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Thermal conductivity strongly impacts heat transfer, and thus is an important thermophysical property for refrig-eration and medium-low-temperature heat
utilization systems. In this work, the residual entropy scaling incorpo-rating cubic-plus-association equation of state, as a convenient and robust modeling
approach for the transport properties of pure and mixture fluids of which the experimental data are scarce or unavailable, is extended to the thermal
conductivity of hydrofluorocarbons, hydrofluoroolefins, and their binary mixtures. For all the investi-gated pure and mixture fluids, the dependence of the thermal
conductivity on the thermodynamic state is reduced to a ‘universal’ univariate function of the rescaled residual entropy with one adjustable parameter for each
pure fluid and no further adjustable parameter for mixtures. A new formulation of the reference thermal conductivity is proposed to improve the accuracy for the
binary mixtures. The model reproduces the thermal conductivity of the investigated pure and mixture fluids with the root mean squared deviation of 2.9% in gas,
liquid, and super-critical regions. The lack or uneven distribution of the data is overcome based on the residual entropy scaling with the extensive data of
R134a as a reference.
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A dimensionless correction factor in Eq. (4) Temperature
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Molecular mass Molar fraction
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Number of data points
p 5
Pressure Percentage deviation of the model from the experimental data
R €
Universal gas constant, 8.314462618 J-mol~1K~! A Lennard-Jones parameter for dilute-gas viscosity calculation
¢
Rescaling parameter for residual entropy in the thermal conduc-
tivity model
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Viscosity
A
Thermal conductivity
ﬂref
Reference thermal conductivity for scaling
¢
Rescaling parameter for residual entropy in the viscosity model
P
Density
PN
Number density
o
A Lennard-Jones parameter for dilute-gas viscosity calculation
Subscript
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Critical property
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Mixture property
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Normal boiling point property
Superscript

CE
Translation term calculated by the Chapman-Enskog solution
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Ideal-gas property
int
Internal term
o
Dilute-gas property
res
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Reduced value

1. Introduction

As the cornerstones for economic and conceptual optimization, the
thermophysical properties of hydrofluorocarbons (HFCs) and hydroflu-
oroolefins (HFOs) have developed with their wide use as working flu-
ids in refrigeration [1] and medium-low-temperature heat utilization in-
cluding heat pump and organic Rankine cycle [2-5]. Current research
interests are increasingly focusing on replacing pure HFCs and HFOs
with their mixtures for better performance [6]. However, both exper-
imental and modeling studies on the mixtures are challenging tasks
and rare for the HFC/HFO mixtures. In this context, a semi-theoretical
model, which only requires a small quantity of experimental data and
can be easily extended to mixtures, could be one of the most feasible
approaches to evaluate the thermophysical properties. In our recent-de-
veloped models, the cubic-plus-association (CPA) equation of state was

applied to HFCs, HFOs, and their binary mixtures [7] with the associ-
ation term accounting for the weak hydrogen bond of the CH-F inter-
action, and then extended to the viscosity calculation using the residual
entropy scaling (RES) approach [8,9]. With simple mathematical formu-
lations and only 5 parameters for the thermodynamic properties and 1
parameter for the viscosity, the models reproduce the thermodynamic
and viscosity experimental data of the investigated fluids accurately in
both gas and liquid phases. Thermal conductivity is an important ther-
mophysical property that strongly impacts the heat transfer of working
fluids in the components and pipelines. Therefore, it is necessary to fur-
ther extend the models to thermal conductivity.

