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Following the nonequilibrium thermodynamics approach, we develop a dynamic model to emulate thermo-
diffusion process and propose expressions for estimating the thermal diffusion factor in binary nonassociating
liquid mixtures. Here, we correlate the net heat of transport in thermodiffusion with parameters, such as the
mixture temperature and pressure, the size and shape of the molecules, and mobility of the components,
because the molecules have to become activated before they can move. Based on this interpretation, the net
heat of transport of each component can be somehow related to the viscosity and the activation energy of
viscous flow of the same component defined in Eyring’s reaction-rate theory [S. Glasstone, K. J. Laidler, and
H. Eyring, The Theory of Rate Processes: The Kinetics of Chemical Reactions, Viscosity, Diffusion and
Electrochemical Phenomena (McGraw-Hill, New York, 1941)]. This modeling approach is different from that
of Haase and Kempers, in which thermodiffusion is considered as a function of the thermostatic properties of
the mixture such as enthalpy. In simulating thermodiffusion, by correlating the net heat of transport with the
activation energy of viscous flow, effects of the above mentioned parameters are accounted for, to some extent
of course. The model developed here along with Haase-Kempers and Drickamer-Firoozabadi models linked
with the Peng-Robinson equation of sate are evaluated against the experimental data for several recent non-
associating binary mixtures at various temperatures, pressures, and concentrations. Although the model pre-
diction is still not perfect, the model is simple and easy to use, physically justified, and predicts the experi-

mental data very good and much better than the existing models.
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I. INTRODUCTION

Spatial temperature gradient within a mixture of two or
more components may cause mass diffusion: a process called
thermodiffusion or Soret effect. In a mixture with a uniform
temperature or small spatial temperature gradient, thermod-
iffusion is negligible and mass diffusion occurs if a concen-
tration gradient exists within the mixture. Thermodiffusion
has applications in several important processes in nature and
technology exemplified by its crucial role in planning for oil
extraction from the hydrocarbon reservoirs, which are sub-
jected to relatively large temperature gradients [1,2]. Ther-
modiffusion is also important in isotropic separation of lig-
uids [3], in emerging applications such as particle and
molecule manipulation by temperature gradient (thermo-
phoresis) [4,5], etc. Probably, the most accurate way of ob-
taining the thermal diffusion coefficients is by conducting
experiments. However, obtaining accurate experimental data
is challenging and expensive and, in some cases, impractical.
Molecular-dynamics simulation [5,6] may also provide
qualitative and semiquantitative results but is doable only for
simple molecules and is also considered as time consuming
and expensive. As a result, the development of theoretical
models to predict the thermal diffusion coefficients with
minimum effort is important for the design and control of
pertinent processes and systems. Most of the classical ther-
modiffusion models developed for liquid mixtures are based
on the nonequilibrium thermodynamics approach such as
Drickamer and co-workers models [7-9], Haase [10] and
Kempers [11,12] models, Firoozabadi and co-workers model
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[13,14], and Guy model [15]. Other approaches have been
employed as well, such as the hydrodynamic and Brownian
motion theory [16-19], fluctuation theory [20], kinetics
theory [6], and so on. In a recent publication [21], we re-
viewed the existing thermodiffusion models, where we
evaluated the merits of each model and classified the models
as those needing a matching parameter, usually to be sup-
plied from the outside of thermodynamics, and models that
are rather self-reliant or independent. From another perspec-
tive, the models may be considered as either dynamic or
static [22]. The static models rely on the thermostatic prop-
erties of the mixture, such as partial molar enthalpies only
and, therefore, are similar to the nonmatching parameter
models; whereas the dynamic models are those that regard
the thermodiffusion phenomenon as dependent on the dy-
namic characteristics of the mixture and mass flow, as well
as the mixture properties. Although not exactly the same, the
dynamic models are similar to the matching parameter mod-
els. The best example of the matching parameter models are
Drickamer and co-workers [7-9] and Firoozabadi and co-
workers [13,14] models provided that the matching param-
eter is considered variable and mixture and temperature/
pressure dependent. In these models, assigning a constant
value to the matching parameter turns them into a static
model. Examples of the nonmatching parameter or static
models are Haase [10] and Kempers [11,12] models.

