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Permeability and Thermodiffusion Effect in a Porous Cavity Filled with
Hydrocarbon Fluid Mixtures
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Abstract: This paper investigates numerically the in-
teraction between thermodiffusion and buoyancy driven
convection in a laterally heated vertical porous cavity
for different values of the permeability. The Firooz-
abadi model is applied to several binary hydrocarbon
mixtures: (i) a mixture of 1,2,3,4 tetrahydronaphtalene
(THN) and dodecane (C12) with mass fraction of 50%
for each component, (ii) 1,2,3,4 tetrahydronaphtalene
and isobutylbenzene (IBB) with mass fraction of 50%
for each component, and (iii) isobutylbenzene and do-
decane with mass fraction of 50% for each component.
The thermal and molecular diffusion coefficients, which
are functions of the temperature and other properties of
the mixture, are calculated at each point of the grid. Nu-
merical results reveal that when the permeability is low
the thermodiffusion effect is dominant in the composi-
tion separation process. As the permeability increases
the thermodiffusion effect and buoyancy-driven convec-
tion combine their actions to enhance the composition
separation process. As the permeability increases fur-
ther the buoyancy-driven convection becomes dominant
in the cavity and becomes detrimental to separation in the
cavity.

keyword: Soret effect, Convection, Thermal diffu-
sion coefficent, Separation ratio, Permeability, Peng-
Robinson

1 Introduction

Convection in a fluid may arise from temperature differ-
ences either within the fluid or between the fluid and its
boundary. The basic premise behind convection is that
heated matter becomes lighter and rises, while cooler ma-
terial sinks.

The thermodiffusion, also known as the Soret effect, is
the tendency of a convection-free mixture to separate
under a temperature gradient. For binary mixtures, the

'Ryerson University, Department of Mechanical and Industrial En-
gineering, 350 Victoria Street, Toronto, ON. M5B 2K3 Canada

Soret effect is measured by the Soret coefficient, St,
which is the ratio of the thermal diffusion coefficient, D,
to the molecular diffusion coefficient D¥. However, for
multicomponent mixtures, the thermal diffusion coeffi-
cient is more commonly used as a measure of the Soret
effect. The Soret effect is an important phenomenon
for the study of the compositional variation in hydrocar-
bon reservoirs. It also plays a crucial role in the hydro-
dynamic instability of mixtures, mineral migrations and
mass transport in living matters.

Convection has a major influence on the accuracy of the
Soret measurements. Utilization of porous media helps
in reducing the distortion caused by convection because
the fluid moves slowly in porous media. Costeseque et
al. (2004) conducted experiments in both a free fluid
and a porous medium with a vertical temperature gradi-
ent. It was found that, when the thermal conductivities of
the fluid and solid matrix are of the same magnitude, the
Soret coefficients do not differ significantly with respect
to the case of the free fluid.

Several researchers have published values of the Soret
coefficient for organic molecules, polymers, and even
electrolytes solutions. In particular, in 1999, research
groups from different universities started a ground-
based measurement campaign (see Platten et al (2003)).
The goal was to establish a reliable database of the
Soret coefficient for three binary mixtures composed
of dodecane (C12), Isobutylbenzene (IBB), and 1,2,3.4-
tetrahydrophtalene (THN). As well, there was a clear de-
sire to establish benchmark values for the Soret, thermal
diffusion, and diffusion (Fick) coefficients so that they
could be used to compare Earth results with results ob-
tained through other means such as experiments in mi-
crogravity or numerical simulation. The values obtained
from independent researchers, were in strong agreement
with each other, Platten et al. (2003), their differences
did not exceed 7%.

Despite the fact that transport coefficient data for binary
mixtures is available, it is known, however, that the vari-
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ation of hydrocarbon reservoirs for a non-ideal multi-
component mixture system cannot be determined using
results obtained from binary mixtures since diffusion
coefficients may significantly differ in multi-component
mixtures. Shukla and Firoozabadi (1998) developed a
model for thermal diffusion factors in multi-component
non-ideal mixtures. This model was based on the ther-
modynamics of irreversible processes where the effects
of both equilibrium and non-equilibrium properties are
incorporated. The equilibrium properties, such as par-
tial internal energies and fugacities, were estimated us-
ing the volume-translated Peng-Robinson equation of
state. On the other hand, the non-equilibrium prop-
erties, such as viscosity, were accounted for by incor-
porating the energy of viscous flow. The model was
validated with the measured compositional data for a
ternary mixture nCp;/nC;¢/nCyp,. They further predicted
the thermodiffusion behaviour for a six-component mix-
ture of C1/C3/nCs/nC;o/nC¢/C, at various temperatures
and pressures and found that when the system was far
from the critical point, the thermal diffusion factor was
not sensitive to temperature or pressure.

