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The Thermal Conductivity Surface for Mixtures of
Methane and Ethane
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A correlation is presented for the extensive series of thermal conductivity
measurements of binary methane—ethane mixtures. The composition dependen-
ces of the thermal conductivity in the dilute-gas region, dense-gas and liquid
region, and critical region are discussed. The average absolute percentage
deviation of the thermal conductivity surface as a function of temperature, den-
sity, and composition, from the experimental data, is 1.60 %.
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1. INTRODUCTION

The recent extensive measurements of the thermal conductivity of methane,
ethane, and three of their binary mixtures enable us to examine the struc-
ture of the thermal conductivity surface over a broad range of temperature,
density, and composition for the methane—ethane fluid system. In this
paper, we present a simple correlation which represents the nearly 4200
data points to within less than 2% average absolute deviation (or 3 mW -
m~ 'K ' RMS deviation). In addition, we discuss the composition depen-
dences of the three contributions to the thermal conductivity, namely, the
dilute gas, the excess term, and the critical enhancement. Comparison with
certain other predictive correlations is also made.

In previous publications we have described the apparatus [1], presen-
ted both data and correlations for pure methane [2] and ethane [3], and
discussed the data and correlations for fixed compositions of the three
binary mixtures [4]. Thus, our present emphasis is on a global correlation
and the composition dependences. In Section 2 we present an overview of
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the data and the previously developed correlations; next we examine the
dilute gas thermal conductivity as a function of composition; and in Sec-
tions 4 and 5 we deal with the excess term and the critical enhancement,
respectively. Section 6 gives the global correlation, and finally, Section 7
summarizes our results.

2. DATA AND CONSTANT-COMPOSITION CORRELATIONS

The data consist of 4173 points for five samples with methane mole
fractions 1.0, 0.685, 0.502, 0.345, and 0.0 (denoted henceforth as CH,,
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Fig. 1. Experimental thermal conductivity for all measured temperatures,
densities, and (ethane) mole fractions. The lines represent 300K
isotherms calculated from the global correlation of Eq. (7) at fixed den-
sity or fixed composition.
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70/30, 50/50, 35/65, and C,Hg, respectively) at temperatures between 140
and 330K and densities to 30 mol-L ' measured in this laboratory.
Additional data for pure ethane at higher temperatures, measured by
Prasad and Venart [5], have also been used to develop the global
correlation but were not used in the final determination of the coefficients.
In Fig. 1, we present all of our data.

For each of the samples, we have developed [4] a constant-com-
position correlation of the form

Mp, T)=2o(T) + Aex(p, T) + 42c(p, T)

=A+ A, T+ AsT?+ (B, + B, T)p + (B; + B, T)p* + Bsp® (1)

C
+ l: ! +C3+C4T0:| exp{_[co(p_pcen)]z}

To+C,
with

To=Ty(T—=T)+Tn(T.—T) (1a)
and

Co=Cen(p—peen) + Csn(peen — p) (1b)

In Egs. (1), (1a), and (1b), T and p are the temperature (in K) and density
(in mol- L"), respectively. The A’s, B’s, and Cs are composition-depen-
dent parameters (with A’s associated with 1,, B’s with A, and C’s with
44.); T, is the (x-dependent) critical temperature; p.., is the (x-dependent)
centering density which is close to the critical density. The step function, 7,
is defined to be +1 when the argument is positive; otherwise it is zero. The
parameters and a measure of the goodness of fit (average absolute percen-
tage error, DEVS) for each of the five compositions are given in Table L.
We note that 80 parameters are needed and mention that, in general, the
constants are not linear functions of composition. Except for pure methane
and ethane, the parameters for Eq. (1) have been presented previously [47.

3. DILUTE-GAS THERMAL CONDUCTIVITY

The dilute-gas thermal conductivity, A,, can be obtained from the
present data by extrapolation to zero density. At very low temperatures the
saturation boundaries for the pure components and the dew points of the
mixtures occur at low pressures, and data along an isotherm are sparse.
For these temperatures, the correlations in Section 2 were used to aid the
extrapolation. Values for i,, adjusted by the correlation of Eq. (1) to
nominal temperatures, are plotted in Fig. 2.
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Fig. 2. Dilute-gas thermal conductivity. The points (x) represent
extrapolations of experimental data adjusted to nominal temperatures by
Eq. (1). Open circles fall outside the range of the data. Solid lines represent
the global fit of Eq. (7). Dashed lines represent the Chapman—Enskog
mixture theory (forced to agree with the data for the pure components).

