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Abstract

Convection has a very important effect on the thermal diffusion process in hydrocarbon porous media. We investigate the convection effect
in a vertical cavity having an aspect ratio of 10 and subject to a lateral heating condition based on two-dimensional numerical simulation.
Using the irreversible thermodynamics theory of Shukla and Firoozabadi [Ind. Engrg. Chem. Res. 37 (1998)], the space dependent thermal,
molecular and pressure diffusion coefficients are calculated at each point of the grid as functions of the temperature, pressure and othel
properties of the mixture. The thermal diffusion process is simulated in a vertical porous media combined with natural convection flow over
a range of permedliily from 0.001 to 10 000 md. Numerical results reveal that lighter fluid component migtes to the hot side of the
cavity, and as the permeability ireases, the component separation in the thermalsitiffiy or Soret effect, procesncreases first, reaches
its peak, and then decreases. This phenomenon is iledtaad discussed both nencally and physically.

0 2004 Elsevier SAS. All rights reserved.
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1. Introduction coefficient is calculated at each point of the cavity grid and

In a uniform mixed binary mixture, when a temperature aI_I diffusion coefficients are completely defined. Compared
gradient is applied there appears a composition gradient.With other approaches, such as Rutherford and Roof [10],
This thermal diffusion effect is named the Soret effect, and the theoretical prediction ohis approach is much closer to
the ratio of the thermal diffusion coefficient to the molecu- €xperimental data, especially for non-ideal mixtures, such as
lar diffusion coefficient is known as the Soret coefficient, see hydrocarbon mixtures.

Soret[1]. Usually, in a binary mixture, the lighter component ~ Because of the complicatedrobination of different dif-
migrates to the hot side. Theoretical developments related tofusion factors, the majority of previous studies on the Soret
the calculation of the molecular, thermal and pressure diffu- effect have investigated mainly the gravitational effect on the
sion coefficients have received much attention by different composition variation in a oneifdensional convection-free
researchers [2-10] in this field. Among these, Shukla and channel, see Schulte [11] and Hirschberg [12]. Studies on the
Firoozabadi [2], Riley et al. [5] and Ghorayeb et al. [6-8] convection effect include the research work of Faruque et al.
using the irreversible thermodynamics theory, were able to [13], Jacqgmin [14], Riley and Firoozabadi [5], and Benano-
extend the work of De Groot [9]. Ghorayeb et al. devel- Melly etal. [15]. Shulte [11] and Hirschberg [12] have inves-
oped an analytical relation between the thermal, moleculartigated the gravitational effect on the composition variation
and pressure diffusion coefficients and the properties of thein a one-dimensional convection-free channel. Their stud-
fluid mixture, such as the temperature, pressure and com-ies show that the thermal diffusion is of the same order of
position. The advantage of this approach is that the Soretmagnitude as the effect of pressure diffusion. However, they
neglected any convection in their analysis, which is a nat-
* Corresponding author. ural phenomenon in real cases. Faruque et al. [13] using the
E-mail address: zsaghir@ryerson.ca (M.Z. Saghir). Firoozabadi approach compartied theoretical results with
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Nomenclature

¢ methane mole fraction Rar  Thermal Rayleigh numbes; S£280L

C heat capacity

Dljw moleculr;r diffusive coefficient........ —1 Greek symbols

Dr thermal diffusion coefficient . . . .. fs~1.K1 o thermal diffusivity,= (pé—;)f ......... nt.s1

Dp  pressure diffusion coefficient.... #s~*Pa’  g.  solutal volume expansion coefficient

J molar diffusive flux ........... molen—2.s71 Br thermal volume expansion coefficient . .-K11

k thermal ConductiVity ............ W']il'Kil ¢ porosity

kp thermal conductivity of the solid K permeability ............................ m
particles ....................... wi—lk-1 m dynamic viscosity of the fluid