The predictions of the available models may be very dif-
ferent from one another and from the experimental data and
reliable models even for binary mixtures are still lacking.
This is because the thermodiffusion phenomenon in nonideal
liquid mixtures is not understood adequately. Therefore, one
of our goals in this paper is to elucidate some physical as-
pects of thermodiffusion as a dynamic process. In particular,
starting from the linear nonequilibrium thermodynamics, we
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FIG. 1. (Color online) Experimental data and model prediction of the variation in the Soret coefficient S of toluene-n-hexane mixture

versus mole fraction of toluene at (a) 5 °C and (b) 45 °C.

revisit and modify a model originally developed by Tichacek
et al. [9] and propose several dynamic expressions for the
calculation of the thermal diffusion factor in a binary mix-
ture. The predictive power of the proposed expressions is
examined against a large number of experimental data for
binary nonassociating mixtures and also against the Haase-
Kempers and Drickamer-Firoozabadi models linked with the
Peng-Robinson equation of state (PR-EOS) [23].

II. MODEL DEVELOPMENT

Thermodiffusion in nonideal systems, such as liquid mix-
tures, is usually dealt with nonequilibrium thermodynamics.
Starting from the Gouy-Stodola theorem in classic thermo-
dynamics and assuming that the small elements of the system
are in local equilibrium, an expression for the volumetric rate
of entropy generation may be derived for a given system and
used to define the conjugate forces and fluxes [24-26]. In
linear nonequilibrium thermodynamics, for transport and rate
processes, the heat and mass (molar) fluxes are assumed to
be linear functions of forces, such as the gradients of tem-
perature and chemical potentials. For an n-component mix-
ture subjected to a body force, one can write the molar dif-
fusion flux of component i with respect to component n and
the mean molar velocity frame of reference, j; (mole/m?s),
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as a function of the appropriate thermodynamic forces for
heat and mass transfer, i.e., VIn T and V{u), and the net
heat of transport of n—1 components as follows [24]:

n—1

Ji== 2 Ll (0= 0DV In T+ V(e — )], (1)
k=1

where L;; are the phenomenological coefficients, Q; (J/mole)
is the net heat of transport of component i, which is the heat
flow per mole of the diffusing component i, required to be
absorbed during mass diffusion by the local region to keep
the temperature constant. The net heat of transport in Eq. (1)
is based on the diffusion flow j; referred to the mean molar
velocity. The flux of the component n, j, is obtained differ-
ently and, based on the fact that in a mean molar frame of
reference, the sum of all diffusive fluxes is zero. Note that
depending on the choice of the reference component, the flux
of component i would be written in n—1 different form. For
a binary system, however, there will be only one independent
flux and there is only one choice for the reference compo-
nent.

Equation (1) may be used for any multicomponent sys-
tem. For a binary nonhomogeneous, nonisothermal system,
experimentalists usually use the following form of the diffu-
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FIG. 2. (Color online) Experimental data and model prediction of the variation in the Soret coefficient S; of benzene-cyclohexane

mixture versus mole fraction of benzene at (a) 10 °C and (b) 40 °C.
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FIG. 3. (Color online) Experimental data and model prediction of the variation in the Soret coefficient S; of benzene-n-heptane mixture

versus mole fraction of benzene at (a) 20 °C and (b) 40 °C.

sive molar flux equation incorporating the thermal diffusion
parameters:

ax|x
]1_‘ 2 VT:| =—C[DMVX1+X1.X2DTV T],

()

jl =- CDM|:V.X1 +

where ¢ is the molar density (mole/m?), x; and x, are the
mole fractions of components 1 and 2, D, is the Fickian or
molecular mass diffusion coefficient (m?/s), « is the thermal
diffusion factor (nondimensional), Dy is the thermal diffu-
sion coefficient (m?/s K), and VT and Vx are spatial tem-
perature and concentration gradients. Note that following the
Gibbs-Duhem equation, the gradients of chemical potential
or concentration, temperature, and pressure are interrelated;
therefore, in a nonisothermal and nonhomogenous system
that is specified here, the pressure cannot be constant and
there will be mass diffusion due to pressure gradient as well.
This indicates that in Eq. (2), we have neglected the mass
diffusion due to a pressure gradient. This may be justified
because in typical applications, pressure diffusion compared
to other effects is negligible. The complete form of the mass
flux due to all forces is given by Firoozabadi and co-workers
in Refs. [13,14].
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In a binary system, thermal diffusion factor and coeffi-
cient are related to one another and to the Soret coefficient S
through the following equation:

Dy
a=TS;= TD— (3)

M
At the presence of a spatial temperature gradient V7, at
steady-state mass transfer condition, the molar flux j; (and
also j,) vanishes. This condition combined with Egs. (1) and
(2) and the Gibbs-Duhem relation at constant pressure and
temperature (Zx;du;=0) results in the following approximate
equation for the thermal diffusion factor in a binary system:

0,-05

a=——"". 4
x1(py/dx,) @

Based on the chosen convention for the sign of & and Dy in
Eq. (2), in a binary mixture if a (of component 1) obtained
from Eq. (4) is positive, component 1 is enriched on the cold
side.

