and Roof [10] and th
results show good agreement. Three research groups ha
vestigated the convection effect on the composition varia
in hydrocarbon porous media. Jacqmin [14] simplified
modelling with the neglect of the thermal diffusion, whi
is an important factor we focus on, and concluded that
convection would be balanced with the composition v
ation based on his perturbation theory analysis. Riley
Firoozabadi [5] studied the effect of thermal, pressure,
molecular diffusions combined with natural convection
a rectangular reservoir with a prescribed linear tempera
distribution. Because their research focus was on the ex
nation of a real oil reservoir, the energy equation was om
ted and a linear temperature distribution was applied in
cavity. They showed that a small amount of convection
cause the horizontal composition gradient to increase
til a maximum is reached and then decay inversely pro
tional to the permeability of the porous medium. Bena
Melly et al. [15] examined the thermal diffusion in bina
fluid mixtures subject to a lateral heating. They assume
constant Soret coefficient in their entire numerical analy
Their numerical results indicated a multiple convection
flow pattern depending on the Soret coefficient value
their experimentally measured thermal diffusion coeffici
was used in their numerical model. They noticed the sa
composition separation phenomenon as in the case of th
creased permeability, or the case of convection flow, but
did not explain the mechanism behind this phenomenon
-

-

This work investigates numerically the interaction b
tween the thermal diffusion and the buoyancy convectio
a laterally heated vertical cavity filled with a binary mixtu
of methane andn-butane. Our results are unique in that t
Soret coefficient has not been fixed in the computational
main but rather calculated at each point of the grid as a fu
tion of the temperature, pressure and the composition o
fluid mixtures. In Section 2, the mathematical model is p
sented, the solution procedure is introduced in Section 3,
Section 4 presents the results. The importance of the the
diffusion in the cavity is demonstrated to be dominant wh
the permeability is below a certain value and above wh
the buoyancy convection becomes dominant. The separatio
ratio is introduced to better assess the importance of
force in the cavity. Finally, Section 5 presents the conclus
drawn from this analysis.

2. Mathematical model

2.1. Mass conservation equation

In the two-dimensional domain, the mass conserva
equation is written in the following form:

∂ρm

∂t
+ ∂(ρmu)

∂x
+ ∂(ρmv)

∂y
= 0 (1)

whereρm is the molar density of the mixture fluid, andu
andv are the horizontal and vertical velocity componen



C.G. Jiang et al. / International Journal of Thermal Sciences 43 (2004) 1057–1065 1059

, one

see
as

nd
her-
nc-
f the
ry,
-
co

posi
et al

be
tion

ec-
(4)
), the

d a

of
f
late
as

.

ith
ity
-
ur

to
pe
ated
-
a-
alls
ide

see
sity

on-
f the
e
ture
tant

is
erer
em-
-
e.

nd-
-
gu-
used
der
ct to
, see
cu-
respectively. Because we are assuming a binary mixture
more mass conservation equation is solved, namely:

∂(ρmc)

∂t
+ ∂(ρmuc)

∂x
+ ∂(ρmvc)

∂y
= −∇ • �J (2)

where �J is the mass flux of the solute, methane;c is the
concentration of methane. Using the transport theory,
Bird and Stewart [3], the mass flux can be expressed
follows:

�J = −ρm(Dm∇c + DT ∇T + Dp∇P) (3)

whereT is the temperature,P is the pressure andDm, DT ,
andDp are the molecular diffusion, thermal diffusion a
pressure diffusion coefficients, respectively. Here the t
mal, molecular and pressure diffusion coefficients are fu
tions of the temperature, pressure, and the properties o
fluid mixture. Using the irreversible thermodynamics theo
Firoozabadi and Ghorayeb [16]were able to formulate a the
oretical approach to determine the dependency of those
efficients on the pressure, temperature and mixture com
tions. For further details, the reader should see Faruque
[13] and Chacha et al. [17].

