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Abstract

The cross second virial coefficients and dilute gas shear viscosities, thermal conductivities, and binary diffusion coefficients of the
systems (CH4 + C2H6) and (N2 + C2H6) were determined at temperatures from 90 K to 1200 K using statistical thermodynam-
ics and the kinetic theory of molecular gases. The required intermolecular potential energy surfaces (PESs) for CH4–C2H6 and
N2–C2H6 interactions are presented in this work, while the like-species interactions were modeled using PESs from our previous
studies on the pure gases. All of these PESs are based on high-level quantum-chemical ab initio calculations and were fine-tuned to
the most accurate experimental data available for the second virial and cross second virial coefficients. The agreement of the calcu-
lated values for all investigated thermophysical properties with the best experimental data is overall very satisfactory and confirms
the high accuracy of the calculated values.
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1. Introduction

The calculation of the thermophysical properties of a fluid re-
quires detailed knowledge of the potential energy surface (PES)
governing the interactions between the molecules. In the limit
of a dilute gas, the thermophysical properties are determined
solely by binary interactions and thus by the pair potentials. To-
day, accurate representations of pair PESs can be constructed
for interactions between simple molecules such as the natural
gas components methane (CH4) [1], ethane (C2H6) [2], propane
(C3H8) [3], nitrogen (N2) [4], carbon dioxide (CO2) [5], and
hydrogen sulfide (H2S) [6] by fitting suitable analytical func-
tions to interaction energies obtained from high-level quantum-
chemical ab initio calculations. Once the pair potential func-
tions are available, it is often straightforward to compute sec-
ond virial and cross second virial coefficients employing stan-
dard expressions from statistical thermodynamics, while trans-
port properties in the dilute gas limit are accessible through the
kinetic theory of molecular gases [7–11].
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In previous studies, we had investigated the cross sec-
ond virial coefficients and dilute gas shear viscosities, ther-
mal conductivities, and binary diffusion coefficients of sev-
eral binary subsystems of natural gas involving the above-
mentioned components, namely all six binary systems formed
by CH4, N2, CO2, and H2S [9–13] as well as the mixtures
(CH4 + C3H8) [14] and (CO2 + C3H8) [14]. These studies sub-
stantially improved our knowledge, since in many cases exper-
imental data for the investigated thermophysical properties, if
existing at all, are scarce, of low accuracy, or only available at
or near ambient temperature.

The present study extends this investigation to the mixtures
(CH4 + C2H6) and (N2 + C2H6) using the same proven method-
ologies. Since no analytical PESs of sufficient accuracy for
CH4–C2H6 and N2–C2H6 interactions are available in the liter-
ature, we developed such PESs as part of this work and present
them in the next section. The cross second virial coefficients
and dilute gas shear viscosities, thermal conductivities, and
binary diffusion coefficients were calculated for temperatures
from 90 K to 1200 K. The respective methodologies are sum-
marized in Section 3. The results are presented and discussed in
Section 4, and practical correlations for the cross second virial
and binary diffusion coefficients are provided in Section 5. Fi-
nally, conclusions are given in Section 6.

2. New potential energy surfaces for CH4–C2H6 and
N2–C2H6 interactions

2.1. Calculation of interaction energies
The CH4, N2, and C2H6 molecules were treated as rigid

rotors in all quantum-chemical ab initio calculations of
CH4–C2H6 and N2–C2H6 interaction energies. The geometries
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were taken from our studies on the CH4–CH4 [1], N2–N2 [4],
and C2H6–C2H6 [2] PESs and correspond to the zero-point
vibrationally averaged structures. Each configuration of the
molecule pairs can be expressed in terms of internal coordi-
nates by the separation between the centers of mass of the two
molecules, R, and five (for CH4–C2H6) or four (for N2–C2H6)
angles, whose precise definition is provided in the Supporting
Information.

A total of 300 distinct CH4–C2H6 angular orientations and
253 distinct N2–C2H6 angular orientations was investigated.
For each orientation, 27 center-of-mass separations R in the
range from 1.5 Å to 12.0 Å were considered, resulting in 8100
(300 × 27) CH4–C2H6 and 6831 (253 × 27) N2–C2H6 config-
urations. However, many configurations with small R values
were discarded because of excessive overlap of the molecules
or because of problems in the quantum-chemical ab initio cal-
culations related to near-linear dependencies in the basis sets,
leaving 7134 CH4–C2H6 and 6104 N2–C2H6 configurations.

The interaction energy V for each configuration was ob-
tained from counterpoise-corrected [15] supermolecular calcu-
lations. First, such calculations were carried out at the frozen-
core resolution of identity second-order Møller–Plesset per-
turbation theory (RI-MP2) [16, 17] level with the RI-JK ap-
proximation [18, 19] for the Hartree–Fock (HF) part. The
aug-cc-pVXZ [20, 21] basis sets with X = 4 (Q) and X = 5
were employed in these calculations. The auxiliary basis sets
used for both basis set levels are aug-cc-pV5Z-JKFIT [22] and
aug-cc-pV5Z-MP2FIT [23]. The correlation parts of the com-
puted interaction energies, VRI-MP2 corr, were extrapolated to the
complete basis set (CBS) limit using the well-established two-
point scheme recommended by Halkier et al. [24],

VRI-MP2 corr(X) = VCBS
RI-MP2 corr + αX−3. (1)

The HF contributions are effectively converged at the X = 5 ba-
sis set level and were therefore not extrapolated. In the next
step, counterpoise-corrected supermolecular calculations were
also performed at the frozen-core coupled-cluster level with sin-
gle, double, and perturbative triple excitations [CCSD(T)] [25]
using the aug-cc-pVDZ and aug-cc-pVTZ basis sets for all con-
figurations. Interaction energies at the MP2 level of theory were
obtained as a byproduct of these calculations. The differences
between the CCSD(T) and MP2 interaction energies were then
extrapolated to the CBS limit in the same manner as VRI-MP2 corr
and added to VCBS

RI-MP2. In the well regions of the PESs, the in-
teraction energies V thus obtained should correspond to within
about ±(1–2)% to the frozen-core CCSD(T)/CBS level.

The detailed results of the ab initio calculations for all in-
vestigated CH4–C2H6 and N2–C2H6 configurations are listed
in the Supporting Information. The RI-MP2 calculations were
performed using ORCA 3.0.3 [26], while the CCSD(T) calcu-
lations were carried out using CFOUR [27].