The constant-composition correlations in Eq. (1) involve three terms
for the dilute-gas thermal conductivity and consist of a constant and terms
linear and quadratic in temperature. The present global correlation uses
terms proportional to 77 to minimize the composition dependence of the
temperature coefficients. The precise form of this correlation is given below
in Eq.(7) and the dilute-gas values obtained from this correlation are
illustrated in Fig. 2 as solid lines. The anomalous bumps in Fig. 2 occur
because the critical enhancement of Section 5 cannot be forced to be zero

at low density when the temperature is near the critical temperature of a
mixture.

840-81-2
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The rigorous dilute-gas transport coefficient results of the Chapman-—
Enskog [6] theory become less tenable when applied to mixtures of
polyatomic gases. In Fig. 2 the curves shown are based on Lennard—Jones
(12-6) collision integrals [7] with the well depth and zero crossing (¢
and o) determined from viscosity data for the pure components [8] and
calculated as the geometric mean (&) and arithmetic mean (o) for the
interspecies potential parameters. The experimental Eucken factors are
used for the pure methane and ethane (forcing the curves to the correct
values at x =0 and x = 1). For mixtures, these factors and the theoretically
calculated diffusion coefficients contribute to the mixture thermal conduc-
tivity as in the Chapman—Cowling first-order formula used by Clifford et al.
[9]. Attempts made to calculate the Eucken factors for pure methane and
ethane using known specific heat values with either the original or the
modified Eucken correlation were less than satisfactory. Analysis of the
dilute-gas conductivity using the Mason—Monchick theory [10] or other
approximations for the pure components was not attempted.

An experimental correlation developed by Bolotin et al. {117 (and not
illustrated) gives good agreement for ethane-rich mixtures but deteriorates
to about the 10% level as the methanc mole fraction increases. The
TRAPP (1981) [12] correlation (not illustrated), which is optimized as a
global correlation for many different fluids and their multicomponent
mixtures, does not adequately describe this system at low density. While
the shapes of the TRAPP isotherms conform well to the present data, the
dilute-gas values are in error by up to nearly 10%. This is equivalent to a
systematic error of 25 K but is essentially within the stated uncertainty of
Ref. 12.

4. EXCESS THERMAL CONDUCTIVITY

The excess thermal conductivity is conventionally defined as the dif-
ference

iex(pa T7 X)=/1(p, Ta x)_'IO(T> x)_Aj'c(p> Ta X) (2)

where A is the total conductivity, 1, was discussed in the previous section,
and 4/, is the critical enhancement discussed in Section 5. In this section
and the associated Fig. 3 we have used the fixed-composition fits of 1, and
AL, to evaluate A,.

The initial density dependence of transport properties (ie., the first
term in a density expansion of /.) has been a subject of considerable
theoretical interest. However, the recent rigorous theoretical developments
[13] have not been extended to mixtures of polyatomic molecules.
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Fig. 3. Experimental excess thermal conductivity (all points) versus reduced den-
sity.

Additionally, the logarithmic terms theoretically predicted [14] for isother-
mal density expansions are not particularly significant when developing
correlations with experimental data. Thus, for the correlations of constant
composition, the density expansion uses the first three odd powers of den-
sity with temperature dependences in the linear and cubic terms. In fact,
the temperature dependence of A, is very small, but it can be seen in
deviation plots at high density, where different isotherms show slightly dif-
ferent behavior.

To achieve a global correlation of the excess conductivity, it is useful
to consider a reduced density as the independent variable. If one uses the
critical densities of each of the five systems as the reduction parameters, the
spread of the conductivity versus reduced density curve is substantially
decreased. If a linear approximation to the critical density is used, i.e.,

p(x) = pHe+ x(p&He — p&He)
where the pure-fluid critical densities are exactly retained, the three
mixtures conform well to the methane excess thermal conductivity;
however, the ethane curve remains separate, presumably due to the shape
of the ethane molecule. To achieve universality for the five systems, a linear
model for the reduction parameter p (x) was used, with the slope con-
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sidered an adjustable parameter. For the global fit, then, the density reduc-
tion used in the excess conductivity satisfied

po(x)=pSH+ x(p, — pS™)

e (3)
=pcttfox

where p,=7.206 mol-L~' (which differs from pS?He by 6%). Note that
p.(x) defined by Eq. (3) differs slightly from the mixture critical density and
the enhancement centering density (except for pure methane).