Firoozabadi et al. (2000) further examined the per-
formance of this model for three different binary sys-
tems; the hydrocarbon system, i.e. C;/C3, C1/Cq4, C7/Cy3
and C;/C¢, the non-hydrocarbon system, i.e. Ar/CO,,
N,/CO;, H,/N;, and H,/CO,, and the hydrocarbon-
nonhydrocarbon system, i.e. C;/N, and C/CO;. These
three systems were used to model binary mixtures of
reservoir fluids. The model was compared with experi-
mental data and two other models: the Rutherford and
Kempers models, see Kempers (1989) and Rutherford et
al. (1959). It is worth noting that when detailed com-
parison is made between the theoretical results and the
experimental data, the Firoozabadi model is superior in
describing experimental results for the thermal diffusion
coefficients in binary mixtures. In particular, the sign of
thermal diffusion coefficient is consistent with the exper-
imental data.

A study by Lorenz and Emery (1959) showed that
the maximum magnitude of separation or the optimum
coupling between buoyancy and thermodiffusion is ob-
tained at a particular value of the permeability. Benano-
Melly et al. (2001) numerically investigated the phe-
nomenon of thermo gravitation convection in binary
fluid mixtures. In their study, a two-dimensional cell
with two vertical walls set at constant different temper-
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atures was used. The binary mixture filling the cell
porous medium was initially homogenous, and the two-
dimensional cell’s boundary condition was no flow and
no mass flux through the cell walls. The flow analy-
sis showed that the mixture undergoes convection due
to the presence of thermal gradient with higher convec-
tion velocity near the cell vertical sides. It was found
that when the solutal Rayleigh number is high enough,
and the Soret number is positive, the solutal and thermal
buoyancy forces combine their actions to enhance con-
vection, and when the Rayleigh number is high and the
Soret number is negative, the counteracting solutal and
thermal buoyancy forces weaken the convection. It was
also observed that the solutal buoyancy force had negli-
gible, or no effect, on the convection for solutal Rayleigh
numbers lower than 0.1. Benano-Melly ef al. (2001)
further investigated the solute migration and distribution
behavior and found that the amplitude of the separation
ratio mainly depends on the thermal Rayleigh number;
also, a decreased Lewis number results in a decreasing
separation ratio.

Riley and Firoozabadi (1998) presented a model to in-
vestigate the effects of natural convection and diffusion
(thermal, pressure and fickian) on a single-phase binary
mixture Methane-nButane in a horizontal cross-sectional
reservoir in the presence of a prescribed linear tempera-
ture field. It was found that increasing the permeability
increases the horizontal compositional variation. A local
maximum and/or minimum value exists in the composi-
tional gradient as a function of the permeability.

The objective of this study is to numerically investigate
the interaction between thermodiffusion and buoyancy
driven convection in a laterally heated vertical porous
cavity with an aspect ratio of 10 filled with three bi-
nary mixtures of THN-C12, IBB-C12, and THN-IBB.
The thermodiffusion process is simulated in a vertical
porous cavity with permeability ranging from 0.001 md
to 10,000 md. Section two introduces the numerical
model, section three presents mathematical modelling.
The solution technique is explained in section four and
the results and discussions are shown in section 5.

2 The Numerical model

A vertical cavity with height (H) of 5 m and width (W) of
0.5 m is considered with various boundary conditions, as
shown in Figure 1. The four walls are assumed to be non-
reacting, solid, impermeable, and with no-slip condition.
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Two lateral walls have a Dirichlet boundary condition;
the right wall with hot temperature of 303 K, and the left
wall with cold temperature of 293 K. The top and bottom
walls are assumed to be adiabatic. The binary mixtures
filling the vertical cavity consist of THN-C12, IBB-C12,
and THN-C12, each component at 50% mass fraction,
and under atmospheric pressure. The fluid is considered
to be compressible, with no heat generation, no chemi-
cal reaction, and no interactive superficial forces acting
between the porous medium particles and the liquid mix-
ture.

oT

v=0 —=0
ot
A
g=9.81 m/s’
H=5m
u=0 u=0
T=293K T=303K
y
T W=0.5 m—»
—’X
or
v=0 —=0
ot
Figure 1 : Two-dimensional porous media model and

boundary conditions

3 Mathematical Modelling

In order to simulate the thermodiffusion process in a
porous medium cavity, field equations describing the re-
sponse of the mixture fluid to thermo-solutal and grav-
itational driving forces are required. Therefore, a mass
continuity equation, a momentum conservation equation
and an energy conservation equation are introduced.

