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ABSTRACT

Keywords:
Thermodiffusion
Particle—particle contact
Soret effect

Transient mass transfer associated to a thermal gradient through a saturated porous medium is studied
experimentally and theoretically to determine the effect of solid thermal conductivity and particle—particle
contact on thermodiffusion processes. In this study, the theoretical volume averaging model developed in a
previous study has been adopted to determine the effective transport coefficients in the case of particle—particle
contact configurations. The theoretical results revealed that the effective thermodiffusion coefficient is inde-
pendent of the thermal conductivity ratio for pure diffusive cases. In all cases, even if the effective thermal
conductivity depends on the particle—particle contact, the effective thermodiffusion coefficient remains
independent of the solid phase connectivity. We also found that the porosity can change the impact of
dispersion effects on the thermodiffusion coefficients. For large values of the thermal conductivity contrast,
dispersion effects are negligible and the effective thermal conductivity coefficients are the same as the ones for

Porous media
Two-bulb method
Volume averaging technique

the pure diffusion case.

Experimental results obtained for the purely diffusive case, using a special two-bulb apparatus, confirm the
theoretical results. These results also show that, for non-consolidated porous media made of spheres, the

thermal conductivity ratio has no significant influence on the thermodiffusion process for pure diffusion. Finally,
the particle—particle contact also does not show a considerable influence on the thermodiffusion process.

1. Introduction

In many situations involving multi-component fluids mixture, the
presence of thermal gradient can be the cause of species migration
because of the phenomenon known as Soret effect or thermodiffusion
[25,41]. The applications of thermodiffusion in free fluid as well as in
porous media become more and more important nowadays in
industrial such as isotope separation in liquid and gaseous mixtures
[33,34], polymer solutions and colloidal dispersions [45], study of
compositional variation in hydrocarbon reservoirs [12], coating of
metallic items, solidifying metallic alloys, migration of the DNA
molecules [3,23], volcanic lava, transport in the Earth Mantle [19], etc.

Many works have been carried out to determine thermodiffusion
coefficients using different approaches. Experimental approaches
have been developed for instance using a two-bulb method in the case
of a free medium (Ibbs and Chapman, 1921 [18]; Heath et al., 1941 [16];
van Itterbeek et al., 1947 [43]; Mason et al.,, 1964 [26]; Saxena et al.,
1966 [38]; Humphreys and Gray, 1970 [17]; Grew and Wakeham, 1971
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[15]; Shashkov et al., 1979 [40] and Zhdanov et al., 1980 [46]). Soret
coefficients have also been determined in crude oils under micro-
gravity condition [14,42] or thermogravitational column [29]. Theo-
retical approaches have also been used like molecular dynamics
simulations [13,35] or multi-component numerical models [36].

While the transfer of species related to thermodiffusion in
porous media may directly be linked to the physical and thermal
properties of the solid structures, various theoretical studies had
generally treated this problem considering the whole system as an
equivalent continuum {macroscopic approach) [1,21]. Failures in
the thermogravitational models [11] based on the free fluid equa-
tions are a good example of the need to determine the influence of
the thermo-physical properties of the pore matrix on the thermo-
diffusion process in porous media.

Additionally, one of the most important features that has not
really been taken into account is the existing difference in thermal
conductivity between the solid matrix and the fluid phase.

The evaluation of the influence of the porosity and tortuosity on the
thermodiffusion coefficients has been the object of many researches:

e Experimental studies: Platten and Costeséque (2004), using
a thermogravitational column [29]; Costeséque et al. (2004), using



Nomenclature

A gg Area of the §—¢ interface contained within the
Macroscopic region, m?

Ags Area of the §—o interface within the averaging
volume, m?

ald Particle—particle contact fraction

b Mapping vector field for ¢z, m

bsg Mapping vector field for ¢z, m

brg Mapping vector field for T4, m

¢ Heat capacity, J/kg K

cg Total mass fraction of the g-phase

gcﬂ)ﬂ Intrinsic average mass fraction of the f-phase

s Spatial deviation mass fraction of the §-phase

Dy Binary diffusion coefficient, m?/s

D; Effective dispersion tensor, m?/s

D e Longitudinal dispersion coefficient, m?/s

Drg Thermodiffusion coefficient, m?/s K

D;ﬂ Effective thermodiffusion tensor, m?/s K

D’fﬂ lx Longitudinal thermodiffusion coefficient, m?/s K

g Gravitational acceleration, m?/s

kg Thermal conductivity of the fluid phase, W/m K

ks Thermal conductivity of the solid phase, W/m K

K Effective thermal conductivity tensor, W/m K

K* Longitudinal thermal dispersion coefficient, W/m K

Luc Characteristic length scale associated with a unit
cell, m

L Characteristic length for macroscopic quantities, m

23 Characteristic length for the §-phase, m

Ngg Unit normal vector directed from the §-phase towards
the g-phase

o Radius of the averaging volume, m

r Position vector, m

t Time, s

Ts Temperature of the §-phase, K

(~Tﬂ)ﬂ Intrinsic average temperature of the §-phase, K

Tg Spatial deviation temperature, K

Ty, Tc  Hot and cold temperature

P8 Pressure of the f-phase, Pa

Pe Unit cell Péclet number

vg Mass average velocity of the f-phase, m/s

(y,;)ﬂ Intrinsic mass average velocity of the 8-phase, m/s

\/] Spatial deviation mass average velocity, m/s

Vs Volume of the §-phase contained within the averaging
volume, m?