Lc characteristic length MIXEUTE e eeeeeans kon~ts™

P pressur_e ..... R R Pa v kinematic viscosity of the fluid mixture el

q separation ratio b L o fluid mixture density ................ lagp—3

St Soret coefficient= 5y K Om fluid mixture molar density . ....... mola—3

T temperature............ K 1372

t tMe .o s U flow characteristic time in seconas, W

u velocity component in-direction...... .. LT thermal characteristic time in seconeis 2=

v velocity componentinp-direction. . .. .. s 1

1% fluid velocity vector(u, v) . ............ ms 1 Subscripts

X dimension irm 0 reference quantities

y dimension inm c solutal

Le Lewis number=«a/Dy e effective

Da  Darcy number=k/L?2 f fluid mixture

Ra,  Solutal Rayleigh numbes; s2cckex m molar quantities

the experimental data of Rutherford and Roof [10] and their ~ This work investigates numerically the interaction be-
results show good agreement. Three research groups have intween the thermal diffusion and the buoyancy convection in
vestigated the convection effect on the composition variation a laterally heated vertical cavity filled with a binary mixture

in hydrocarbon porous media. Jacgmin [14] simplified his of methane and-butane. Our results are unique in that the
modelling with the neglect of the thermal diffusion, which Soret coefficient has not been fixed in the computational do-
is an important factor we focus on, and concluded that the main but rather calculated at each point of the grid as a func-
convection would be balanced with the composition vari- tion of the temperature, pressure and the composition of the
ation based on his perturbation theory analysis. Riley and fluid mixtures. In Section 2, the mathematical model is pre-
Firoozabadi [5] studied the effect of thermal, pressure, and sented, the solution procedure is introduced in Section 3, and
molecular diffusions combined with natural convection in Section 4 presents the results. The importance of the thermal
a rectangular reservoir with a prescribed linear temperaturediffusion in the cavity is demonstrated to be dominant when
distribution. Because their research focus was on the exami-the permeability is below a certain value and above which
nation of a real oil reservoir, the energy equation was omit- the buoyancy convection becosn@ominant. The separation
ted and a linear temperature distribution was applied in the ratio is introduced to better assess the importance of each
Cavity_ They Showed that a Sma” amount Of Convection can force in the CaVity. Fina”y, SeCtiOI’l 5 pl’esentS the COI’]C|USi0n
cause the horizontal composition gradient to increase un-drawn from this analysis.

til a maximum is reached and then decay inversely propor-
tional to the permeability of the porous medium. Benano-
Melly et al. [15] examined the thermal diffusion in binary
fluid mixtures subject to a lateral heating. They assumed a
constant Soret coefficient in their entire numerical analysis.
Their numerical results indicated a multiple convection roll
flow pattern depending on the Soret coefficient value and
their experimentally measured thermal diffusion coefficient
was used in their numerical model. They noticed the same %°m + 9 (omut) + I(pmv) _ 0 (1)
composition separation phenomenon as in the case of the in- 97 dx dy

creased permeability, or the case of convection flow, but they where p,,, is the molar density of the mixture fluid, and
did not explain the mechanism behind this phenomenon.  andwv are the horizontal and vertical velocity components,

2. Mathematical model
2.1. Mass conservation equation

In the two-dimensional domain, the mass conservation
equation is written in the following form:
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. . . . v=0, J,=0, T(x,H)
respectlvely. Because we are assuming a blnary mixture, one

more mass conservation equation is solved, namely: A
d(pmc) n d(pmuc) n d(pmvce) _ve] @)
at ox dy
where J is the mass flux of the solute, methareis the u=0, u=0,
concentration of methane. Using the transport theory, see J=0, H =0,
Bird and Stewart [3], the mass flux can be expressed as T=T. T=Th
follows: g
J = —pm(DuVec+ DrVT + D,V P) (3)
whereT is the temperaturep is the pressure anb,,, Dr, « L —»
and D, are the molecular diffusion, thermal diffusion and y A
pressure diffusion coefficients, respectively. Here the ther- t v=0, 1,0, T(x,0)
mal, molecular and pressure diffusion coefficients are func- X S

tions of the temperature, pressure, and the properties of the
fluid mixture. Using the irreversible thermodynamics theory,
Firoozabadi and Ghorayeb [1&Ere able to formulate a the-
oretical approach to determine the dependency of those co2-4. Boundary conditions

efficients on the pressure, temperature and mixture composi-

tions. For further details, the reader should see Faruque etal. Fig. 1 depicts the problem to be solved numerically with

