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Abstract

Using published experimental data on the thermal conductivity, mutual diffusivity, and heats of transport, the
degree of coupling between heat and mass flows has been calculated for binary and ternary nonideal liquid mixtures.
The binary mixtures consist of two types: the first is six systems of six-to-eight-carbon straight and branched chain
alkanes in chloroform and in carbon tetrachloride; and the second is mixtures of carbon tetrachloride with benzene,
toluene, 2-propanone, n-hexane, and n-octane. The ternary mixture considered is toluene—chlorobenzene—bromoben-
zene. The published data are available at 25°C, 30°C and 35°C and ambient pressure. Using the linear nonequilibrium
thermodynamics (LNET) and the dissipation—phenomenological equation (DPE) approach, the effects of concentra-
tion, temperature, molecular weight, chain-length, solute, solvent, and branching on the degree of coupling are ex-
amined. The extent of coupling and the thermal diffusion ratio are expressed in terms of the transport coefficients to
obtain a better understanding of the interactions between heat and mass flows in liquid mixtures. It is found that the
composition of the heavy component bromobenzene changes the direction and magnitude of the two-flow coupling in

the ternary mixture. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Coupled processes are important in physical and
biological systems; examples include separation by
thermal diffusion (thermal osmosis) [1], thermoelectric
phenomena, and the active transport of a substance
coupled to a chemical reaction [2,3]. Since many chem-
ical reactions within a biological cell produce or con-
sume heat, local temperature gradients may contribute
in the transport of materials across the membrane [4].
We can identify the independent flows that can couple
by using the dissipation function obtained from the
theory of linear nonequilibrium thermodynamics
(LNET) based on the Onsager relations [2,5-7]. This is
called the dissipation—phenomenological equation
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(DPE) approach in which the conjugate forces and flows
are used to express the transport and rate processes [§].
The phenomenological equations show the interactions
between the various processes through the coupling or
the cross-phenomenological coefficients (L;; with i # j)
that are closely related to the transport coefficients. The
Onsager reciprocal relations state that these cross-coef-
ficients are equal to each other for the conjugate forces
and flows. Once the values for cross-coefficients are
known for a system, we can calculate the degree of
coupling and their contributions to the rate of entropy
production or dissipation.

When we consider a diffusion flow j,, and a tempera-
ture gradient X,, which are both the vectors, the cross-
coefficient L, is a scalar quantity consistent with the
isotropic character of the mixture. Since the coefficients
L;, need not to vanish, not only a temperature gradient
can cause a heat flux in fluid mixtures, but also an iso-
thermal chemical potential gradient. This latter effect is
known as the diffusion thermoeffect or the Dufour effect,
and is characterized by the heat of transport Q;, which
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List of symbols
D mutual diffusion coefficient
E error level in polynomial fitting
i diffusion flow of substance 1 relative to mass
average velocity
k thermal conductivity
Kr:  thermal diffusion ratio of substancel
L phenomenological coefficients
M mixture molecular weight
J, second law heat flow
i heat of transport of substance 1
r degree of coupling
R gas constant

T temperature

z phenomenological stoichiometry
Wy mass fraction of substance 1

X1 mole fraction of substance 1

Greek symbols

" activity coefficient
thermodynamic factor
flow ratio

force ratio

chemical potential
density

dissipation function

MDD E >SN

relates the heat flow due to the diffusion of component i
under isothermal conditions. Rowley and Horne [9]
measured the heat of transport in a carbon tetrachlo-
ride—cyclohexane mixture, and showed that even though
the temperature gradients in initially isothermal liquid
mixtures are small, the heat of transport itself may be
large. The heat of transport contains information on the
actual energy-diffusion relationship of molecular inter-
actions, and has been used for the development of
generalized molecular transport models and to obtain
information on intermolecular potential wells and
mixing rules [10].