2.2. Momentum equation

In porous media, the porous matrix is assumed to
homogeneous and isotropic. Therefore the Darcy equa
is applied and expressed in the following form:

�V = − κ

φµ

(∇P + ρ �g)
(4)

whereρ is the mass density of the fluid mixture,�g is the
gravitational acceleration vector,κ , µ, andφ are the per-
meability, the dynamic viscosity, and the porosity, resp
tively. By substituting the Darcy relation expressed in Eq.
into the mass conservation equation expressed in Eq. (1
pressure differential equation becomes as follows:

∂ρm

∂t
− κ

φµ

∂

∂x

(
ρm

∂P

∂x

)
− κ

φµ

∂

∂y
ρm

(
∂P

∂y
− ρg

)
= 0 (5)

2.3. Energy equation

The thermal energy conservation equation is expresse
follows:
∂(ρCp)eT

∂t
+ u

∂

∂x

(
(ρCp)f T

) + v
∂

∂y

(
(ρCp)f T

)

= ke

[
∂2T

∂x2
+ ∂2T

∂y2

]
(6)

where(ρCp)e is the effective volumetric heat capacity
the system andke is the effective thermal conductivity o
the system. These effective physical parameters are re
to the fluid properties and the solid matrix properties
follows:

(ρCp)e = φ(ρCp)f + (1− φ)(ρCp)p (7)

ke = φkf + (1− φ)kp (8)
-
-
.

s

d

Fig. 1. Two-dimensional porous media domain and boundary conditions

2.4. Boundary conditions

Fig. 1 depicts the problem to be solved numerically w
its corresponding boundary conditions. A vertical cav
with a heightH and a widthL is subject to different bound
ary conditions on its lateral and horizontal walls. The fo
walls are assumed to be impermeable and non-reacting
the fluid. The two lateral walls are subject to a Dirichlet ty
boundary condition with a constant temperature design
by the hot temperatureTh = 344◦C and the cold tempera
tureTc = 334◦C. On the horizontal walls a linear temper
ture gradient is applied. All the walls are assumed solid w
so zero velocities are maintained. The binary mixture ins
the cavity consists of 20% methane (CH4) and 80%n-butane
(nC4H10). Since the Peng–Robinson Equation (EOS),
Peng and Robinson [18], is used to calculate the den
variation, as well as other fluid properties, the flow is c
sidered to be compressible. Therefore, the properties o
liquid, such as the density, viscosity and specific heat, ar
functions of the temperature, pressure and the fluid mix
composition. The thermal conductivity is assumed cons
in the analysis. In this paper, the viscosity of the mixture
obtained with a method proposed by Herning and Zipp
[19]. It is assumed that there is no heat generation, no ch
ical reaction, and no interactive superficial forces acting be
tween the porous medium particles and the liquid mixtur

3. Numerical scheme and solution procedure

Eqs. (1), (2), (5) and (6), together with their correspo
ing boundary conditions as depicted in Fig. 1, are solved nu
merically using the control volume method with a rectan
lar grid system. The second-order centered scheme is
in the space discretization, and a semi-implicit first-or
scheme is used for the temporal integration. With respe
the non-linear convection terms, the power-law scheme
Patankar [20], is applied in order to approach a high ac
racy for the combined convection and diffusion cases.
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Table 1
Parameters of the physical model

Width L of the cavity 0.5 meter
HeightH of the cavity 5.0 meter

Characteristic lengthLc =
√

L2 + H2 5.025 meter
Fluid mixture composition CH4(20%)+ nC4H10(80%)
Fluid specific heat,(Cp)f 2746.42 [J·kg−1·K−1]
Fluid thermal conductivity,kf 0.095 [J·m−1·s−1·K−1]
Porosity,φ 0.20
Permeability,κ 10−3, 10, 104 md
Specific heat of porous medium,(Cp)p 1840.0 [J·kg−1·K−1]
Thermal conductivity of porous medium,kp 1.0 [J·m−1·s−1·K−1]
Density of porous medium,ρp 2050.0[kg·m−3]
Reference temperature,T0 339 K
Lateral wall temperature difference,Th − Tc 10◦C
Reference pressure,P0 11.15 MPa
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The obtained linear algebraic system of equation
solved at each time step using a bi-conjugated gradient
ation method with a given convergence criterion, which
been confirmed over many tests for the required accurac