14 Local averaging volume, m?

Xy Cartesian coordinates, m

Greek symbols

£g Volume fraction of the #-phase or porosity

£y Volume fraction of the g-phase or porosity

K kq/kg, conductivity ratio

Ug Dynamic viscosity for the §-phase, Pa s

g Total mass density in the S-phase, kg/m>

T Scalar tortuosity factor

[0 Arbitrary function

Subscripts, superscripts and other symbols

B Fluid-phase

il f—o interface

o Solid-phase
Effective quantity

0 Spatial average

(° Intrinsic ¢-phase average

free and porous packed thermodiffusion cells [5]; Davarzani et al.
(2010), using a two-bulb setup [8],

e Theoretical approaches: A. A. Shapiro and E. H. Stenby (2000),
using the theorem of factorization [39]; Lacabanne et al.
(2002), using an homogenization technique [24]; Galliero et al.
(2006), using molecular dynamics computer simulations [13];
Davarzani et al. (2010), using a volume averaging technique [9].

The common point of these results is that the tortuosity factor acts
in the same way on the Fick diffusion coefficient and on the thermo-
diffusion coefficient. Recently, the theoretical results of the model
developed by Davarzani et al. (2010) showed that this concept is
correct only in a pure diffusive regime. They used a volume averaging
technique to determine the effective diffusion and thermodiffusion
coefficients in more complex conditions including convective regimes.
The results showed that, when convection is dominant (convective
regime), Soret coefficients in a porous medium are very different from
the ones in a free fluid. More precisely, the impact of convection on the
mass transfer by thermodiffusion is different from mass transfer by
dispersion [9]. For this regime, the ratio of the phases conductivity also
has a great influence on the effective thermodiffusion coefficients.
Therefore, using the same Soret number in porous medium and free
fluid may cause significant errors.

It is known theoretically and experimentally that heat conduc-
tion at the contact points plays a dominant role in determining the
effective heat conduction in porous media [27,28,31,37]. Especially,
a theory of heat conduction in two-phase systems considering also
the particle—particle contact, has been presented by Nozad et al.

(1985), based on the method of volume averaging for spatially
periodic porous media. The results showed that the effective
thermal conductivity for non-touching particles is dominated by
the thermal conductivity ratio and also by porosity, and is only
slightly influenced by the geometrical configuration (see [27]). In
an experimental study done by Nozad et al. (1985) [28], the effec-
tive thermal conductivity coefficients have been measured for
different materials and fluid systems. For example, they used the
aluminium—water system to study the influence of non-touching
particles using the fact that water tends to react with aluminium
to form an oxide layer with a low conductivity. Whereas, an
dir—aluminium system has been used to model the parti-
cle—particle contact. When the fluid phase is continuous, the
effective thermal conductivity coefficients become constant for
large values of the thermal conductivity ratio. The situation for
touching particles or a continuous solid phase is very different. In
this case, at large values of the thermal conductivity ratio, there is
a linear dependence of the effective coefficients on the thermal
conductivity ratio. The comparison presented by Nozad et al. (1985)
showed a good agreement between theory and experiments [27].
Sahraoui and Kaviany (1993) repeated the computation of Nozad
et al. and found the contact fraction ratio that gives the closest
agreement with the available experiment data [37]. However, the
influence on thermodiffusion has not been investigated.

In this work, we study the influence of the conductivity ratio and
particle—particle contact on the effective thermodiffusion coeffi-
cients from theoretical approach and experimental measurements.
To achieve this objective, we have developed a model based on the



equations and closure problems developed by Davarzani et al.
(2010} that describe thermaodiffusion processes in a homogeneous
porous medium by upscaling technique, This model allows charac-
terizing the influence of the porous matrix properties on the ther-
modiffusion process [9]. In order to understand the effect of
particle—particle contact, we solved the closure problems for
temperature and concentration on a particular geometry in which
the solid phase is continuous through small contact areas.

Then, to validate these theoretical results, new experimental
results have been obtained with a special two-bulb apparatus. The
thermodiffusion of a helium—carbon dioxide mixture through
cylindrical samples filled with porous media made of spheres with
different thermal properties {stainless steel, glass and aluminium}
has been measured at the atmospheric pressure.

2. Governing microscopic equations

We consider in this study a porous medium saturated with
a binary mixture fluid and subjected to a thermal gradient. This
system is illustrated in Fig, 1, the fluid phase is identified as the
f-phase while the rigid solid phase is represented by the g-phase.

The equations of continuity and motion have to be introduced
for the fluid phase. We use Stokes equation for the flow motion at
the pore-scale, assuming classically that inertia effects can be
neglected. The continuity equation, the Stokes equation, and the
no-slip boundary condition are then written as

V-vg = 0, in the § — phase (n
0 = —Vpg + ugV- (Vvg) + pgg, inthe § — phase (2)
vg =0, at o, (3)

In this problem, we also consider the flow of the 8-phase to be
steady, incompressible, and laminar.

From the thermodynamics of irreversible processes as originally
formulated by Onsager (1931) the diagonal effects that describe
heat and mass transfer are Fourier’s law which relates heat flow to
the temperature gradient and Fick’s law which relates mass flow to
the concentration gradient. There are also cross effects or coupled-
processes: the Dufour effect quantifies the heat flux caused by the
concentration gradient and, conversely, the Soret effect, quantifies
the mass flux caused by the temperature gradient.