2.2. Analytical potential functions
To obtain the CH4–C2H6 and N2–C2H6 PESs in analytical

form, we fitted site–site potential functions with isotropic site–
site interactions to the ab initio calculated interaction ener-
gies. As in our studies on the CH4–CH4 [1], N2–N2 [4], and

C2H6–C2H6 [2] PESs, the number of sites per molecule was
chosen to be nine for CH4, five for N2, and eleven for C2H6.
The positions of the sites within the molecules, which are vi-
sualized in Fig. 1, and their partial charges q were also taken
from the earlier studies. Due to symmetry, there are three types
of sites each in CH4 and N2 and four types in C2H6, resulting
in 12 types of site–site interactions for each PES. The site–site
interactions are represented by

Vi j(Ri j) = Ai j exp(−αi jRi j) − f6(bi j,Ri j)
C6 i j

R6
i j

+
qiq j

Ri j
, (2)

where Ri j is the separation between site i in CH4 or N2 and site
j in C2H6, and f6 is a damping function [28],

f6(bi j,Ri j) = 1 − exp(−bi jRi j)
6∑

k=0

(bi jRi j)k

k!
. (3)

The total interaction potentials are then obtained as the sums
over all site–site interactions,

V =
∑

i

∑
j

Vi j(Ri j). (4)

The parameters A, α, b, and C6 for the 12 distinct site–site com-
binations per PES were optimized in non-linear least-squares
fits to the ab initio calculated interaction energies using weight-
ing functions w given by

w =

exp
[
a1

(
R/Å

)3
]

[
1 + a2 (V/K + a3)2

]2 , (5)

where a1 = 0.003, a2 = 10−6, and a3 = 450 for CH4–C2H6
and a3 = 350 for N2–C2H6. The denominator of this func-
tion causes the weight of configurations to increase as the in-
teraction energy decreases toward the most negative values
(V > −450 K and V > −350 K for all investigated CH4–C2H6
and N2–C2H6 configurations, respectively), while the numer-
ator ensures a high fit quality for large values of R, which is
particularly important for the calculation of the cross second
virial coefficients. Similar weighting functions were also used
in several of our previous studies (e.g., in Ref. [12]). Note that
in this work we quote energies always in units of kelvin, i.e.,
we divide them by Boltzmann’s constant kB but omit kB from
the notation for brevity.

Figure 2 shows the deviations of the fitted interaction ener-
gies for both molecule pairs from the corresponding ab initio
calculated ones as a function of the latter up to 8000 K (with
the full range of investigated interaction energies extending up
to almost 200,000 K for some angular orientations). It can be
seen in the figure that the relative deviations are mostly within
±2%, which is acceptable considering that the fitting errors with
positive and negative sign can be expected to largely cancel out
when calculating thermophysical properties. We note that the
lowest unphysical maxima of the analytical potential functions
(which are pure fitting artifacts) occur only at interaction ener-
gies of about 118,000 K for CH4–C2H6 and about 83,000 K for
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Figure 1: Visualization of the positions of the nine interaction sites in CH4 used by the CH4–CH4 PES of Ref. [1], the five interaction sites in N2 used by the N2–N2
PES of Ref. [4], and the eleven interaction sites in C2H6 used by the C2H6–C2H6 PES of Ref. [2]. These sites were also used for the new analytical CH4–C2H6 and
N2–C2H6 potential functions of the present study.

Figure 2: Deviations of interaction energies obtained using the fitted analytical potential functions for the CH4–C2H6 and N2–C2H6 molecule pairs from the
corresponding ab initio calculated values as a function of the latter. The dashed lines indicate relative deviations of ±2%.

N2–C2H6. This is unproblematic for the thermophysical prop-
erty calculations of this work.

Figures 3 and 4 illustrate the separation dependences of the
new analytical potential functions in the well regions for a few
selected angular orientations of the CH4–C2H6 and N2–C2H6
molecule pairs, respectively. The corresponding ab initio calcu-
lated interaction energies are also displayed in the figures. The
analytical CH4–C2H6 PES features three symmetry-distinct
minima, with the interaction energy of the global minimum

being −430.4 K. The analytical N2–C2H6 PES has only two
symmetry-distinct minima, with the interaction energy of the
global minimum being −351.2 K.

In our previous studies on ab initio intermolecular PESs that
involve hydrocarbons [1–3, 9, 11, 14], we always found sys-
tematic positive deviations of the calculated values for the sec-
ond virial and cross second virial coefficients from most of the
available experimental data. This can be attributed mainly to the
use of rigid monomers, which particularly for the hydrocarbons
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Figure 3: CH4–C2H6 pair potential as a function of the center-of-mass sep-
aration R for four of the 300 considered angular orientations. The symbols
represent the ab initio values and the solid lines the fitted potential function.

Figure 4: N2–C2H6 pair potential as a function of the center-of-mass separation
R for four of the 253 considered angular orientations. The symbols represent
the ab initio values and the solid lines the fitted potential function.

results in the neglect of important vibrational contributions to
the dispersion coefficients, see Ref. [29] and references therein.
These contributions are only partly accounted for by the use
of vibrationally averaged monomer geometries in the ab initio
computations. However, for our previously developed PESs in-
volving hydrocarbons [1–3, 9, 11, 14], a simple correction to
the dispersion part with only one empirically adjusted param-
eter was always found to be sufficient to bring the calculated
values and the best experimental data into satisfying agreement.
In the present work, we adjusted the analytical CH4–C2H6 PES

by changing the C6 parameter for the interactions of the site
on the carbon atom of CH4 with the two sites closest to the
two carbon atoms of C2H6 by an amount that was adjusted by
trial and error to the best experimental data for the cross second
virial coefficient (see Section 4.1). For the analytical N2–C2H6
PES, the respective adjustment was performed by changing the
C6 parameter for the interactions of the two sites closest to the
two nitrogen atoms with the two sites closest to the two car-
bon atoms. The adjustment procedure increases the maximum
well depth of the CH4–C2H6 PES from 430.4 K to 443.4 K and
that of the N2–C2H6 PES from 351.2 K to 352.4 K. That the
required adjustment is much smaller for the N2–C2H6 potential
is somewhat expected because only one of the two molecules
is a hydrocarbon. However, the very small magnitude of the
adjustment indicates that other errors [such as the neglect of
post-CCSD(T) contributions to the interaction energies] partly
cancel the underestimation of the strength of the dispersion in-
teractions due to the rigid-rotor approximation. Unless other-
wise noted, all thermophysical property values reported in this
work were obtained with the adjusted PESs.

Details of the symmetry-distinct minima for both the unad-
justed and the adjusted analytical potential functions are given
in the Supporting Information, which also provides Fortran 90
routines that compute the new PESs.

3. Calculation of thermophysical properties

3.1. Cross second virial coefficients
For a pair of rigid molecules, the classical-mechanical cross

second virial coefficient is given as

Bcl
12 = −

NA

2

∫ ∞

0

〈
exp

[
−

V(R,Ω1,Ω2)
kBT

]
− 1

〉
Ω1,Ω2

dR, (6)

where NA is Avogadro’s constant, T is the temperature, R is
the separation vector between the centers of mass of the two
molecules, Ω1 and Ω2 represent their angular orientations, and
the angle brackets indicate a proper averaging over the orienta-
tions. The masses and moments of inertia of CH4, N2, and C2H6
are large enough to justify accounting for quantum effects in a
semiclassical manner at all temperatures of interest by replacing
the pair potential V in Eq. (6) by the quadratic Feynman–Hibbs
(QFH) effective pair potential [30]. For the CH4–C2H6 pair, it
can be written as

VQFH = V +
~2

24kBT

[
1
µ

(
∂2V
∂x2 +

∂2V
∂y2 +

∂2V
∂z2

)
+

1
I1

(
∂2V
∂ψ2

1a

+
∂2V
∂ψ2

1b

+
∂2V
∂ψ2

1c

)
+

1
I2‖

∂2V
∂ψ2

2a

+
1

I2⊥

(
∂2V
∂ψ2

2b

+
∂2V
∂ψ2

2c

)]
, (7)

where ~ is Planck’s constant divided by 2π; µ is the reduced
mass of the two molecules; x, y, and z are the Cartesian com-
ponents of R; I1 denotes the moment of inertia of molecule
1 (CH4); I2‖ and I2⊥ are the moments of inertia parallel and
perpendicular to the figure axis of molecule 2 (C2H6); and
the angles ψ1a, ψ1b, ψ1c, ψ2a, ψ2b, and ψ2c correspond to ro-
tations around the principal axes of the molecules, with axis a
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of molecule 2 being the figure axis. The expression for the QFH
potential of the N2–C2H6 molecule pair is of similar structure.