At the initial time step, the velocities have been set
zero in the computed domain where initial pressure
concentration are applied. The convergence criterion is
for three parameters, the pressureP , the temperatureT
and the concentrationc, respectively. The errors betwee
iterations are calculated as follows:

γθ = 1

m × n

m∑
i=1

n∑
j=1

∣∣∣∣
θ

k,s+1
ij − θ

k,s
ij

θ
k,s+1
ij

∣∣∣∣ (9)

whereθ represents the pressure, temperature and concentr
tion, respectively,i andj represent mesh indices along t
x andy directions of the domain,k denotes the time ste
ands is the indicator of inner iterations. The values of pr
sure, temperature and concentration are defined at the ce
ter of each control volume, but the velocities are defined
the surface of each control volume, or grid cell. Differe
mesh sizes have been tested and a 71× 71 control volume
has been adopted. A tight convergence criterion is applie
the time process to determine the establishment of the stead
state.

The solution procedure begins by assuming the in
pressure, temperature and concentration in the mixture.
properties of the liquid, such as density (using the P
Robinson state equation), viscosity and all three diffus
coefficients for pressure diffusion, molecular diffusion a
thermal diffusion, are evaluated for each control volu
based on a given temperature, pressure and compositi
each time step. The calculation of the three diffusion coef
ficients is clearly explained in Firoozabadi et al. [6–8] a
Chacha et al. [17]. Once the properties of the liquid a
all three diffusion coefficients are obtained, the continu
equations (1) and (2), pressure equation (5) and the en
equation (6) can be solved with the given boundary co
tions. The velocity field is updated with Eq. (4). The upda
pressure, temperature, and concentration fields can be
t

d

to evaluate the liquid properties and all three diffusion
efficients again for the next time step. The convergenc
the steady state is assumed when the absolute relative
of the concentration is found to be less than 10−8 between
successive time step iterations at each control volume.
validation of this numerical scheme has been evaluate
a comparison between numerical results and experiment
data given in Schulte [11]. Table 1 presents the dimens
of the cavity as well as the porosity, the permeability,
composition of the mixture and the conductivity of the m
ture.

Once the velocities have been calculated, the well-kn
relation between the stream function and the velocitiesu =
∂(Ψ )
∂y

, v = − ∂(Ψ )
∂x

is used to compute the stream function.

4. Results and discussion

Our objective, as stated earlier, is to study the importa
of the convection effect, including a variable Soret coe
cient as being a function of the temperature, pressure,
properties of the fluid mixture in a vertical cavity. The d
ference between flows with and without the Soret effec
discussed first. Then, the convection effect on the ther
diffusion process is investigated for different permeability
terms of the separation ratio and the characteristic time
the fluid flow and the thermal diffusion.

In order to investigate the significance of the Soret eff
the two-dimensional convection problem is solved with
presence of the Soret effect, as well as without the S
effect. Jiang et al. [21] studied the convection patterns
different permeability of 10−3, 10 and 104 md, respectively
which corresponds to a Darcy number of 3.91 × 10−20,
3.91 × 10−16 and 3.91× 10−13, respectively. In the flow
field, the convection due to buoyancy was shown to m
fluid up along the warmer wall, push it to the top of t
cavity, and finally move it down along the cold wall. Th
center of the flow changes accordingly as the permeab
of the porous medium increases. In the presence of
Soret effect different behavior for the flow occurs. At lo



C.G. Jiang et al. / International Journal of Thermal Sciences 43 (2004) 1057–1065 1061

ith

in
ues
hes
the
tive
ore

at

rm
is
ies,
r
so
sity
b)
ion
ret

teral
t, it

ith

, in
f the
nsity
two
the

is
s

ent.
is a
een
ct)
795,
ncy

y of
be-

on-
the
he
the
er-
tant
e of
(a)

(b)

Fig. 2. Mixture density distributions at the centre of the cavity w
κ = 0.001 md: (a) Vertical distribution; (b) Horizontal distribution.

permeability, 10−3 md, the Soret presence is evident
the flow pattern. This significance of the Soret contin
to be apparent when the value of the permeability reac
10 md. It has been found that beyond this value of
permeability, the buoyancy convection exerts a nega
effect on the composition separation and eliminates the S
effect completely at permeability equal to 104 md.