In this study, we neglect the Dufour effect, which can be justified
to be negligible in the case of thermodiffusion process where the
concentration gradient is small [30]. Therefore, the pore-scale
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Fig. 1. Problem configuration.

transport of energy (conduction and convection) is described by
the following equations and boundary conditions for the fluid
(8-phase) and solid (o-phase) phases

aT; .
(pcp) ﬂa—tﬁ+ (pcp)gV- (Tgvg) = V- (kgVTg), inthef—phase  (4)

(Pcp),aa—? = V.(k;VT;), inthe ¢ — phase (5)
Tg =T, at .ﬂfﬂg (6)
ng, - (kgVTg) = Ng,-(ksVTo), atofg, (7)

where of 5, is the surface of the §—¢ interface contained within the
MACTOSCOPic region,

The component pore-scale mass transport (diffusion, advection
and thermodiffusion) is described by the following mass balance
equation in the fluid phase and boundary condition [2]

ac, .
a—f+ V-(cgvg) = V-(DgVcg + DrgVTg), inthe § —phase (8)

g, (DIsVCa + DTﬁVT'g) =0, atafg, (9)

for an impervious boundary, where cg is the mass fraction of one
component in the §-phase, Dg and Dy are the molecular isothermal
diffusion coefficient and thermodiffusion coefficient, respectively,
N, is the unit normal vector peinting from the fluid to the solid
phase. We neglect any accumulation and reaction of solute at the
fluid—solid interface as well as the phenomenon of surface diffu-
sion (inert solid).

3. Volume averaging method and macroscopic equations

In this section, we review briefly the results obtained in
a previous paper, Davarzani et al. (2010).

The direct resolution of microscopic equations on a volume con-
taining a small numbers of pores is usually possible and interesting
for reasons of fundamental research (e.g. validation of macroscopic
models). However, it is generally impossible to solve these micro-
scopic equations on a large volume. In practice, a macroscopic
description representing the effective behaviour of the porous
medium for a representative elementary volume (REV) containing
many pores is needed. Many techniques have been used to move
from the pore-scale to the REV scale [6]. Integration on the REV
(called volume averaging technique) of the microscopic conservation
equations allows obtaining macroscopic equations which are valid
for average variables called macroscopic variables [7,9]. We will use
such a technique in this paper and the problems associated with
upscaling from the microscopic scale to the macroscopic scale will be
treated in the next section. This technique will provide the macro-
scopic equations and the effective transport properties.

The associated averaging volume, ¥  is shown in Fig. 1. The
development of local volume averaged equations requires that we
define two types of averages in terms of the averaging volume [44].
For any quantity gg associated with the §-phase, the superficial
average is defined according to

9 =7 [ oatv (10)

while the intrinsic average is defined by

p_1
{@s)" = v fﬁ*’adV (11)



Here we have used Vj to represent the volume of the f-phase
contained within the averaging volume. These two averages are
related by

(05) = eg(op)’ (12)

in which &g is the volume fraction of the §-phase or porosity in the
one phase flow case.
The sum of volume fractions of the two phases satisfies

eg+eg = 1 (13)

Following classical ideas [44] we will solve the problems in
terms of averaged values and deviations. The pore-scale field
deviations in the §-phase and o-phase are respectively defined by

9 = <¢ﬂ)ﬂ+<7)ﬂ and ¢, = (9,)°+9, (14)

Classical length-scale constraints (Fig. 1) will be imposed by
assuming

gg<<ro<<L (15)

After performing the volume averaging on the original
boundary value problem and solving the associated closure prob-
lems, the final form of the transport equations contains local
averages, rather than micro-scale point values. Thus, the micro-
scopic equations that hold for a point in space are developed into
the appropriate macroscopic equations, which hold at a given point
for some volume in space of the porous medium. In this study we
have used the model of non-isothermal mass transfer with Soret
effect developed by Davarzani et al. (2010) and adapted it to
a particle—particle contact configuration. Sections 3.1 and 3.2
contain the model equations and closure problems for tempera-
ture and concentration respectively. The reader can read reference
[9] for more details, in particular the derivation of the upscaled
equations.

3.1. Transport equation for the averaged temperature

When the principle of local-scale heat equilibrium is valid, the
one-equation equilibrium model which consists of a single trans-

port equation for a mixture temperature, (T), such as
(T) = (Tp)? = (T,)" is written [31,32]
0
(24 (pCp)g+eo (96p) o )5(T)+ (9Co) gV - (e6(V) (T)
=v. (k* -V(T)) (16)

where K’ is the effective thermal conductivity given by

* kg —k ~
I = (egks +oake) 1+ KD [ brsan— (o) (i)
Aﬂ,
(17)
This result comes from linear relations between the spatial
deviations and average temperature of the type [4]

Tg = bye-V(T) (18)

T«r = bT(r'V<T) (19)

in which byg and by, are referred to as the closure mapping vari-
ables for the solid and liquid phases, respectively. These mapping
vectors are functions of position only, since the time dependence of

Tﬂ and T, comes only from the time dependence of the average
temperature appearing in the equations and boundary conditions
for the spatial deviations.

The closure equations for thermal conductivity are listed below,
together with their boundary conditions at the fluid—solid inter-
faces [9,31,44].