Modeling of the net heat of transport has been the source
of a great deal of confusion and discrepancies. Still a clear
simulation for this quantity is lacking. The magnitude of the
net heat of transport in thermodiffusion is a function of sev-
eral local and global parameters, such as the mixture tem-
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FIG. 4. (Color online) Experimental data and model prediction of the variation in the Soret coefficient S; of benzene-n-tridecane mixture

versus mole fraction of benzene at (a) 20 °C and (b) 40 °C.
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FIG. 5. (Color online) Experimental data and model prediction of the variation in the Soret coefficient S; of benzene-2,2,4-
trimethylpentane mixture versus the mole fraction of benzene at (a) 20 °C and (b) 40 °C.

perature and pressure, the size, density and shape of the mol-
ecules, and mobility or viscosity of the components. Static
models, such as those of Haase [10] and Kempers [11,12],
neglect the dependence of the heat of transport on the mo-
bility of the components. Dynamic models of Dougherty and
Drickamer [7,8] and Firoozabadi and co-workers [13,14]
consider these effects but not adequately. Assigning a con-
stant value to the matching parameter removes the dynamic-
ity of the model.

Here, inspired from the work of Tichacek et al. [9], we
correlate the net heat of transport with the activation energy
of viscous flow. First, we may assume that the net heat of
transport of each component equals the activation energy of
viscous flow of that component in pure form, at the given
mixture pressure and temperature (EV*). Therefore, Eq. (4)
may be written as follows:

vis vis
El — E2

“s x1(dpy/dx,) )

The molecular features that influence the thermodiffusion,
such as the molecular size, shape, density, and moments of
inertia [27,28]—to some extent—directly affect the viscosity
data and, as a result, the activation energy of viscous flow,
which is obtained directly from the viscosity data [29]. Here
we are obtaining the activation energy of viscous flow of a
liquid species in its pure state. In fact, to our knowledge,
there is no theory that would define the activation energy of
a component in a mixture. Besides, correlating and simulat-
ing the thermodiffusion phenomenon with viscous flow are
an approximation, but it is a legitimate approach supported
by physical evidence. As pointed out by Tichacek ef al. [9]
and followed by Artola et al. [6], a better agreement may be
obtained if the net heat of transport is approximated by the
activation energy of self-diffusion, which is of course not
easy to determine.

Our calculations using the PR-EOS show that the denomi-
nator of Eq. (5), i.e., x;(du,/ dx;)=x,(dpm,/ dx,), is rather in-
sensitive to the species mole fractions x; and x,. Also, since
we obtain the activation energy of viscous flow of a compo-
nent in the pure state, Eq. (5) predicts that varying the mix-

ture compositions should have a minimum effect on the ther-
mal diffusion factor. This is not supported by some of the
experimental observations, as shown in the next section.
Nevertheless, Eq. (5) should be able to provide an average
value for the thermal diffusion factor in a mixture, when the
relative molar fractions of the two components change.

In order to introduce the effects of mole fractions and
molecular weights, a nonequilibrium thermodynamics ap-
proach similar to that of Dougherty and Drickamer [8] may
be followed, where they modified Eq. (5) slightly to improve
its accuracy by incorporating the effect of the species mole
fractions. Again, here assuming that net heat of transport
equals the activation energy of viscous flow of the same
component in pure condition at the same pressure and tem-
perature, the following equation is obtained:

oo MLET" — M\ ES®
(M 11 + Moxy)xi (9 g/ 9x,)

(6)

where M, and M, are the molecular weights of components
1 and 2. Similarly, in a molar volume frame of reference [9],
Eq. (6) may be written as follows:
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FIG. 6. (Color online) Experimental data and model prediction
of the variation in the Soret coefficient S7 of nCs-nC;y mixture
versus the mole fraction of pentane.
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TABLE L. List of the experimental data used in this study.