4.1. Comparison of density distributions along vertical and
horizontal central lines

The vertical and horizontal variation of the density
the middle of the cavity for the permeability of 10−3 md
is presented in Fig. 2. In the vertical direction, a unifo
density distribution with and without the Soret effect
observed as shown in Fig. 2(a). At such low permeabilit
the flow is weak and does not significantly affect the linea
horizontal temperature distribution. The convection is
weak that there is no difference between the vertical den
distributions with and without the Soret effect. Fig. 2(
presents the density variation in the horizontal direct
at the middle of the cavity. In the absence of the So
effect a linear decrease in the density is due to the la
heating condition. In the presence of the Soret effec
t

(a)

(b)

Fig. 3. Mixture density distributions along at the centre of the cavity w
κ = 10.0 md; (a) Vertical distribution;(b) Horizontal distribution.

is observed that the lighter component of the mixture
this case the methane, migrates towards the hot side o
cavity. Therefore one expects a linear decrease of the de
as shown in Fig. 2(b). The difference between these
horizontal distribution lines presents the contribution of
Soret effect, or thermal diffusion. The average density
found to be 515.8 kg·m−3 and the maximum deviation i
7.8 kg·m−3 when the Soret effect is absent and 9.2 kg·m−3

when both the Soret and buoyancy effects are pres
Therefore, in the presence of the Soret effect there
15.2% increase in the density variation. The ratio betw
the contribution of the thermal diffusion (i.e., Soret effe
and the thermal expansion (i.e., buoyancy effect) is 0.1
which can be considered as the ratio of two driving buoya
forces.

The same calculation is repeated for the permeabilit
10 md and as the permeability increases, convection
comes more effective in the cavity. With lateral heating c
ditions, the convection flow moves the lighter fluid near
hot wall to the top of the cavity and heavy fluid along t
cold wall to the bottom of the cavity in the presence of
Soret effect. Fig. 3(a) shows the density variation in the v
tical direction. In the absence of the Soret effect, a cons
density distribution is observed. However, in the presenc
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Fig. 4. Mixture density distributions at the centre of the cavity w
κ = 10000.0 md: (a) Vertical distribution;(b) Horizontal distribution.

the Soret effect, the vertical density distribution varies
early. This significant change comes from the buoyancy c
vection. As explained earlier, the lighter component of
mixture, which is methane, migrates to the hot wall and
pushed upward by the convection to the top of the cavity.
butane being the heavy component of the mixture migr
to the cold side and is pushed downward to the bottom o
cavity. The change in the density in the vertical distribut
is not observed in the case of the permeability of 10−3 md,
due to the weak convection in the cavity. The changes in
density in the vertical direction indicate a change in the fl
composition. Fig. 3(b) presents the horizontal density va
tion. Without the Soret effect, the horizontal density dis
bution is similar to Fig. 2(a). In the presence of the So
effect, the horizontal density distribution tends closer to
one without the Soret effect if one compares with Fig. 2
With an increase in the permeability, the convection beco
stronger and contributes to the vertical composition sep
tion significantly, but decreases the horizontal composi
separation slightly.

As the permeability of the porous medium increase
104 md, which corresponds to a Darcy number of 3.91×
10−13, buoyancy convection becomes dominant and sim
density variations are observed for both with and with
(a)

(b)

Fig. 5. Soret coefficient distribution with permeability at the centre of
cavity: (a) Vertical distribution; (b) Horizontal distribution.

the Soret effect, see Fig. 4. The density variation in
vertical direction is shown in Fig. 4(a). One may observe
strong convection moving counter-clockwise by examin
the density variation. Moreover, Fig. 4(b) shows an ident
density variation in the horizontal direction.

From the above analysis, we can conclude that
Soret effect in porous media is significantly affected
the convection flow, where the permeability, i.e., the Da
number, is the dominant parameter.