Thermal conductivity has been modeled by various semi-theoretical
approaches as well as empirical correlations using data from measure-
ments [10] or simulations [11]. The extended corresponding state (ECS)
model [12-14] is the current state-of-the-art semi-theoretical model to
estimate the thermal conductivity of HFCs and HFOs. The estimations
are made through the conformal transformation of the fluid of interest
onto a reference fluid, for which accurate thermodynamic and thermal
conductivity models are available. There are also semi-theoretical mod-
els based on physical assumptions on the mechanism of thermal con-
duction, e.g., the hard-sphere model [15,16] and the vibrational theory
[171, which estimate the thermal conductivity from the perspective of
molecular collisions and vibrations, respectively. All these models are
isolated theoretical frameworks that link the thermal conductivity and
thermodynamic states, while the RES approach, proposed by Rosenfeld
[18,19], reveals the link between the transport properties and thermo-
dynamic states by a univariate function of residual entropy. The resid-
ual entropy can be calculated with an equation of state, which usually
has solid theoretical and experimental foundations due to the existence
of the thermodynamic property relations. Therefore, with the aid of a
well-developed equation of state, the RES approaches have the potential
to provide more accurate and more robust predictions of transport prop-
erties than the isolated-theory-based models. Having been successfully
applied to the viscosity of HFCs, HFOs, and their binary mixtures [8,9],
our RES model incorporating CPA equation of state will be extended to
the thermal conductivity in this work.

In the viscosity model [8,9], the reduced viscosity, i.e., viscosity di-
vided by a reference value, shows a good univariate dependence on
residual entropy in the wide fluid region with the dilute gas viscosity
adopted as the reference value. However, the thermal conductivity di-
vided by the dilute gas thermal conductivity does not show as good a
scaling performance in the dense region for HFCs/HFOs. Various formu-
lations of reduced thermal conductivity were applied to the RES models
of Lennard-Jones [20,21] and molecular fluids [22-26]. For the mix-
tures of HFCs/HFOs, the approaches applicable for pure fluids may devi-
ate from experimental results. Therefore, it is essential to reconsider the
reference thermal conductivity for the pure and mixture fluids. Besides,
the experimental data of thermal conductivity usually have larger rela-
tive uncertainty than those of viscosity [27]. Therefore, a more detailed
evaluation is needed.

In this work, a RES model is applied to 15 HFCs/HFOs and their
binary mixtures. The thermodynamic properties are determined using
our recently-tailored CPA equation of state [7]. First, the CPA equa-
tion of state and RES model are briefly introduced. To obtain a bet-
ter scaling performance, the formulation of reference thermal conduc-
tivity for the pure fluids is dis-



cussed. Then, a ‘universal’ correlation of the reduced thermal conduc-
tivity as a function of residual entropy is fitted with R134a, which has
the most extensive experimental data among the investigated fluids, and
then applied to other pure fluids by introducing only one adjustable pa-
rameter. Finally, the model is extended to the binary mixtures based
on the mixing/combining rules of the CPA equation of state and the
newly-proposed reference thermal conductivity. The experimental data
of the binary mixtures are taken as the reference only for model vali-
dation because no additional mixture-specific parameter is introduced
in the mixture model. In our previous study on the viscosity RES model
[8,9], the model range was conservatively restricted to the subcritical
region. In contrast, the thermal conductivity RES model in the present
work is applied to both the sub- and supercritical region.

2. Methods

This section introduces the CPA equation of state, RES model, and fit-
ting procedure of the RES correlation and its extending to the mixtures.
The method is applied to 12 HFCs, 3 HFOs, and their binary mixtures as
listed in Fig. 1 with the number of selected data for each fluid. Similar
to viscosity and thermodynamic properties, extensive thermal conduc-
tivity data covering the whole range of thermodynamic state of interest
are not available for most of the fluids. Moreover, the experimental data
for most of the binary mixtures remains unreported. This is also what
motivates us to develop a semi-theoretical model.

2.1. Cubic-plus-association equation of state

In the RES model, the dependence of the thermal conductivity on
the thermodynamic state is represented by the residual entropy. The ac-
curacy of the residual entropy calculation has a significant impact on
the scaling performance. Therefore, it is necessary for the equation of
state to yield a faithful representation of the residual entropy as well
as the volumetric and vapor-liquid-equilibria properties. In this work,
we adopt the CPA equation of state, which was developed by Kon-
togeorgis et al. [28,29] and recently-tailored for the investigated flu-
ids [7], to calculate the residual entropy. The model uses a revised

alpha function that satisfies the thermodynamic consistency criterions
[30].