The purpose of this study is to examine the effect of
concentration, temperature, solvent, solute, and aro-
matic ring on the coupling for liquid mixtures. To do
this a complete set of transport coefficients, which in-
cludes the heat of transport, mutual diffusivity, and
thermal conductivity measured at various temperatures
is needed. Such data for n-hexane, n-heptane, n-octane,
3-methylpentane 2,3-methylpentane, and 2,2,4-trimeth-
ylpentane in chloroform and in carbon tetrachloride
have been reported by Rowley et al. [11,12], and for
binary liquid mixtures of carbon tetrachloride with
benzene, toluene, 2-propanone, n-hexane, and n-octane
at various temperatures and ambient pressure by Yi and
Rowley [10]. Data for the ternary mixture of toluene—
chlorobenzene-bromobenzene are reported by Platt
et al. [13,14]. These transport coefficients are related to
the cross-phenomenological coefficients expressing the
coupling between heat and mass flows in liquid mixtures.

2. Heat and mass transfer coupling

For a multicomponent fluid at mechanical equilib-
rium with negligible body force, and for diffusion based
on the mass average velocity, the dissipation function ¥
is given by [7]

n—1 n—1
)
Y= J'VInT - ja (ﬁ) Vw,
6Wj T.pwisj

ik=1 =1

(1)

where ay = 0y + wyi/w,, and J; is the unit tensor. The
heat flow in the entropy balance equation is J;/, and j; is
the diffusion of component i. For a binary liquid mix-
ture, the independent forces identified from the dissi-
pation function of Eq. (1) for the heat and mass flows
are:

X, =-VInT, (2)
Xlz_i(%) V. 3)
%) 6w1 TP

Using these forces we can now establish a set of
phenomenological equations for a binary mixture (using

_jl = ]2)

" 1 a:ul
=J,=L,VInT +L|qw—2 <76w1 )T,PVWh (4)
i =L, vinT+1n— () v (5)
= Lg 11 w> \ dwy o wi.

Here j; is the diffusion flow of substance 1 in mass per
unit area and per unit time relative to the local center of
mass, J;’ is the second law of heat flow, y, is the chemical
potential of substance 1. From the Onsager reciprocal
relations, the matrix of the phenomenological coef-
ficients is symmetric

Ly, =Ly (6)

The positive value of the dissipation function, Eq. (1),
leads to following inequalities for the phenomenological
coeflicients

Ly >0, Ly >0 and Lyl —L7, >0. (7)
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The coefficient L,, and L;; are associated to the
thermal conductivity k& and the mutual diffusivity D,
respectively, while the cross-coefficient L, or L, de-
fines the coupling phenomena, namely the thermal
diffusion (Soret effect) and the heat flow due to the
diffusion of substance i (Dufour effect). These effects
are referred to the forces given in Egs. (4) and (5),
however the roles played by the forces and flows are
symmetric [6,7]. In principle, each phenomenological
coefficient may be measured by a suitable experi-
mental procedure [15].

The heat of transport, Q; of substance 1 is defined as
[6,7]

Ly,

] 8
0 = ®
and it can be used in Egs. (4) and (5) to eliminate the
coefficients L, and L;,. In an isothermal system where
ViInT =0, Egs. (4) and (5) give

J//
0= (—") ; (9)
Wt

that is, O is the heat carried by a unit diffusion flow of
substance 1 when there is no temperature gradient and
no diffusion of other substance. The heat of transport in
Eq. (9) is based on J;’, and on the diffusion flow referred
to the mass average velocity; its definition varies with the
choices of heat and the diffusion flows. Using the On-
sager reciprocal relations we can express the heat of
transport in terms of the measured thermal diffusion
coefficient; it is then possible to obtain experimental
values of heats of transport [12,15]. The experimental
technique for measuring the heat of transport is detailed
by Rowley et al. [12].

Eqgs. (4) and (5) can also be written in terms of the
heat of transport and the transport coefficients

— 3! = kVT + pDQ;Vwi, (10)
—j, = pDrVInT + pDVw, (11)

where Dr is the thermal diffusion coefficient. The ther-

mal diffusion ratio for substance 1, Kt is defined in

terms of the thermal diffusion coefficient or in terms of

the cross-phenomenological coefficient as
Dry _Ly,

Kr, = D - Dp (12)
and indicates the level of separation that can be achieved
in a steady-state thermal diffusion process.

