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A numerical study is carried out on double-diffusive, natural convection within a vertical annular, porous
cylinder. The flow is driven by buoyancy force due to externally applied constant temperature difference
on the vertical cylinder while the horizontal surfaces are impermeable and adiabatic. The effects of cross
phenomena ‘‘Soret effect” were considered in the analysis. It is demonstrated that the cylindrical annulus
permits a higher thermal gradient. It is established that such system has an optimal separation effect for a
given thermal Rayleigh number, RaT. To overcome such limitation, two sub-domains (buffer) allowing fil-
tration separation was proposed and investigated. The flow field, temperature and concentration distri-
butions are obtained in terms of the governing parameters. The effect of the sub-domains scales, the
Darcy number, Da, and the curvature, R, on flow, temperature and species separation ability is found
to be significant.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Double-diffusive, natural convection in porous media has been
extensively investigated in recent years, owing to relevance in var-
ious applications. Interest in this phenomenon has been motivated
by diverse engineering problems such as the drying processes,
migration of moisture contained in fibrous insulation, grain storage
installations, food processing, chemical transport in packed-bed
reactors, contamination transport in saturated soil, the under-
ground disposal of nuclear wastes, etc.

Authors focused on the in enclosures (cavities or confined
media between vertical cylinder) to study numericaly the natu-
ral convection on porous media or under parallel flows [1–3].
However, most of the research efforts have been devoted to
the flow caused by a single buoyancy effect, namely the tem-
perature gradient. The numerical works of Havstad and Burns
[4], Reda [5] Prasad and co-workers [6–7] and Hasnaoui et al.
[8] resulted on various correlations for the heat transfer rates.
Recently, Bennacer et al. [9–10] investigated the effects of the
thermal Rayleigh and Lewis numbers on flow structures and
average Nusselt and Sherwood numbers for a closed vertical
cylindrical annulus filled with a binary liquid.

Early investigations on the role of the Soret effect in natural
convection of binary fluids primarily focused on the problem of
convective instability in a horizontal layer. A review of such
ll rights reserved.
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studies is given by Platten and Legros [11] including the ternary
systems. In the last decade, this problem has gained a renewed
interest both theoretical and experimental (for instance see
Refs. [11–12]). More recently, Larre et al. [13] investigated the
stability of a triple diffusive fluid layers heated from below.
By incorporating the cross diffusion effects with stability analy-
sis of the stable (base) state, the resulting critical parameters
for the onset of convection were found to be in agreement with
experiments.

The influence of the Soret effect on the flow structure in a
square cavity, where a binary fluid is subjected to thermal
and concentration gradients, has been investigated by Traore
and Mojtabi [14] and for a thermal gradient in a tall cavity
by Labrosse [15]. The existence of two regimes for the concen-
trations fields, namely a pure diffusive regime and boundary
layer regime, has been discussed by those authors. Based on
the numerical work of Havstad and Burns [4], Reda [5] Prasad
and co-workers [6,7] and Hasnaoui et al. [8], various relative
useful correlations for heat transfer rates have been reported
by the authors, as mentioned before. Bennacer et al. [16] and
Lakhal et al. [17] have investigated the effects of varying the
thermal Rayleigh and Lewis numbers on flow structures and
average Nusselt and Sherwood numbers for a closed vertical
cylindrical annulus filled with a binary liquid.

The present study analyzes the cross phenomena ‘‘Soret effect”
in an annular cylinder filled with porous medium. The main
focused on work is on the effect of curvature on the separation
ability of such a system. A new technique for a higher separation
performance is demonstrated.
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Nomenclature

A annulus aspect ratio, A = e’/H’
C0 concentration,
D molecular diffusion
DS thermodiffusion coefficient
Da Darcy number, K/e’2

e’ width of porous annulus, r’e–r’i, m
H’ height of the enclosure, m
k radius ratio (curvature), k = re/ri

K permeability of the porous medium, m2

N buoyancy ratio, N ¼ bCDC0=bTDT 0

r dimensionless radial space co-ordinate, r’/e
R curvature, e/r’i
RD molecular diffusion ratio (effective to fluid)
Rk thermal conductivity ratio (effective to fluid)
RaC solutal Grashof number, bC g DC’ e’3/(mD)
RaT thermal Grashof number, bT g DT’ e’3/(ma)
T dimensionless temperature, ðT 0 � T 00Þ=DT 0