The effect of the weak hydrogen bond is represented by the associ-
ation term of the CPA equation of state. The accuracy in both gas and
liquid phases was taken into account in the fitting procedure. Thus, the
CPA equation of state can reproduce the volumetric and the vapor-lig-
uid-equilibria properties in both gas and liquid phases. Its successful ap-
plication with the RES model on the viscosity prediction demonstrates
its reliability for the residual entropy calculation. Readers can refer to
our previous work [7] for the details of the CPA equation of state.

2.2. Residual entropy scaling

Rosenfeld [18,19] proposed the quasi-universal corresponding-state
relationship for the dimensionless transport properties as a function
of the ‘excess entropy’. The relationship was verified by the simula-
tion results of the dense model fluids, e.g., hard-sphere, soft-sphere,
Lennard-Jones, and then applied to the real fluids.

The independent variable ‘excess entropy’ used by Rosenfeld
[18,19] is equivalent to the residual entropy in the present work ac-
cording to the tradition of equilibrium thermodynamics. It is defined as
the difference between the entropy and its ideal gas contribution at the
same temperature and density,

s (T, p) = 58 (T, p) — s (T p) m

where T is temperature, p is density, s* is residual entropy, s'¢ is ideal
gas entropy, and s is entropy. Readers can refer to our previous work
[7] for the derivations of the residual entropy from the CPA equation of
state. For convenience, the formulations are also provided in the supple-
mentary materials.

The reduced thermal conductivity, A*, was originally defined by
[19].

A A

ﬂ* = = —
it 23 3 2
N A\ kg T/m

where 4 is thermal conductivity, py is number density in unit of m~3,
kg is the Boltzmann constant, and m is the mass of the fluid mol-
ecule. It was proposed to make the thermal conduc-
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Fig. 1. Investigated fluids and the numbers of selected experimental data (blue: pure fluids; orange: binary mixtures).



tivity dimensionless and proved useful for the scaling of dense fluids.
Thus, we can model the thermal conductivity by correlating the univari-
ate function A* = A / Af = £ (™).

To avoid the divergence of the reduced thermal conductivity at the
ideal gas limit (s = 0, py — 0), the dilute gas thermal conductivity is
one of the candidates to replace f in Eq. (2). The Chapman-Enskog so-
lution yields the thermal conductivity of the monatomic dilute gas ac-
cording to the kinetic theory as

15R
Ao,CE — 0. 228
T am @3

where 7° is viscosity of dilute gas, R is universal gas constant, and M
is molar mass. The Chapman-Enskog solution and the collision integral
correlations proposed by Neufeld et al. [31] yield the equations of dilute
gas viscosity, as included in our previous work [8] and the supplemen-
tary materials. For polyatomic gas, the internal (i.e., rotational or vibra-
tional) degrees of freedom also contribute to the thermal conductivity,
which is different from the case of viscosity. The internal contribution
can be obtained following the modified Eucken correlation,

/lo,int _fim o, c; ~ 2R 4
where f" is a dimensionless factor with a value of about 1.32 in theory
for the Lennard-Jones fluid, c,° is the ideal gas specific heat. Thus, the
dilute gas thermal conductivity is represented by the sum of the transla-
tional and internal terms,

10 = AO,CE + ﬂo,int ©)

For more accurate estimation, the factor f‘“ in Eq. (4), or more di-
rectly, the dilute gas thermal conductivity A° as a whole, can be corre-
lated as a function of temperature using the dilute gas thermal conduc-
tivity data (if available).

