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Abstract

The columns commonly used for the species separation of a binary
fluid, are very thin vertical parallelepipedic columns, filled with a porous
medium (i.e. TGC columns). This species separation is due to the mass
flux induces by the thermal gradient applied on walls of the cavity
namely the Soret effect, in the gravity field. In this paper a new con-
figuration used to study the species separation in a binary fluid was
presented. The evolution of species separation in a binary fluid sat-
urating a porous media, in a cavity between two concentric spheres,
was studied analytically and numerically. The thickness of the cavity is
e = R, — R;, where R; and R, are the internal and external radii
respectively. First, an analytical solution was developed using the par-
allel flow approximation considering e < R;. The analytical results
obtained are in a good agreement with the numerical ones performed with
a spectral method or Comsol Multiphysics software. Thus, the results
in the spherical configuration were compared with those obtained in a
porous TGC column of same thickness, e, height, H = wR; and depth,
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L = 2R,.The numerical and analytical studies showed that the differ-
ences in mass fractions, Crmaz — Cmin, and the time needed to obtain the
stationary separation starting from a homogeneous binary solution were
almost equal in the two configurations.The amount of species separated
is greater in the spherical configuration than in the vertical column used.

Keywords: Heat and Mass Transfer, Porous Media, Species separation, Soret
effect, Thermogravitational columns, Spherical cell, Binary mixture,
Numerical simulations

1 Introduction

Species separation in binary or multicomponents mixture is a coupled heat
and mass transfer phenomena.

Pure thermo-diffusion leads to very weak species separation in binary mix-
tures. To increase the species separation in the presence of a gravity field,
many authors use thermo-gravitational diffusion in vertical, fluid or porous,
columns (TGC) ([1]-[5]). These TGC are parallelepipedic cavities consisting
of two vertical plates facing each other. The plates are maintained at uniform
temperatures, Ty, > T,.. The spacing between these two parallel plates is milli-
metric. The other faces of the cavity are perfectly insulated. The combination
between the convective flow, generated by the horizontal thermal gradient and
the thermodiffusion between the two plates, leads to a stationary convective
state and a constant vertical mass gradient. Often, one of the components of
the binary mixture has particular industrial importance for pharmacy or per-
fumery, or has high added value components (rare earths). The Soret effect in
liquid mixtures has been completely reviewed by Kohler et al. [6].

In 1959, Lorenz and Emery [2] considered columns (TGC) filled with porous
packing saturated by a binary fluid to allow the use of columns with spacing
higher than one millimetre.

Until the 2000s, research on thermo-gravitational diffusion concerned mainly
vertical columns. In 2003, Platten et al. [7] performed an experimental study
of the effect of the tilt with respect to the horizontal direction, of a rectangu-
lar cell heated only from below.

Since 2007, various works aimed at improving species separation using differ-
ent configurations and processes. Charrier-Mojtabi et al. [8] showed that it was
possible to obtain the species separation in a horizontal cell heated from below
by studying the influence of the separation ratio and the normalized poros-
ity on the stability of the equilibrium solution, theoretically and numerically.
Elhajjar et al. [9] stablished that it was possible to achieve separation in the
horizontal configuration when the separation factor was negative or greater
than a positive value leading to the onset of a unicellular flow. They demon-
strated that the maximum separation remained unchanged when the TGC was
tilted from its vertical position to the horizontal position [10]. Khouzam et al.
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[11] used mixed convection in order to study the species separation in a binary
mixture in a horizontal cell. Yacine et al. [12] studied the case of a porous
cavity saturated by a binary mixture that was subjected to cross heat fluxes.
V.Yasnou et al. [13] studied experimentally the transient mass transfer asso-
ciated with a thermal gradient through a liquid mixture containing a layer of
porous medium saturated with liquid. Mojtabi et al. [14] studied the influence
of the thermophysical characteristics of the walls in the process for separating
the constituents of a binary mixture. They showed that separation was under-
estimated when the effect of the thermal characteristics of the walls was not
taken into account. Recently, Mojtabi et al. [15] considered a new configura-
tion to separate the binary components mixture in a horizontal porous layer
by moving the walls of the cavity. On the over hand, thermogravitational sep-
aration and time to reach the steady state were studied recently by Seta et al.
[16].