3.1 Mass Continuity Equation

In a two-dimensional domain, the general conversation
of mass equation can be written in the following form:

a(pm”)

Pm
o ox +

d(pmv)
ot =0

dy

ey

where: p,, is the molar density of the mixture fluid, and u
and v are the horizontal and vertical velocity components,
respectively. Since a multicomponent mixture is used, an
additional mass conversation equation is solved, namely:

9 (pmc)
ot +

a(pmuc)
ox

+ J (pmvc)

PR =-—-VeJ

2

where: J is the molar flux of the solute and can be written
in general form as follows:

J=—pu (D"Vec+ D" VT +D"VP) 3)
where: DM is the molecular diffusion coefficient; D is
the thermal diffusion coefficient; D is the pressure dif-

fusion coefficient; Vc is the mole fraction gradient; VP
is the pressure gradient; VT is the temperature gradient.

3.2 Momentum Conservation Equation

In porous media, the porous matrix is assumed to be ho-
mogenous and isotropic, therefore, the Darcy’s equation
can be applied and expressed in the following form:

K
— _—— (VP—pg
¢u( pg)

<{

“)

where: p is the mass density of the fluid mixture, x is the
permeability, ¢ is the porosity, u is the dynamlc V150051ty,
and g is the gravity acceleration vector. V=ui+vj j is the
velocity vector in the two dimensional field. By substi-
tuting the Darcy’s equation into the general conservation
of mass equation (1), a pressure differential equation is
obtained:

®)
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3.3 Energy Conservation Equation

The energy conservation equation can be expressed as
follows for a two-dimensional domain and with Darcy’s
equation substituted in it:

a(pCp).T d 9

AL+ s ()T +0v3x ((9G,)T)
N

T a2

where: (pC,). is the effective volumetric heat capacity
of the system and k, is the effective thermal conduc-
tivity of the system. These effective physical parame-
ters are related to the fluid properties and the solid ma-
trix properties as (pCp), = ¢ (pCp) ;+ (1 —9) (pCp) , and
ke = Ok + (1 —0)k,.

(6)

4 Numerical Solution Technique

Equations (1), (2), (5), and (6) together with their cor-
responding boundary conditions as depicted in Figure 1,
are numerically solved using a control volume method
with a rectangular grid system. The second-order cen-
tered scheme is used in the space discretization, and a
semi-implicit first-order scheme is used for the tempo-
ral integration. With respect to the non-linear convection
terms, power-law scheme [Rutherford er al. (1959)] is
applied in order to achieve higher accuracy for the com-
bined convection and diffusion cases. The obtained lin-
ear system of algebraic equations is solved at each time
step using a bi-conjugated gradient iteration method with
a given convergence criterion, which has been confirmed
over many tests for the required accuracy. At the initial
time step, the velocities were set to zero in the compu-
tational domain where initial pressure and concentration
are specified. The convergence criterion is set for three
parameters, the pressure P, temperature T and concen-
tration c, respectively. The errors between iterations are
calculated as follows:

6?;“‘“ _ e:cjs
e;c].;s-i-l

1 m n

X2

MmX iz =

Yo = (N

where: 0 represents the pressure, temperature or concen-
tration, i and j represent mesh indices along x and y di-
rections of the domain; k denotes the time step, and s is
the indicator of inner iterations. The values of pressure,
temperature and concentration are defined at the center
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of each control volume, but the velocities are defined on
the surface of each control volume, or grid cell. Differ-
ent mesh sizes were tested and a 71 x 71 control volume
was adopted. The solution procedure begins by assuming
initial pressure, temperature and concentration values in
the mixture. Since the Peng-Robinson Equating (EOS),
Firoozabadi (1999), is used to calculate the density vari-
ation, as well as other fluid properties, the flow is consid-
ered to be compressible. Therefore, the properties of the
liquid, such as the density, viscosity, specific heat and all
three diffusion coefficients are functions of the tempera-
ture, pressure and the fluid mixture composition and are
evaluated for each control volume. The thermal conduc-
tivity is assumed constant in the analysis.