Problem I:
(pcp) gVg- Vbrg + (0Cp) ﬂflﬂ = kgV2byg (20)
0 = ksV2br, (21)
brg = brs, at Ag, (22)

—nﬂ,,-kﬂvbm = —nﬂ,,-k,VbT‘, +Ng,- (kﬂ — kq‘), at Ag, (23)

brg(r+ %) = brg(r) & brs(r+&) = bre(r), i =1,2,3  (24)

(br) = eg(brg)’+ee(brs)” = 0 (25)

We obtained that the boundary condition presented in Equation
(23) can be also replaced by

nﬂ,~kﬁvbm =0, at Aﬂo’ (26)
nﬂ,,~k,,VbT, = Dg,;* (kﬁ - ka'), at Aﬂo‘ (27)
or

nﬂ,,-kﬁvbm = —nﬂ,,-kﬁ, at Aﬂd (28)
Ilﬂo-'kngT, = —nﬂa‘ka, at Aﬁa (29)

3.2. Transport equation for averaged concentration

The closed averaged form of the mass transfer equation with
Soret effect was obtained as [9]

8
78(82? +9-(eg(vg)(cg)") = V- (e9Dj V{cg)"+egDiy ¥T))
(30)

where the total dispersion and total thermodiffusion tensors are
defined by

* 1 ~ 8
Dﬂ = Dﬂ I+Vﬂ /ﬂﬂabcﬂdA —<Vﬂbcﬁ> 31)

Aﬁ,

* 1 1
Aﬁ, Aﬂ,

- <6ﬂbsﬂ>ﬂ (32)

This result has been obtained by adopting the following closure
relationship

Cs = bg-(cg) +bgs-v(T) (33)



in which bcg and bsg are referred to as the closure variables which
are specified by the following boundary value problems (see [9] for
model validity and details).

Problem [a:
Vg-Vbcg + Vg = DgVbcs (34)
—Ng;-DgVbeg = ng,Dg, at Ag, (35)
be(r + %) = beg(r), i = 1,2,3 (36)
(beg)? = 0 (37)
Problem ITb:
Vg-Vbs = DgV?bgg + DrgVhyg (38)
—g, - (DgVhbgg + DygVhyg) = Mg, Drg, at Ag, {39)
bsg(r + ;) = bgp(r), i = 1,2,3 {40)
(bsg)* =0 (41)

Problem 1Ib couples the heat transfer closure problem to the
concentration problem.

We will use later the closure problems to determine the effec-
tive parameters for given pore-scale geometries.

We present in the next section, the experimental setup used to
measure the effective transport properties.

4, Experimental setup

In a previous study, we have designed and built a two-bulb
apparatus to obtain directly the diffusion and thermodiffusion
coefficients of gases in free fluids as well as in porous media, as
described in detail in reference [8].

This setup is a closed system, convenient for the case of pure
diffusion only. The two-bulb apparatus used to determine the
thermodiffusion coefficients is illustrated in Fig. 2.

The reservoirs which are all-glass bulbs with equal and constant
volume of 1 L are joined by an insulated rigid glass tube.
A temperature gradient is setup in the tube by bringing the bulbs to

Gas mixture entrance

Fig. 2. Experimental thermodiffusion two-bulb satup.
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T
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Fig. 3. Spatially periodic model for solid—solid contact.

different temperatures, uniform over each bulb. To avoid convec-
tion, the apparatus was mounted vertically, with the hotter bulb
uppermost.

Pressure and temperature measurements are made with two
manometers and thermometers. The temperature of each bulb is
kept at a constant value by water circulation from a bath temper-
ature controller. The concentration of the binary gas mixtures is
determined by analysing the gas mixture composition in each bulb
using a katharometer with +0.5% repeatability (Daynes, 1933 [10]
and Jessop, 1966 [20]). Katharometer can indicate continuously
and without sampling the changes in composition as thermo-
diffusion proceeds. The temperature of the katharometer is
controlled using an electrical self-thermostated sensor.

In this study, for all thermodiffusion measurements, the temper-
ature difference between the two bulbs is fixed to 50 K The gas
mixture used is He—CO>. The volume fraction of each gas in the
mixture is equal to 50%.

The experiments have been performed with this special two-
bulb apparatus, by the measurement of the change in bulbs
concentration,

5. Resulis

In this section, we present results for the effective coefficients
coming from the theoretical (Section 5.1) and experimental

1.EH3 b Fons
particles

1.E+H2

1.E+1

1.EH10

k‘ln/ kﬂ'

L
1.E01

1.E02

1.E-03"
1E05 1B 1E0R 1.E02 1.E01 1.B+00 1.E#01 1.EH02 1.EH03 1.E+04 1.E+05

K

Fig. 4. Effective thermal conductivity for (a} non-touching particles, a/d = 0 (b)
touching particles, a/d = 0.002 (eg = 036, for pure diffusion).



Fig. 5. Spatially periodic unit cell to solve the thermodiffusion closure problem with
solid—solid connections ajd = 0.002 (ez = 0.36).

(Section 5.2) studies. The numerical simulations of the closure
problems have been done using the COMSOL™ Multiphysics finite
elements code. The PDEs to be solved are rather classical. Therefore,
we do not detail the numerical parameters chosen to achieve
numerical convergence and accuracy.
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In the theoretical and experimental part, the influence of the
thermal conductivity and the particle—particle contact on the
kinetic of mass transfer with thermodiffusion has been studied.
Then, the experimental results are compared with those obtained
using the volume averaging technique in the purely diffusive case.