In the present study, species separation in a porous cavity between two con-
centric spheres and a TGC column, saturated with a water-ethanol mixture,
was compared. The separation corresponds to the difference in mass fractions
between the two ends of the TGC and between the top and the bottom parts
of the spherical cavity. The species separation and the time to reach the steady
state leading to maximum separation were evaluated in both configurations.
An analytical solution was obtained in the case of a TGC. The velocity field
and the mass fraction gradient along the z-vertical axis were then calculated.
The analytical results were corroborated by direct 2D and 3D numerical sim-
ulations.

For the spherical configuration, an analytical solution of the axisymmetric lam-
inar unicellular flow was obtained for the first time to our knowledge. 2D and
3D numerical studies were carried out using Comsol Multipysics software and
a spectral code, in order to validate the analytical results. The results obtained
with these different methods are in good agreement. The times to reach the
stationary state and the separation in both configurations were compared.

2 Mathematical formulation

The two porous cavities studied are respectively the porous cavity saturated by
a binary mixture between two concentric spheres and the vertical parallelepi-
pedic column (TGC). These cavities have the same thickness, e = R, — R;,
where R; and R, are the internal and external radii of the spherical cavity
respectively. H = mR; is the height and the depth, L = 2R,, of the TGC. This
height corresponds to the length of the convective cell, which develops within
the spherical cavity even for the lowest values of the temperature difference
(T, — T..). The two porous cavities are saturated with water (60.88 wt %)-
ethanol mixture. The cavities considered in this study are shown schematically
in Fig. 1.
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v

(2) (b)

Fig. 1 Schematic diagram of the concentric spheres (a) and the TGC column (b)

The Boussinesq approximation is assumed to be valid; thus, the thermo-
physical properties of the binary fluid are constant, except for the density in
the buoyancy term, which varies linearly with the local temperature, T, and
the local mass fraction, C, of the denser component:

p:po(l_BT(T_Tref)_5C(C_Cref>) (1)

where S7 and B¢ are respectively the thermal and mass expansion coefficients
of the binary fluid, defined as follows: Br = ;—;(%)C >0, fo = ;—;(g—é)T < 0.
In a binary fluid mixture subjected to a temperature gradient, a mass fraction
gradient appears due to the thermodiffusion or Soret effect. In addition to the
usual expression for the mass flux density J,,, given by Fick’s law, a part due

to the temperature gradient (namely the Soret effect) was used so that:
J, = —pD*VC — pDL"VT (2)

where D* and D" are respectively the mass diffusion coefficient and the
thermodiffusion coefficient of the denser component in porous media, p is the
mixture density, 7" the temperature and C' the mass fraction of the constituent
of interest D" is often written as: D5.* = F(C) D3 where F(C) is a particular
function satisfying F'(C' = 0) = 0 and F'(C = 1) = 0. In many studies, the
authors consider that F(C) = C(1 — C) ~ Cy(1 — Cp), where Cy = Chey is
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initial mass fraction. The previous assumptions lead to a new form of equation
(2):

Jm = —p(D*VC — Co(1 — Cy)D7*VT) (3)
The dimensional mathematical formulation of the physical problem is given
by:

V.-V=0

V= —%(VP — poll = Br(T — Tp) — Be(C — Co)lg)

T
(pc)*af + (pc)fV - VT = \*VT

ot

*80 =2 * 2

GE—%V-VC’:DVC—FDT Co(1— Co)V*T (4)
In these equations, (pc)* and A* are respectively the effective heat capacity
and the thermal conductivity of the porous medium, €¢* its porosity and K its
permeability. p and py are the dynamic viscosity and the density, at T = T
of the saturating fluid. The corresponding boundary conditions for the TGC
and concentric spheres are respectively:
(5) for the TGC:

z=0x=¢ V-2=0,T(0,y,2) =Tp,T(e,y,2) =T, I - =0

or ocC
:0 :L'V- 207:7:
Y Y ) Yy " By Ay
or ocC
Z:O7Z:7TR1',V‘Z:O,E:E:0 (5)

and (6) for the concentric spheres (er, g, €g):

r=R;; T=T,,V-n=0,J,, n=0
r=R,;, T=T.,V-n=0,J,, n=0
or oC

GZO,W,VQS,%—%:O,V‘CGZO (6)

where n denotes the unit normal vector to the surfaces of the spheres. The
flow between the two concentric spheres is assumed to be axisymmetric.