Temperature
Binary mixture (°C) Mole fraction of first component Reference
toluene-n-hexane 5,45 0.05,0.25,0.5,0.75,0.95 [36]
benzene-cyclohexane 10, 40 0.2,0.5,0.7,0.9 [37], [9]
benzene-n-heptane 20,40 0.25,0.5,0.75,0.95 [38]
benzene-n-tridecane 20, 40 0.25,0.5,0.75,0.95 [38]
benzene-2,2,4-trimethylpentane 20, 40 0.15,0.25,0.5,0.75,0.95 [38]
nC;nCiy, i: 5, 18 25 Mass fraction of C;=0.5 2]
nCs-nCio 27 0.2,0.5,0.8 [39]
2-methylhexane-benzene 20,25,30,40 0.5 [38]
2,3-demethylpentane-benzene 20,30,40 0.5 [38]
nC;-benzene, i: 7-17 30 0.5 [38]
nC,;-benzene 20,30,40 0.017 [38]
methane-n-butane® 121,46 0.4 [40]
nCyy-nC;, i: 5-18 25 Mass fraction of C;,=0.25,0.75 [41]
I-methylnaphtaline-nC;, i: 5-18 25 Mass fraction of 1-methylnaphtaline=0.25,0.75 [41]

*The pressure of methane-n-butane mixture ranges from 10 to 20 MPa, and for the rest of the mixtures is the

atmospheric pressure.

‘7 Evis _ ‘7 Evis
a=— 2_1 1522 , (7)
(Vixy + Voxp)x, (9 / dxy)

where V| and V, are the partial molar volumes of compo-
nents 1 and 2. Equation (7) is similar to that proposed by
Tichacek et al. [9], where they modeled the net of transport
as a fraction of the activation energy of viscous flow E}".
They argued that the net heat of transport is that part of the
activation energy of viscous flow that is transported with the
moving molecules. However, since EZ” cannot be calculated
systematically, Tichacek’s model has not received much at-
tention by others. Note that Egs. (6) and (7) are similar to
Haase and Kempers expressions, as well. The difference is
that in Haase and Kempers expressions, the molar enthalpy
has the same role as the activation energy of viscous flow in
Eqgs. (6) and (7). Since the molar enthalpy is a thermostatic
property, Haase or Kempers model is a static model
[21,22,30], whereas our expressions are dynamic because
they relate thermodiffusion to a dynamic property, i.e., vis-
cosity.

Careful consideration of the other thermodiffusion models
particularly those of Artola et al. [6] and Debuschewitz and
Kohler [31] revealed that these workers support this idea that
the thermal diffusion factor in isotopic and other mixtures
may be comprised of two or more terms, each of which
responsible for different contributions, such as chemical in-
teractions, molecular size and shape, etc. Therefore, similar
to Artola’s expression [6], here we propose the following
equation for estimating the thermal diffusion factor, the
weighted average of Egs. (5) and (6):

_ M2Elllis _ M]Egis . Ell)lS _ Egl&
(M yxy + Moxp)x, (I dxy) — xi(Fp/dxy)

a

(8)

In Eq. (8), we have divided the thermal diffusion factor into
two parts: the first term on the right-hand side has the mo-

lecular and to some extent the mole fraction effects, whereas
the second term accounts for the difference in the activation
energy of viscous flow and therefore incorporates some
chemical effects. At this time, we cannot theoretically deter-
mine the values of A and B and, therefore, assume A=B=%,
which corresponds to using the arithmetic mean of Egs. (5)
and (6). Evaluation of a broad range of hydrocarbon experi-
mental data (next section) revealed that, in most cases, Eq.
(8) with A=B=% exhibits the best predictive power.

We have studied the predictive ability of the expressions
developed here along with two other models, i.e., Kempers
[11,12] and Shukla-Firoozabadi [13]. Kempers expressions
were derived in a mass and volume frames of reference
[11,12]. The expression written in a volume frame of refer-
ence highly overestimates the thermal diffusion factor and,
therefore, for brevity it is not considered in the figures.
Kempers expression written in a mass frame of reference is
in fact the speculative expression of Haase [10] mathemati-
cally derived by Kempers [11,12]. Here we use a simplified
version of this expression and call it the Haase-Kempers
model. Note that in contrast to the other models, such as
those of Drickamer [7-9], Firoozabadi [13], and Guy [15],
Haase’s expression for the overall thermal diffusion factor of
a real mixture incorporates a “kinetic term,” on account of
the contribution of the ideal-gas state at the same tempera-
ture as the nonideal mixture under consideration. Later,
Kempers followed the same approach and added this term in
his expression in his second paper [12]. As pointed out by
Kempers, in most cases the kinetic contribution is negligible.
Kempers, instead of the direct calculation of this term, used
it as a tuning parameter to calibrate his model for a better
match with the experimental data. Here, neglecting the ki-
netic term and the properties of the initial states, the Haase-
Kempers expression in a mass frame of reference is written
as follows:
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M1H2_M2FII
a= ,
(M xy + Mxp)x,(9 e/ 9x1)

9)

where H, and H, are the partial molar enthalpies of compo-
nents | and 2, respectively. Note that Eq. (9) is very similar
to Eq. (6).

