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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 thermndiffusion cell: Davarzani et al.
(2010), using a two-bulb setuj

e Theoretical approaches: A. A. suapiro and F. H. Stenby (2000),
using the theorem of factorization banne et al
(2002), using an homogenization tech Galliero et al.
(2006), using molecular dynamics computer sumulation:

Davarzani et al. (2010), using a volume averaging techniq

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 tran<fer by thermodiffusion is different from mass transfer by
dispersiol For this regime, the ratio of the phases conductivity also
has a greau wifluence 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 rnle in determining the
effective heat conduction in porous medi: 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 ic nnly
slightly influenced by the geometrical configuration (<e¢ .In
an experimental study done by Nozad et al. (1985 tne emec-
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
Sahraoui and Kaviany (1993) repeated the computation of Nozaa
et al. and found the contact fraction ratio that cives the closest
agreement with the available experiment dat: However, the
influence on thermodiffusion has not been invesugated.

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






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 we will solve the problems in
terms of averaged values ana aeviations. The pore-scale field
deviations in the §-phase and o-phase are respectively defined by

05 = (05)’+05 and ¢, = (9,)"+0, (14)
Classical length-scale constraints 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 adanted it tn
a particle—particle contact configuration. Sections
contain the model equations and closure problems for tempera-
ture and concentration respectively. The reader can read reference

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) = (Tg)? = (T,)" is writter
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

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-
face:

Propiem 1
(pcp) gVg- Vbrg + (0Cp) ﬂflﬂ = kgV2byg (20)
0 = ksV?br, (21)
brs = br,, 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
:an 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 a:

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 (set or
model validity and details).
Problem [a:
Vﬁ'Vbcﬁ + ﬁﬁ = Dﬂvzbcﬁ (34)
_nﬁcr'DﬁVbCﬁ = nﬁchﬁ’ at Aﬁ, {35)
bep(r + %} = beg(r), i =1,2,3 (36)
(beg)? = 0 (37)
Problem ITh:
Vﬂ'Vbsﬂ = Dﬁvzbsg + Drﬁvzhrﬁ (38)
—Mgg- (DﬂVbs'g +DT|8VbTﬁ) = nﬁa"DTﬂ: at Aﬂa’ (39)
bog(r +2) = bgg(r), i = 1,2,3 {40)
b = 0 {41)
(bsg)

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

This setup is a closed systew, convenient for the case of pure
diffusion only. The two-bulb apparatus used tn determine the
thermodiffusion coefficients is illustrated ir

The reservoirs which are all-glass bulbs win 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
Manome¢® -

& L
=1 Tube containing the
g porous medium
&
2]

Katharometer «—

__anometer

Fig. 2. Experimental thermodiffusion two-bulb satup.

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 bulh
using a katharometer with +0.5% repeatability (Daynes, 1933
and Jessop, 1966 Katharometer can indicate continuuusiy
and without sampung 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 and experimental
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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).
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Fig. 10. Effective longitudinal thermal conductivity for non-touching (a/d = 0) and
touching (a/d = 0.002) particles (eg = 0.36), in the convective cases: (a) Pe = 2, (b)
Pe = 100.

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 rlnsuire prob-
lems have been solved using the geometry shown ir with an
imposed horizontal pressure gradient. Two series of caicuiation 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

0.4

B-phase porosity (g = 0.3, 0.5 and 0.7) are plotted i As we
can see, the effective thermal conductivity coewmciems 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 coeffirient< for
the same porosities versus the Péclet number is shown it 1)
for all values anc 7) for the positive values. Here, contrary to
the effective thermar conductivity, the effective thermodiffusion
coefficients first increase when increasing the porosity and then
decrease. We can see from b) very different behaviours for
the thermodiffusion coefficients 1in 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 conductivitv and thermo-
diffusion coefficients are shown respectively i1 The
results have been plotted for two different Pécier numnwers e = 2
Pe = 100), and the dispersion curves have been plotted ir

for different thermal conductivity ratios. In this swuay, 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 ir the longitudinal thermal conductivity, k*|,,
{(xx-component or we effective thermal conductivity tensor k'), is
changed significantly by the contact effect, for conductivity ratios
above ~ 100

Fron ~e can see also that the effect behaviour for small
Péclet numper (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 1es
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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 number< (2 and 100), with and without contact
effects are plotted in This figure shows clearly that the
contact effect does now cnange 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
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Fig. 13. 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).









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

References

[1] A. Bahloul, M.A. Yahiaoui, P. Vasseur, L Robillard, Thermogravitational sepa-
ration in a vertical annular porous layer, International Communications in
Heat and Mass Transfer 31 (6) (2004) 783—794.

[2] A. Bejan, D.A. Nield, Convection in Porous Media. Springer Verlag, 1998.