3 Analytical resolution

3.1 For TGC column

To solve the system of equations (4) associated with the boundary condi-
tions (5) analytically in the case of TGC, for e < 7R;, the forgotten effect
hypothesis [7] and parallel flow approximation [17] are used. The parallel flow
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approximation leads to unicellular flow given by:
V, =Wy(z)z,T, = f(x),Cy = mz+ h(x) (7)

where m is an unknown constant that represents the mass fraction gradient in
the z direction. With these assumptions and for the steady state, the system
of equations (4) with the boundary conditions (5) is reduced to the following
set of equations, which can be solved using Maple software:

ow, K oT

or ;POﬁT%
V2T =0
m W, — D*V?C, — D5Cy(1 — Co)V?T, =0 (8)

Using the boundary conditions (5), we deduce the expression for the tem-
perature, the velocity and the mass fraction field, given by the following
expressions:

T, -1,
T, =TT,
e
W, = KgBr(T. —Th)(2z —e)
2ev
(T. — Ty) mKgBr(e® — 6ex? + 4x3) . x 1

- —DEC(1—Co)(E - =

C, =mz+ o ( Y = Co( C’o)(e 2))

9)

The value of the mass fraction gradient m:

_ —10KgvBr D5Co(1 — Co)(T. — Tp)?
~ (KegBr(T. — T))? + 120(vD*)?

(10)

is obtained by specifying that the total mass flux of the component of mass
fraction C, through any cross section of the TGC parallel to the x axis, is
equal to zero:

/0 (W.Cy — (D 9% + D7Co(1 — Cy)

ER ))dx =0 (11)
Application to the separation of a water-ethanol binary mixture: To illustrate
the analytical results obtained in this study, we restrict ourselves to the experi-
mental values of the thermophysical parameters of a water (60.88 wt%)-ethanol
(39.12 wt%) solution studied Platten et al. [7]. The values of the thermophysi-
cal properties of this binary solution, at the average temperature Ty = 22.5°C
are given in Table 1.

Costeseque et al. [18] showed that the Soret coefficients in free and porous
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Table 1 Properties for a water (60.88 wt%) -
ethanol (39.12 wt%) mixture at a mean
temperature of 22.5°C

Dim?%~Y  Drm?(sK)"Y fo  BrKY  am?l  polkgm=?]  vmsl]

43210710 13710712 —-0.212 7.8610~%* 10~ 7 935.17 2.716 10— 6

media can be considered as equal. On the other hand, the values of the mass
diffusion coefficients and of the thermal diffusion coefficients are different for
these two media. The mass and thermal diffusion coefficients of the component
of interest are deduced from the coefficients D and DT in a fluid medium by
means of the following relations D* = D/2.30 and Dr* = Dz /2.30.

3.2 For the spherical configuration

Here, the assumptions used to determine the analytical solution in a TGC
column are extended to the resolution of system of equations (4) associated
with boundary conditions (6) in the case of concentric spheres with e < R;.
The parallel flow approximation leads to the unicellular flow given by:

Vu = V7~(T, 9)6,- + Vg(T’, 0)607 (12)

With these assumptions and for the steady state, the system of equations (4)
with boundary conditions (6) is reduced to the following set of equations (13),
which is solved using Maple software:

V-V,=0

Vu = %(—VP + pog[l = Br(Tu — To)](cos(0)er — sin(f)eq))

V2T, =0
aC, ac, . .
VT(r,e)W + Va(r,0) PR D*V?C,Dr*Co(1 — Cy)V?T, (13)

Using the stream function, v, with V, = 9¢/(96 r?sin0) and
Vo = —0¢/(0r rsinf), the continuity equation is automatically checked.