Z dimensionless vertical space co-ordinate,

Greek symbols
a effective thermal diffusivity, m2/s
b coefficient of expansion,

DC0 concentration difference between vertical boundaries,
DT temperature difference between vertical boundaries,
e porosity
K apparent viscosity
t kinematics viscosity, m2/s�1

q fluid density, kg m�3

r heat capacity ratio, (qC)p/(qC)f

w dimensionless stream function, w’/m

Superscript
‘ dimensional variable

Subscript
C cold
eff effective (equivalent)
f fluid
H hot
I inner cylinder
L liquid
0 outer cylinder
P porous
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2. Model

Consider a fluid-saturated, porous layer enclosed between two
concentric cylinders as shown in Fig. 1-a, the height of the layer is de-
noted by H and the inner and outer radius by r’i and r0o, respectively.
All boundaries of the annular region are impermeable. Both horizon-
tal boundaries of the enclosure are thermally insulated while the in-
ner and outer vertical boundaries are kept at a uniform but different
constant temperature. Gravity acts in the z - direction. The porous
matrix is assumed to be rigid and in thermal equilibrium with the
fluid, and thermophysical properties of the solid and fluid are as-
sumed to be constants, except density in buoyancy term. The flow
is assumed to be laminar and incompressible and the Boussinesq
approximation is assumed to be valid. The cross contribution ‘‘Soret
effect” is taken into account where the mass flux is given by:

j0 ¼ �qðDrC 0 þ DSC 00ð1� C00ÞrT 0Þ ð1Þ

where D is the mass diffusivity and DS the phenomenological
coefficients for the Soret coefficients.The following dimension-
less variables (primed quantities are dimensional) are used:

ðr; zÞ ¼ ðr0; z0Þ=e; ðu;wÞ ¼ ðu0;w0Þe=v
t ¼ t0v=e2; p ¼ p0ðq0v2=e2Þ
DT 0 ¼ TH � TC ;DC ¼ �DS=DC0ð1� C0ÞDT 0

where u0 and w0 are the volume averaged velocity components,
p0 is the hydrodynamic pressure, t0 is the time, a, k and m are
the thermal diffusivity, thermal conductivity, and kinematic vis-
cosity of the fluid mixture, respectively. DT0 is a characteristic
temperature difference and DC’ is the corresponding value for
the constituent. The density, q, of the mixture is related to the
temperature and solute concentration by a linear equation of
state:

qðT 0;C 0Þ ¼ qo½1� bTðT 0 � T 0oÞ � bCðC0 � C 00Þ� ð2Þ

where bT and bC are the thermal and solutal expansion coefficients,
respectively, and subscript o indicates a reference state.The dimen-
sionless conservation equations of mass, momentum, energy and
species are
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The above equations identify that the problem is governed by
different dimensionless parameters, namely: thermal Rayleigh
number, RaT ¼ gbTDT 0e03=ðmaÞ, Prandtl number, Pr = ma, Schmidt
number, Sc = m/D, buoyancy ratio, N ¼ bC

bT

Ds
D C00ð1� C00Þ. The parame-

ters that characterise the flow in porous media are the Darcy num-
ber Da = K/e’2, the relative thermophysics properties K = leff/lf,

Rk = keff/kf, RD = Deff/Df and the porosity e. The geometry is charac-
terised by the annulus aspect ratio A = e’/H, curvature k = re/ri (or
R ¼ e0=r0i ¼ k� 1) where e is the width of the considered domain.

The dimensionless boundary conditions on the vertical walls
and horizontal surfaces are as follow:

r ¼ 1=R T ¼ 0:5
@C
@r
¼ @T
@r

R ¼ Rþ 1
R

T ¼ 0:5
@C
@r
¼ @T
@r

Z ¼ 0;1=A
@T
@z
¼ 0

@C
@z
¼ 0

ð8Þ

The mentioned governing Eqs. (3)–(7) subject to boundary con-
ditions (8) are solved by adapting a finite volume approach [18].
Convective and diffusive fluxes are respectively approximated
using a second order central scheme. For more details about the
numerical method, we refer to [19].