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

[13] and Chacha et al. [17]. its corresponding boundary conditions. A vertical cavity
with a heightH and a widthL is subject to different bound-
2.2. Momentum equation ary conditions on its lateral and horizontal walls. The four

walls are assumed to be impaeeable and non-reacting to

In porous media, the porous matrix is assumed to be the fluid. The two lateral walls are subject to a Dirichlet type
homogeneous and isotropic. Therefore the Darcy equationboundary condition with a constant temperature designated
is applied and expressed in the following form: by the hot temperatur®, = 344°C and the cold tempera-
. K . ture 7, = 334°C. On the horizontal walls a linear tempera-
[ ou (VP +g) 4) ture gradient is applied. All the walls are assumed solid walls
so zero velocities are maintained. The binary mixture inside
the cavity consists of 20% methane (gtnd 80%:-butane

meability, the dynamic viscosity, and the porosity, respec- (C4H10). Since the Peng-Robinson Equation (EOS), see
"y y Ic viscosity POrosity, resp Peng and Robinson [18], is used to calculate the density

tively. By substituting the Darcy relation expressed in Eq. (4) i I ther fluid fies. the flow i

into the mass conservation equation expressed in Eq. (1), thevfzr'a '3'1’ abs wellas o irl u'll'h profper '?ﬁ’ € ov:_ IS C?rt]r;

pressure differential equation becomes as follows: sidered to be compressible. Theretore, the properties of the
liquid, such as the density, \dssity and specific heat, are

0pm Li(pmﬁ) _ Lipm(ﬁ — pg) =0 (5) functions of the temperature, pressure and the fluid mixture
ar  Pupdx dx o dy dy composition. The thermal conductivity is assumed constant

in the analysis. In this paper, the viscosity of the mixture is
obtained with a method proposed by Herning and Zipperer

The thermal enerav conservation equation is expressed a419]. Itis assumed that there is no heat generation, no chem-
9y q P cal reaction, and no interactsuperficial forces acting be-

where p is the mass density of the fluid mixturg,is the
gravitational acceleration vector, n, and ¢ are the per-

2.3. Energy equation

follows: tween the porous medium particles and the liquid mixture.
W+Mi(( C,) T)—i—vi(( C,) T)
ot ox \PEPf ay \PEPS
32T 9%T 3. Numerical scheme and solution procedure
~t 5+ 2] ©

. . . . Egs. (1), (2), (5) and (6), together with their correspond-
where (oC),). is the effective volumetric heat capacity of . i ctin Fi i
the system and, is the effective thermal conductivity of ing boundary conditions as depsetin Fig. 1, are solved nu

the svstem. These effective physical barameters are relate(Fnerically using the control volume method with a rectangu-
ystem. . physical p . . ar grid system. The second-order centered scheme is used
to the fluid properties and the solid matrix properties as

in the space discretization, and a semi-implicit first-order

follows: scheme is used for the temporal integration. With respect to
0Cp)e=¢d(pCp) f + (L =) (pCp)p @) the non-linear convection terms, the power-law scheme, see
ke = ks + (1— @)k, ®) Patankar [20], is applied in order to approach a high accu-

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

Height A of the cavity 5.0 meter
Characteristic length.. = v/ L2 + H? 5.025 meter

Fluid mixture composition Ch{(20%)+ nC4H10(80%)
Fluid specific heat(C)) / 2746.42 [kg~ 1K1
Fluid thermal conductivityk ¢ 0.095 [Jm~L.s~ 1.k
Porosity,¢ 0.20