5.1, Theoretical results

The effective coefficients can be obtained by solving numerically
the associated closure problem (Problem I for effective thermal
conductivity and Problem II for effective diffusion and thermo-
diffusion) on a periodic unit cell. The contributions of diffusion and
dispersion will be discussed. The results have been plotted for two
different values of the dimensionless Péclet number defined as
Pe = (vﬁ)ﬁﬂuc/Dﬂ. and also for two cases: touching particles and
non-touching particles.

5.1.1. Pure diffusion (Pe = 0}

It has been emphasized in the literature that the “solid—solid
contact effect” has a great consequence on the effective thermal

Max: 2.87%e-3 l

ac(5}=0.001 Surface: bs Contour: bs
1.05 ;
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Fig. 6. Comparison of closure variables fields bz and bgs when the solid phase is continuous, for different thermal conductivity ratio (x) in the pure diffusion case (a/d = 0.002,

25 = 0.8).



conductivity [31,37]. The question is if it can also change the
effective thermodiffusion coefficient or not?

In order to model the effect of particle—particle contact we used
the model illustrated in Fig. 3, in which the particle—particle
contact area is determined by the adjustable parameter afd {the
fraction of particle—particle contact area).

When afd = 0, the §-phase is continuous and the effective
conductivity (k' /kg) initially increases with an increase in the
thermal conductivity ratic (x = ks/kg) and then reaches an
asymptote. In addition, it was found that the thermal conductivity
ratio has no influence on the thermodiffusion coefficient in the
pure diffusive case |9].

When g/fd is not zero, at large values of «, the solution predicts
a linear dependence of k* /kg on the ratio «. The calculated results,
obtained in this study, for both the continuous g-phase (non-
touching particles) and the continuous ¢-phase (touching particles)
are shown in Fig. 4.

Here, for the symmetric unit cell shown in Fig. 3, and for the
pure diffusive case, one has k* = k|, = k; |

As we mentioned before, the selection of a,o'd 0.002 gives the
closest agreement with the available experiment data [37]. At this
point, it must be emphasized that the area of contact has a strong
impact on the results. This area is very sensitive to the grain
geometry, the material properties, the mechanical state, etc. This
suggest that the value afd = 0.002 is not general and may depend
on the above mentioned factors.

In this study, the particle—particle contact fraction {a/d) of 0.002
has been chosen, in order to compare our results with the ones
published in the cited references.

Unfortunately, we cannot use this type of geometry to study the
effect of solid—solid connection on the effective thermodiffusion
coefficient in a two-dimensional system because the fluid phase is
not continuous and fluid advection cannot occur in this case. We
have used therefore a different geometry which has only a particle
connection in the x-direction as shown in Fig. 5. This unit cell is not
symmetric and therefore for an arbitrary effective tensor ®°, we
have in principale Pg b

In this paper, because of%he general objectives of this study, only
the xx-component of the effective tensors (qaﬁ l) have been
calculated,

The afd ratio has been selected to be 0.002 as mentioned hefore.
The closure problems have been solved on the geometry shown in
Fig. 5 in a purely diffusive case. Comparisons of fields by and bsg
when the solid phase is continuous, for different thermal conduc-
tivity ratios () and a pure diffusive case are shown in Fig. 6. As we
can see, the closure variable for concentration bsg also changes with
the conductivity ratio.
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Fig. 7. Effective thermal conductivity and thermodiffusion coefficient for touching
particles, afd = 0.002, eg = 0.36 and at pure diffusion.
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Fig. 8 Effective longitudinal thermal conductivity coefficients for non-touching
(afd = 0) particles (eg = 0.36), in the convective case Pe = 2 and different porosities.

The xx-components of the effective thermal conductivity and
thermodiffusion coefficients, using the geometry shown in Fig. 5,
are plotted in Fig. 7, Despite the results illustrated in Fig. 4, the ratio
k' /kg becomes constant for small values of « because in the y-
direction there is no particle—particle resistance, At large values of
«, the solution predlcts a linear dependence of k"|,./ks on the ratio
«. However, the ratio Dy, /Dy remains constant and equal to 0.59
whatever the thermal conductivity ratio «.

Here, for a non-conductive solid phase (or very poor solid
conductivity), one can write (See also reference [9])

D"élxx _ D;g':tx _ k" |

1
=== 059 42
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where 1 is the scalar tortuosity of the porous matrix.
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Fig. 8. {(a) Effective longitudinal thermodiffusion coefficients for non-touching
{afd = 0) particles (¢g = 0.36), in the convective case Pe = 2 and different porosities,
{b) the positive values.
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5.1.2. Convective regime (Pe > 1)

We have seen in the previous section that the thermal
conductivity ratio has no impact on the ratio D;ﬂ|xx /Drg. This is
coherent with our previous fundings in Davarzani et al. (2010). We
already showed in this paper that this conclusion does not hold for
the dispersive regime., In this section, we review this question in the
case of touching particles.

In order to study this influence of the solid contact on the
effective coefficients in the convective regime, the closure prob-
lems have been solved using the geometry shown in Fig. 5, with an
imposed horizontal pressure gradient. Two series of calculation are
made for touching particles {(a/d = 0.002) and non-touching
particles (a/d = 0).