The accuracy of the numerical method has been established
with reference solutions concerning pure thermal and thermosolu-
tale convection within a rectangular anisotropic porous cavity [20].
Grid size dependency is studied by verifying the variation of the
predicted results from coarse one 81 � 81 to refined one
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Fig. 2. The effect of curvature on the obtained purely diffusive temperature profile.
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251 � 251(non-uniform). The grid numbers of 131 � 131 (non-
uniform) give a good compromise between accuracy and CPU time
are used in producing the results.

3. Results

It needs quite extensive analysis to cover effects of each param-
eter. It is intended to limit the analysis for Prandtl number of 10,
and Le = 10 and for an aspect ratio of 1/2. Also, the value 1 was used
for e, Rk, RD and K in all the calculations.

3.1. Diffusive regime

For low Rayleigh number (RaT � 0) the obtained solution is dif-
fusive. In such regime, the radial temperature profile is logarith-
mic, which depends on the curvature. For low curvature (R � 0),
the temperature profile is almost linear (Cartesian domain). The ef-
fect of inner radius on the obtained steady state temperature pro-
file is represented in Fig. 2. The figure illustrates clearly the
increase (decrease) of the temperature gradient near the inner
(outer) cylinder surface. The specie separation under Soret effect
depends on the temperature gradient and such change in temper-
ature gradient will affect the obtained solutal field. It is obvious
that the solutal gradient will be the same as temperature gradient
(see boundary condition, Eq. (8)).

The effect of inner radius on the obtained steady state concen-
tration profile is represented in Fig. 3. The solutal gradient in-
creases (decreases) near the inner (outer) surface of the cylinder.

In diffusive regime the temperature profile resulting, under
fixed temperature or flux boundary condition, is included in the
set [�0.5 to 0.5]. This is due to the imposed temperature values
on the borders of the considered domain. In convective regime,
the solutal and temperature field are different, despite the same
applied gradients (Eq. (8)) on the inner and outer cylinder. Such
difference is a consequence of:

the temperature-concentration diffusion difference (Le – 1)
the global species conservation due to closed system as
explained in next section.

In the initial condition, the binary fluid is at homogeneous con-
centration, C0, the applied temperature difference induce a separa-
tion. So, an increase of the concentration in the vicinity of the inner
cylinder is obtained (DC1 = Cmax � C0) and corresponding decrease
in the vicinity of the outer cylinder (DC2 = C0 � Cmin) should be no-
ticed. The species separation must satisfy the conservation equality
between the obtained steady state profile and the initial homoge-
neous concentration Co:
Z ri

ro

C 0ðrÞr0dr0 ¼ C 00 r0
2

0 � r0
2

i

� �
=2 ¼ constant

The obtained concentration profile has to satisfy the boundary
condition (Eq. (8)) the model (Eq. (7)) and the constant overall con-
centration in the domain. In Cartesian domain (centrosymetry
problem) we obtain DC1 = DC2 but the in the cylindrical geometry
(section function of r) the concentration increase is more impor-
tant than the decrease, i.e. DC1 > DC2.

The maximum difference between the two cylindrical surfaces
(in diffusive) is always equal to unity. This is a direct consequence
of our reference concentration difference:

DC0 ¼ �Ds

D
C00ð1� C 00ÞDT 0
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The separation improvement can be achieved by increasing the
temperature difference in the solution domain. However, the in-
crease in DT induces convective flow and destroys the solutal sep-
aration ability. This issue will be discussed in the next section.

The obtained limits (Cmax and Cmin) of the concentration on the
two surfaces of the cylinder are represented in Fig. 4, for different
curvature. For low curvature (ri) corresponding to the Cartesian do-
main we have a linear and symmetrical field around C0, i.e.
Cmax = 0.5 and Cmin = �0.5. The separation ability (for chosen a spe-
cies) increases with curvature and tend to the asymptotical value
of unity for the high curvature values.

It is demonstrated that, in the diffusive regime, the utility of
using cylindrical configuration allows doubling the separation abil-
ity compared with plane geometries.

