p = molal density of mixture, (Ib. moles total)/(cu.
ft.)

o 2 (B = Dy = )/ (Ta = 1)

¢z = he/hs*

¢r = hr/hg*

éu = hu/hs*

b = (T —To)/(Tw—To)

Subscripts

A = species A

E = equilibrium mixing box conditions

i = pipe inlet

0 = center line of pipe

ss = steady state, that is not changing with L

Vv = species V

w = Pipe wall

999% = point at which ¢ is 99% of ess

Superscripts
# = physical heat transfer
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Calculation of Thermal Diffusion
Factors for the Methane-n-Butane
System in the Critical and Liquid Regions

W. M. RUTHERFORD

Mound Laboratary, Monsanto Research Corporotion, Miomisburg, Ohio

Ordinary thermodynamic methods are inadequate for
the treatment of steady state, nonequilibrium processes
such as thermal diffusion. It is possible however to treat
such phenomena by means of the thermodynamics of the
steady state, the methods of which have been described
by De Groot (1) and others (2, 3).

Steady state thermodynamic theory, as applied to the
thermal diffusion phenomenon, gives a result for the ther-
mal diffusion factor in terms of a single undetermined
parameter, the heat of transport. The relationship be-
tween the thermal diffusion factor and the heat of trans-
port may take several forms according to the particular
choice of the form of the thermodynamic fluxes and forces
used in the derivation. In a previous paper (4) the author
has made use of the expression

Qlﬁﬂ

“= x1(Ou1/0x1) 1.0

(1)
where « is defined by the following equation for the
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mass flux of one component of a binary mixture subjected
to a temperature gradient:

Di1aM;y X1X2
P [ VX1 — z vT ]

1= p—

(2)

Q1**® is the heat of transport and is the heat transported
per mole of moving molecules of species 1 (in a two-com-
ponent system) minus the enthalpy transport.

In reference 4 detailed experimental data were reported
for thermal diffusion of methane-n-butane mixtures in the
liquid and critical regions. These data were used to
demonstrate the strong dependence of the thermal diffu-
sion factor on the chemical potential derivative (6u1/9x1)7.p.
No attempt was made to interpret or estimate Q:1**, al-
though it was clear from the experimental results that
Q1"* is a function of temperature and pressure.

PREDICTION OF THE THERMAL DIFFUSION FACTOR

By another choice of thermodynamic fluxes and forces
a different, but equivalent, expression for the thermal dif-
fusion factor can be derived
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Fig. 1. Calculated and experimental values of

the thermal diffusion factor for the methane-

n-butane system at 115° and 190°F. and

049 mole fraction methane. (The dashed
curve is calculated.)
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Fig. 2. Calculated and experimental values of

the thermal diffusion factor for the methane-

n-butane system at 160° and 220°F. and
0.49 mole fraction methane.
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Fig. 3. Calculated and experimental values of

the thermal diffusion factor for the methane-

n-butane system at 250°F. and 0.49 mole
fraction methane.

P S . _}m,iw

X,=0.40 [
P I NP W DO S ,,i,__,.f,

1400 1800 2200 2600 3000
PRESSURE, PSIA

Fig. 4. Calculated and experimental values of

the therma! diffusion factor for the methane-

n-butane system ot 115° and 220°F. and
0.40 mole fraction methane.
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TABLE 1. CALCULATED VALUES OF oo FOR THE
METHANE-N-BUTANE SYSTEM ( FIRST APPROXIMATION )

0.40 mole fraction 0.49 mole fraction
Temperature, °F. methane methane
100 0.0557 0.0594
115 0.0620 0.0661
160 0.0763 0.0814
190 0.0859 0.0916
220 0.0947 0.1009
250 0.1038 0.1107

(g1* — h1 + h2) MiM:z
M x1(8u1/8x1) Tp

where g1* is now a heat of transport which includes the
enthalpy transport and refers to unit mass. If one assumes
that g1* is independent of temperature and pressure, one
can write for a gas at infinite dilution

_ (g1* — h1o + h2o) MiM>

s — (4)
M RT
Now eliminating ¢q1* between (3) and (4) one has
a0 RT
o = ———————————
x1(Qu1/8x1)T.P
M1M: [ (h2 — h20) — (h1— h1o)
20 1 10)] (5)

M x1(8p/3x1) 1.0

This equation for «, first proposed by Haase (5, 6), con-
tains no undetermined quantities (a0 can be calculated
from kinetic theory). It has been applied with success
by Haase to the moderately dense gas data of Becker (7,
8). Robb and Drickamer (9) have applied Equation (5)
to the ethane-xenon system in the critical region, but the
comparison was limited by the lack of precise thermo-
dynamic data for the system.