Both 4%CE and 1° can be adopted as the reference thermal con-
ductivity for real fluids. Fig. 2 compares the performance: the ap-
proach using 1* = 1 / A%°E shows overall good scaling performance
but fails in the ideal gas limit, while the approach using i* = 1 /
2° collapses in the ideal gas limit but scatters at large residual en-

tropy. Therefore, in the reference term, the
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Fig. 2. The comparison of the reduced thermal conductivity for R32 as a function of resid-
ual entropy.

contribution of internal degrees of freedom of dilute gas is supposed
to be completely included in the ideal gas limit and decrease in the
dense region. Hopp et al. [22] introduced an empirical transition func-
tion a(s™) into the formulation of the reference thermal conductivity,

llref (T, sres) — AO,CE (T) + Ao,im (T) ca (Sres) (6)

In this work, the transition function is defined as
a (Sres) =exp (_SreS/R) (7)

to make the internal term completely included in the ideal gas limit and
vanish gradually with the increasing s™*. Substituting Eq. (6) to Eq. (2),
the reduced thermal conductivity shows a univariate function depen-
dence on the residual entropy in both the ideal gas limit and the dense
region, as shown in Fig. 2 with the red circle dots.

To account for the real temperature dependence of the dilute gas
thermal conductivity of the investigated pure fluids, we correlate the
factor f™ in Eq. (4) as a polynomial in temperature for each fluid

fim=60+clT+c2T2 8

where the coefficients are listed in Table 1. The normal boiling points
and critical parameters for the 15 HFCs and HFOs are also provided in
Table 1. Readers can refer to the supplementary materials for the para-
meters of the CPA equation of state and dilute gas thermal conductivity
model. The ideal gas specific heat cpo, with the data generated by NIST
REFPROP 10.0 [32], is also correlated as a polynomial in temperature,
of which the coefficients are listed in the supplementary materials for
readers' convenience.

2.3. Correlation

To obtain an accurate semi-theoretical model, one needs to select the
datasets before moving on to correlation. Since the dependence of ther-
mal conductivity on thermodynamic state can be reduced to a univari-
ate function of residual entropy, the outliers or the conflicting data can
be instantly identified in the A*-s" plot of experimental data. For the
conflicting data, the sources, experimental techniques, and reported un-
certainties are considered for determining which set to use. The datasets
or data points may also be excluded because they are not suitable for
the present purpose or that they overlap with other datasets. The pre-
sent work has no intention to critically evaluate experimental literature.
Exclusion of experimental datasets does not indicate the authors' recom-
mendation against them in other occasions. Table 2 shows an overview
of the experimental data of each fluid in the correlation. For detailed in-
formation on the experimental data, please refer to Table S6 in the sup-
plementary materials.

Fig. 3 (a) shows the reduced thermal conductivity data against the
residual entropy. For each of the investigated fluids, the reduced ther-
mal conductivity shows good scaling performance (following a perfect
univariate function of residual entropy). The curves of the 15 pure
fluids are close but not exactly the same. The similarity results from
the common features of molecular structure and intermolecular inter-
action of these compounds. The slight differences result from their
‘personalities’ in the extent of these features. Considering these dif-
ferences, a straightforward idea is to fit the model parameters sep-
arately for each fluid. However, the experimental data



Table 1

Parameters of pure fluids.

Fluid Full name Toy /K T /K Per / MPa 4 Coefficients of Eq. (8) for fint

co c1/(1073K) cy/ (10~ 5K)
R23 Trifluoromethane 191.132 299.293 4.832 0.9668 0.9185 0.5428 0
R32 Difluoromethane 221.499 351.255 5.782 0.9338 1.8677 —6.8437 1.2489
R125 Pentafluoroethane 225.06 339.173 3.6177 0.9729 1.2068 0.4480 0
R134a 1,1,1,2-Tetrafluoroethane 247.076 374.21 4.05928 1.0000 —0.0335 6.8865 —0.8000
R143a 1,1,1-Trifluoroethane 225.91 345.857 3.761 0.9554 1.0737 0.8267 0
R152a 1,1-Difluoroethane 249.127 386.411 4.51675 0.9933 0.2737 5.2905 —-0.6282
R161 Fluoroethane 235.614 375.25 5.046 0.9767 —3.5570 27.1202 —3.7842
R227ea 1,1,1,2,3,3,3-Heptafluoropropane 256.81 374.9 2.925 0.9975 0.9504 1.6672 0
R236ea 1,1,1,2,3,3-Hexafluoropropane 279.322 412.44 3.42 0.9686 1.7817 —0.7588 0
R236fa 1,1,1,3,3,3-Hexafluoropropane 271.66 398.07 3.2 0.9612 1.0095 1.2126 0
R245ca 1,1,2,2,3-Pentafluoropropane 298.412 447.57 3.9407 1.0738 0.7334 1.6227 0
R245fa 1,1,1,3,3-Pentafluoropropane 288.198 427.01 3.651 0.9972 0.7270 2.2701 0
R1234yf 2,3,3,3-Tetrafluoroprop-1-ene 243.665 367.85 3.3822 0.9788 0.9605 1.1780 0
R1234ze(E) trans-1,3,3,3-Tetrafluoropropene 254.177 382.513 3.6349 1.0111 0.1065 7.0036 —0.9997
R1243zf 3,3,3-Trifluoroprop-1-ene 247.726 376.93 3.5179 1.0356 1.2500 0 0