The cross second virial coefficients of the CH4–C2H6 and
N2–C2H6 pairs were computed for 110 temperatures in the
range from 90 K to 1200 K by means of the Mayer-sampling
Monte Carlo (MSMC) approach of Singh and Kofke [31].
Hard spheres with a diameter of 4.5 Å were employed as the
reference system. The results were obtained at all tempera-
tures simultaneously by performing multi-temperature simula-
tions [31, 32], in which the temperature governing the sampling
distribution was chosen to be 120 K. To avoid unphysical neg-
ative interaction energies at very small intermolecular separa-
tions R, we placed hard spheres of 1.0 Å diameter on all inter-
action sites of the molecules. In each attempted MSMC move,
one of the molecules was displaced and rotated. Maximum step
sizes were adjusted during short equilibration runs to yield ac-
ceptance rates of 50%. The second derivatives of the pair po-
tential needed to compute the QFH potential, see Eq. (7), were
implemented analytically. For each molecule pair, values for
the cross second virial coefficient from 16 independent simu-
lation runs of 2 × 1010 attempted moves were averaged. The
standard uncertainties of these averages due to the Monte Carlo
integration do not exceed 0.015 cm3·mol–1 at any temperature
and are hence negligible.

3.2. Dilute gas transport properties

The kinetic theory of molecular gases [7–11, 33–38] is the
most advanced approach available today for the calculation of
transport properties of molecular gases and their mixtures in the
zero-density limit with high accuracy and precision. For each
transport property, a system of linear equations has to be solved,
whose coefficients are given in terms of generalized cross sec-
tions. These cross sections are determined by the binary col-
lisions between the molecules in the gas and are thus directly
linked to the intermolecular potentials. In the present work, we
calculated the shear viscosity η in the third-order kinetic the-
ory approximation, the thermal conductivity λ (under steady-
state conditions, see Ref. [10] for details) in the second-order
kinetic theory approximation, and the product of molar density
ρm and binary diffusion coefficient D in the third-order kinetic
theory approximation from the generalized cross sections. The
expressions for the respective systems of linear equations were
already provided in previous papers [9–11] and are therefore
not repeated here.

The approach for the computation of the thermal conductiv-
ity [10] requires the vibrational contributions to the ideal gas
heat capacities of the gases, which we extracted from the rec-
ommended reference correlations for the isochoric ideal gas
heat capacities [39–41] by subtracting the translational and
classical rotational contributions.

The generalized cross sections for CH4–C2H6 and N2–C2H6
collisions were calculated within the rigid-rotor approximation
by means of the classical trajectory method using an extended
version of the TRAJECT code [8, 9, 38]. Collision trajectories
were obtained by integrating Hamilton’s equations from pre- to
post-collisional values. The initial and final separation was set

to 500 Å to avoid any PES cut-off effects. The integration ac-
curacy was chosen such that the relative drift in the total energy
between the initial and final states of the trajectories was usu-
ally in the range from 10−9 to 10−6, with the maximum tolerated
relative drift being 10−4. Total-energy-dependent generalized
cross sections in the center-of-mass frame, which can be for-
mulated as multi-dimensional integrals over the initial states of
the trajectories, were obtained from the initial and final states
by means of a simple Monte Carlo integration scheme employ-
ing quasi-random numbers. The trajectory calculations were
carried out for 37 values of the total energy, Etotal = Etrans +

Erot, which was divided into the ranges 30 6 Etotal/K 6 200,
200 6 Etotal/K 6 2000, and 2000 6 Etotal/K 6 30,000. The 13
energies in each of the three ranges were chosen as the nodes
for Chebyshev interpolation of the cross sections as a function
of ln(Etotal). Up to 4 × 106 collision trajectories were gener-
ated at each value of the total energy. Below Etotal = 200 K,
the number of trajectories had to be gradually reduced down
to 400,000 at Etotal = 30 K because of the high computational
costs associated with the accurate calculation of trajectories at
very low energies. A weighted integration over the total energy
(thermal averaging) yielded temperature-dependent generalized
cross sections in the center-of-mass frame at temperatures from
90 K to 1200 K, which were then converted to the laboratory
frame cross sections needed in the systems of linear equations
which have to be solved to obtain the three transport properties.

The required generalized cross sections for CH4–CH4,
N2–N2, and C2H6–C2H6 collisions were determined from state-
of-the-art pair potentials [1, 2, 4] in previous studies [2, 9] in a
similar way as described here for CH4–C2H6 and N2–C2H6 col-
lisions.

The relative standard uncertainties of the calculated transport
property values for all temperatures and mole fractions due to
the above-mentioned Monte Carlo integration scheme are esti-
mated (based on uncertainty estimates generated by TRAJECT
for the individual cross sections as described in Ref. [42]) to
be less than 0.1% for the viscosity and the binary diffusion
coefficient and less than 0.2% for the thermal conductivity.
Any errors resulting from the numerical integration of Hamil-
ton’s equations and from the Chebyshev interpolation of the
total-energy-dependent generalized cross sections and the sub-
sequent thermal averaging should be completely negligible.

4. Results and discussion

4.1. Cross second virial coefficients

Table 1 lists the semiclassically calculated values for the
cross second virial coefficients of both molecule pairs, BQFH

12 ,
at 37 selected temperatures and our estimates of their combined
expanded uncertainties (coverage factor k = 2, corresponding
approximately to a 95% confidence level), U

(
BQFH

12

)
, which are

discussed below.
Figure 5 shows the comparison of the calculated values for

the cross second virial coefficient of the CH4–C2H6 molecule
pair with most of the available experimental data [43–50]
and with the experimentally based correlation by Dymond
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Table 1: Semiclassically calculated values for the cross second virial coef-
ficients, BQFH

12 , of the CH4–C2H6 and N2–C2H6 molecule pairs and their es-
timated combined expanded uncertainties (k = 2), U

(
BQFH

12

)
, as a function of

temperature T . The corresponding values for the second virial coefficients of
the pure gases can be found in Refs. [1], [2], and [4].