Permeability,c 103,10, 1¢ md
Specific heat of porous mediurG ) 1840.0 [kg~1-K—1]
Thermal conductivity of porous mediurky, 1.0[3m sk
Density of porous mediunp), 2050.0[kg-m—3]
Reference temperaturé 339K

Lateral wall temperature differenc@, — T, 10°C

Reference pressur®g 11.15 MPa

The obtained linear algebraic system of equations is to evaluate the liquid properties and all three diffusion co-
solved at each time step using a bi-conjugated gradient iter-efficients again for the next time step. The convergence of
ation method with a given convergence criterion, which has the steady state is assumed when the absolute relative error
been confirmed over many tests for the required accuracy. of the concentration is found to be less thamd Getween

At the initial time step, the velocities have been set to successive time step iterations at each control volume. The
zero in the computed domain where initial pressure and validation of this numerical scheme has been evaluated by
concentration are applied. The convergence criterion is seta comparison between numeal results and experimental

for three parameters, the pressufe the temperature’ data given in Schulte [11]. Table 1 presents the dimensions
and the concentration, respectively. The errors between of the cavity as well as the porosity, the permeability, the
iterations are calculated as follows: composition of the mixture and the conductivity of the mix-
n kst ghis ture. N
Z Z u - ij 9) Once the velocities have been galculated, the we.II.-known
mxn Py 9" s+ r{%agﬂon between the stream function and the velocities

o —% is used to compute the stream function.
wheref represents the pressurefrtperature and concentra-
tion, respectively; and j represent mesh indices along the
x andy directions of the domairk denotes the time step 4. Results and discussion
ands is the indicator of inner iterations. The values of pres-
sure, temperature and concextion are defined at the cen- Our objective, as stated earlier, is to study the importance
ter of each control volume, but the velocities are defined on of the convection effect, including a variable Soret coeffi-
the surface of each control volume, or grid cell. Different cient as being a function of the temperature, pressure, and
mesh sizes have been tested and & 771 control volume  properties of the fluid mixture in a vertical cavity. The dif-
has been adopted. A tight convergence criterion is applied inference between flows with and without the Soret effect is
the time process to determinestestablishment of the steady discussed first. Then, the convection effect on the thermal
state. diffusion process is investigated for different permeability in
The solution procedure begins by assuming the initial terms of the separation ratio and the characteristic times of
pressure, temperature and concentration in the mixture. Thethe fluid flow and the thermal diffusion.
properties of the liquid, such as density (using the Peng In order to investigate the significance of the Soret effect,
Robinson state equation), viscosity and all three diffusion the two-dimensional convection problem is solved with the
coefficients for pressure diffusion, molecular diffusion and presence of the Soret effect, as well as without the Soret
thermal diffusion, are evaluated for each control volume effect. Jiang et al. [21] studied the convection patterns for
based on a given temperature, pressure and composition atiifferent permeability of 103, 10 and 16 md, respectively,
each time step. The calculatiofi the three diffusion coef-  which corresponds to a Darcy number a®Bx 1029,
ficients is clearly explained in Firoozabadi et al. [6-8] and 3.91 x 10-16 and 391 x 1013, respectively. In the flow
Chacha et al. [17]. Once the properties of the liquid and field, the convection due to buoyancy was shown to move
all three diffusion coefficients are obtained, the continuity fluid up along the warmer wall, push it to the top of the
equations (1) and (2), pressure equation (5) and the energycavity, and finally move it down along the cold wall. The
equation (6) can be solved with the given boundary condi- center of the flow changes accordingly as the permeability
tions. The velocity field is updated with Eq. (4). The updated of the porous medium increases. In the presence of the
pressure, temperature, and concentration fields can be use8&oret effect different behavior for the flow occurs. At low
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Fig. 3. Mixture density distributions along at the centre of the cavity with