In Fig. 3, we plot 1., versus reduced density [defined by p¥ = p/p.(x)]
for the five systems. A polynomial fit in p¥ analogous to the excess
correlation at fixed composition, was used to approximate the universal

curve. Thus we use

A, T, x) =B p¥ + Bo(p¥)’ + Bs(pF) (4)

where the values of the f’s are given in Table I

5. CRITICAL ENHANCEMENT

The behavior of the thermal conductivity in the region of mixture
critical points has been the subject of recent interest [ 15, 16], including a
paper by the present authors [17] discussing the methane—cthane data.
The experimental enhancement data as well as constant-composition fits
are displayed in Fig. 4 of Ref. 2 for methane, Fig. 3 of Ref. 3 for ethane, and
Fig. 3 of Ref. 4 for the mixtures. In this section, then, we concentrate on the
x dependence of the critical anomaly in order to complete our global
correlation.

From Eq.(1) we note that the fixed-composition correlations
approximate the density dependence of the critical enhancement by a
Gaussian function which is slightly asymmetric about the (x-dependent)
centering density. Other authors use a Lorentzian lineshape for the density
dependence [187]. This centering density is quite close to the critical den-
sity and seems to be temperature independent. The asymmetry
L(Cs| —1Cg)/ICs| in Eq. (1)] ranges from 0.15% for ethane to 20.6%
for methane and we choose to ignore it for simplicity of the global fit.
The temperature-independent widths, 4p, of the enhancement curves
[ie., full width at half-maximum, 2./In 2/C,, where C, is defined in
Eq. (1b)] range from about 52mol-L~' for p<p., in ethane to
94mol-L-! for p>p., in methane as shown in Fig.4. A linear
approximation, Ap = 8.04 — 3.01x, was chosen to give the best overall fit to
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Fig. 4. Density width of the critical enhancerent versus mole fraction. Points are from
fits of Eq. (1), with symbol x when p > p,, and T when p < p..,. Solid line represents
approximation used in global fit.

the data and is also illustrated in Fig. 4. This corresponds to an expression
for the standard deviation in the Gaussian function, of the form

o,= ——2—££—0' +0,x
*Tyin24 " 2 (5)

=3.42—1.28x

To evaluate the temperature dependence of the critical enhancement
along the critical isochore (or more precisely, the centering isochore), we
note that, when plotted against reduced temperature [AT* =(T—T.)/T.],
the five systems are qualitatively similar. This is seen in Fig. 5 of Ref. 4,
which uses experimental values of the amplitudes, A4.,\(Pcen, 4T*).
Because of the shapes of the two-phase region for mixtures and the large
differences among the critical temperatures, experimental values of
AL (peens AT*) versus x at constant reduced temperatures are not readily
available. Hence, in Fig. 5, we illustrate the concentration dependence of
the amplitudes at constant reduced temperatures using the Eq. (1) fits to
AL (P eens AT*) for the mixtures and a fit of Fig. 5 in Ref 4 for the pure
methane and ethane. The value of A1 (p..,) can be strongly dependent on
the background conductivity used.
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Fig. 5. Amplitude of the critical enhancement versus the mole fraction. The
“experimental” points (x) are from a fit of the “universal” enhancement curve (ie.,
Fig. 5 of Ref. 4) for the pures and from Eq. (1) for the mixtures. Points of constant
reduced temperature are connected by dashed lines to guide the eye. The solid lines
represent the fit of Eq. (7).

The composition dependence of the amplitude seems highly irregular
and is not smoothed by focusing on a reduced amplitude [A44% =
AAJ (Ao + 2ex) 1. There may be a hint of the crossover phenomenon to non-
divergent behavior for the mixtures. However, the curves, with shape not
definitely established by the current data, seem not to drop as sharply as is
calculated by one-fluid corresponding-states models [19]. Rather than
attempt a theoretically based correlation requiring additional ther-
modynamic and transport data, we have chosen to establish the com-
position and temperature dependences of the amplitude empirically.