The possible existing flow can be considered as perturbative
phenomena, where the advective term affects the solutal field
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Fig. 4. The effect of curvature on the obtained maxim
and enhances the mixing process. We previously underline the in-
crease in temperature and concentration gradient with curvature
and such increase induce stronger buoyancy forces resulting in
natural convection.

Convective regime The fluid flow and Soret effect can be con-
tribute to better separation ability. The Soret effect is used in the
horizontal direction as solutal pump and the vertical flow allow
the drag of the species A to the top and the specie B to the bottom
of the domain. This allows separation and easy extraction from re-
duced domain in the top and the bottom.

For a very low RaT, the problem is diffusive and the solutal con-
centration between the top and the bottom is very weak as
shown in Fig. 5 (for more analysis see Lakhal [21]).
For a given flow, the mixing and solutal transport of the rich
specie (weak) take place at the top (bottom) of the domain.
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For such condition, we have a vertical separation in the vertical
direction. The species separation increases with RaT until an
optimum value obtained for a given RaT (Fig. 5). An example
of the obtained temperature, concentration and vertical velocity
component on the horizontal mid plan is represented in Fig. 6.
This figure clearly illustrates the flow mixing ability where we
can see that the maximum concentration value on the inner cyl-
inder is 0.2 in compared with 0.5 obtained in the diffusive
regime. The figure illustrates also that the solutal boundary
layer is thinner than the thermal one because the Lewis number
is greater than unity.
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Fig. 6. Temperature, concentration and vertical velocity component o
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5. The effect of the RaT number on the obtained vertical species separation and
The specie concentration is more sensitive to the flow (if Le > 1),
the convective flow increases with increase in RaT, conse-
quently the mixing increases and the specie separation
decreases, until reaches complete mixing, where no separation
takes place (Fig. 5).

The previous numerical and analytical results (boundary layer
approach) showed the existence of bell shape (see Fig. 5) in sepa-
ration ability versus RaT number in Cartesian domain. In present
work also showed the bell shape distribution in the cylindrical
domain.

For high RaT number, the flow is so strong that the convective
mixing not allows for separation to be significant. To overcome
such limitation a porous media can be used, as we did in our pre-
vious work [13–14]. The classical separation in fluid domain or
porous domain can be improved by the cylindrical configuration
but the obtained concentration values in diffusive regime remain
the asymptotical limit separation.

The partitioning domain is added to enhance the filtration and
separation processes. The new configuration is represented in
Fig. 7. The buffer communicates with the global domain by a thin
connection, through porous media (Fig. 7b), allowing extraction
of low (high) concentration with weak flow. However, the size of
this porous medium and his permeability affect the result. The
main advantage of such system is the cross flow on the two surface
of the porous media. As all the convective cells are clockwise, on
the upper surface of the porous layer we have a cold flow and at
the bottom of the porous layer a hot flow. The cross flow, as repre-
sented in Fig. 7b generates a strong thermal gradient. As the Soret
contribution is directly related to the thermal gradient, the process
of separation enhances.

In the present study and in order to illustrate such advantage,
the numerical results are presented for the three mentioned con-
figurations represented on Fig. 8:

1. Full porous domain.
2. Partitioned domain in three part using solid horizontal walls

(R = sol/liq = 0.01).
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3. Partitioned domain in three part using solid horizontal walls
with porous media in the central part. The porous size is from
x = 0.2 to 0.3; the width is 0.03; Da = 10–5, R = sol/liq = 0.1,
RD = Dpor/Dliq = 1.

Fig. 9 shows the numerical results obtained for the correspond-
ing non-partitioned domain (Fig. 9a), partitioned domain (Fig. 9b)
and the partitioned with porous media through the horizontal
(partitioning) plate (Fig. 9c).

The obtained flows in the three cases are clockwise rotating.
The flow intensity is not strongly affected (b and c). The tempera-
ture field indicates that the flow is in fully boundary layer regime.
The isotherms from Fig. 9b corroborate the strong vertical thermal
gradient across the horizontal partitioning.