Fig. 2. Mixture density distributions at the centre of the cavity with , HITEES ¢ e
x =10.0 md; (a) Vertical distribution{b) Horizontal distribution.

x =0.001 md: (a) Vertical distribution; (b) Horizontal distribution.

permeability, 102 md, the Soret presence is evident in is observed that the lighter component of the mixture, in
the flow pattern. This significance of the Soret continues this case the methane, migrates towards the hot side of the
to be apparent when the value of the permeability reachescavity. Therefore one expects a linear decrease of the density
10 md. It has been found that beyond this value of the as shown in Fig. 2(b). The difference between these two
permeability, the buoyancy convection exerts a negative horizontal distribution lines presents the contribution of the
effect on the composition separation and eliminates the SoretSoret effect, or thermal diffusion. The average density is

effect completely at permeability equal to*id. found to be 515.8 kgn—3 and the maximum deviation is
7.8 kgm—2 when the Soret effect is absent and 9.2nkg?

4.1. Comparison of density distributions along vertical and when both the Soret and buoyancy effects are present.

horizontal central lines Therefore, in the presence of the Soret effect there is a

15.2% increase in the density variation. The ratio between
The vertical and horizontal variation of the density at the contribution of the thermal diffusion (i.e., Soret effect)
the middle of the cavity for the permeability of 19 md and the thermal expansion (i.e., buoyancy effect) is 0.1795,
is presented in Fig. 2. In the vertical direction, a uniform which can be considered as the ratio of two driving buoyancy
density distribution with and without the Soret effect is forces.
observed as shown in Fig. 2(a). At such low permeabilities, The same calculation is repeated for the permeability of
the flow is weak and does nogsiificantly affect the linear 10 md and as the permeability increases, convection be-
horizontal temperature distribution. The convection is so comes more effective in the cavity. With lateral heating con-
weak that there is no difference between the vertical density ditions, the convection flow moves the lighter fluid near the
distributions with and without the Soret effect. Fig. 2(b) hot wall to the top of the cavity and heavy fluid along the
presents the density variation in the horizontal direction cold wall to the bottom of the cavity in the presence of the
at the middle of the cavity. In the absence of the Soret Soret effect. Fig. 3(a) shows the density variation in the ver-
effect a linear decrease in the density is due to the lateraltical direction. In the absence of the Soret effect, a constant
heating condition. In the presence of the Soret effect, it density distribution is observed. However, in the presence of
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Fig. 5. Soret coefficient distribution with permeability at the centre of the
cavity: (a) Vertical distribution; (b) Horizontal distribution.

Fig. 4. Mixture density distributions at the centre of the cavity with
x = 100000 md: (a) Vertical distribution{b) Horizontal distribution.