In this paper, the viscosity of the liquid mixture (u) is ob-
tained with a method proposed by Lohrenz et al. (1964)
and given by:

u=u+(E—-107")/8 (8)
where u* is the gas-mixture viscosity (Jossi et al 1961),
€ is the mixture viscosity parameter and & is a variable

related to the reduced density (p,) with a fourth order
polynomial.

The calculation of the three diffusion coefficients is well
explained in the papers by Firoozabadi et al. (2000),
Shukla and Firoozabadi (1998) and Chacha ez al. (2003).
Once the properties of the liquid and all three diffusion
coefficients are obtained, the continuity equations (1) and
(2), velocity equation (4), pressure equation (5) and the
energy equation (6) can be solved with the given bound-
ary conditions. The updated pressure, temperature, and
concentration fields can be used to evaluate the liquid
properties and all three diffusion coefficients again for
the next time step until steady state is achieved.

Finally, the stream function is computed via solution of
the related well-known Poisson equation.

P¥ PY du oy 9)
ox2  9y2  dy ox

5 Results and discussion

In order to make the analyses more realistic, wide ranges
of permeabilities are utilized. The permeability ranges
from 0.001 md to 10,000 md, corresponding to a Darcy
number of 3.91 x 1072° to 3.91 x 10~ respectively and
the porosity is set equal to 0.2. The numerical simulation
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is used to analyze the flow characteristics, the velocity
in the cavity, the component migration, and concentra-
tion gradients. The separation ratio is also calculated and
compared with analytical values.

5.1 Comparison of flow patterns

The streamlines indicating the flow behaviours for THN-
C12, IBB-C12, and THN-IBB are depicted in Figures 2,
4, and 6, respectively.

The streamlines show that for all three binary mixtures
and k=0.001 md (low permeability) the flow is very
weak. This is also evident in Figures 3, 5, and 7, which
show the vertical velocities along the center of the cav-
ity for the three binary mixtures. As the permeability
increases, the flow gains strength in all three binary mix-
tures. As shown in Figures 3, 5 and 7, when the per-
meability increases the fluid flow becomes stronger and
causes the fluid to go up along the hot wall, and then
down along the cold wall, creating a counter-clockwise
flow in the cavity.

The flow behaviour in all three mixtures can be explained
by realizing that at low permeability the porous medium
is tightly packed. The porous media has a texture that
makes it difficult for the fluid mixture to flow, hence, con-
trolling or reducing the convection. The lateral heat ap-
plied to the cavity containing the porous media creates a
temperature gradient inside the cavity, which causes ther-
modiffusion to occur. The thermodiffusion or the Soret
effect is therefore dominant in the cavity at low perme-
abilities. As the permeability increases the porous me-
dia becomes more pervious. It assumes a texture sim-
ilar to very fine sand. At even higher permeability the
porous media becomes almost like well sorted gravel.
Therefore, the porous media allows the mixtures to flow,
contributing to the higher fluid velocities in the cavity.
In such conditions, the buoyancy-driven convection be-
comes dominant in the cavity, which in turn has a nega-
tive effect on the thermodiffusion. At high permeability
values, the convection completely overwhelms the ther-
modiffusion. One of the differences noticed between the
three binary mixtures is that the highest velocity among
the three mixtures occurs in the THN-C12 mixture, while
the lowest velocity occurs in the THN-IBB mixture.

5.2 Comparison of density distribution along the cen-
ter of the cavity vertically and horizontally

The density distribution can be regarded as a good indica-
tor of the uniformity or separation of the mixture inside
a cavity, and the way components of a mixture react to
various conditions.

Figure 8 shows the density variation horizontally along
the center of the cavity for the THN-C12 mixture. For
low permeability, the density decreases linearly along the
width of the cavity. This linear variation also suggests
that the Soret effect is dominant and causes separation in
the mixture, which confirms the trend seen in the flow
pattern. The heavier component, THN, migrates to the
cold wall, while the lighter component, C12, migrates to
the hot wall. As the permeability increases the density
variation remains almost linear, however, a slight curve
appears in the variation. This is due to the increase in
the counter-clockwise flow of the fluid mixture caused by
the buoyancy-driven convection. As the permeability in-
creases further, the buoyancy-driven convection becomes
stronger, and the curve in the variation becomes more
apparent. The curvature in the variation indicates that
the density gradient in the cavity is diminishing, suggest-
ing that mixing is taking place. The average density for
THN-C12 mixture was found to be approximately 803
kg/m?.