CH4–C2H6 N2–C2H6

T BQFH
12 U

(
BQFH

12

)
BQFH

12 U
(
BQFH

12

)
K cm3·mol–1 cm3·mol–1 cm3·mol–1 cm3·mol–1

90 −1150 27 −606.3 15.7
100 −880.2 18.6 −480.9 11.6
110 −702.5 13.6 −393.6 9.1
120 −578.1 10.5 −329.5 7.3
130 −486.7 8.4 −280.7 6.1
140 −417.1 6.9 −242.4 5.2
150 −362.5 5.8 −211.5 4.5
160 −318.7 5.0 −186.1 4.0
170 −282.7 4.4 −164.9 3.6
180 −252.7 3.9 −147.0 3.2
190 −227.3 3.5 −131.6 2.9
200 −205.6 3.2 −118.3 2.7
220 −170.4 2.7 −96.30 2.3
240 −143.2 2.3 −79.01 2.0
260 −121.4 2.0 −65.05 1.8
280 −103.8 1.8 −53.56 1.6
300 −89.11 1.6 −43.95 1.5
320 −76.78 1.4 −35.79 1.4
340 −66.25 1.3 −28.80 1.3
360 −57.18 1.2 −22.73 1.2
380 −49.28 1.1 −17.43 1.1
400 −42.34 1.1 −12.76 1.0
420 −36.20 1.0 −8.62 1.0
440 −30.74 1.0 −4.92 1.0
460 −25.85 1.0 −1.60 1.0
480 −21.45 1.0 1.39 1.0
500 −17.46 1.0 4.10 1.0
550 −9.00 1.0 9.86 1.0
600 −2.19 1.0 14.50 1.0
650 3.39 1.0 18.31 1.0
700 8.04 1.0 21.47 1.0
750 11.96 1.0 24.13 1.0
800 15.30 1.0 26.40 1.0
900 20.69 1.0 30.02 1.0

1000 24.80 1.0 32.77 1.0
1100 28.03 1.0 34.89 1.0
1200 30.60 1.0 36.57 1.0

et al. [51]. We reanalyzed the data of Dantzler et al. [43]
using our own values for the pure-component virial coeffi-
cients [1, 2], which are more accurate than the values used by
Dantzler et al. Note that the error bars shown in Fig. 5 (and
all following figures in which calculated thermophysical prop-
erty values are compared with experimental data) correspond
to those given by the respective authors. Only in the case of
the reanalyzed data of Dantzler et al., we also reassessed the
uncertainties. For the empirical adjustment of the analytical
potential function described in Section 2.2, we used particu-
larly the data close to room temperature of Jaeschke et al. [46],
Trusler et al. [48], Blanke and Weiss [49], and Hou et al. [50]
as reference. The adjustment changes the cross second virial
coefficient by −97.5 cm3·mol–1 at T = 90 K, −7.3 cm3·mol–1

at T = 300 K, and −1.5 cm3·mol–1 at T = 1200 K and, as
can be seen in the figure, results in a substantially improved

Figure 5: Deviations of experimental data, an experimentally based correlation,
and calculated values for the cross second virial coefficient of the CH4–C2H6
molecule pair from the semiclassically calculated values of the present work
as a function of temperature: •, Dantzler et al. [43], reanalyzed; ◦, Wormald
et al. [44]; �, Katayama et al. [45]; �, Jaeschke et al. [46]; _, McElroy and
Fang [47]; �, Trusler [48]; ×, Blanke and Weiss [49] (provided by the au-
thors only in the form of a smoothing function); N, Hou et al. [50]; solid
line, correlation by Dymond et al. [51]; dashed line, semiclassical result for
the unadjusted CH4–C2H6 PES; dash-dot line, classical result for the adjusted
CH4–C2H6 PES; dotted lines, BQFH

12 ± U
(
BQFH

12

)
with k = 2.

agreement with the experimental data and the correlation of
Dymond et al. The figure also depicts the classically calcu-
lated values obtained using the adjusted PES, which differ from
the corresponding semiclassical values by −76.8 cm3·mol–1 at
T = 90 K, −1.2 cm3·mol–1 at T = 300 K, and −0.09 cm3·mol–1

at T = 1200 K.

In Fig. 6, the calculated values for the cross second virial
coefficient of the N2–C2H6 molecule pair are compared with
the experimental data of Achtermann et al. [52] and Lopatinskii
et al. [53], which are the only available high-quality data. The
figure shows that only a very small adjustment of the analytical
PES is needed (as already mentioned in Section 2.2) to bring
the calculated values into agreement with all experimental data
points within their uncertainties. The adjustment changes the
cross second virial coefficient by −4.5 cm3·mol–1 at T = 90 K,
−0.47 cm3·mol–1 at T = 300 K, and −0.11 cm3·mol–1 at T =

1200 K. The classical values obtained with the adjusted PES are
also shown in the figure. They differ from the corresponding
semiclassically calculated values by −21.7 cm3·mol–1 at T =

90 K, −0.59 cm3·mol–1 at T = 300 K, and −0.05 cm3·mol–1 at
T = 1200 K.

Our estimates for the combined expanded uncertainties
(k = 2) of the calculated values for the cross second virial co-
efficients of the two molecule pairs, which are based predomi-
nantly on the comparisons with the experimental data, are given

6



Figure 6: Deviations of experimental data and calculated values for the cross
second virial coefficient of the N2–C2H6 molecule pair from the semiclassically
calculated values of the present work as a function of temperature: •, Achter-
mann et al. [52];◦, Lopatinskii et al. [53]; dashed line, semiclassical result for
the unadjusted N2–C2H6 PES; dash-dot line, classical result for the adjusted
N2–C2H6 PES; dotted lines, BQFH

12 ± U
(
BQFH

12

)
with k = 2.

as

U
(
BQFH

12

)
= max

(
a1

∣∣∣∣BQFH
12 − BQFH

12,unadj

∣∣∣∣ + a2
∣∣∣BQFH

12 − Bcl
12

∣∣∣ , a3

)
,

(8)
where BQFH

12,unadj are the semiclassical values obtained with the
unadjusted PESs, a1 = 0.2 for CH4–C2H6 and a1 = 3.0 for
N2–C2H6, a2 = 0.1 (accounting for the fact that the semiclassi-
cal QFH approach is not exact), and a3 = 1.0 cm3·mol–1. The
resulting uncertainty values are also depicted in Figs. 5 and 6.
Note that real CH4 and C2H6 molecules are unstable at the high-
est considered temperatures, but this is not taken into account
in our uncertainty estimates for any of the thermophysical prop-
erties investigated in this work.

4.2. Dilute gas transport properties

The calculated values for the dilute gas shear viscosity η and
thermal conductivity λ of both systems are listed for 26 temper-
atures and four mixture compositions in Tables 2 and 3. The
viscosity and thermal conductivity values for the pure compo-
nents, which were obtained in previous studies [2, 9, 10], are
also listed there. The calculated values for the dilute gas limit
of the product of molar density ρm and binary diffusion coeffi-
cient D are provided for the same 26 temperatures and for three
mixture compositions in Table 4.