4.2. Variation of the Soret effect and methane
concentration with permeability

The Soret coefficient, which is known to be the ratio
the thermal diffusion coefficient to the molecular diffusi
coefficient, is plotted as a function of the height and width
the center of the cavity for different values of permeabil
This unique analysis shows the space dependence o
Soret coefficient as a function of the temperature, pres
and composition of the fluid mixture. Fig. 5(a) shows
vertical distribution of the Soret coefficient for different
values of permeability. When the permeability is var
between 0.001 and 0.1 md, the Soret coefficient al
the vertical direction is constant. Methane being the li
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Fig. 6. Methane concentration distribution with permeability at the centr
of the cavity: (a) Vertical distribution; (b) Horizontal distribution.

component does not displace in the vertical direction. W
the permeability varies between 0.1 md and 100 md
substantial variation of the vertical Soret coefficient
present, in particular at a permeability of 10 md. It
suggested that beyond 10md, the convection takes a
important role and transports methane to the top horizo
wall near the hot wall. As the permeability increases furth
we note a disturbance near the horizontal wall which is
to a large temperature gradient which exists at the horizo
walls. Fig. 5(b) presents, for the same condition used ab
the variation of the Soret coefficient is in the horizon
direction and it opposes the temperature distribution. I
evident that, as the permeability increases, the convec
becomes effective in reducing the horizontal variation of
thermal diffusion in the cavity.

In terms of the fluid composition variation, it is found tha
when the permeability varies between 0.001md and 0.1
the convection flow is weak and the Soret effect is the d
inant force. Therefore, the horizontal concentration distrib
ution is linear with a gradient proportional to the gradie
of the horizontal temperature distribution. Accordingly, t
vertical concentration distribution is constant as shown
Fig. 6. At this range of the permeability, the transport
the methane is shown to be effective in the horizontal
,

Fig. 7. The characteristic times as a function of the permeab
(Tau_f= τf , Tau_th= τth).

rection and weak in the vertical direction. As the value
the permeability increases from 0.1 md to 100 md, the c
centration of methane at the right top of the cavity increase
first then decreases. The largest variation of the concentra
tion is found at 10 md and the separation of the methan
at its maximum in the horizontal and vertical direction a
we observe the maximum Soret effect with large meth
migrating to the hot wall as shown in Fig. 6(a), and it is a
evident in the horizontal direction, see Fig. 6(b). Beyond
point of 10 md permeability, buoyancy convection becom
dominant. When the value of permeability increases fr
100 md to 10 000 md, Soret effect disappears gradually
10 000 md permeability, a flat methane concentration di
bution in both the vertical and horizontal directions is o
served. It is therefore important to examine the separa
ratio term and its relationship to the permeability.

The peak of the separation ratio at the permeab
of 10 md might be explained by the fluid and therm
characteristic times as shown in Fig. 7. The characteristi
time for thermal diffusion is found to be constant as
permeability increases and equal to 1.0 × 108 seconds, se
Fig. 7. However, the value of the flow characteristic tim
τf , decreases monotonically fromτf = 1 × 1010 seconds
to 2.1 × 106 seconds as the permeability increases.
intersection of the fluid characteristic time and therm
characteristic time occurs at a permeability of 10 md, wh
the separation ratio is observed to be at its maximum va
This means that beyond this point, the fluid character
time is less than the thermal characteristic time and
convection becomes the dominant force in the cavity.

4.3. Separation ratio

As discussed in the previous section, the convection e
is crucial to the analysis of the thermal diffusion, or So
effect. As the permeability of the porous medium increa
three different regimes are found based on the analysis o
density, Soret coefficient and methane concentration dis
utions. These three different regimes are in accordance
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Fig. 8. The separation ratio as a function of the permeability.

three ranges of the permeability. To examine this phen
enon further we have chosen the separation ratio,q , as the
variable, as defined below:

q = cT /(1− cT )

cB/(1− cB)
(10)

where cT and cB are the methane concentrations at
top and bottom horizontal walls, respectively. The variat
of the separation ratio as a function of the permeabilit
shown in Fig. 8. For a variation of the permeability betwe
0.001 md and 0.1 md, the separation ratio remains cons
which is about 1.05. This separation ratio is due to the c
tribution of the thermal and molecular diffusion express
in terms of the Soret effect, and the convection effect is
small to be considered. For a range of permeabilities
tween 1 and 100 md, we observe a peak in the separatio
tio at about 10 md (i.e., Darcy number equal to 3.91×10−16)
with q = 1.29. As the permeability becomes greater th
100 md, it is observed that the separation ratio decre
rapidly. When the permeability is equal to 104 md, the sep-
aration ratio is close to 1, the fluid is mixed and separa
does not take place. In the range of permeability greater
104 md, the convection becomes dominant and the Sore
fect is suppressed.