THERMAL DIFFUSION FACTORS FOR THE
METHANE-n-BUTANE SYSTEM

Equation (5) has been applied to the experimental
conditions of reference 4. Values of ao as a function of
temperature were calculated from kinetic gas theory by
means of the Lennard-Jones potential. These values ap-
pear in Table 1. The intermolecular potential parameters
used (10) are given in Table 2. Partial specific enthalpies
for both components were calculated from the Benedict-
Webb-Rubin equation of state (11). The chemical poten-
tial derivative had been calculated previously from the
Benedict-Webb-Rubin equation.

Calculated values of « are plotted in Figures 1 through
5 along with corresponding experimental results from the
previous work. Figure 6 is a phase diagram for the meth-
ane-n-butane system at the two experimental composi-
tions, 0.40 and 0.49 mole % methane.

Agreement between calculated and experimental values
of the thermal diffusion factor is quite good. Deviations
are within the probable limits of error of the experimental

TABLE 2. INTERMOLECULAR POTENTIAL ENERGY PARAMETERS
USED IN THE CALCULATION OF a,

methane n-butane
e/k, °K. 137 410
g, A 3.882 4997
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Fig. 5. Calculated and experimental values of

the thermal diffusion factor for the methane

n-butane system at 160° and 250°F. and
0.40 mole fraction methane.

data and of the calculated thermodynamic parameters.
The differences between theory and experiment are great-
est in the immediate region of the critical point. They be-
come quite small in the liquid regions of the phase dia-
gram. This behavior could be almost entirely the result
of uncertainties in the calculated values of the chemical
potential derivative, inasmuch as this is a difficult func-
tion to evaluate accurately in the critical region.

DISCUSSION

The good agreement between theory and experiment
in the liquid regions of the methane-n-butane system sug-
gests that Equation (5) may be generally applicable to
liquid mixtures. In most cases the term involving ao is
of negligible magnitude and the thermal diffusion factor
is given by

MiMz [ (he — h20) — (h1— h1o) ]
o = pu—
M x1(Bpa/0x1) 1.0

For isotopic mixtures one can assume that the molar en-
thalpies of the two components are equal

Hi=H» (7)

(6)

and that
x1{dp1/0x1)1p = RT (8)

The thermal diffusion factor for a liquid mixture of iso-
topes is then
(H — Ho) (M1 — M>)

a= — (9)
MRT
For isomeric mixtures
M: = M- (10)
and (6) reduces to
Ve (H2 — H2o) — (H1— Ho) (1)

x1(Bpa/8x1) T.p

It is a well-established fact that the magnitude of the
thermal diffusion effect in liquids depends in part on dif-
ferences in molecular shape and in part on differences in
molecular weight of the two species. It is very satifying
therefore to find that this dual dependence comes natur-
ally out of Equation (6) upon consideration of the two
extreme cases, isotopes and isomers.

It remains to be seen of course whether the above
speculations can be confirmed quantitatively by the appli-
cation of thermodynamic data to liquid phase thermal dif-
fusion data. Future work is planned in this area.
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Fig. 6. Phase behavior of the methane-n-
butane system in the critical region at 0.40
and 0.49 mole fraction methane.
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NOTATION

Diz = ordinary diffusion coefficient

hi = partial specific enthalpy of component i

hio = specific enthalpy of component i in the dilute gas
state

Hi == partial molar enthalpy of component i

Ji = mass flux of component i

k = Boltzmann constant

M: = molecular weight of component i

M = average molecular weight, x1iM1 + x2M>

p = pressure

q1* = heat of transport (heat transported per unit

mass of moving molecules, including the en-
thalpy transport)

heat of transport (heat transported per mole of
moving molecules, less the enthalpy transport)

I

Qlﬁk

R = gas constant

T = temperature

X = mole fraction of component i

Greek Letters

a = thermal diffusion factor

a0 = thermal diffusion factor for the dilute gas

€ = maximum attractive energy between two mole-
cules

p = density

pi = chemical potential of component i

o = collision diameter
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