Figures 7 and 8 show the comparison of the calculated vis-
cosity values with the data of Abe et al. [54, 55] for the two
systems (which are the only available data sets for the mix-
tures) and with the data of Vogel [56, 57] and Vogel et al. [58]
for the three pure gases. The data sets from the Vogel group
extend from room temperature up to more than 600 K and

Figure 7: Relative deviations of experimental data for the dilute gas shear vis-
cosity of the (CH4 + C2H6) system from the calculated values of the present
work as a function of methane mole fraction: •, Abe et al. [54], 298 K; ◦,
Abe et al. [54], 333 K; �, Abe et al. [54], 373 K; �, Abe et al. [54], 418 K;
_, Abe et al. [54], 468 K; ×, Vogel [56] and Vogel et al. [58], (290–682) K for
methane and (291–624) K for ethane. The dashed and dotted lines indicate the
values obtained with the unadjusted CH4–C2H6 PES at T = 300 K and the rec-
ommended values resulting from Eq. 9, respectively. For clarity of the figure,
the stated uncertainties for the data of Abe et al. [54] (0.3%), Vogel [56] (0.2%)
and Vogel et al. [58] (0.3%) are not indicated by error bars.

are of reference quality with uncertainties of at most 0.3%.
The relative deviations of these data from the calculated values
are very weakly dependent on temperature and are on average
only −0.45% for methane, +0.24% for nitrogen, and −0.07%
for ethane, whereas the relative deviations of the data of Abe
et al. [54, 55], for which the claimed uncertainty is also only
0.3%, are much more temperature dependent for both the pure
components and the mixtures. The reason for this behavior is
a design flaw in the viscometer employed by Abe et al., see
the discussion in Ref. [59]. This resulted in viscosity values
that are systematically too high above room temperature, with
many recent studies [4, 9, 11, 12, 14, 56, 60] indicating that the
overestimation can be up to about 1%, which is consistent with
the behavior seen in Figs. 7 and 8.

As in our previous studies on the shear viscosities of binary
gas mixtures [9, 11–14, 61], we propose a scaling of the calcu-
lated values by a temperature-independent factor that depends
linearly on the mole fraction to obtain values with the lowest
possible uncertainty:

ηrec = ηcalc
(
0.9955xCH4 + xC2H6

)
(9)

and
ηrec = ηcalc

(
1.0024xN2 + xC2H6

)
, (10)

where ηrec and ηcalc are the recommended and calculated vis-
cosity values, respectively. The scaling factors 0.9955 for pure
methane and 1.0024 for pure nitrogen remedy the small system-
atic deviations from the data of Vogel [56, 57] and were already
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Table 2: Calculated values for the dilute gas shear viscosities η (in µPa·s) of the mixtures (CH4 + C2H6) and (N2 + C2H6) as a function of mole fraction x and
temperature T . The values for the pure components, which were obtained in previous studies [2, 9], are also provided here.a

T /K CH4 N2 C2H6 CH4 (1) + C2H6 (2) N2 (1) + C2H6 (2)

x1 = 0.2 x1 = 0.4 x1 = 0.6 x1 = 0.8 x1 = 0.2 x1 = 0.4 x1 = 0.6 x1 = 0.8

90 3.522 6.058 3.050 3.119 3.198 3.290 3.396 3.458 3.937 4.508 5.201
105 4.087 7.048 3.462 3.553 3.657 3.778 3.920 3.954 4.531 5.214 6.037
120 4.662 8.024 3.879 3.994 4.125 4.277 4.453 4.458 5.131 5.925 6.872
135 5.241 8.977 4.305 4.444 4.602 4.783 4.994 4.968 5.736 6.635 7.698
150 5.820 9.905 4.739 4.901 5.086 5.296 5.538 5.485 6.343 7.340 8.512
175 6.778 11.39 5.480 5.679 5.903 6.157 6.446 6.354 7.352 8.500 9.832
200 7.715 12.80 6.237 6.469 6.727 7.017 7.344 7.227 8.350 9.631 11.10
225 8.627 14.14 7.003 7.262 7.549 7.869 8.227 8.097 9.330 10.73 12.32
250 9.511 15.41 7.770 8.052 8.363 8.707 9.089 8.957 10.29 11.79 13.49
275 10.37 16.63 8.533 8.834 9.165 9.528 9.928 9.803 11.22 12.82 14.61
300 11.19 17.80 9.288 9.605 9.951 10.33 10.74 10.63 12.13 13.81 15.69
325 11.99 18.93 10.03 10.36 10.72 11.11 11.54 11.44 13.02 14.77 16.73
350 12.77 20.01 10.76 11.10 11.47 11.87 12.31 12.24 13.87 15.70 17.73
375 13.52 21.06 11.48 11.83 12.21 12.62 13.05 13.01 14.71 16.60 18.71
400 14.25 22.08 12.18 12.54 12.92 13.34 13.78 13.77 15.52 17.47 19.65
450 15.65 24.02 13.54 13.91 14.30 14.73 15.18 15.22 17.08 19.15 21.45
500 16.98 25.88 14.84 15.22 15.62 16.05 16.51 16.61 18.57 20.74 23.17
550 18.25 27.65 16.08 16.47 16.88 17.31 17.77 17.93 19.98 22.26 24.80
600 19.47 29.36 17.27 17.66 18.08 18.52 18.99 19.20 21.34 23.72 26.37
650 20.64 31.00 18.41 18.81 19.24 19.69 20.16 20.42 22.64 25.12 27.89
700 21.78 32.60 19.51 19.92 20.35 20.81 21.28 21.59 23.90 26.47 29.35
800 23.94 35.66 21.60 22.02 22.47 22.94 23.43 23.82 26.29 29.05 32.15
900 25.99 38.58 23.56 24.00 24.46 24.95 25.46 25.92 28.55 31.49 34.81
1000 27.94 41.38 25.42 25.87 26.35 26.86 27.39 27.91 30.70 33.82 37.36
1100 29.82 44.08 27.19 27.66 28.16 28.69 29.25 29.81 32.75 36.06 39.80
1200 31.64 46.70 28.88 29.37 29.90 30.45 31.03 31.64 34.73 38.21 42.17

a The listed viscosity values should be scaled using Eqs. (9) and (10) to obtain the recommended values. The relative combined expanded uncertainty (k = 2) of the
scaled values for the mixtures is estimated to be 1.0% for temperatures from 250 K to 700 K and 1.5% otherwise. The respective estimate for the scaled values of
pure CH4 is 0.4% from 300 K to 700 K, 0.8% from 200 K to 300 K and from 700 K to 1000 K, and 1.2% otherwise, that for the scaled values of pure N2 is 0.3%
from 300 K to 700 K and 1.0% otherwise, and that for the values of pure C2H6 is 0.3% from 250 K to 700 K and 1.0% otherwise.

recommended in our study on the (CH4 + N2) system [9]. For
pure ethane [2], we did not recommend a scaling because of the
almost perfect agreement with the data of Vogel et al. [58].

Figures 7 and 8 also show the results obtained with the un-
adjusted CH4–C2H6 and N2–C2H6 PESs at T = 300 K, where
they differ from those obtained with the adjusted PESs by at
most +0.53% for the (CH4 + C2H6) system and +0.04% for the
(N2 + C2H6) system.