Figure 9 displays the graph with density variation ver-
tically along the center of the cavity for the aforemen-
tioned THN-C12 mixture. At lower permeability, a uni-
form density distribution is observed. At such low per-
meability, the flow is very weak, and the linear hori-
zontal temperature distribution causes a separation in the
horizontal direction. As the permeability increases, the
vertical density distribution varies linearly. This change
comes from the buoyancy-driven convection, which is
becoming dominant in the cavity. The heavier com-
ponent, THN, is being pushed downwards by convec-
tion to the bottom of the cavity. Conversely, the lighter
component, C12, is being pushed upwards to the top
of the cavity. As the permeability increases further the
variation becomes almost uniform again with noticeable
changes near the top and bottom of the cavity. In prac-
tice, as explained before, the buoyancy-driven convec-
tion at higher permeabilities causes the flow to increase
in speed. Therefore, as the fluid moves rapidly along the
top and bottom boundaries of the cavity the variation be-
comes noticeable, while mixing takes place along the rest
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Figure 2 : Streamline contours for THN-C12
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Figure 3 : Vertical velocity along the center of the cavity for THN-C12

of the cavity thereby creating uniformity in the domain.

Figure 10 presents the density variation for IBB-C12
mixture horizontally along the center of the cavity. It
shows a pattern similar to the THN-C12 mixture horizon-
tal density variation. It is evident that the density varies
linearly at low permeability due to the Soret effect, while
the density variation becomes non-linear as the perme-
abilities increase due to buoyancy convection. The only
difference between the two cases is the fact that when the
permeability increases, the curvature in the density vari-
ation is not as pronounced, as was the case for THN-C12
mixture. This is due to the fact that IBB is much more
viscous then THN. The average density of IBB-C12 mix-

ture is approximately 800 kg/m>.

Figure 11 shows the density variation for IBB-C12 verti-
cally along the center of the cavity. Once again, at lower
permeability a uniform density variation is observed, and
the variation becomes linear with the increase in the per-
meability. The change from uniform to linear variation is
the result of the convection gaining strength, and causing
the IBB to migrate to the bottom of the cavity. As the
permeability increases further, the mixture becomes uni-
form throughout most of the cavity; however, there exists
a sharp variation in the density near the top and bottom
of the cavity as noticed earlier in the case of THN-C12
mixture.
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Figure 4 : Streamline contours for IBB-C12
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Figure 5 : Vertical velocity along the center of the cavity for IBB-C12

Figure 12 shows the density variation of the THN-IBB
mixture horizontally along the center of the cavity. Con-
trary to the other binary mixtures of THN-C12 and IBB-
C12, the THN-IBB mixture varies linearly for all ranges
of permeabilities. There is little curvature in the density
variation as the permeability increases, because the mix-
ture is very viscous. Even at higher permeabilities, where
convection is dominant, it is difficult to move the mixture
enough to cause mixing, as was the case for the other bi-
nary mixtures. The vertical density variation along the
center of the cavity is examined in Figure 13. It is ev-
ident that variation is modest compared to the other bi-
nary mixtures. The vertical density variations along the

center of cavity have a tendency to remain uniform. The
average density of THN-IBB mixture is approximately
903.14 kg/m°.

5.3 Variation of Concentration with permeability

In Figure 14 it is evident that when the permeability is
low (less than 0.1 md), a horizontal composition gradient
appears because of the Soret effect. The heavier compo-
nent THN migrates to the cold wall, which agrees with
the previous discussions when density variation was ex-
amined. As the permeability increases, the concentration
gradient direction changes, and as the permeability in-



278 Copyright (©) 2006 Tech Science Press

[ —

a) k=0.001 md

FDMEP, vol.2, no.4, pp.271-286, 2006

b) k=10 md ¢) k=10,000 md
a=1398x10" a=1.506x 107 a=1.503x 10"
b=1315x 10" b=1.227x10" b=1222x10*