The solutal concentration difference obtained in the fully parti-
tioned case is equivalent to the non-partitioning case. This is a di-
rect consequence of non-communicating sub-domain. The initial
concentration is C0 and under equivalent horizontal temperature
gradient (on each sub domain or fully domain) the obtained solutal
field is almost the same. The weak effect is a consequence of flow
ψmax= 8.37 ψmax= 3.66 ψmax= 3.75 

a b c

Fig. 9. Stream function, temperature and concentration; for full domain (a),
partitioned domain (b) and partitioned-porous domain (c). (Pr = 10, Le = 10,
RaT = 5 � 105, N = 0.0, rin = 2 and A = 2).
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intensity decrease and the added local vertical temperature gradi-
ent in the vicinity of the partitioning plate.

In the third case and due to the porous layer the species pass
from the upper sub-domain to the lower one due to the strong ver-
tical temperature gradient. The temperature gradient and the tem-
perature profile on the vertical mid-plan are represented in Fig. 10.
The strong negative temperature gradient induces a strong ther-
modiffusion effect and a totally different concentration field is ob-
tained. The steady state regime corresponds to no solutal transfer
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Fig. 10. Temperature profile and the corresponding gradient (a) and the concentration an
domain, (Pr = 10, Le = 10, RaT = 5 � 105, N = 0.0, rin = 2 and A = 2).
in the vertical direction. The corresponding solutal profile and
the gradient along the vertical line are represented in Fig. 11. The
higher species concentration is in the bottom of the cavity. Such
high value is necessary in order to insure balance through the por-
ous media, between the specie transfer under concentration gradi-
ent (Fick’s law) and the specie transfer under thermodiffusion
(temperature gradient) process.

The concentration profiles on the vertical mid plan obtained in
the three analysed cases are represented in Fig. 11. This figure
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d the corresponding gradient (b) in the vertical mid-plan for the partitioned-porous
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shows that concentration difference obtained in the full domain
case and in the partitioned one is almost constant. It is also obvious
the obtained increase in the concentration separation ability in the
third case, i.e. partitioned-porous. Nevertheless the concentration
difference tends to the asymptotic value obtained in diffusive situ-
ation but no more.

The observed improvement result from the temperature gra-
dient across the partitioning and the increase in partitioning
number will allow more separation ability. Three and four parti-
tioning is compared with the same porous medium characteris-
tics. The difference in the concentration profiles is shown in
Fig. 12, where the separation increases with the partitioning
number. The obtained maximum concentration difference over
the full domain is summarised in Table 1. The obtained results
demonstrate again the increase of the separation ability using
porous partitioning. It also demonstrates that it is possible to
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Fig. 12. Concentration profile in the vertical mid-plan for two partitioned- porous dom
overcome the classical identified asymptotic limit obtained in
diffusive regime.

Nevertheless, we underline that the increase in partitioning
number modifies the sub-domain height and the corresponding
local RaT number. The resulting flow and the obtained fields are
modified. The optimum global case will correspond to a multi-
partitioning and where each sub-domain dimension corresponds
to a RaT number equivalent to the optimum one (Fig. 5). The curva-
ture coupling strategies will allow obtaining easily for a desired
product.

4. Conclusion

The thermodiffusion, double-diffusive, natural convection with-
in a vertical circular porous annulus was analysed. The Brinkman
extended Darcy model is adapted.
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Table 1
The effect of chosen configuration on the maximum difference concentration.

Diffusive Convective Without porous connection Convective With porous connection

One domain 3 domains 4 domains 3 domains 4 domains

Min C �0.4789 �0.1871 �0.1767 �0.1587 �0.6810 �0.5782
Max C 0.5189 0.2089 0.1956 0.1748 0.4679 0.5942
DC 0.998 (�1) 0.3961 0.3724 0.3336 1.1488 1.1724
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It was demonstrated that increase in the curvature of the cylin-
drical annulus permits a higher specie separation due to the non-
symmetrical temperature profile.

The partitioning technique allows filtration separation. The sep-
aration ability increases with the partitioning number.

The new approach allows overcoming the classical admitted
asymptotic DC limit corresponding to diffusive regime.

The present work illustrates the advantages of partition tech-
niques with partial porous layers. It is suggested that a transient
study is needed in order to demonstrate that the time needed to
get such separation is lower that the classical one. The osmotic pres-
sure in case of membrane technique is under study for transient case.
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