0% 10%  cos(f) 0y K T, . o
o T roe Vizsmaon ~ g @) (1)

By setting ¢ = ¢(r)sin?(), in equation (14), we deduce the equation verified

by the function ¢:
0 %) K oT,

oz 2T—2 = —;PogﬁTW (15)
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Using boundary conditions (6), we deduce the expression for the temperature
and the velocity given by the following expressions:

T, = ﬁ(RiRo(Th ~T.)/r+ R,T. — R;T})
2 cos(6
v = 22500
_sin(®) dp(r)
Vo= == "% (16)
where:
(,0(7“) _ %pogﬂT(Th - Tc)(Ro - T)(R7 — ’I”)((RO + T)Ri + TRO)RiRO (17)

27"(RO - Rl)(Rg + RiRo + R%)

It can thus be deduced that the velocity intensity is proportional to:
2pogBr(Ty — T.). Knowing the temperature and velocity fields, given by
equation (16), we deduce the mass fraction equation:

92C,, +l 0%C, 20C, (1— cos(f) o(r) - 2 0C, (COS(Q) _ sin(0) 8@(7")) B
or: r2 002 r Or r D*’ r2 00 ‘sin(@) D* Or
(18)

4 Numerical results

The dimensionless set of equations (4) with boundary conditions (5) for (TGC)
and (6) for concentric spheres, were solved numerically using a finite element
code (Comsol Multiphysics) and a spectral collocation method [19] on Gauss-
Lobatto-Chebyshev points. A time-dependent solver and the set of equations
(incompressible Darcy equation, energy and mass diffusion equations) in tran-
sient form were used. The condition of conservation of the average mass
fraction in the two different porous cavities saturated by a binary fluid was
imposed on each iteration. For the spherical configuration, the spectral collo-
cation method on Gauss-Lobatto-Chebyshev points in the radial direction was
combined with the Fourier spectral method for the polar angle. Indeed the
interpolated functions are periodic with respect to the polar angle due to the
spherical geometry and the boundary conditions considered. Direct numerical
simulations were performed for cavities of the same thickness, e = 6.1073 m,
(e = R,—R;), with R; = 0.05,0.1,0.2,0.3 m. The height of the TGC was equal
to H = wR;. This height was chosen so that the length of the stream func-
tion lines was almost equal in the two considered configurations. The physical
mechanism inside the two configurations was the same, as well as the structure
of the flow. Thus, the species separation would be expected to be of the same
order of magnitude in the vertical column and the spherical cell. This result
that was subsequently confirmed numerically. For numerical applications, con-
stant temperatures, T, = 25°C and T, = 15°C,were imposed on the walls of
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the two configurations and for two values of the permeability, K = 2.5 10~ 1'm?
and K = 5.66 10~ "'m?. The initial mass fraction Cy = Crer = 0.6088 was also
kept constant in both configurations.

4.1 Comparison between analytical results and
numerical simulations for TGC

In the vertical thermogravitational column, the thermal fields obtained ana-
lytically and numerically were almost identical. Fig.2 (a) presents the values
of the velocity, W,,, as a function of x for z = H/2, since the velocity is an
independent function of z, except in the neighbourhood of z = 0 and H. The
plot of the mass fraction C,, versus z for z = e/2 in Fig. 2 (b) shows very good
agreement between the analytical and numerical results.

0.56

i i ] 0.544 :
0 0002 0004  0.006 0 0.1 0.2 0.3
X z

a

Fig. 2 (a) (on left) velocity, Wy (z,z = H/2) and (b) (on right) mass fraction Cy(z =
e/2,z), obtained analytically (continuous line) and using direct numerical simulation (dotted
line)

The maximal and minimal values of mass fraction, C,, 4, and Ci,;., respec-
tively, for four TGC of the same thickness, e = 6.107%m, obtained using
analytical and direct numerical simulations are given in Table 2. The results
presented show very good agreement between the numerical results and the
analytical ones.

4.2 Comparison between analytical results and
numerical simulations for a porous cavity between
two concentric spheres

In concentric spheres, the values of thermal field according to r, T, (r, 0 = 7/2),
obtained analytically and numerically are in very good agreement (cf. Fig. 4).

9
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Table 2 Maximal and minimal mass fraction
in TGC for e = 6.10~3m, for different values
of H(Ri = 0.05; 0.1; 0.2; 0.3 m), obtained
analytically and by direct numerical methods

Mass Fraction of TGC Analytical results  Spectral method  Comsol
H=0.157 m Cmaz 0.646 0.646 0.646
Cmin 0.572 0.572 0.572
H=0.314 m Crmaz 0.681 0.680 0.680
Cmin 0.537 0.537 0.537
H=0.628 m Crmaz 0.752 0.750 0.750
Crmin 0.466 0.468 0.468
H=0.942 m Craz 0.822 0.819 0.819
Crin 0.395 0.398 0.398
0.5740
0.6455
0.5735
0.6450
Co g guss C,, 05730-
0.5725
0.6440
0.5720-
0.6435
0 0.002 0.004 0.006 0 0.002 0.004 0.006

x(m) x(m)