the Soret effect, the vertical density distribution varies lin- the Soret effect, see Fig. 4. The density variation in the
early. This significant change comes from the buoyancy con- vertical direction is shown in Fig. 4(a). One may observe the
vection. As explained earlier, the lighter component of the strong convection moving counter-clockwise by examining
mixture, which is methane, migrates to the hot wall and is the density variation. Moreover, Fig. 4(b) shows an identical
pushed upward by the convection to the top of the cavity. The density variation in the horizontal direction.
butane being the heavy component of the mixture migrates From the above analysis, we can conclude that the
to the cold side and is pushed downward to the bottom of the Soret effect in porous media is significantly affected by
cavity. The change in the density in the vertical distribution the convection flow, where the permeability, i.e., the Darcy
is not observed in the case of the permeability of 3end, number, is the dominant parameter.
due to the weak convection in the cavity. The changesin the
density in the vertical direction indicate a change in the fluid 4.2. Variation of the Soret effect and methane
composition. Fig. 3(b) presents the horizontal density varia- concentration with permeability
tion. Without the Soret effect, the horizontal density distri-
bution is similar to Fig. 2(a). In the presence of the Soret = The Soret coefficient, which is known to be the ratio of
effect, the horizontal density distribution tends closer to the the thermal diffusion coefficient to the molecular diffusion
one without the Soret effect if one compares with Fig. 2(b). coefficient, is plotted as a function of the height and width at
With an increase in the permeability, the convection becomesthe center of the cavity for different values of permeability.
stronger and contributes to the vertical composition separa-This unique analysis shows the space dependence of the
tion significantly, but decreases the horizontal composition Soret coefficient as a function of the temperature, pressure
separation slightly. and composition of the fluid mixture. Fig. 5(a) shows the
As the permeability of the porous medium increases to vertical distribution of the St coefficient for different
10* md, which corresponds to a Darcy number cd®Bx values of permeability. When the permeability is varied
10~13, buoyancy convection becomes dominant and similar between 0.001 and 0.1 md, the Soret coefficient along
density variations are observed for both with and without the vertical direction is constant. Methane being the light
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20.50% - . ‘ ‘ Fig. 7. The characteristic times as a function of the permeability
' —~0.001 md ! ; ; (Tau_f= 1/, Tau_th= ).
—=-0.1md | : :
< 2025% T *igomdd S 3 rection and weak in the vertical direction. As the value of
=t e m ! ! .- .
o A ' : ‘ , the permeability increases from 0.1 md to 100 md, the con-
g ' ; ‘ ' centration of methane at theht top of the cavity increases
£ 20.00% e * . P
5 ! i ; | first then decreases. The larggariation of the concentra-
g : 1 1 : tion is found at 10 md and the separation of the methane is
[=] ] 1 1 | . . . . . . .
© 19.75% t-----2 ; 1 ! 1 at its maximum in the horizontal and vertical direction and
: : 1 ; : we observe the maximum Soret effect with large methane
| migrating to the hot wall as shown in Fig. 6(a), and it is also
19.50% ' ; ‘ - ! evident in the horizontal direction, see Fig. 6(b). Beyond the
0n il us 03 04 0.5 point of 10 md permeability, buoyancy convection becomes
Width L [m] dominant. When the value of permeability increases from
(b) 100 md to 10000 md, Soret effect disappears gradually. At
Fig. 6. Methane concentration distition with permeability at the centre 10 (_)00 _md permeablllty, a flat meth_ane Con(?entr_auon_ distri-
of the cavity: (a) Vertical distribution; (b) Horizontal distribution. bution in both the vertical and horizontal directions is ob-

served. It is therefore important to examine the separation

component does not displace in the vertical direction. When ratio term and its relationship to the permeability.
the permeability varies between 0.1 md and 100 md, a The peak of the separation ratio at the permeability
substantial variation of the vertical Soret coefficient is 0f 10 md might be explained by the fluid and thermal
present, in particu|ar at a permeabi”ty of 10 md. It is characteristic times as shown Flg 7. The characteristic
suggested that beyond 10md, the convection takes a mordime for thermal diffusion is found to be constant as the
important role and transports methane to the top horizontal Permeability increases and equal t® k 10° seconds, see
wall near the hot wall. As the permeability increases further, Fig. 7. However, the value of the flow characteristic time,
we note a disturbance near the horizontal wall which is due 7/, decreases monotonically fromy = 1 x 10'° seconds
to a large temperature gradient which exists at the horizontalto 2.1 x 10° seconds as the permeability increases. The
walls. Fig. 5(b) presents, for the same condition used above,intersection of the fluid characteristic time and thermal
the variation of the Soret coefficient is in the horizontal characteristic time occurs at a permeability of 10 md, where
direction and it opposes the temperature distribution. It is the separation ratio is observed to be at its maximum value.
evident that, as the permeability increases, the convectionThis means that beyond this point, the fluid characteristic
becomes effective in reducing the horizontal variation of the time is less than the thermal characteristic time and the
thermal diffusion in the cavity. convection becomes the dominant force in the cavity.