During the numerical simulation for different cases, we
remarked that the impact of dispersion on the effective thermo-
diffusion coefficients depends also on the porosity. Here, we have
first studied the influence of the porosity on the effective coeffi-
cients, for non-touching cases. The effective longitudinal thermal
conductivity coefficients versus the Péclet number and for different

© Touching particles

—— Non-touching

o
=N
T

04

g-phase porosity (sg = 0.3, 0.5 and 0.7) are plotted in Fig. 8. As we
can see, the effective thermal conductivity coefficients first
decrease when increasing the porosity and then for the large values
of the Péclet number the behaviour is inversed.

The evolution of the effective thermodiffusion coefficients for
the same porosities versus the Péclet number is shown in Fig. 9(a)
for all values and Fig. 9(b) for the positive values. Here, contrary to
the effective thermal conductivity, the effective thermodiffusion
coefficients first increase when increasing the porosity and then
decrease. We can see from Fig. 9(b) very different behaviours for
the thermodiffusion coefficients in porous media for small volume
fractions of the fluid phase. When the porosity is high, the effective
thermodiffusion coefficient is first constant and then decreases
when increasing the Péclet number. However, for a small fluid
phase porosity, one can observe a maximum. The effective ther-
modiffusion coefficient is constant in the diffusive regime, and then
increases when increasing the Péclet number up to a maximum
value and then decreases when in the convective regime.

The results for the effective thermal conductivity and thermo-
diffusion coefficients are shown respectively in Figs. 10 and 11. The
results have been plotted for two different Péclet numbers (Pe = 2,
Pe = 100), and the dispersion curves have been plotted in Figs. 12
and 13, for different thermal conductivity ratios. In this study, we
have calculated only the longitudinal dispersion coefficients, which
are obviously more realistic than the transversal dispersion coef-
ficients, given the lack of connectivity in the y-direction for this 2D
unit cell.

o Effective thermal conductivity

As shown in Fig. 10, the longitudinal thermal conductivity, k*|,,
{(xx-component of the effective thermal conductivity tensor k'), is
changed significantly by the contact effect, for conductivity ratios
above ~ 100.

From Fig. 10 we can see also that the effect behaviour for small
Péclet number (Pe = 2) is similar to the pure diffusive case: The
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Fig. 11. Effective longitudinal thermodiffusion for non-touching (a/d = 0) and touching (a/d = 0.002) particles (¢5 = 0.36), in the convective cases: (a) Pe = 2, (b) Pe = 100.



effective conductivity initially increases with an increasing in « for
two cases (with and without contact effect). At large values of « the
touching particle solution predicts a linear dependence of k*|,, /kg,
with « whereas, for the non-touching case, the ratio k*|,/ks rea-
ches an asymptote.

For higher Péclet number (Pe = 100), k*|,, /kg is decreased by
increasing «x (with or without contact effect). After a transition,
the effective coefficient increases linearly with « for the touching
particle case and becomes constant for non-touching particles.
This figure also reveals that the starting point of the linearity
relation at large values of the conductivity ratio increases when
increasing the Pe number. We see that the difference between
the values of k', /kg decreases when increasing «. However,
there is a striking difference between the touching particles and
non-touching particles cases. For non-touching particles, there is
an additional thermal dispersivity due to the dispersion effect.

a 1.E+04 ——— With contact effect, k=0.01
% = ‘Without contact effect, k=0.01
P ‘With contact effect, k=1 {4
LE+03 E &  Without contact effect, k=1 /‘ Vil
B e
r With contact effect, k=10 % 4
e 1E+02 - Without contact effect, k=10 /:/ )5/
\: E With contact effect, k=100 / & 4
e ’ " Without contact effect, k=100 F,“/
LE+01 ¢ f/
1EH00 62— aa&— 4444 A 4442 k/
—E—H—-—}—I—'—:-'——f!—l—ll""x/
LE-Q1 L
1.E03 1E02 1E01 1E+00 1E+01 1LE+02 1E+03
Pe
b a3 &
-500 -
r ——— With contact effect, =001
-1500 i =  Without contact effect, ©=0.01 ‘\“.\h
-2500 With contact effect, k=1 ;
r & Without contact effect, k=1 :
s 3500 - Touconaceecx— x&
Q sot r With contact effect, k=10 \
S~ e 1
) - L Without contact effect, k=10 *\ i
ba‘ -5500 - With contact effect, x=100 *\
6500 L ~  Without contact effect, k=100 ‘*
-7500 L
r ]
-8500 s
1E-03 1.E02 1.E01 1.E+00 1.E+01 1LE+02 1.E+03
c Pe
08 - -,
W
e ’ \
P 2
Y4 S ————— W
T s e % 14
QE ———— With contact effect, k=0.01 \\ \ \,“
= = Without contact effect, ©=0.01 % i \\
" : 04 With contact effect, =1 19 n
13 1\ i
[a) a  Without contact effect, k=1 \ !
With contact effect, k=10 !
0.2 Without contact effect, k=10 &
With contact effect, k=100
*  Without contact effect, k=100 \
0.0 PO S V0 R Y N ST WP, ¥ SRR
1E-03 1E02 1.E01 1E+00 1.E+01 1.E+02
Pe

Fig. 12. Effective longitudinal (a) thermal conductivity, (b) thermodiffusion, and (c) the
positive values of the effective thermodiffusion coefficients for non-touching (a/d = 0)
and touching (a/d = 0.002) particles (g5 = 0.36) for different thermal conductivity
ratios (x < 100).