The second model that is considered here is the binary
model of Dougherty and Drickamer [7]; this model later was
extended to the multicomponent mixtures and linked with
the PR-EOS by Firoozabadi and his co-workers [13,14].
Here, we call this model, the Drickamer-Firoozabadi model,

(U, - U})/1 = (Uy- Uyl
x1(dp1/0x)) 7, p
+ (Vo= V)l (U, - l_j?g)/Tl +x,(U, - l_](z)g)/Tz]

s

(V) + 2, Vo)x, (9 /%)) 7.p
(10)

where U, and U, are the partial molar internal energies of
components 1 and 2, respectively. 7; is a matching parameter
interpreted as the ratio of the energy of vaporization of liquid
component i to the activation energy of viscous flow of the
same component (E') defined by Eyring and co-workers
[29]. However, both Drickamer and Firoozabadi assumed 7;
as a constant for all liquids with a value equal to 4.0. This
assumption, in fact, turns this model from a dynamic model
to a static model. Others, such as Saghir and his co-workers
used variable 7; as well [32-34], which is favored, because a
variable matching parameter preserves the dynamicity of the
model. EV" and 7 of each component may be determined by
plotting the natural logarithm of the measured viscosity data
multiplied by the molar volume (In V#) versus 1/RT, where
R is the universal gas constant and 7 is the mixture average
temperature. When this plot is linear over a temperature
range, the slope of the line is the activation energy of viscous
flow over that range [21].

III. RESULTS AND DISCUSSION

The expressions proposed in this work and the Haase-
Kempers and Drickamer-Firoozabadi models were linked
with the PR-EOS; an in-house computer code was modified
and used to calculate the mixture and components properties
such as the partial molar enthalpy, internal energy, fugacity,
etc. These properties are used to estimate the thermal diffu-
sion factor or coefficient. The properties of the pure sub-
stances, such as the critical properties and viscosities, were
extracted from the NIST database [35]. These properties are
input data to the equation of state or needed to estimate the
activation energy of viscous flow. Following the method 2 of
Ref. [2], the matching parameters for each component re-
quired for the Drickamer-Firoozabadi model are assumed
variable and were obtained using the viscosity data of that
component in the pure state.

The models discussed here are at least applicable to all
binary liquid mixtures. However, since the intermolecular
forces between the associating molecules, such as water-

PHYSICAL REVIEW E 80, 011201 (2009)

TABLE II. Activation energy of viscous flow of the substances
used in this study at various temperatures.

Temp. Activation energy
Substance (K) (J/mole)
Benzene 208 9485.0
313 9474.0
Cyclohexane 298 12112.0
313 10897.0
Toluene 278 8364.0
318 7783.0
2,2,4-trimethylpentane 293 8189.7
313 7817.0
2-methylhexane 298 6818.0
313 6886.7
2,3-demethylpentane 293 8184.0
313 7973.8
1-methylnaphtalene 298 17786.0
n-pentane 298 5768.0
n-hexane 298 6593.0
n-heptane 298 7657.0
313 8713.6
n-octane 298 8197.0
n-nonane 298 9310.0
n-decane 298 9990.0
n-undecane 298 11325.0
n-dodecane 298 11832.0
n-tridecane 298 12392.0
n-tetradecane 298 12695.0
n-pentadecane 298 13115.0
303 13018.0
n-hexadecane 298 14983.0
n-heptadecane 293 14557.0
298 13572.0
303 13619.0
313 13693.0
n-octadecane 298 16455.0

alcohol mixtures are more complex than in the nonassociat-
ing mixtures (such as hydrocarbons), we limit our evaluation
to the nonassociating mixtures. Due to the application of
thermodiffusion in hydrocarbon reservoirs, most experimen-
tal investigations on nonassociating molecules have been
performed on hydrocarbons. Table I lists the binary mixtures
and their references used for model evaluation. Most of these
data are very recent [36-39,41] and to our knowledge have
not been compared to any theory before. Table II shows the
activation energy of viscous flow of the liquids used in this
study at various temperatures. The activation energies were
obtained using the viscosity data [35] at the vicinity of each
temperature.

The predictive power of Eq. (7), although in many cases
better than those of Haase-Kempers and Drickamer-
Firoozabadi models, was not better than Egs. (5) and (8).
Therefore, those results are not shown here.
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FIG. 7. (Color online) Experimental data and model prediction of the variation in the Soret coefficient S of (a) 2-methylhexane-benzene
mixture and (b) 2,3-demethylpentane-benzene mixture with temperature.