Fig. 3 (a) (on left) mass fraction Cy(z,z = 0), and (b) (on right) mass fraction Cy(z,z =
wR; = 0.157), obtained analytically

The plot of the tangential velocity, Vy(r,8 = 7/2), versus r in Fig. 5 (a) and
the plot of the radial velocity V,.(r,8 = 3w /4), in Fig. 5 (b) also show very
good agreement between the analytical and the numerical results.
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25
24
22
20
1
X

X 15

06

0.100 0.101 0.102 0.103 0104 0108 0.1
r(m)

-]

Fig. 4 (a) (on left) temperature T'(r,0 = m/2), obtained analytically (continuous line)
and using direct numerical simulation (dotted line), (b) (on right), isothermal lines for
0.05 <2<0.08m

7.% 190 L
ax10”
6. % 10 4
ax107”
sx10?
Lx10”

VG g V.d,x 107
E: ax1?
“Lx10

P 2.x10"°
-2.%10

Lx10”?

ax10”

.
-
0.000 0101 0102 0003 0104 0105 0106 0001 0002 0103 0.104 0105 0.106

r(m) r(m)

Fig. 5 (a) (on left) tangential velocity Vg(r,6 = w/2), (b) (on right), radial velocity
Vi-(r,0 = 37/4), obtained analytically (continuous line) and using direct numerical simula-
tions (dotted line)

Below we present the streamlines in the upper part of the spherical config-
uration Fig. 6 (b). The comparison between the values of the stream function
¥(r,0 = m/2), obtained analytically and numerically are in good agreement
(Fig. 6 (a)).

The values of maximal, C,qz, and minimal, Ci,;,, mass fraction for 4 spheri-
cal configurations, with the same thickness, e = 6.103m, obtained using two
direct numerical simulation approaches, are given in Table 3. The result pre-
sented shows a very good agreement between the two numerical approaches
used in the present work. The values obtained for C,,., and C,,;,, in
Table 2 for the vertical column and in Table 3 for the spherical cavity,
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s.x107'

4.= 10 2

Yokt

=10 L

Lx1o M

0.{02 &1‘04 0.106
r(m)

Fig. 6 (a) (on left) stream function (r,0 = 7/2), obtained analytically (continuous line)
and numerically (dotted line), (b) (on right), streamlines obtained numerically for 5?“ <6<
7w and for every azimuthal plane ¢ = ¢o considered

Table 3 Comparison of the maximal and
minimal mass fractions, Cyae and Cryin,
respectively, in concentric spheres for

e =Ry, — R; = 6.1073m and for different
values of Ri, obtained using the spectral
collocation method and Comsol software

Mass Fraction Spectral method  Comsol Multiphysics
R; =0.05 m Cmaz  0.651 0.651
Crin 0.565 0.565
R;=0.1m Cmaz  0.687 0.687
Cmin  0.527 0.527
R;=02m Cmaz  0.759 0.760
Cmin  0.452 0.452
R; =03 m Crmax 0.832 0.833
Cmin  0.376 0.377

showed that the maximum separation obtained (Cjuae — Crin) for each of
the four values of the radii R: studied is slightly greater in the spheri-
cal cell. For the spherical cells corresponding to Ri = 0.05,0.1,0.2,0.3m,
(Crmaz — Cmin) = 0.086,0.160, 0.308,0.456 while for TGC: (Chiazx — Crmin) =
0.074,0.143,0.282,0.421. The respective ratios of the species separation in
these two configurations (1.16, 1.12,1.09, 1.08) show that the species separation
in the spherical cavity is of the order of 1.1 times greater than the separation
obtained in the vertical column.