The critical temperatures used to compute 47* can be modeled as a
lincar mass fraction average [207],

xM,
(1—x)M,+xM,

To(x)=T"+ (TE2e—TH) (6a)

where M, and M, are the methane and ethane molar masses, respectively.
Deviations from the actual critical temperatures are less than 4 K or 1.6%
for the systems used. The amplitude near the critical temperature behaves
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like a power-law singularity in 4T* and drops to zero faster than the
power law would imply. Thus we -approximate the amplitude as

Alc[pc(x)a T’ x] = [yl +'))2X(1 _X) + ’))BE_T/[IAT*I—FO-O]]]
[|4T* +0.01] ¥ (6b)

The critical exponent i is found from the global fit to be 0.525, whereas
Cohen et al. [16] found an exponent of 0.58 for the *He-*He system. The
coefficients y,, v,, and y; and the parameter 7 that give the best global fit
are given in Table II. The numerical value of 0.01 in Eq. (6) is simply to
prevent singularities in the correlation. The amplitudes derived from
Eq. (6) are shown in Fig. 5.

6. GLOBAL CORRELATION

The discussion of 4,, 4.,, and 44, produces a global correlation of the
form

Mo, T, x)=Ao(T, X) + Aex(p, T, x)+ A4 (p, T, x)
= TPay + . + (a3 + 2y x2) T + (a5 + 26x%) T°]
+ Bipt+BapX 4 ip ¥ %
+ {V1+VZX(1—x)+y3e*f/[|AT_\.*|+o,01]}
[|AT* +0.01]¥ e~ 2Lte—petxy/osT?

where p, T, and x are, respectively, the density in mol-L ™!, the tem-
perature in K, and the ethane mole fraction. The reduced density is defined
by p¥* = p/p(x), where p (x) is defined in Eq. (3). The reduced temperature
is defined by AT*=[T—T.(x)]/T.(x), with T,x) defined by Eq. (6a).
Finaily, the width o, of the Gaussian density function is given by Eq. (5).

In the global correlation, we used five constants (pSHe, TCHs TS2He
M,, and M), 12 coefficients which were fit using linear regression (.,
Bi3, ¥13), and five parameters fit by nonlinear techniques (f,, 1, ¥, o},
and ¢,). Values of all these are given in Table 11.

The global average absolute percentage deviation of the experimental
points from the correlation of Eq.(7) was 1.60% (or rms deviation
2.55mW -m~'-K~!). For the five individual systems, in order of increas-
ing ethane mole fractions, the average absolute percentage deviations were
1.02, 1.48, 1.73, 1.61, and 2.24 %. Deviation plots for all measured points
are given in Fig. 6. Much of the error comes from the high-density liquid
points as well as in the critical region (especially for ethane).
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Fig. 6. Deviation of experimental points from the correlation of Eq. (7). The symbols
represent experimental points as follows: 3, CH,; O, 70/30; A, 50/50; +, 35/65; x, C,Hg.
The solid lines represent deviations of +3% for a mixture with X =0.50 at 7=250 K.

7. CONCLUSION

The measurement of nearly 4200 thermal conductivity data points
over a large range of temperature, density, and composition gives us a uni-
que opportunity to examine the behavior of the thermal conductivity sur-
face for a binary mixture. We first emphasize that the qualitative behavior
of the thermal conductivity, including the presence of an enhancement near
the critical point, is independent of composition. Perhaps closer study of
the critical point would alter this conclusion and give stronger evidence for
a crossover to nonanomalous behavior.

The empirical correlation of Eq. (7) represents an excellent fit to the
large data set and, we believe, is a good representation of the thermal con-
ductivity surface for all compositions of the binary methane—ethane system
within a temperature range of 140-330 K with densities up to about
24mol-L~". This correlation gives a better description of the
methane—ethane data than the predictive correlation of TRAPP [12],
especially in the low-density and nearly critical regions. The application of
this form of correlation to other binary mixtures has not been attempted.
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