A. Effect of temperature and concentration

As the first mixture, Fig. 1 shows the model and experi-
mental data of the variation in the Soret coefficient for
toluene-n-hexane mixture versus the mole fraction of tolu-
ene. In all figures, a positive value for the Soret coefficient
S, thermal diffusion coefficient Dy, and thermal diffusion
factor « indicates that the first component (A) in the binary
mixture A-B is concentrated on the cold side. For this mix-
ture, the Drickamer-Firoozabadi model is superior at both
temperatures. Haase-Kempers and Eq. (7) of this work (not
shown) can also satisfactorily predict the experimental data.
Our other proposed expressions, i.e., Egs. (5), (6), and (8)
underestimate the Soret coefficient for this particular mix-
ture. Now, if we consider the isotopic benzene-cyclohexane
mixture (similar molecular weights), particularly at 40 °C,
the Haase-Kempers and Drickamer-Firoozabadi models even
cannot predict the sign of the Soret coefficient (see Fig. 2).
Our proposed expressions and, particularly Eq. (8), can pre-
dict the sign and the average value of the Soret coefficient
fairly good. However, for this isotopic mixture, none of the
models can predict the significant change in the Soret coef-
ficient with mole fractions. They rather predict an average
value for the Soret coefficient over a range of various mole

20
0
O O O
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>'< I
g -40 0 T T
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-80 e
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FIG. 8. (Color online) Experimental data and model prediction
of the variation in the Soret coefficient S; of heptadecane-benzene
mixture versus temperature for given mole fractions.

fractions. Haase-Kempers model, which is the most static
model tested here, is the least favored model in predicting
the experimental data. Figure 2 shows that at a very high
concentration of benzene, the direction of mass transfer
changes. Two sets of experimental data are shown in Fig.
2(b), one dates back to 50 years ago [9], and a recent one
[38]; there is a very good agreement between these two sets
of experimental data.

To further investigate the predictive power of the models,
we have shown the experimental data and model predictions
for benzene-n-heptane mixture at 20 °C and 40 °C (Fig. 3).
The Soret coefficient of benzene is positive and increases
with the increase in benzene mole fraction. All models can
predict this behavior to some extent. However, our proposed
expressions also predict the magnitude of the Soret coeffi-
cient rather well. Equation (8) is in particular the best. Simi-
lar results are shown for benzene-n-tridecane mixture in Fig.
4. Note that even though benzene has a smaller molecular
weight, the  Soret coefficient of benzene in
benzene-n-tridecane mixture is positive, which indicates that
benzene migrates to the cold side. n-tridecane is forced to
move in the opposite direction and goes to the hot side.
Therefore, we may state that benzene is the dominant or
more mobile component as it moves in the direction of heat
transfer from hot to cold side, which may be considered as
the more natural direction of mass transfer, as well. Normal
alkanes, such as n-heptane and n-tridecane, are linear hydro-
carbons, whereas benzene is an aromatic hydrocarbon with a
cyclic nonlinear structure and a high density. Compared to
the normal alkanes with comparable molecular weights, such
as n-pentane and n-hexane, benzene is more viscous and,
therefore, has larger activation energy of viscous flow. In
thermodiffusion of binary mixtures, our model [Eq. (5)] pre-
dicts that the component that has the higher activation energy
of viscous flow moves in the direction of heat flow, i.e.,
moves to the cold side. This may be a reason for the unusual
behavior of benzene that despite its small molecular weight
in benzene-n-heptane and even in benzene-n-tridecane mix-
tures, it migrates to the cold side. Therefore, here to clarify
this general agreement in thermodiffusion literature “that the
heavier component goes to the cold side,” we may empha-
size that the denser species or the more viscous species more
likely migrate to the cold side. The Haase-Kempers and
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FIG. 9. (Color online) Experimental data and model prediction
of the variation in the thermal diffusion coefficient Dy of nC;-nC,
mixture versus the number of carbon atoms in C,.