4.3 Flow stability in the upper part of spherical
configuration or around its symmetrical part
The direct numerical simulations obtained (§4.2), in the case where the porous

medium is saturated by a binary fluid with a positive Soret coefficient showed
that the flows obtained are stable. The instability in this configuration may
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happen either in the upper part or around the its symmetrical part. Indeed,
as the inner sphere is maintained at Tj, > T, the temperature of the outer
sphere, and the difference of the radii of the two spheres verifies Ry — R; =
e =6 x 107 m < R; then locally the top and the bottom of the spherical
configuration can be assimilated respectively to porous plane layers saturated
by a binary fluid. The top layer is heated from below and the bottom one
is heated from above. In the upper part, the heaviest constituent migrates
towards the upper wall, which is colder, leading to a loss of flow stability for
a Rayleigh number higher than Ra. = Llia, where Le is the Lewis number
of the binary fluid in the porous layer and ¢ , the separation factor, Cf. [8].
For a water-ethanol binary mixture saturating the porous medium, the Lewis
number is Le = 654,86 and ¢ = 0.406 which gives Ra. = 0.045. For this
experimental configuration, the Rayleigh number, Ra = %V_T“)K e, is equal
to 0.0143 since Ra is proportional to the product of the thickness, e = 6 x 1073
m, by the permeability of the medium which is of the order of 10710,

To conclude with, for our configuration Ra < Ra. and the flow is stable. For
the bottom layer, it is locally a plane layer heated from above, the heaviest
constituent which migrates towards the bottom wall leads to an infinitely stable
layer.

For a negative Soret coefficient, the heaviest constituent migrates upwards
from the hot inner sphere. Locally, the plane layer is heated from below and
the binary fluid being denser at the bottom of that layer, the critical Rayleigh
number is then greater than 472, see [8]. In the symmetrical part, there is
locally a plane layer heated from above, but the binary fluid is denser along
the hot wall, a situation that could become unstable.

5 Time to reach the stationary state in the
TGC and in the spherical configuration

The numerical simulations, using the spectral collocation method and the
Comsol Multipysics software, allow us to calculate the time necessary to
reach the stationary state. The calculations were performed for two values of
R, =0.1,0.2 m and H = 7R;.

In Table 4 for the TGC and Table 5 for spherical cell, the values of C,,4, and
Cnin corresponding to four physical times during the evolution of C' towards
the stationary state are presented.

It emerges from Table 4 that the values of C,., and C,,;, calculated from
the Comsol software and from the spectral code are very close with a maximal
discrepancy of 1074,

The mass fractions C,,q. and Ciin, as a function of time in the vertical column
and the spherical configuration, are presented, in Fig. 7 and Fig. 8 respectively.
It emerges from the analysis of these two figures that the species separation
is slightly higher in the spherical configuration (Cj,q, = 0.623) than for the
TCC column (Cypqe = 0.613)

In addition, in the spherical cavity, the stationary state in the lower part is
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Table 4 Variation of Cpraz and Chryip, in
TGC, from the initial uniform state Cp, to the
stationary non uniform state for H = 0.314 m,
H = 0.628 m, and e = 6.1073m obtained using
the spectral method and Comsol software

TGC (H=0.314m) 2.10%(s)  4.10%(s) 6.10%(s)  8.10%(s)

Spectral code Cmaz 0.6129 0.6130 0.6129 0.6129
Cmin 0.6047 0.6046 0.6047 0.6047

Comsol code Cmaz 0.6133 0.6134 0.6132 0.6132

Cmin  0.6043 0.6042 0.6044 0.6044

TGC (H=0.628m) 5.10%(s)  105(s) 2.105(s)  4.10%(s)

Spectral code Cmaz  0.6149 0.6157 0.6159 0.6159
Cmin  0.6027 0.6019 0.6017 0.6017

Comsol code Cmaz  0.6149 0.6159 0.6164 0.6165

Cmin  0.6027 0.6017 0.6012 0.6011

Table 5 Variaton of Cpar and Chyin, in the
spherical cavity, from the initial uniform state,
Co to the stationary non uniform state for

R; =0.1m, R; =0.2 m,

e=R,—R; = 6.1073 m obtained using the
spectral method and Comsol software

Spherical cell (Ri=0.1m) 2.10%(s)  4.10%(s) 6.10%(s)  8.10%(s)

Spectral code Cmaz 0.6162 0.6208 0.6224 0.6229
Cmin  0.6001  0.5969  0.5973  0.5972

Comsol code Cmas 0.6147  0.6184  0.6203  0.6213

Cmin  0.6025 0.5994 0.5985 0.5983

Spherical cell (Ri=0.2m) 5.104(s)  10%(s) 2.10%(s)  4.10%(s)

0.6212 0.6279 0.6324 0.6345
0.5949 0.5876 0.5855 0.5860
0.6148 0.6206 0.6272 0.6312
0.6053 0.6019 0.5976 0.5935

Spectral code

3
S
8

Comsol code

3
8
8

QQ?Q
3

3
2

reached after a time twice as long as that in the upper part (Fig. 8). On the
other hand, the stationary state is reached simultaneously at the top and at
the bottom of the TGC (Fig. 7).