Ay =8.194x 107" Ay =8819x 107 Ay =8.802x10°
Figure 6 : Streamline contours for THN-IBB
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Figure 7 : Vertical velocity along the center of the cavity for THN-IBB

creases further it assumes an angle of almost 45 degrees
(k=10 md). The change in direction again points to the
fact that the buoyancy-driven convection is increasing in
strength, and causing the fluid to flow inside the cavity.
As the permeability continues to increase, the concentra-
tion gradient becomes almost vertical (k=100 md) with
heavier THN accumulating near the bottom of the cav-
ity, which once again agrees with the earlier findings. At
high permeability values, the concentration gradient no
longer exists, and a clear mixing pattern is visible, with
flow moving in a counter-clockwise direction. A similar
pattern is seen in the binary mixture of IBB-C12, Figure

15, and THN-IBB, Figure 16. The concentration gra-
dient is horizontal at low permeability, then it changes
direction to almost 45 degrees as permeability increases.
The gradient is caused by the contribution of both the
Soret effect and the buoyancy-driven convection. As the
permeability increases, the buoyancy-driven convection
becomes dominant. This will lead to a uniform concen-
tration in the cavity as shown in Figurel5c and Figure
16c.
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Figure 8 : Horizontal density distribution for THN-C12
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Figure 9 : Vertical density distribution for THN-C12

5.4 Separation Ratio

It is evident that the permeability has a direct effect on the
separation of the components in the mixture. At lower
permeability the Soret effect has a significant impact on
the mixture, while at higher permeability convection be-
comes a major factor. One method of further examining
the effect of permeability can be based on the introduc-
tion of a variable known as the separation ratio (q). The

separation ratio can be defined as follows:

Cmax/(l N Cmax)

9= (10)
mm/(l _Cmin)

where: C,,,, represents the maximum concentration and

Cynin represents the minimum concentration of a solute

component in the whole porous cavity.

A variation in the separation ratio as a function of the
permeability is shown in Figure 17. The separation ra-
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Figure 11 : Vertical density distribution for IBB-C12

tio variation along with permeability indicates three no-
ticeable regions. The first region is between 0.001 and
0.1 md, where the separation ratio remains constant and
maintains a value above 1. This region is caused by
the strong thermodiffusion, while the convection effect
is negligible. Therefore, a value of separation ratio that
is close to the value of one (q=1) specifies that the Soret
effect is weak, and a value far from the value of one (q=1)
indicates that the Soret effect is stronger and causing per-
ceptible separation in the cavity. Among the three binary
mixtures, the Soret effect is strongest at lower permeabil-
ity in the THN-C12 mixture, while it is weakest in the

THN-IBB case.

The second region is between 0.1 and 1000 md. In this
region, the separation ratio value increases and reaches
a peak value. This peak value indicates the permeability
value where the maximum separation of components oc-
curs. The increase in the Separation ratio also indicates
the change in orientation in the concentration gradient.
The concentration gradient, when increasing the perme-
ability, slowly becomes horizontal. The maximum sep-
aration occurs when the heavier component accumulates
on the bottom of the cavity near the cold wall, and the
lighter component accumulates on the top of the cavity
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Figure 13 : Vertical density distribution for THN-IBB

near the hot wall. This region also indicates that separa-
tion is caused by the contribution of both the Soret effect
and the buoyancy-driven convection. It is found that the
THN-C12 mixture has the highest value of Separation ra-
tio, while the THN-IBB mixture has the lowest value.

The third region is between 1000 md and 10,000 md.
In this region, the separation ratio decreases rapidly and
reaches a value close to 1, (because the buoyancy-driven
convection causes the mixture to mix). In this region,
the convection becomes dominant and the Soret effect is

suppressed.
Benano-Melly et al. (2001) showed that a maximum

value for the separation ratio exists for a permeability
given by the following expression:

. uDY $~/120

11
gBrATHp (

Table 1 shows the maximum separation according to the
analytical expression and the value of maximum separa-
tion obtained by the present numerical simulation. The
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Figure 14 : Concentration contours for permeability range from 0.001 md to 10000 md for THN-C12

discrepancy between the values obtained by analytical
expression and by numerical modeling is due to the fact
that solutal buoyancy is included in the numerical simu-
lation. In addition, in the present simulations, both ther-
mal and molecular diffusion coefficients are functions of
temperature, fluid mixtures, and pressure.