Firoozabadi-Drickamer models largely overestimate S;. Our
model predicts the experimental data much better and in fact
Eq. (8) can successfully predict the data within a few per-
cents error. In contrast to Fig. 1, where for the
toluene-n-hexane mixture all models are rather insensitive to
the mole fraction, for benzene-n-tridecane, all models show a
much better sensitivity with respect to the change in mole
fraction. An inspection of the mixtures studied so far shows
that as the difference between the molecular weights of the
two components increases, the models become more effec-
tive in a sense that they manage to show a change in the
Soret coefficient when the mole fraction changes. In a simi-
lar case, Fig. 5 shows the model and experimental data for
benzene-2,2.4-trimethylpentane mixture. The Soret coeffi-
cient of benzene in this mixture is rather small and, at low
concentrations of benzene, it becomes negative. None of the
models could predict this sign change. Nevertheless, our pro-
posed expressions (5) and (8) show the best performance.
The model and experimental data for nCs-nC;, alkane
mixture is shown in Fig. 6. Both molecules are linear and
from the same family. n-pentane molecules have a smaller
molecular weight, density, and activation energy and, as a
result, are pushed to the hot side by the larger molecules of
n-decane that naturally tend to move to the cold side; this is
confirmed by the experimental data. The Drickamer-
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o
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FIG. 10. (Color online) Experimental data and model prediction
of the variation in the Soret coefficient S of nC;-benzene mixture
versus the number of carbon atoms in C;.

Firoozbadi model can hardly predict the sign, and the Haase-
Kempers model fails to do so. The best prediction is made by
our model [Egs. (5) and (8)] similar to the previous case.

Two mixtures of heptane isomers and benzene, i.e.,
2-methylhexane-benzene and 2,3-demethylpentane-benzene
are studied in Fig. 7. For both cases, benzene migrates to the
cold side. Haase-Kempers and Drickamer-Firoozabadi mod-
els highly overestimate the Soret coefficient. Our expres-
sions, i.e., Eq. (5) and then Eq. (8), like most of the cases
studied so far have a much better predictive ability. To inter-
pret the experimental results of these binary mixtures based
on our model, note that 2-methylhexane is less viscous than
2,3-demethylpentane and therefore has a smaller activation
energy of viscous flow. As a result, our dynamic model pre-
dicts that 2-methylhexane should have a higher Soret coeffi-
cient (absolute value) than 2,3-demethylpentane both in ben-
zene. This is indeed confirmed by the experimental data
shown in Fig. 7.

The experimental and model data for
n-heptadecane-benzene mixture at a low mole fraction of
benzene (0.017) are displayed in Fig. 8. n-heptadecane has a
long linear molecule with a much higher molecular weight
than benzene, which is a cyclic low molecular weight but
dense molecule. Due to the high density and rather high ac-
tivation energy of viscous flow of benzene, it migrates to the
cold side. Only our model and, in particular, Eq. (8) are able
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» 0
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FIG. 11. (Color online) Experimental data and model prediction of the variation in the thermal diffusion coefficient Dy of nCy-nC;
mixture versus the number of carbon atoms in C;. C;y wt % is (a) 25% and (b) 75%.
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FIG. 12. (Color online) Experimental data and model prediction of the variation in the thermal diffusion coefficient Dy of
I-methylnaphtaline-nC; mixture versus the number of carbon atoms in C;. 1-methylnaphtalene wt % is (a) 0.25% and (b) 0.75%.

to predict the experimental data satisfactorily.

B. Effect of number of carbon atoms

In the foregoing experimental data, the variation in the
Soret coefficient versus either temperature or mole fraction
was studied. In the experimental data discussed in this sec-
tion, the temperature and pressure, and either the mole or
mass fraction of one of the species is constant, and the num-
ber of the carbon atoms of the second species in the mixture
change. These cases can provide a measure of the overall
capability of each model in predicting the experimental data.
In Fig. 9, model and experimental data for thermal diffusion
coefficient of binary nC,nC;, mixtures are considered,
where i varies from 5 (n-pentane) to 18 (n-octadecane), and
mass fraction of C; in all mixtures equals to 0.5. To convert
the model thermal diffusion factors to thermal diffusion co-
efficients, the molecular diffusion coefficients were esti-
mated using the Hayduk and Minhas correlation [42]. As
expected and confirmed by the experimental observations, in
those nC;-nC;, mixtures whose first component, i.e., C; is
lighter (has less density) than C,,, C; is concentrated on the
hot side; otherwise, it is enriched on the cold side. This is
because all species in nC;-nC;, are from the same family
with similar molecular structures and, therefore, we can pre-
dict the sign of the Soret coefficient based on the molecular
weight only, i.e., we can safely state that the larger molecule
is concentrated on the cold side. Haase-Kempers model can-
not even predict the sign of the thermal diffusion coefficient.
Drickamer-Firoozabadi model is fairly good for nCs-nC, to
nC;-nC;, mixtures but fails to predict the mass transfer di-
rection for nC;7-nC;, and nC,g-nC;, mixtures. As before, the
best prediction is made by our two expressions (5) and (8).
Equation (5) is more accurate for nC,;-nC;, and nC,g-nC,
mixtures, whereas Eq. (8) is better for nCs-nC;, to
nC;-nC;, mixtures.