[3] D. Braun, A. Libchaber, Trapping of DNA by thermophoretic depletion and
convection, Physical Review Letters 89 (18) (2002) 188103.

[4] RG. Carbonell, S. Whitaker, Heat and Mass Transfer in Porous Media.
Fundamentals of Transport Phenomena in Porous Media. Martinus Nijhoff,
Dordrecht, 1984,

[5] P. Costeseque, T. Pollak, J.K. Platten, M. Marcoux, Transient-state method for
coupled evaluation of Soret and Fick coefficients, and related tortuosity
factors, using free and porous packed thermodiffusion cells, European Physical
Journal E, Soft Matter 15 (3) (2004) 249—253.

[6] J.H. Cushman, L.S. Bennethum, B.X. Hu, A primer on upscaling tools for porous
media, Advances in Water Resources 25 (8—12) (AUG—DEC 2002) 1043—1067.

[7] H. Davarzani, M. Marcoux, Influence of solid phase thermal conductivity on
species separation rate in packed thermogravitational columns: a direct numer-
ical simulation model, Comptes Rendus Mecanique 339 (2011) 355—361.

[8] H.Davarzani, M. Marcoux, P. Costeseque, M. Quintard, Experimental measurement
of the effective diffusion and thermodiffusion coefficients for binary gas mixture in
porous media, Chemical Engineering Science 65 (18) (2010) 5092—5104.

[9] H.Davarzani, M. Marcoux, M. Quintard, Theoretical predictions of the effective
thermodiffusion coefficients in porous media, International Journal of Heat
and Mass Transfer 53 (2010) 1514—1528.

[10] H.A. Daynes, Gas Analysis by Measurement of Thermal Conductivity. Cam-
bridge University Press, Cambridge, UK, 1933, pp. 1-302.

[11] D.Fargue, Ph. Jamet, P. Costesque, Dispersion phenomena in thermal diffusion
and modeling of thermogravitational experiments in porous media, Transport
in Porous Media 30 (1998) 323—344,

[12] A. Firoozabadi, Thermodynamics of Hydrocarbon Reservoirs. McGraw-Hill,
New York City, 1991.

[13] G. Galliero, J. Colombani, P.A. Bopp, B. Duguay, J.P. Caltagirone, F. Montel,
Thermal diffusion in micropores by molecular dynamics computer simulations,
Physica A: Statistical Mechanics and its Applications 361 {2) (2006) 494—510 1.

[14] Ph. Georis, F. Montel, S. Van Vaerenbergh, Y. Decroly, ].C. Legros, Measurement
of the Soret coefficient in crude oil, in: Proceedings of the European Petroleum
Conference (1998).

[15] KE. Grew, W.A. Wakeham, A redetermination of the thermal diffusion factor
for some inert gas mixtures, Journal of Physics B: Atomic and Molecular
Physics 4 (11) (1971) 1548—1563.

[16] HR. Heath, T.L Ibbs, NE. Wild, The diffusion and thermal diffusion of
hydrogen-deuterium, with a note on the thermal diffusion of hydrogen-
helium, Proceedings of the Royal Society of London. Series A, Mathematical
and Physical Sciences 178 (974) (1941) 380—389 9749,

[17] P. Humphreys, AE. Gray, Thermal diffusion as a probe of binary diffusion
coefficients at elevated temperatures. i. Techniques, and results for carbon
dioxide + nitrogen, Proceedings of the Royal Society of London. Series A,
Mathematical and Physical Sciences 320 (1542) (1970) 397—415 77835.

[18] T.L. Ibbs, S. Chapman, Some experiments on thermal diffusion, Proceedings of
the Royal Society of London. Series A, Containing Papers of a Mathematical
and Physical Character 99 (700) (1921) 385—397 93924.

[19] I Ryzhkov Ilya, On double diffusive convection with Soret effect in a vertical
layer between co-axial cylinders, Physica D 215 (2) (2006) 191—-200.

[20] G. Jessop, Katharometers, Journal of Scientific Instruments 43 (11) (1966)
777-782.

[21] C.G. Jiang, TJ. Jaber, H. Bataller, M.Z. Saghir, Simulation of Ludwig-Soret effect
of a water-ethanol mixture in a cavity filled with aluminum oxide powder
under high pressure, International Journal of Thermal Sciences 47 (2008)
126—135,

[22] M. Kaviany, Principles of Heat Transfer. John Wiley & Sons, Inc., New York,
2002.

[23] J. Kreft, Y.L. Chen, Thermal diffusion by brownian-motion-induced fluid stress,
Physical Review E 76 (2007) 021912.

[24] B. Lacabanne, S. Blancher, R. Creff, F. Montel, Soret effect in multicomponent
flow through porous media: local study and upscaling process, Lecture Notes
in Physics 584 (2002) 448—465 Springer.