In Fig. 9, the calculated thermal conductivity values for the
(CH4 + C2H6) system are compared with the two available ex-
perimental data sets [62, 63] for the mixture and with the cor-
relation by Friend and Roder [64] at four selected tempera-
tures. The data of Roder and Friend [62] for the tempera-
ture range (194–330) K agree within ±1.3% with the calcu-
lated values above T = 270 K, which is consistent with the
stated uncertainty for these data of 1.6%. However, the devia-
tions become increasingly negative toward lower temperatures,
with the largest deviation of −6.9% occurring at T = 194 K
for a methane-rich mixture. The single datum of Sakonidou
et al. [63] at T = 311 K for an equimolar mixture, for which
no uncertainty estimate was provided, differs from the respec-
tive calculated value by +1.7%. The correlation by Friend and
Roder [64] for temperatures from 140 K to 330 K, which is
based on the data of Roder and Friend [62] and on data for the
pure gases, exhibits negative deviations from the calculated val-

ues, which reach −13.6% at T = 140 K for pure ethane. How-
ever, one has to take into account that no experimental thermal
conductivity data are available for ethane below T = 225 K [2]
and that the functional form of the correlation in the zero-
density limit is purely empirical and therefore not well suited
for extrapolation from T = 225 K to temperatures as low as
T = 140 K. Hence, the very large deviations at the lowest tem-
peratures for ethane and ethane-rich mixtures are not meaning-
ful.

The only available data set for the thermal conductivity of
(N2 + C2H6) mixtures is that of Gilmore and Comings [65] at
a single temperature of 348 K. The stated uncertainty of these
data is 3% and, as shown in Fig. 10, the agreement with the
calculated values is within the experimental uncertainty.

In Figs. 9 and 10, we also show the results for the unadjusted
CH4–C2H6 and N2–C2H6 PESs at T = 300 K. The relative de-
viations from the values for the adjusted PESs are close to those
obtained in the case of the shear viscosity.

For the binary diffusion coefficient in the dilute gas phase,
we found three experimental data sets for the (CH4 + C2H6)
system [66–68] and six such data sets for the (N2 + C2H6) sys-
tem [69–74]. They are compared with the calculated values
in Figs. 11 and 12. The latter figure also depicts the correla-
tion by Chae et al. [75] for the (N2 + C2H6) system and tem-
peratures from 500 K to 1000 K, which was fitted to diffusion
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Table 3: Calculated values for the dilute gas thermal conductivities λ (in mW·m–1·K–1) of the mixtures (CH4 + C2H6) and (N2 + C2H6) as a function of mole
fraction x and temperature T . The values for the pure components, which were obtained in previous studies [2, 10], are also provided here.a

T /K CH4 N2 C2H6 CH4 (1) + C2H6 (2) N2 (1) + C2H6 (2)

x1 = 0.2 x1 = 0.4 x1 = 0.6 x1 = 0.8 x1 = 0.2 x1 = 0.4 x1 = 0.6 x1 = 0.8

90 9.343 8.255 4.357 5.054 5.866 6.822 7.962 4.864 5.468 6.200 7.106
105 10.97 9.699 5.100 5.916 6.867 7.990 9.335 5.705 6.423 7.290 8.356
120 12.64 11.13 5.893 6.828 7.918 9.208 10.75 6.594 7.422 8.415 9.626
135 14.33 12.55 6.742 7.792 9.019 10.47 12.21 7.531 8.460 9.566 10.90
150 16.04 13.93 7.652 8.813 10.17 11.77 13.69 8.521 9.538 10.74 12.18
175 18.89 16.16 9.326 10.66 12.21 14.04 16.22 10.30 11.43 12.75 14.31
200 21.77 18.29 11.23 12.70 14.42 16.44 18.84 12.26 13.45 14.83 16.43
225 24.70 20.33 13.39 14.98 16.83 19.00 21.58 14.43 15.62 16.98 18.55
250 27.75 22.28 15.82 17.51 19.47 21.76 24.48 16.81 17.94 19.22 20.66
275 30.96 24.15 18.53 20.31 22.36 24.75 27.57 19.42 20.42 21.54 22.79
300 34.37 25.94 21.51 23.36 25.49 27.97 30.88 22.24 23.05 23.95 24.92
325 37.98 27.68 24.74 26.66 28.86 31.42 34.42 25.26 25.83 26.44 27.07
350 41.81 29.37 28.20 30.19 32.46 35.09 38.17 28.46 28.73 29.00 29.23
375 45.84 31.02 31.87 33.92 36.26 38.97 42.12 31.82 31.75 31.62 31.40
400 50.06 32.63 35.71 37.83 40.25 43.03 46.26 35.32 34.87 34.31 33.59
450 59.01 35.80 43.81 46.08 48.66 51.61 55.02 42.66 41.34 39.81 38.00
500 68.52 38.92 52.32 54.77 57.53 60.68 64.30 50.31 48.04 45.45 42.45
550 78.46 42.02 61.11 63.75 66.72 70.11 73.98 58.18 54.90 51.19 46.94
600 88.76 45.11 70.08 72.94 76.15 79.80 83.96 66.20 61.86 56.99 51.46
650 99.33 48.20 79.16 82.26 85.75 89.68 94.17 74.30 68.89 62.83 55.99
700 110.1 51.29 88.31 91.68 95.45 99.71 104.6 82.45 75.95 68.69 60.53
800 132.1 57.44 106.7 110.6 115.0 120.0 125.7 98.78 90.08 80.41 69.60
900 154.5 63.51 124.9 129.5 134.7 140.5 147.0 115.0 104.1 92.02 78.57
1000 177.0 69.47 142.8 148.2 154.1 160.8 168.4 131.0 117.9 103.4 87.39
1100 199.3 75.30 160.4 166.5 173.2 180.9 189.5 146.6 131.4 114.6 96.01
1200 221.4 80.97 177.4 184.3 192.0 200.6 210.3 161.7 144.5 125.5 104.4

a The relative combined expanded uncertainty (k = 2) of the values for the mixtures and for pure C2H6 is estimated to be 2.0% for temperatures from 250 K to
700 K and 3.0% otherwise. The respective estimate for the values of pure CH4 is 1.0% from 300 K to 700 K, 1.5% from 200 K to 300 K and from 700 K to 1000 K,
and 2.0% otherwise, and that for the values of pure N2 is 1.0% from 300 K to 700 K and 2.0% otherwise.

coefficients obtained from molecular dynamics (MD) simula-
tions. The two figures display the deviations from the calcu-
lated values as a function of temperature because the varia-
tion of ρmD with mole fraction is very small; it does not ex-
ceed 0.81% for the (CH4 + C2H6) system and 0.36% for the
(N2 + C2H6) system at any temperature. This is not surpris-
ing, since the mole fraction dependence of ρmD is a higher-
order kinetic theory effect. In the first-order approximation,
ρmD is mole fraction independent and, similarly to the cross
second virial coefficient, determined entirely by the PES for the
unlike-species interaction. This makes the binary diffusion co-
efficient the transport property that is most suited to validate
unlike-species pair PESs provided that highly accurate experi-
mental data are available. Unfortunately, as can be seen in the
figures, the scatter of the experimental data is significant. How-
ever, for the (CH4 + C2H6) system, the data of Arora et al. [68]
(group of P. J. Dunlop) for temperatures from 275 K to 323 K
differ from our calculated values only by about −0.5%. Diffu-
sion coefficients measured by the Dunlop group are consistently
in excellent agreement with the values obtained from accurate
pair potentials in conjunction with the kinetic theory of gases as
shown previously for the systems (Kr + He) [76] (within 0.3%),
(CH4 + C3H8) [14] (within 0.3%), and (CO2 + N2) [12] (within
0.2%). To obtain values for the product of molar density and bi-
nary diffusion coefficient of the (CH4 + C2H6) system with the
lowest possible uncertainty, we therefore recommend a scal-

ing of the calculated values by a factor of 0.995, which brings
them into essentially perfect agreement with the values of Arora
et al. [68]. For the (N2 + C2H6) system, the recent data of Mc-
Givern and Manion [74] for the temperature range (300–723) K
exhibit the best agreement with the calculated values with aver-
age absolute relative deviations of 1.2%. The strong disagree-
ment of up to 8% between the calculated values and the MD-
based correlation of Chae et al. [75] is probably primarily due
to the use of the empirical OPLS force field [77] by Chae et al.
Such a simple generic model cannot be expected to yield diffu-
sion coefficients of the same order of accuracy as the system-
specific, ab initio-based pair potentials of the present work.