In terms of the fluid compositiovariation, it is found that
when the permeability varies between 0.001md and 0.1md,4.3. Separation ratio
the convection flow is weak and the Soret effect is the dom-
inant force. Therefore, the hodntal concentration distrib- As discussed in the previous section, the convection effect
ution is linear with a gradient proportional to the gradient is crucial to the analysis of the thermal diffusion, or Soret
of the horizontal temperature distribution. Accordingly, the effect. As the permeability of the porous medium increases,
vertical concentration distribution is constant as shown in three different regimes are found based on the analysis of the
Fig. 6. At this range of the permeability, the transport of density, Soret coefficient and methane concentration distrib-
the methane is shown to be effective in the horizontal di- utions. These three different regimes are in accordance with
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three ranges of the permeability. To examine this phenom-  This analytical expressiopredicts that the maximum
enon further we have chosen the separation rati@s the  separation will occur at,, = 11.9 md whereas our numeri-

variable, as defined below: cal calculation showed that separation occuks,at 10 md.
er/(1—er) This discrepancy betweenetsimplified theory and the ac-
= (20) curate numerical modeling is justified by the fact that in our
cp/(1=cp) case the solutal buoyancy is included and both the thermal

where ¢y and cp are the methane concentrations at the and molecular diffusion coefficients are functions of temper-
top and bottom horizontal walls, respectively. The variation ature, fluid mixture and pressure. The maximum separation
of the separation ratio as a function of the permeability is ratio was also analytically calculated to be equal to 1.2 com-
shown in Fig. 8. For a variation of the permeability between pared to 1.29 which was obtained numerically. The justifica-
0.001 md and 0.1 md, the separation ratio remains constantfion for the differences between the two maximum values is
which is about 1.05. This separation ratio is due to the con- similar to the permeability case as well.
tribution of the thermal and molecular diffusion expressed ~ Another way to study this effect is by plotting the ratio of
in terms of the Soret effect, and the convection effect is too the solutal to thermal Rayleigh numbers as a function of the
small to be considered. For a range of permeabilities be- permeability as shown in Fig. 9. This ratio was found to be
tween 1 and 100 md, we observe a peak in the separation raequal to;
tio at about 10 md (i.e., Darcy number equal t8Bx 10-16) Ra, B.Ac
with ¢ = 1.29. As the permeability becomes greater than Rar = CAT
100 md, it is observed that the separation ratio decreases ar pr
rapidly. When the permeability is equal toXld, the sep-  whereLe is the Lewis number. In the above equation, the
aration ratio is close to 1, the fluid is mixed and separation temperature difference is constant. The ratio of the solutal to
does not take place. In the range of permeability greater thanthe thermal expansion coefficients is at the limit a constant
10* md, the convection becomes dominant and the Soret ef-quantity. Additionally it is found that the Lewis number
fectis suppressed. dependence on the temperature and the concentration is
By neglecting the solutal buoyancy force and assum- weak. However, as we demonstrated in Fig. 6(b), the
ing constant molecular and thermal diffusion coefficients, concentration differencéc = c¢max — cmin varies with the
Lorenz and Emery [22] expressed a relation between the seppermeability such that it is constant for a permeability less
aration ratio and the permeability as than 0.1 md, increases between 0.1 and 10 md and then
decreases with permeability greater than 10 md. Therefore
> (11) the right hand term of Eqg. (19) is a function of the
Bkc+C permeability. As the permeability increases, the thermal
where A, B and C are constants in the transport equation Rayleigh number increases lingeand the solutal Rayleigh
(see Lorenz and Emery [22] for additional details). Benano- humber starts with a linear variation as well and this
Melly et al. [15] showed that a maximum value for the indicates that the Soret effect is dominant. It is found
separation ratio exists for a permeability= «,, given as that, beyond 10 md, there is a reduction in the solutal

(13)

ALk
In(g) =

follows; Rayleigh number and this continuous increase in the thermal
Rayleigh number indicates the dominance of the buoyancy
_ uDuv120 (12) convection. The ratio of those two variations shows a profile
m

- gBrATLp similar to the separation ratio as depicted in Fig. 8.
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