Dividing Eq. (4) by Eq. (5), and after further dividing
both the numerator and denominator by (quL“)l/ X, 1
we obtain

n= (qu/Lll)1/2)~ + QT(LII/L(M)I/2

— . 13
Oi(Li1/Lag) 2+ (L1t /Lyg) ' ()

Here we express Ly, in terms of the heat of transport O;:
Ly, = 0Ly, and define the ratio of forces as 4 = X, /X
and the ratio of flows as = J;’/jl. Eq. (13) shows that
the ratio of flows # varies with the ratio of forces 1. The
ratio

12
=ai(}) (14)

a9

is known as the degree of coupling, which results from
the interference between the forces and the flows, and
has been used as a basis for comparison of systems with
various coupled forces [4]. The degree of coupling r can
be expressed in terms of the transport coefficients by
using Egs. (8) and (14)

=0 pDM Mow,w, \'? (15)
"\ kMRT?(1 +T'yy) ’

where I'y; = (0lny, /dInx,); , is known as the thermo-
dynamic factor, and can be determined from exper-
imental data or an activity coefficient model such as
NRTL or UNIFAC. The thermal diffusion ratio Kt
can also be expressed in terms of the degree of coupling
and the transport coefficients as follows

Kri=r 7kM'M2W1W2 v (16)
Tl pDMR(1+T1,))

Eq. (15) shows that r is directly proportional to the heat
of transport, and inversely proportional to temperature,
and Eq. (16) shows that the thermal diffusion ratio is a
function of the degree of coupling. As the heat and
diffusion flows are both vectors, the sign of r indicates
the direction of flows of a substance. If » > 0, the flow of
a substance may drag another substance in the same
direction, however it may push the other substance in
the opposite direction if » < 0. For heat and mass flows
the dissipation function, Eq. (1), defines the two limiting
values of r as +1 and —1. An incomplete coupling takes a
value between these two limits [4].

The phenomenological stoichiometry is defined by
the ratio [16]

qu)l/z
— | 24 . 17
: @” (7

With the definitions of r and z, Eq. (13) can be written as

ZA+r
’7*”1_‘_1/2- (18)
Eq. (18) shows that for a fixed value of z, the ratio of
flows depends on the degree of coupling and the ratio of
forces. As the degree of coupling approaches zero, the
flows become independent, and the ratio of flows ap-
proaches n — z*A. If r approaches +1, then the two
flows are no longer associated with the forces, and the
ratio of flows approaches a fixed ratio 4 — +z [4]. This
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case is complete coupling where the matrix of the
phenomenological coefficients becomes singular, and
corresponds to the equality sign in Eq. (7). Negative
values of n arise when the derivative of the chemical
potential with respect to concentration is negative due to
nonideality of the mixture [5]. The degree of coupling is
not a unique characteristic of the system since there may
be various ways of describing flows and forces consistent
with a given dissipation rate. For complete coupling
r = =1, and z has a unique value.

Using the ratio z, we can define the dimensionless
numbers of the reduced force ratio zA, and the re-
duced flow ratio n/z, and can relate them by using
Eq. (18)

zZA+r
rzA+1°

n/z= (19)
Based on the dissipation function equation (1), we
can further define the distribution ratio of dissipa-
tions due to heat and mass flows in terms of the
reduced force ratio and the degree of coupling from
Eq. (18) as

JZXq _r+zi
W r+1/z0

ni= (20)

in chloroform
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Eq. (20) has been used as the efficiency of energy con-
version in bioenergetics, when j X, is the input power,
and J;’ X, is output [4]. With these definitions, diffusion
drives the heat flow, and the term (z4/r) changes be-
tween 0 and —1. Since »/ is zero when either J; or X, is
zero, then it must pass through a maximum at inter-
mediate values. The values of 54 are often small in re-
gions of physical interest, and the maximum depends on
the degree of coupling only [4].