Figures 11 and 12 also depict the results obtained with the
unadjusted CH4–C2H6 and N2–C2H6 PESs for equimolar mix-
tures. The relative deviations from the values for the adjusted
PESs at T = 300 K are +1.12% for the (CH4 + C2H6) system
and +0.08% for the (N2 + C2H6) system. That the relative de-
viations are much larger compared with those for viscosity and
thermal conductivity is due to the fact that, as already men-
tioned, the binary diffusion coefficient in the dilute gas phase
depends essentially only on the unlike interactions.

Estimates of the relative combined expanded uncertainties
(k = 2) of the calculated values for all three transport properties
are given in the footnotes of Tables 2–4. If a scaling is recom-
mended, the estimates refer to the scaled values. Note that these
estimates are based mainly on experience. The largest source of
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Table 4: Calculated values for the products of molar densities and binary dif-
fusion coefficients, ρmD (in 10−4 mol·m–1·s–1), of the mixtures (CH4 + C2H6)
and (N2 + C2H6) in the dilute gas limit as a function of mole fraction x and
temperature T .a

T /K CH4 (1) + C2H6 (2) N2 (1) + C2H6 (2)

x1 → 0 x1 = 0.5 x1 → 1 x1 → 0 x1 = 0.5 x1 → 1

90 1.829 1.828 1.827 1.849 1.849 1.850
105 2.156 2.155 2.154 2.194 2.195 2.196
120 2.492 2.492 2.492 2.544 2.544 2.545
135 2.835 2.835 2.835 2.893 2.894 2.894
150 3.181 3.181 3.182 3.239 3.240 3.240
175 3.759 3.760 3.760 3.804 3.803 3.803
200 4.331 4.332 4.333 4.348 4.347 4.345
225 4.892 4.893 4.893 4.870 4.868 4.865
250 5.439 5.439 5.440 5.370 5.367 5.363
275 5.970 5.970 5.970 5.850 5.846 5.840
300 6.486 6.485 6.484 6.310 6.305 6.298
325 6.986 6.985 6.982 6.753 6.747 6.738
350 7.472 7.469 7.465 7.179 7.172 7.162
375 7.943 7.939 7.933 7.591 7.583 7.572
400 8.400 8.395 8.387 7.990 7.981 7.968
450 9.279 9.271 9.258 8.752 8.742 8.727
500 10.11 10.10 10.08 9.475 9.463 9.446
550 10.91 10.90 10.87 10.16 10.15 10.13
600 11.68 11.66 11.63 10.82 10.81 10.79
650 12.41 12.39 12.35 11.46 11.44 11.42
700 13.12 13.09 13.05 12.07 12.06 12.03
800 14.47 14.44 14.39 13.25 13.23 13.20
900 15.75 15.71 15.65 14.36 14.34 14.31
1000 16.98 16.93 16.85 15.43 15.41 15.38
1100 18.15 18.09 18.01 16.46 16.43 16.40
1200 19.28 19.22 19.12 17.45 17.42 17.39

a The listed ρmD values for the (CH4 + C2H6) system should be scaled by
a factor of 0.995 to obtain the recommended values. The relative combined
expanded uncertainty (k = 2) of the scaled values is estimated to be 1.0%
for temperatures from 250 K to 700 K and 2.0% otherwise. The respective
estimate for the listed values of the (N2 + C2H6) system is 2.0% from 250 K
to 700 K and 3.0% otherwise.

uncertainty is probably the treatment of the molecules as rigid
rotors. The use of the classical Hamilton equations instead of
a quantum-mechanical approach to describe the rigid-rotor col-
lision dynamics should be justified at any of the investigated
temperatures, even at the lowest. We estimate that the neglect of
third- and higher-order kinetic theory contributions to the ther-
mal conductivity does not introduce errors of more than 0.2% at
any temperature, whereas the errors resulting from the neglect
of fourth- and higher-order contributions to the shear viscos-
ity and the binary diffusion coefficient should be negligible. In
addition to these systematic uncertainty contributions, the cal-
culated transport property values have statistical uncertainties
of the order of (0.1–0.2)% as already stated in Section 3.2.

5. Correlations

Practical correlations for the cross second virial coefficients
of the two molecule pairs were obtained by fitting polynomials
in (T ∗)−1/2 with T ∗ = T/(100 K) to the semiclassically calcu-
lated values. We employed the symbolic regression software
Eureqa (version 1.24.0) [78] to find optimal polynomial struc-
tures. The resulting expression for the CH4–C2H6 molecule

Figure 8: Relative deviations of experimental data for the dilute gas shear vis-
cosity of the (N2 + C2H6) system from the calculated values of the present
work as a function of nitrogen mole fraction: •, Abe et al. [55], 298 K; ◦,
Abe et al. [55], 333 K; �, Abe et al. [55], 373 K; �, Abe et al. [55], 418 K;
_, Abe et al. [55], 468 K; ×, Vogel [57] and Vogel et al. [58], (292–682) K for
nitrogen and (291–624) K for ethane. The dashed and dotted lines indicate the
values obtained with the unadjusted N2–C2H6 PES at T = 300 K and the rec-
ommended values resulting from Eq. 10, respectively. For clarity of the figure,
the stated uncertainties for the data of Abe et al. [55] (0.3%), Vogel [57] (0.2%)
and Vogel et al. [58] (0.3%) are not indicated by error bars.

pair is

BQFH
12

cm3·mol–1 = b1+
b2

(T ∗)1/2 +
b3

T ∗
+

b4

(T ∗)5/2 +
b5

(T ∗)3 +
b6

(T ∗)6 , (11)

where b1 = 35.022, b2 = 158.69, b3 = −599.19, b4 = −42.313,
b5 = −356.69, and b6 = −75.742. For N2–C2H6, we obtained

BQFH
12

cm3·mol–1 = b1 +
b2

(T ∗)1/2 +
b3

T ∗
+

b4

(T ∗)3 +
b5

(T ∗)6 +
b6

(T ∗)8 , (12)

where b1 = 34.160, b2 = 141.14, b3 = −458.57, b4 = −181.50,
b5 = −15.381, and b6 = −0.79500. Equations (11) and (12)
reproduce the calculated values within ±0.012 cm3·mol–1 and
±0.014 cm3·mol–1, respectively. Both correlations extrapolate
reasonably to temperatures below 90 K and above 1200 K.