Peaking of the separation ratio in the second region might
be explained according to the fluid and thermal charac-
teristic times shown in Figure 18 for the THN-C12. The
characteristic time for thermodiffusion t;, (i.e. Tau_th
in the graph) is found to be constant at 1.17 x 10% sec-
onds, while the flow characteristic time T; (i.e. Tau_f
in the graph) decreases monotonically from 1 x 10'? sec-
onds to 3.69 x 10° seconds, as the permeability increases.
The point of intersection of the fluid characteristic time
and the thermal characteristic time occurs at approxi-

mately 25 md, which corresponds to the value of per-
meability where the separation ratio is observed to be at
its maximum value. Consequently, the point of intersec-
tion also indicates that beyond this point the fluid char-
acteristic time will be less than the thermal characteristic
time, hence, indicating that the buoyancy-driven convec-
tion becomes the dominant force in the cavity.

Another way to study this effect is by plotting the ratio
of solutal Rayleigh number (Ra,) and thermal Rayleigh
number (Rar) as a function of the permeability as shown
in Figure 19. The ratio can be defined as follows:

Ra. B.Ac
= Le
RaT BTAT

(12)

where Le is the Lewis number. The Rayleigh number
is defined as the product of the Grashof number, which
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Figure 16 : Concentration contours for THN-IBB

describes the relationship between buoyancy and inertia
within a fluid, and the Prandtl number. Figure 19 illus-
trates that the concentration difference remains uniform
for permeability between 0.001 and 0.1 md, because the
ratio of Rayleigh numbers remains constant. The concen-
tration difference increases from 0.1 md to 10 md, and
then decreases from 10 md to 10,000 md. It can be real-
ized that for permeability between 0.1 md and 10 md, as
the thermal Rayleigh number increases linearly, the solu-

tal Rayleigh number begins to increase linearly as well,
indicating the dominance of the Soret effect. Between 10
md and 100 md, there is a slight increase and then a peak
occurs around 25 md indicating that the Soret effect and
buoyancy-driven convection are both active in the cav-
ity. Above a permeability of 25 md, there is a reduc-
tion in the solutal Rayleigh number; however, the ther-
mal Rayleigh number continues to increase linearly indi-
cating the dominance of buoyancy-driven convection.
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6 Conclusion

This study has investigated the interaction between ther-
modiffusion and buoyancy driven convection in a single-
phase hydrocarbon binary mixture system. Three binary
mixtures of THN-C12, IBB-C12, and THN-IBB, each
with 50% mass fraction, were used in the simulation.

The model was based on the non-equilibrium thermo-

dynamics theory and the diffusion coefficients were eval-
uated with time and space dependent fluid properties and
compositions. In the analysis, the flow characteristics,
the velocity in the cavity, the component concentration
gradients, and the separation ratio were used to investi-
gate the behaviour of the thermodiffusion and buoyancy-
driven convection. It has been found from the density
pattern that at low permeability the lateral heating pro-
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Table 1 : Maximum Separation Obtained by Analytical Expression and Numerical Simulation

Analytical Maximum Separation

Numerical Maximum Separation

Ratio [md] Ratio [md]
THN-C12 37.7 25
IBB-C12 53.2 42
THN-IBB 78.3 76

duces a very strong Soret effect in the cavity. As the per-
meability increases, the fluid is able to move more readily
throughout the cavity, hence, the buoyancy-driven con-
vection becomes stronger, and Soret effect becomes less
dominant. The analysis reveals a consistent behaviour
between the three binary mixtures. It also reveals that
the THN-C12 mixture separates the most, while THN-
IBB separates the least inside the cavity.

Nomenclature

CP
DM
DP
DT
H

Mole fraction or concentration
Specific heat at constant pressure
Molecular diffusion coefficient
Pressure diffusion coefficient
Thermal diffusion coefficient
Height of a porous cavity

j Diffusive flux

7 Molar flux

k Thermal conductivity

P Pressure

VP Pressure gradient

q Separation ratio

St Soret Coefficient

T Temperature

VT Temperature gradient

u Velocity component in x-direction
v Velocity in y-direction

1% Velocity vector in the two dimensional field
Ve Mole fraction gradient

Greek Letters

K Permeability

285
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u Dynamic viscosity of fluid mixture
p Mass density of the mixture

pm  Molar density of the mixture

0 Porosity of the porous medium

T Characteristic time of the convection flow

T Characteristic time of thermodiffusion
Subscripts

0 Reference quantity

e Effective

f Fluid mixture

m Molar quantities
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