7”2

(N2) max = m (21)

For a ternary mixture the phenomenological equa-
tions are given by

- J(;/ = va + /)(DHQ’If + DZIQ;)VWI

+ p(D120; + D20»)Vw,, (22)
— 1 =pDr,VInT + pDy Vw + pD;;Vwy, (23)
—j2 = pD1oVInT + pDy Vwi + pDy» Vs, (24)

where D;; is the diffusion coefficient. The two indepen-
dent heats of transport are related to the two indepen-
dent cross-phenomenological coefficients Z,; and L,, as
follows
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Fig. 1. Change of degree of coupling r with alkane concentration x; at 30°C and ambient pressure: (a) straight-chain alkanes: (—) n-
hexane, (---) n-heptane, (- - -) n-octane; (b) branched-chain alkanes: (—) 3-methylpentane, (- --) 2,3-dimethylpentane, (- - -) 2,2,4-

trimethylpentane.
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Ly =Ly Q + Ly 05, (25)
Ly = L Q07 + Ln0s. (26)

The two independent degrees of coupling between heat
and independent diffusions are given by

L
Ty =——t— (27)
! (quLl 1 ) 2
Ly

(quLzz)l/z - )

Yoo =
Egs. (27) and (28) show the relationship between the
extent of coupling and the cross-phenomenological co-
efficients. The parameters of Egs. (15), (16) and (27),
(28) will now be determined using experimental data.

3. Results

The set of binary data for the heat of transport, the
thermal conductivity, and the mutual diffusivity coef-
ficients at 25°C, 30°C and 35°C and ambient pressure
was taken from Rowley et al. [11,12], and Yi and
Rowley [10]. The authors reported error levels of 2%
for diffusivities and thermal conductivities, and about

in chloroform
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4% for heat of transport measurements. The sign of the
heat of transport and the phenomenological coefficients
is an artifact of numbering the substances since
—Q; = 05 in a binary mixture of substances 1 and 2.
The negative sign with the numbering system used here
indicates that heat is transported down the composition
gradient of the more concentrated substance [12]. The
polynomial fits to the measured transport coefficients
are given in Appendix A in Tables 5-10. Since no ex-
perimental thermal conductivity for the hexane—carbon
tetrachloride mixture has been reported [12], it has
been predicted by the local composition model pro-
posed by Rowley [17]. Rowley et al. [11,12] used the
NRTL and UNIFAC models with the data given in
DECHEMA series [18] to calculate the thermodynamic
factors. We used the same models in this study.
However, it should be noted that, the thermodynamic
factors obtained from various molecular models as well
as two sets of parameters for the same model might be
different [19]. Pure component densities are taken from
Lide and Kehiaian [20].

The first set of binary liquid mixtures consists of
six-to-eight carbon alkanes of n-hexane, n-heptane, n-
octane, 3-methylpentane, 2,3-dimethylpentane, and
2,2 4-trimethylpentane in chloroform and in carbon
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Fig. 2. Change of thermal diffusion ratio Kr; with alkane concentration x; at 30°C and ambient pressure: (a) straight-chain alkanes:
(—) n-hexane, (---) n-heptane, (- - -) n-octane; (b) branched-chain alkanes: (—) 3-methylpentane, (- --) 2,3-dimethylpentane, (- - -)

2,2, 4-trimethylpentane.
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Table 1

Degree of coupling r, and maximum ratio of dissipation (#4),,,,
Straight-chain alkanes Branched-chain alkanes
Solute —Fmax x; (A g X 10 Solute —Fmax x; (NA) e X 10*
(a) For alkanes in chloroform
n-hexane 0.0565 0.534 7.993 3-methylpentane 0.0532 0.475 7.085
n-heptane 0.0463 0.408 5.365 2,3-dimethylpentane 0.0482 0.392 5.815
n-octane 0.0460 0.337 5.295 2,2 4-trimethylpentane 0.0457 0.340 5.226
(b) For alkanes in carbon tetrachloride
n-hexane 0.0478 0.588 5.718 3-methylpentane 0.0550 0.570 7.574
n-heptane 0.0456 0.527 5.203 2,3-dimethylpentane 0.0404 0.467 4.083
n-octane 0.0409 0.341 4.185 2,2,4-trimethylpentane 0.0378 0.513 3.574

xj: concentration at maximum r.