Correlations for ρmD were developed in the same manner as
in previous studies [12, 13, 61] using the calculated values of
the present work. The values for the (CH4 + C2H6) system were
scaled by a factor of 0.995 as recommended in the previous
section. For convenience, we neglected the small composition
dependences of ρmD and fitted the correlations to the values for
equimolar mixtures. The basic form of the correlations is

104 × ρmD
mol·m−1·s−1 =

T
1/2

S (T )
, (13)

where T = T/K. If ρmD were to be obtained from the first-
order kinetic theory, S (T ) would be proportional to a single
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Figure 9: Relative deviations of experimental data and an experimentally based
correlation for the dilute gas thermal conductivity of the (CH4 + C2H6) system
from the calculated values of the present work as a function of methane mole
fraction: _, Roder and Friend [62], (194–330) K; N, Sakonidou et al. [63],
311 K; •, correlation by Friend and Roder [64] at 140 K; ◦, correlation by
Friend and Roder [64] at 200 K; �, correlation by Friend and Roder [64] at
270 K; �, correlation by Friend and Roder [64] at 330 K. The dashed line in-
dicates the values obtained with the unadjusted CH4–C2H6 PES at T = 300 K.
For clarity of the figure, the stated uncertainties for the data of Roder and
Friend [62] (1.6%) are not indicated by error bars.

Figure 10: Relative deviations of experimental data for the dilute gas ther-
mal conductivity of the (N2 + C2H6) system from the calculated values of the
present work as a function of nitrogen mole fraction: •, Gilmore and Com-
ings [65], 348 K. The dashed line indicates the values obtained with the unad-
justed N2–C2H6 PES at T = 300 K.

generalized cross section, which decreases monotonically with
temperature. To find functional forms for S (T ) that obey this

Figure 11: Relative deviations of experimental data for the product of molar
density and binary diffusion coefficient of the (CH4 + C2H6) system in the di-
lute gas phase from the calculated values of the present work as a function of
temperature: •, Chang [66]; �, Gotoh et al. [67]; solid line, Arora et al. [68]
(provided by the authors only in the form of a smoothing function). The dashed
and dotted lines indicate the values obtained with the unadjusted CH4–C2H6
PES for an equimolar mixture and the recommended values resulting from scal-
ing the calculated values by a factor of 0.995, respectively.

Figure 12: Relative deviations of experimental data for the product of molar
density and binary diffusion coefficient of the (N2 + C2H6) system in the di-
lute gas phase from the calculated values of the present work as a function of
temperature: •, Boyd et al. [69]; ◦, Arai et al. [70]; �, Jacobs et al. [71];
�, Wakeham and Slater [72]; _, Katsanos and Karaiskakis [73];�, McGivern
and Manion [74]. The solid line indicates the MD-based correlation by Chae
et al. [75], while the dashed line indicates the values obtained with the unad-
justed N2–C2H6 PES.

constraint at any temperature (i.e., also at temperatures below
90 K and above 1200 K to ensure good extrapolation behavior),
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while being both accurate and simple, the Eureqa software was
again used. Following the approach employed in our previous
studies [12, 13, 61], T was restricted to appear solely in integer
powers of T

1/6
. Furthermore, only constants, exponential func-

tions, and the operators addition, subtraction, multiplication,
division, and negation were allowed. For the (CH4 + C2H6)
system, the following function found by Eureqa fulfills all re-
quirements:

S (T ) = d1 + d2 exp
(
−T

1/6
)

+ d3 exp
(
−T

1/3
)

+ T
1/6

exp
(
−2T

1/3
) [

d4 + d5 exp
(
−T

1/3
)]
, (14)

where d1 = 1.2242, d2 = 15.137, d3 = 271.57, d4 = −3842.3,
and d5 = 44604. The correlation reproduces the scaled calcu-
lated ρmD values within ±0.02%. For the (N2 + C2H6) system,
only a less accurate three-parameter function, which reproduces
the calculated values within ±0.3%, was found to obey the re-
quirement that S (T ) decreases monotonically with temperature:

S (T ) = d1 + d2 exp
(
−T

1/6
)

+ d3T
1/6

exp
(
−T

1/3
)
, (15)

where d1 = 1.4738, d2 = 13.363, and d3 = 85.537. For both
systems, the correlations for ρmD extrapolate in a physically
reasonable manner to any temperature below 90 K or above
1200 K.

6. Conclusions

The cross second virial coefficients and dilute gas shear
viscosities, thermal conductivities, and binary diffusion coef-
ficients of the systems (CH4 + C2H6) and (N2 + C2H6) were
determined with high accuracy at temperatures from 90 K to
1200 K using state-of-the-art computational approaches. The
cross second virial coefficients were calculated by means of
statistical thermodynamics, while the three transport properties
were computed using the kinetic theory of molecular gases [7–
11]. The required analytical PES models for CH4–C2H6 and
N2–C2H6 interactions were developed as part of this study.
They are based on supermolecular quantum-chemical ab ini-
tio calculations at the RI-MP2 [16, 17] and CCSD(T) [25] lev-
els of theory for several thousand mutual configurations of the
interacting molecules and are represented analytically by site–
site potential functions. Both analytical PESs were fine-tuned
to the best available experimental data for the cross second
virial coefficients. Fortran 90 implementations of the PESs are
provided in the Supporting Information. The computation of
the transport properties involves also the like-species interac-
tions; the respective generalized cross sections were obtained
in previous studies [2, 9] from our accurate analytical PESs for
CH4–CH4 [1], N2–N2 [4], and C2H6–C2H6 [2] interactions.

The agreement between the calculated values for the inves-
tigated thermophysical properties of the two mixtures and the
best available experimental data is overall very satisfactory and
confirms the high accuracy of the calculated values. Moreover,
the calculated values cover a much wider temperature range.

Thus, our knowledge of the thermophysical properties of these
important mixtures is substantially improved.

Tables of the computed values for the investigated proper-
ties are provided together with estimates of their uncertainties.
In the case of the shear viscosities of the two systems and the
binary diffusion coefficient of the (CH4 + C2H6) system, small
empirical adjustments (which are within ±0.5%) in the form of
scaling factors are recommended. We also developed practi-
cal correlations for the cross second virial coefficients and the
binary diffusion coefficients.

Even though the present results and those of our previ-
ous computational studies on nine further binary mixtures [9–
14, 61] cover only the low-density gas phase, they provide an
essential basis for the improvement of methods for estimating
mixture properties also at higher densities by enforcing the cor-
rect low-density limiting behavior.
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Jusélius, K. Klein, W. J. Lauderdale, D. A. Matthews, T. Metzroth, L. A.
Mück, D. P. O’Neill, D. R. Price, E. Prochnow, C. Puzzarini, K. Ruud,
F. Schiffmann, W. Schwalbach, S. Stopkowicz, A. Tajti, J. Vázquez, F.
Wang, J. D. Watts and the integral packages MOLECULE (J. Almlöf and
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