Therefore, the asymptote for Pe = 100 is higher than for Pe = 2.
In the case of touching particles, the increase in effective
conductivity due to higher and higher values of x becomes larger
and larger than the “constant” additional value due to disper-
sion. Therefore, dispersion becomes negligible and all values for
all Pe numbers would merge into the linear relationship for
Pe = 0.

o Effective diffusion and thermodiffusion

The effective longitudinal thermodiffusion coefficients for
different Péclet numbers (2 and 100), with and without contact
effects are plotted in Fig. 11. This figure shows clearly that the
contact effect does not change the effective thermodiffusion coef-
ficient for all values of thermal conductivity ratio.

The effective longitudinal dispersion ratio DE lx/Dg depends on
the porosity, Péclet number and geometry. This ratio is about 0.78

a 1B E | — With contact effect, k=1000
[ A  Without contact effect, xk=1000
LE+03 ¢ With contact effect, k=10000
F % Without contact effect, k=10000
=
AL LB e e e
* I
LE+01 |
§f X XEX & EEX = EXE X x3X L
LE+00 ¢
1.E-01
1.E03 1.E02 1.E01 1.E+00 1E+01 1E+2 1.E+03
Pe
b o
-500 ’ —— With contact effect, k=1000
a  Without contact effect, x=1000
-1000 -
QE F With contact effect, ©=10000
\n -1500 | % Without contact effect, x=10000
) F
Q000
2500 |
=
3000 ©
1.E03 1E02 1.E01 1.E+00 1.E+01 1E+02 1.E+03
Pe
C os¢
06 % ==zs = =z 8%
)
& od ——— With contact effect, x=1000
é ) & Without contact effect, x=1000
A L With contact effect, k=10000
02 r x  Without contact effect, ©=10000
0.0
1E03 1E02 1E01 1.E+00 1E+01 1E+02

Pe
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and touching (a/d = 0.002) particles (g5 = 0.36) for different thermal conductivity
ratios (x > 100).



Fig.14. Cylindrical samples filled with different materials (A: glass spheres, B: stainless
steal and & = 42.5).

for Pe = 2, with and without contact effect. This ratio for Pe =100 is
about 270.9, without contact effect and becomes about 269.5, with
solid contact effect, This small difference comes from the difference
of the geometry between two models.

The curves of dispersion for different thermal conductivity ratio
have been plotted in Figs. 12 and 13.

As shown in Fig. 12a for thermal conductivity and Fig. 12b for
thermodiffusion, the influence of the contact effect is not consid-
erable when « < 100.

For the large value of the «, even if the influence of contact effect
on the effective thermal conductivity is important (Fig, 13a), the
effective thermodiffusion coefficients remain independent (Fig. 13b).

From these results, we can conclude also that the separa-
tion rate in a packed thermogravitational cell when dispersion
is important must be influenced by the thermal conductivity
ratio.

A direct numerical simulation model has been proposed
recently by Davarzani and Marcoux (2011} to study the influence of
porous matrix thermal properties on the separatiotn rate in a model
of packed thermogravitational column saturated by a binary
mixture [7]. The results show that the separation rate is changed
significantly by the conductivity ratio of the solid/fluid phases [7].
This may be one of the reasons of discrepancy which exists
between theoretical and experiment results in a packed thermog-
ravitational cell (see also reference [11]).

In the next section, in order to validate the theoretical results
obtained in this study, experiences have been done using two-bulb
thermodiffusion cell in the purely diffusive case.
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Fig. 15. The kinetic of Katharometer reading in thermodiffusion cell for He—CO; binary
mixture and for different materials (3 samples of stainless steal and 3 samples of glass
spheres) (AT = 50 K).

5.2. Experimental results

The experiences have been done to study the influence of
thermal conductivity ratio and solid contact effect on the effective
thermodiffusion coefficients.

5.2.1. Effect of solid thermal conductivity on thermodiffiision

In Section 5.1, the theoretical model revealed that, for pure diffu-
sion, the effective thermodiffusion coefficients are independent of the
thermal conductivity ratio and particle—particle contact. To validate
this result we have conducted some experiments with two different
materials as shown in Fig. 14: Stainless steel and glass spheres.

The material physical properties are listed in Table 1.

The inner diameter of the insulated, rigid, diffusion glass tube is
chosen to be 0.75 cm and the length is 4 cmn. The gas mixture used for
this study is a He {50%)-C0: (50%) mixture. The measurement
protocol goes as follows. The tubes filled by spheres have a porosity of
about £ = 42.5. First, the sample is placed carefully between the two
bulbs. Air is extracted from the system using a vacuum pump. Then,
the system, which is kept at a uniform temperature of 325 K, is filled
by the gas mixture at atmospheric pressure. To start the thermo-
diffusion process, the temperature of the top bulb is increased to
Ty = 350K and, at the same time, the temperature of the bottom bulb
is decreased to Te = 300 K. The advantage of this method is that, at the
end of this step, when the temperature of each bulb is constant, the
pressure of the closed system will be the same as at the starting of the
experiment, During this intermediate period, the thermodiffusion
process is negligible because of the forced convection between the
two bulbs through the tube. In such a system heated at the top and
cooled at the bottom, natural convection is negligible. Then, contin-
wous measurements by katharometer, barometers, and thermometers
are started in the two bulbs.