Table 2

Thermal diffusion ratio for solute Kt
Straight-chain alkanes Branched-chain alkanes
Solute —Krt, xi Solute —K1, xj
(a) For alkanes in chloroform
n-hexane 0.679 0.569 3-methylpentane 0.596 0.527
n-heptane 0.565 0.488 2,3-dimethylpentane 0.591 0.449
n-octane 0.675 0.484 2,2 4-trimethylpentane 0.622 0.402
(b) For alkanes in carbon tetrachloride
n-hexane 0.564 0.629 3-methylpentane 0.579 0.569
n-heptane 0.572 0.628 2,3-dimethylpentane 0.476 0.550
n-octane 0.503 0.441 2,2 4-trimethylpentane 0.503 0.557

xj: concentration at maximum Kr ;.

Fig. 3. A typical surface of the reduced flow ratio /z in terms Fig. 4. A typical surface of the dissipation ratio 5/ in terms of
of the reduced force ratio zA and n-hexane concentration x; in the reduced force ratio z/ and n-hexane concentration x; in
chloroform at 30°C and ambient pressure. chloroform at 30°C and ambient pressure.
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tetrachloride. Rowley et al. [11,12] reported that in-
creasing chain length decreases the diffusivity and heat
of transport, and has only marginal effect on thermal
conductivity. As the degree of coupling depends on the
complete set of heat and mass transfer coefficients, a plot
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of r versus alkane concentrations x; shows the combined
effect of the transport coefficients on r with changing
concentrations and temperatures. The degree of cou-
pling r between heat and mass flows and the thermal
diffusion ratio Kr; are calculated for the full compo-
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Fig. 5. Change of degree of coupling r and thermal diffusion ratio Kt for carbon tetrachloride (1) in solvents: 2-propanone, benzene,
toluene, n-hexane, n-octane at 25°C (——), and at 35°C (---) and ambient pressure.
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sition range from Egs. (15) and (16), and are shown in
Figs. 1 and 2, respectively. These show four important
properties of coupling. (i) The absolute values of r and
K1, reach maximum values at an intermediate concen-
tration of alkane, and these peak values generally de-
crease gradually as the molecular weight increases. (ii)
The solute concentrations at maximum r and Kt de-
crease gradually as the molecular weights increase.
These effects have been summarized in Tables 1 and 2.
(iii) The behavior of all the alkanes with increasing
concentration is similar up to approximately x; = 0.2,
but depending upon the combined effect of branching
and solvent on r, though at higher concentrations they
behave differently. (iv) The absolute maximum extent of
coupling is small as expected, and the branching has
only a marginal effect.

In Tables 1 and 2, the values of r and K1, and the
concentrations at which the absolute maxima occur, are
shown for both the straight and branched alkanes in
both chloroform and in carbon tetrachloride. The tables
also show the effect of the solvent on r and Kt ;. The
alkane concentrations at the maxima of r and Kt are
generally lower in chloroform than in carbon tetra-
chloride, the peak values of r and Kt are higher. Table 1
also shows the change of maximum values of dissipation
ratio (54),,, with the concentration of the solutes in
chloroform and in carbon tetrachloride. The maximum
values of n4 decrease with increasing molecular weight in
both the solvents.

Figs. 3 and 4 display the calculated surfaces of the
reduced flow /z and the dissipation ratio 4 in terms of
the reduced force ratio z4 in the range —0.1-0, for
various hexane concentrations x; in chloroform. The
effect of hexane concentration on 7/z remains the same
as z/ changes from —0.1 to 0, while the surface of the
dissipation ratio 5/ changes from a curved to a flat
shape as zZ4 changes from —0.1 to 0.