A qualitative interpretation of this result is understandable. In the spheri-
cal configuration, all the streamlines ensuring the species separation converge
at the same places (the upper and lower parts of the spherical configuration
around # = 7 and 6 = 0 and for all vertical planes ¢ = cst.

In the TGC column, the contributions of the streamlines occur in distinct
places (z = 0 and z = H for all vertical planes y = cst). Even if the flow is
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Fig. 7 Variation of Cyyez (in red) and Cpyip (in blue) as a function of time, in TGC, from
the initial uniform state, Cp to the stationary non uniform state for H = 7#R;, R; = 0.1 m
and e = 6.1073 m, obtained using the spectral method

0.62

0.6805

0.585

and Cmin
o

o @
& -
- n

M /

S

=

Time (s) <104

Fig. 8 Variation of Cmaz (in red) and Chyin (in blue) as a function of time, spherical cavity,
from the initial uniform state, Cp to the stationary non uniform state for R; = 0.1 m and
e = 6.1073 m, obtained using the spectral method

axisymmetric in the spherical cavity and invariant by translation in the paral-
lelepipedic cavity, these two properties of each of the convective flows have no
effect on the time required to reach the stationary state. What is important
is the time necessary for a fluid particle to move along its current line. The
current lines in each of these two configurations have almost the same length
and the velocity magnitude are very close leading to a separation time of the
same order of magnitude.

15



Springer Nature 2021 BTEX template

16 Soret driven convection inside concentric porous spheres saturated by binary fluid

6 Comparison of the importance of the species
separation in the two configurations studied

At the steady state, the mass fraction of the denser constituent is higher in the
bottom part than at the top part of each configuration studied. The volume
of the binary solution of mass fraction C' > 0.66 in each of these two config-
urations (conferred on Fig. 9 and Fig. 10) is calculated numerically and leads
to:

2
Vipherical = gw[Ri — R2)(1 — cos 0y) = 7.356 10~ *m?
and for the TGC to:
Vice = 2R,eYy = 4.894 10~ 4m?

The amount of species separated at the bottom or top of the cells is about one
and a half times larger for the spherical configuration than for the TGC.

Z(m)

-0.05

-0.1

1 1 1

-0.2 -0.1 x(m) 0

Fig. 9 (a) (on left) the amount of separation in a spherical cell, (b) (on right) Iso-C,
streamlines in a spherical cell, R; = 0.2 m, e = 6.10"2 m, 6T = 10 K and K = 2.5 1071 m?
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Z(m)
0.22

sl B - h 4

(o] X(m) 0.05

Fig. 10 (a) (on left) the amount of separation in a TGC, (b) (on right) Iso-C, streamlines
inaaTGC, H=0.628m, e=6.10"3m, 67 =10 K and K = 2.5 10~ m?

7 Conclusion

Up to now, species separation was mainly obtained in vertical thermogravita-
tional columns (TGC). At our knowledge, for flows between two spheres, in
porous or fluid media, the works focused only on natural convection. In this
study, numerical 2D and 3D simulations, were carried out in TGC and spherical
configurations, for 4 values of R; and 4 heights H and a moderate tempera-
ture difference between the walls. They showed that the flows remained 2D
axisymmetric for the spherical configuration and invariant by translation in
the horizontal direction, y, for the parallelepipedic vertical column. This result
is due to the fact that in porous media the hydrodynamic boundary conditions
are of the slip type on the walls.

Moreover, the analytical and numerical studies carried out in each of these two
configurations showed that the differences in mass fractions between the top
part and the bottom part of the spherical cavity are slightly higher than those
obtained between the two ends of the TGC for the same thickness, e = R, — R;
and for a height H = 7R;.

At our knowledge, this is the first time that an analytical solution has been
obtained in the spherical configuration.

In addition, we showed that the amount of species separated at the bottom or
top of the cells is about one and a half times larger for the spherical configura-
tion than for TGC column having similar geometric dimensions in two spatial
directions.
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