In a similar case, for nC;-benzene mixtures (Fig. 10), our
expressions satisfactorily predict the trend of the variation in
the Soret coefficient. The Haase-Kempers and Drickamer-
Firoozabadi models predict an opposite trend for the Soret
coefficient. Figures 11 and 12 show the variations in the
thermal diffusion coefficient Dy of nC;y-nC; and

I-methylnaphtaline-nC; mixtures, respectively. Only our ex-
pressions can satisfactorily predict the sign change; calcula-
tions made using Eq. (8) fairly match with the experimental
data.

C. Effect of pressure

Analysis of the above-mentioned data showed that, in
most cases, Eq. (8) is the superior expression for the estima-
tion of the thermal diffusion factor for a large family of
hydrocarbon binary mixtures. However, a prerequisite for us-
ing Eq. (8) is that at given mixture pressure and temperature,
the pure components have to be in the liquid phase, so that
their activation energies of viscous flow can be estimated.
The same restriction applies to the Drickamer-Firoozabadi
model, as well. On the other hand, the Haase-Kempers
model is applicable to nonliquid mixtures as well. Having
said that the Haase-Kempers model is the least-favored
model in estimating the thermal diffusion factor of the hy-
drocarbon mixtures studied above, note that for the
methane-n-butane mixture at high pressures, this model
works very well (see Fig. 13). As argued before, the Haase-
Kempers expression has been derived for the asymptotic
condition, where the mixture is assumed to be at the thermo-
static or equilibrium condition. Therefore, one may argue
that for a mixture at very high pressures, mixture compo-
nents are compressed and close to the ideal limit of being
static and that is why the Haase-Kempers model can predict
the experimental data in this condition rather well.

IV. CONCLUSIONS

In this study, inspired from the work of Tichacek er al. [9]
and following the nonequilibrium thermodynamic principles,
we introduced a dynamic model to simulate thermodiffusion
process and proposed expressions for the estimation of ther-
mal diffusion factor in binary liquid mixtures. In this model,
the net heat of transport of each component defined in non-
equilibrium thermodynamics was correlated with the activa-
tion energy of viscous flow to be obtained readily from the
viscosity data. As the first approximation, the thermal diffu-
sion factor was expressed by this expression a=(Ej"
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FIG. 13. Experimental data and model prediction of the variation in the thermal diffusion factor a of methane-n-butane mixture versus

pressure. (a) T=46 °C and (b) T=121 °C.

—E5%)/x,(dpy / dx,). We argued that since at least some of the
properties of each component that affect the thermodiffusion
phenomenon, such as the intermolecular chemical reactions
and molecular shape, mass, and moments of inertia, also in-
fluence the component’s viscosity and the activation energy
of viscous flow, the proposed expression should be relatively
successful in predicting the thermal diffusion factor, at least
qualitatively. Furthermore, in order to highlight the effect of
the molecular weights and mole fractions in the above-
mentioned expression [Eq. (5)], we proposed a second ex-
pression, i.e., Eq. (8) for the estimation of the thermal diffu-
sion factor, where an equal weight was assigned to the
constant parameters, i.e., A=B= % While the model is essen-
tially applicable to both associating and nonassociating mol-
ecules, more than ten sets of experimental data for binary
hydrocarbon mixtures (nonassociating molecules) proved the
superiority of these expressions and, particularly, Eq. (8)
over those of the well-known models of Haase [10],
Kempers [11,12], Dougherty and Drickame [7], and Shukla
and Firoozabadi [13], at least for the nonassociating mol-
ecules. All models were linked equally with the Peng-
Robinson equation of state. Results of an ongoing research
show that the modeling approach of this study is valid for the
associating binary mixtures, such as water-alcohol, and for
the multicomponent mixtures as well.

We also found that even though the Haase-Kempers
model was the least accurate model for liquid mixtures stud-

ied under the atmospheric pressures and moderate tempera-
tures, it was able to predict the experimental data of highly
condensed gaseous mixture of methane-n-butane. Other
models, such as Drickamer-Firoozabadi, and the model pro-
posed here are limited to liquid mixtures only.

Finally, if one wishes to estimate the thermal diffusion
factor in a binary mixture with minimum effort and without
using an equation of state and just based on the viscosity
data, the following expressions may be used:

EUiS _EUiS
a= 1R—T2’ (5"
M Evis -M Evis Evis_ Evis
a=05x —1 172 _g5x L2 (3

(Mlxl +M2.X2)RT RT

These equations are the simplified versions of Egs. (5) and
(8), where x,(du,/dx;) has been approximated by RT.
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