The second set of binary liquid mixtures consists of
carbon tetrachloride with benzene, toluene, 2-propa-

none, n-hexane, and n-octane at two temperatures and
ambient pressure. These represent the systems of carbon
tetrachloride with the aromatic rings, a ketone, and the
long, straight-chain alkanes. The heat of transport in-
creases with temperature for the aromatics and the ke-
tone, while it decreases slightly for the alkanes. The
degree of coupling r between heat and mass flows and the
thermal diffusion ratio Kt are shown in Fig. 5 for 2-
propanone, the aromatics and the alkanes at two tem-
peratures of 25°C and 35°C. The peak values of r
decrease with increasing molecular weight, and the extent
of coupling r increases with temperature for the aro-
matics and 2-propanone, while it decreases for the
alkanes.

The groups of 2-propanone and the aromatics, and
the groups of alkanes show distinctive behavior. The
extent of coupling is higher in the alkanes than in 2-
propanone and the aromatics. This might be because of
the shape of the molecules considered. The solute con-
centrations at the peak values decrease for the alkanes,
and increase slightly for the aromatics as the molecular
weights increase. Temperature has relatively larger effect
on the coupling of the alkanes than on the aromatics
and 2-propanone. Changing temperatures from 25°C to
30°C decreases the concentration of carbon tetrachloride
at the peak values of r and K, for the alkanes. These
effects have been summarized quantitatively in Tables 3
and 4. Table 3 shows that the maximum values of 51
decrease with increasing molecular weight, and increase
with temperature for the aromatics and 2-propanone,
while they decrease for the alkanes. Generally the
maximum values of r and Kt are relatively larger in the
alkanes than in the aromatics and 2-propanone. These
results demonstrate how concentration, molecular
weight, chain length, and temperature affect the level of
coupling in binary liquid mixtures.

For the ternary mixture of toluene(l)-chloroben-
zene(2)-bromobenzene(3), the set of data for the heat of
transport, the thermal conductivity, and the mutual

Table 3
Degree of coupling r, and maximum ratio of dissipation (74),,, for the systems of carbon tetrachloride (1) in various solvents
Solvent M T (K) Finax x; (2) pay X 10°
2-propanone 58.081 298.15 0.0254 0.543 0.161
308.15 0.0300 0.564 0.226
benzene 78.114 298.15 0.0240 0.503 0.144
308.15 0.0265 0.519 0.176
toluene 92.141 298.15 0.0236 0.539 0.139
308.15 0.0257 0.539 0.166
n-hexane 86.178 298.15 0.0478 0.699 0.573
303.15 0.0444 0.428 0.493
n-octane 114.232 298.15 0.0397 0.744 0.395
303.15 0.0349 0.612 0.306

xj: concentration at maximum r.
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Table 4
Thermal diffusion ratio of carbon tetrachloride (1) Kr; in
various solvents

Solvent T (K) Kt X
2-propanone 298.15 0.384 0.280
308.15 0.409 0.319
benzene 298.15 0.358 0.327
308.15 0.356 0.335
toluene 298.15 0.338 0.381
308.15 0.336 0.381
n-hexane 298.15 0.514 0.439
303.15 0.564 0.371
n-octane 298.15 0.497 0.476
303.15 0.500 0.458

xj: concentration at maximum Kr .

diffusivity coefficients at 25°C and 35°C and ambient
pressure was taken from Platt et al. [13,14]. The authors
reported that the heat of transports has complex com-
position dependence and is sensitive to the concentration

(b)

Iy2

(b)

of heavy component bromobenzene. The error levels are
greater than 4% for the heat of transport measurements.
The coefficients of fitted equations for the phenomeno-
logical coefficients computed from the diffusion coef-
ficients [21] are given in Table 7 (Appendix A). Fig. 6
shows the degrees of coupling calculated from the
phenomenological coefficients in terms of weight frac-
tions w for the range of 0.1 <w; < 0.6(i=1,2) and
w; > 0.1 at 25°C and 35°C and ambient pressure. The
degree of coupling 7, increases with increasing toluene
concentration, and decreases with increasing chloro-
benzene concentration. At high concentration of
bromobenzene, 7, is positive and the components flow
in the same direction, however, at lower concentrations,
r;» becomes negative and the components flow in op-
posite directions. This shows the effect of multicompo-
nent interactions on the degrees of coupling, and the
concentration of bromobenzene controls the magnitude
and the direction of the separation by thermal diffusion,
which is in line with Platt et al. [14]. Generally the effect
of temperature on r, and 7, is marginal, and as ex-
pected the extent of coupling is small.