Since there are some slight variations in the porous medium
between two different experiments (because of packing degree,
even if the grain sphere diameter does not change}, three samples
of each material were used for the measurements.

Table 1
Solid (spheres) and fluid mixture physical properties (T = 300 K} - configuration 1 [22].
Material of particles Diameter k. (sphere) kg (gases) (PCp)e {pcn)g ke Epc”;'
(mm) (W/mK) (WimK) (kefm® x Jfke K) (kgfm? x Jfkg K) ke el
Stainless steel 1 15 He = 0.149 7900 x 477 He = 0.1624 x 5200 301 3202
Glass 1 11 €0; = 00181 2500 x 750 CO; =1.788 x 844 22 1593

Mix = 0.0499

Mix = 1177
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Fig. 16. Cylindrical samples filled with different matetials (A: glass spheres, B:
aluminium spheres and ¢ = 0.56).

Katharometer reading time histories for porous media made of
spheres with different thermal conductivity (stainless steal and
glass spheres) are plotted in Fig. 15.

As it is shown in this plot, thermodiffusion curves for the two
different materials can be superimposed and we can conclude
that, in this case, the thermal conductivity ratio has no significant
influence on the thermodiffusion process. From the formulation
discussed in [8], we obtained the ratio of D;ﬁ |lx/Drg equal to
about 0.60.

522 Effect of particle—particle touching on thermodiffusion

The experimental and theoretical results show that the influ-
ence of the particle—particle touching on effective thermal
conductivity coefficients is considerable when the thermal
conductivity ratio is more than 100 as shown also in Fig. 4. Then, to
determine the effect of solid phase connectivity, one must use
a higher thermal conductor than stainless steal. Therefore, it is
better to test more conductive material. We have chosen
aluminium and glass spheres with a diameter of 6 mm shown in
Fig. 16. The sample preparation is different from the last section,
Here, the sample is made of one column of spheres, in which we can
neglect the problemn that we had concerning spheres arrangement
in the tube to produce exactly the same porosity. Here, inner
diameter of insulated rigid glass tube is chosen to be d = 0.75 cm
and length of # = 5.8 an. The number of spheres forming the
porous medium is ten, which produced a void fraction about
e =056,

The physical properties of two materials used in this
experiment are listed in Table 2. As we can see, the thermal
conductivity ratio for aluminium and the mixture of helium and
carbon dioxide is about 4749. At this value, the connectivity of
the solid phase has a high influence on the effective thermal
conductivity coefficients as shown in the theoretical results of
Fig. 4.

&

—— Aluminium spheres

= — — =(jlass spheres

S

w
-
o

Katharometer difference reading (mV)
W
&

314
312 e g
210 = W e il b L g Ll g
[ 36000 72000 108000 144000 180000
Time (3)

Fig. 17. Katharometer time history in two-bulb thermodiffusion cell for He—C0; binary
mixture (volume fraction of 0.5) for porous media made of different thermal
conductivity (aluminium and glass spheres) (AT = 50 K),

The Katharometer readings for porous media made of
aluminium and glass spheres have been plotted in Fig. 17.

This figure shows that the thermodiffusion curves for the two
different materials are superimposed. That means that, the parti-
cle—particle contact has no influence on the thermodiffusion
process, in the pure diffusive case.

It is important to note that these results are just for a pure
diffusive system. It must be rementioned that the thermal
conductivity ratio has a strong impact for the convective regime.

6. Conclusion

In this study, we used a theoretical volume averaging technique
and an experimental two-bulb apparatus in order to study the
influence of thermal properties of a non-consolidated porous
medium on thermodiffusion process taking into account the solid
connectivity. The theoretical results show that neither solid
thermal conductivity nor particle—particle touching has influence
on thermodiffusion for a pure diffusive regime. Contrary, at
convective regime the impact of thermal conductivity ratio on the
both effective thermal conductivity and thermodiffusion is
considerable, In this regime, particle—particle contact has a great
influence on the effective thermal conductivity coefficients for the
large thermal conductivity conirast of the phases. However, the
effective thermodiffusion coefficients do not show significant
change with particle—particle touching. We found also that the
dispersion effects can be negligible for the large values of the
thermal conductivity ratios. For non-consolidated porous media
made of spheres with different thermal conductivity coefficients,
the experimental results agree with the model obtained by the
upscaling technique for effective thermodiffusion coefficients in
purely diffusive case.

The authors believe also that in thermogravitational columns,
where convection is dominant, the solid thermal conductivity and
contact effect will change the separation processes. This may be
a very important starting point to conduct new theoretical and
experimental studies in the future. In future works, one can also

Table 2
The solid (spheres) and fluid mixture physical properties (T = 300 K) - configuration 2 [22].
Material of particles Diameter ks (sphere) ks (gases) {PEp)y {pCp)g k& Epc_p)"
(mm) (Wim K) (W/m K) (kg/m? x Jfkg K) (kg/m? x J/kg K) B Popls
Aluminivm 6 237 He = 0,149 2702 x 903 He =0.1624 x 5200 4749 2073
Glass 6 1.1 COz = 0,0181 2500 x 750 €O, = 1,788 x 844 22 1593
Mix = 0.0499 Mix = 1177




resolve the closure problem using a three dimensional model,
keeping the x, y and z touching.
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