By neglecting the solutal buoyancy force and assu
ing constant molecular and thermal diffusion coefficien
Lorenz and Emery [22] expressed a relation between the
aration ratio and the permeability as

ln(q) = ALκ

Bκ2 + C
(11)

whereA, B andC are constants in the transport equat
(see Lorenz and Emery [22] for additional details). Bena
Melly et al. [15] showed that a maximum value for t
separation ratio exists for a permeabilityκ = κm given as
follows;

κm = µDM

√
120

gβT �T Lρ
(12)
,

-

-

Fig. 9. Variation of the Rayleigh number as a function of the permeabi

This analytical expressionpredicts that the maximum
separation will occur atκm = 11.9 md whereas our numer
cal calculation showed that separation occurs atκm = 10 md.
This discrepancy between the simplified theory and the ac
curate numerical modeling is justified by the fact that in
case the solutal buoyancy is included and both the the
and molecular diffusion coefficients are functions of temp
ature, fluid mixture and pressure. The maximum separa
ratio was also analytically calculated to be equal to 1.2 c
pared to 1.29 which was obtained numerically. The justifi
tion for the differences between the two maximum value
similar to the permeability case as well.

Another way to study this effect is by plotting the ratio
the solutal to thermal Rayleigh numbers as a function of
permeability as shown in Fig. 9. This ratio was found to
equal to;

Rac

RaT

= Le
βc�c

βT �T
(13)

whereLe is the Lewis number. In the above equation,
temperature difference is constant. The ratio of the solut
the thermal expansion coefficients is at the limit a cons
quantity. Additionally it is found that the Lewis numb
dependence on the temperature and the concentrati
weak. However, as we demonstrated in Fig. 6(b),
concentration difference�c = cmax − cmin varies with the
permeability such that it is constant for a permeability l
than 0.1 md, increases between 0.1 and 10 md and
decreases with permeability greater than 10 md. There
the right hand term of Eq. (19) is a function of th
permeability. As the permeability increases, the ther
Rayleigh number increases linearly and the solutal Rayleigh
number starts with a linear variation as well and t
indicates that the Soret effect is dominant. It is fou
that, beyond 10 md, there is a reduction in the sol
Rayleigh number and this continuous increase in the the
Rayleigh number indicates the dominance of the buoya
convection. The ratio of those two variations shows a pro
similar to the separation ratio as depicted in Fig. 8.
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5. Conclusion

Attempts have been made to investigate the convec
effect on the thermal diffusion, or Soret effect, in a sing
phase hydrocarbon binary mixture system. The mode
based on non-equilibrium thermodynamics theory, in wh
all three diffusion coefficients: the molecule diffusion, t
thermal diffusion and the pressure diffusion coefficie
have been evaluated with time and space dependent
properties and compositions. In the analysis, the horizo
and vertical distributions of the mixture density, the So
coefficient and the methane concentration in the por
medium cavity as well as separation ratio,q , have been
used to analyze the behaviour of the convection eff
The results showed consistent phenomena. Especially,
the separation ratio,q , the effect of the convection flow
on the thermal diffusion has been clearly presented.
main conclusion from this study is that the convect
effect on the thermal diffusion in a hydrocarbon bina
system could be explained in terms of the character
times. When the characteristictime of the convection flow
τf , is larger than the characteristic time of the therm
diffusion, τth, then the Soret effect is the dominant for
for the composition separation in the cavity and maxim
separation is reached whenτf = τth. Finally, whenτf <

τth, the buoyancy convection becomes dominant and th
corresponds to a permeability greater than 10 md. In othe
words, if the convection transfers information slower th
the thermal diffusion, then it contributes to the Soret effe
if the convection transfers information as quickly as
thermal diffusion, then the Soret effect reaches its greate
significance; if the convection transfers information fas
than the thermal diffusion, itthen decreases the Soret effe
until it destroys the Soret effect completely.
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