Fig. 6. Change of degree of coupling r,; and r,, with weight fraction of toluene w; and chlorobenzene w, at: (a) 25°C; (b) 35°C.
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4. Conclusions

Using LNET and the DPE approach, coupling
between heat and mass flows has been examined for
the binary and ternary mixtures at various tempera-
tures and at ambient pressure. The binary mixtures
consist of alkanes in chloroform and in carbon tetra-
chloride, and carbon tetrachloride with 2-propanone,
benzene, toluene, n-hexane, and n-octane. The ternary
mixture is toluene—chlorobenzene-bromobenzene. The
general two-flow treatment leads naturally to defining
two useful parameters, which are the degree of cou-
pling r and the phenomenological stoichiometry z to
compare systems in which the nature of the flows and
the forces is different. The degree of coupling is the
function of phenomenological coefficients and is re-
lated to heat of transport, thermal conductivity and
diffusivity.

For the straight and branched alkanes in chloroform
and in carbon tetrachloride, concentration and molec-
ular weight of the solute, and solvent play the major role
in the coupling between the two flows. For a given sol-
vent, the extent of coupling and the solute concentration
at the absolute maximum coupling decrease as the mo-
lecular weight of the solute increases. Branching has
minimal effect on the coupling.

The extent of coupling in carbon tetrachloride
increases with temperature in the aromatics and 2-
propanone, and decreases in the straight-chain alkanes
of n-hexane and n-octane. Generally degree of coupling
is small, however it is higher in the alkanes than in the

aromatics. The extent of coupling and the solute con-
centration at the maximum degree of coupling decrease
as the molecular weight of the alkane increases. The
behavior of the alkanes is different than that of the
aromatics and 2-propanone. The alkanes show higher
values of r, Kt,, and (y4),,,, than the aromatics and 2-
propanone. Concentration, molecular weight, tempera-
ture, and chain length have a large effect on the
coupling, but chain branching does not.

In the ternary mixture changing the composition of
heavy component bromobenzene affects the magnitude
and direction of the two-flow coupling, and the effect of
temperature is marginal. This work does show that
LNET theory and the DPE approach can be a useful
tool for examining the extent of coupling in fluid mix-
tures.
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Appendix A

See Tables 5-11.

Table 5

Coefficients in the smoothing equation £ (W/m K)= E?:o a;x; for the thermal conductivity of alkanes in chloroform
Solute (comp. 1) a a; a a3 ay % E*
n-hexane 0.11076 -0.03777 0.04917 0.01362 —-0.02051 0.22
n-heptane 0.11079 —0.04462 0.11050 —-0.07782 0.02156 0.05
n-octane 0.11081 —-0.04457 0.14569 —-0.14027 0.05211 0.16
3-methylpentane 0.11079 —-0.06830 0.10737 —-0.04171 —-0.00121 0.11
2,3-dimethylpentane 0.11080 —-0.04081 0.04925 —0.00950 —0.00453 0.17
2,2 4-trimethylpentane 0.11080 —0.04350 0.01113 0.05298 —0.03542 0.08

YE = %Z:V:I |(fhcalc 7f££XP)/fi.,exp‘~

Table 6

Coefficients in the smoothing equation D (10~ m?/s) = Z?:o a;x; for the mutual diffusion coefficients of alkanes in chloroform
Solute (comp. 1) ay a; a, a3 as % E
n-hexane 2.4394 —-1.0243 3.9930 -0.1670 —-0.7710 0.14
n-heptane 2.2368 -0.7534 2.3321 2.7348 -3.0324 0.08
n-octane 2.0367 —-1.0923 3.2118 0.6468 —-1.7149 0.06
3-methylpentane 2.2851 —-0.2589 2.7260 -1.3769 1.2063 0.08
2,3-dimethylpentane 2.0936 —-1.1928 8.4556 -11.7748 6.0184 0.08
2,2 4-trimethylpentane 1.9529 -0.4573 1.2118 1.4582 -1.0782 0.00
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Table 7