[25] C. Ludwig, Diffusion zwischen ungleich erwdrmten Orten gleich zusam-
mengesetzter Losungen. Sitzungsberichte der Kaiserlichen Akademie der
Wissenschaften Wien, Mathematisch Naturwissenschaftliche Classe 20
(1856) 539.

[26] E.A. Mason, M. Islam, S. Weissman, Thermal diffusion and diffusion in
hydrogen-krypton mixtures, Physics of Fluids 7 (7) (1964) 1011-1022.

[27] L Nozad, R.G. Carbonell, S. Whitaker, Heat-conduction in multiphase systems.
1. Theory and experiment for 2-phase systems, Chemical Engineering Science
40 (5) (1985) 843—855.

[28] I Nozad, R.G. Carbonell, S. Whitaker, Heat-conduction in multiphase systems.
2. Experimental-method and results for 3-phase systems, Chemical Engi-
neering Science 40 (5) (1985) 857—863.

[29] JK Platten, The Soret effect: a review of recent experimental results, Journal
of Applied Mechanics 73 (1) (2006) 5—15.

[30] ]K. Platten, ].C. Legros, Convection in Liquids. Springer, Berlin, 1984, Chap. 9.

[31] M. Quintard, Diffusion in isotropic and anisotropic porous systems: three-
dimensional calculations, Transport in Porous Media 11 (2) (1993)
187-199.

[32] M. Quintard, M. Kaviany, S. Whitaker, Two-medium treatment of heat transfer
in porous media: numerical results for effective properties, Advances in Water
Resources 20 (2—3) (1997) 77—94.

[33] G.D. Rabinovich, RY. Gurevich, G.N. Bobrova, Thermodiffusion Separation of
Liquid Mixtures. Nauka i Tekhnika, Minsk, 1971, (in Russian).

[34] G.D. Rabinovich, Separation of Isotopes and Other Mixtures by Thermal
Diffusion. Atomizdat, Moscow, 1981.

[35] D. Reith, F. Mueller-Plathe, On the nature of thermal diffusion in binary
Lennard-Jones liquids, Journal of Chemical Physics 112 (2000) 2436—2443.

[36] M.Z. Saghir, C.G. Jiang, M. Chacha, Y. Yan, M. Khawaja, S. Pan, Thermodiffusion
in porous media. in: D.B. Ingham, I. Pop (Eds.), Transport Phenomena in
Porous Media, vol. IIL. Elsevier, Oxford, 2005, pp. 227—260.

[37] M. Sahraoui, M. Kaviany, Slip and no-slip temperature boundary conditions at
interface of porous, plain media: conduction, International Journal of Heat and
Mass Transfer 36 (1993) 1019—1033.

[38] S.C. Saxena, S. Mathur, G.P. Gupta, The thermal conductivity data of some
binary gas mixtures involving nonpolar polyatomic gases, Defence Science
Journal 16 (4) (1966) 99—112.

[39] A.A. Shapiro, E.H. Stenby, Factorization of transport coefficients in macro-

porous media, Transport in Porous Media 41 (2000) 305—323.

AG. Shashkov, AF. Zolotukhina, T.N. Abramenko, B.P. Mathur, Thermal

diffusion factors for binary gas systems: Ar-N3, Ar-CO;, He-H,, He-N20, Kr-

N20 and He-NH3, Journal of Physics B: Atomic Molecular and Optical Physics

12 (21) (1979) 3619—3630.

[41] C. Soret, Influence de la temperature sur la distribution des sels dans leurs
solutions, Compte-Rendu de I'Academie des Sciences 91 (1880) 289 Par-
isAcademie des Sciences, Paris.

[42] S. Van Vaerenbergh, J.C. Legros, ].L. Daridon, T. Karapantsios, M. Kostoglou,
Z.M. Saghir, Multicomponent transport studies of crude oils and asphaltenes in
DSC program, Microgravity Science and Technology 18 (3—4) (2006) 150—154.

[43] A. van Itterbeek, O. van Paemel, ]. van Lierde, Measurements on the thermal

diffusion in gas mixtures at low temperatures, Physica 13 (4-5) (1947)

231-239.

S. Whitaker, The Method of Volume Averaging. Kluwer Academic Publishers,

Dordrecht, The Netherlands, 1999.

[45] S. Wiegand, Thermal diffusion in liquid mixtures and polymer solutions,
Journal of Physics: Condensed Matter 16 (10) (2004) 357—379.

[46] VL. Zhdanov, O.A. Kolenchits, B.P. Mathur, S.C. Saxena, Gas-phase transport
phenomena at low temperatures: thermal diffusion in an Ar-Kr system,
International Journal of Thermophysics 1 (2) (1980) 147—157.

[40

[44