Coefficients in the smoothing equation —Q; (kJ/kg) = Z?:o a;x; for the heats of transport of alkanes in chloroform
Solute (comp.1) a a a, a3 % E
n-hexane 69.7765 —89.6873 127.5539 —-78.3904 0.21
n-heptane 63.8333 —71.3086 68.3994 -31.5108 0.21
n-octane 61.3523 —79.0694 110.1027 —-73.4022 0.10
3-methylpentane 66.8969 —-75.9630 90.5502 —47.8497 0.08
2,3 dimethylpentane 62.2974 —-71.8306 80.2944 —47.6851 0.14
2,2,4-trimethylpentane 59.7674 -76.4213 99.8976 —66.2341 0.45

Table 8

Coefficients in the smoothing equation k (W/m K)=3"" a;x} for the thermal conductivity of alkanes in carbon tetrachloride
Solute (comp. 1) a a; a, a; ay % E
n-heptane 0.09977 —-0.01821 —0.02666 0.15875 —-0.09150 0.05
n-octane 0.09979 —0.04871 0.16253 —0.14561 0.05612 0.01
3-methylpentane 0.09980 —0.06310 0.15139 —-0.12861 0.04580 0.01
2,3-dimethylpentane 0.09969 —0.03883 0.07447 —-0.02811 0.0 0.11
2,2 4-trimethylpentane 0.09981 —-0.07541 0.18953 -0.21637 0.10198 0.02

Table 9

Coeflicients in the smoothing equation D (107° m?/s) = Z?:o a;ix; for the mutual diffusion coefficients of alkanes in carbon tetra-
chloride

Solute (comp. 1) a a, a, a3 a, % E
n-hexane 1.5886 1.9757 -2.7016 6.6258 -3.6101 0.08
n-heptane 1.5027 1.4798 —0.5978 1.9214 -1.1210 0.08
n-octane 1.4127 0.3903 2.3090 -1.0357 —-0.5235 0.15
3-methylpentane 1.4940 1.7198 —-1.3199 4.6769 —2.5842 0.06
2,3-dimethylpentane 1.3964 0.9422 1.1393 —-0.7047 0.4628 0.02
2,2,4-trimethylpentane 1.2280 0.4974 2.3803 -1.9014 0.4919 0.01

Table 10

Coefficients in the smoothing equation —Q; (kJ/kg) = Zf:(, a;x; for the heats of transport of alkanes in carbon tetrachloride
Solute (comp. 1) a a a, as % E
n-hexane 68.5474 -90.6118 118.5839 —63.0289 0.01
n-heptane 65.8806 —85.9901 111.5736 —69.6799 0.01
n-octane 63.0431 —80.5948 83.2332 —50.3668 0.13
3-methylpentane 70.7849 -122.0631 221.6195 —-138.4118 0.07
2,3-dimethylpentane 61.3236 —75.3408 88.1979 —55.9357 0.40
2,2 4-trimethylpentane 58.4977 —-106.5203 179.0495 —-122.3974 0.01

Table 11

Coefficients in the smoothing equation for phenomenological coefficients for ternary mixture of toluene(l)-chlorobenzene(2)-
bromobenzene(3):

Ly = ap + aywy + axw? + aswy + agwyws + asw’
Lik T (K) ap a ar as ay as
Lgq 298.15 67.0426 10.8125 11.9207 8.81046 17.9015 5.73382
308.15 69.9331 11.2839 12.4510 9.11118 18.7197 6.05464
M 298.15 -3.2126 101.410 93.8366 6.23984 —25.0849 -4.27267
308.15 -3.2166 111.835 —104.6400 5.10796 —24.6334 -3.37569
Ly 298.15 -3.37541 7.13475 —1.68174 108.765 -36.1574 -104.986

308.15 —-3.19829 7.10130 —-1.69981 118.181 —36.1694 —-114.520
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