for some newly-emerging low-GWP fluids are insufficient to cover a
wide range of residual entropy for the development of RES correlation.
Therefore, we are prompted to take advantage of the common features
of HFCs/HFOs by collapsing data of all investigated fluids to a single
RES curve, which takes the formulation of

1 2
res \ 3 res \ 3 res
niA*=B8B, - s +B, - s + B, - s
eea <CR> 2 <CR> : (cR
sres % sres
+B5' C_R +B_1' exp —Bo'C—R -1

where B; denotes the coefficients, of which the values are given in Table
3, and ¢ is the rescaling parameter to benchmark the residual entropy
of the fluids against the single RES curve. The coefficients of the RES
curve, B;, are fitted with R134a at first because R134a has the most
extensive experimental data which cover a wide thermodynamic state
region. From this perspective, R134a is selected as a reference to cap-
ture the trend. Thus, the value of the rescaling parameter ¢ is set to
unity for R134a. As shown in Fig. 3 (a), the correlation curve is in
good agreement with the data of R134a, while the data of the other
14 fluids deviate positively or negatively from the curve. For each of
the fluids except R134a, ¢ is obtained by minimizing the summation of
the squared relative deviation of the calculated value of Eq. (9) from
the experimental data. Fig. 3 (b) shows the reduced thermal conductiv-
ity data against the rescaled residual entropy (s"° / ¢). With the intro-
duction of ¢, the data for all the investigated fluids are closely mapped
onto the single RES curve fitted with R134a. Table 1 lists the values
of ¢ of all the investigated fluids. The approach using the single RES
curves to capture the common features of the investigated fluids was
also applied in our previous work [8,9] and Refs. [107, 108]. In this
approach, the RES model not only represents all the investigated flu-
ids and their mixtures by capturing the common trend in A*-s'S, but

also makes possible future extensions of the model to other, newer com-
pounds of the same family.

2.4. Mixture modeling

Assuming the mixture thermal conductivity to follow the common
trend in A*-(s™ / (), the RES curve, Eq. (9), is extended to the binary
mixtures of the investigated fluids. The extension is related to three as-
pects: the CPA equation of state, reference thermal conductivity, and the
rescaling parameter (.

The CPA equation of state can be readily extended to the binary mix-
tures using the van der Waals mixing rules for the SRK parameters and
the Elliot combining rule [109] for the association strength between
molecules of different components. The reference thermal conductiv-
ity in Eq. (6) can be extended to mixtures with the dilute gas mixture
thermal conductivity predicted by the Hirschfelder-Eucken expression
[110]. Readers can refer to the supplementary materials for the mixing/
combining rules of the CPA equation of state and the dilute gas transport
property models for the mixtures derived by the kinetic theory.

The arithmetic mean mixing rule of the rescaling parameter ¢, i.e.,
¢ = x181 + x5, has been successfully applied in the recent works
[25,26]. From this perspective, the mixture model is predictive. The ex-
perimental data are needed for the model validation. Table 4 shows an
overview of the experimental data for binary mixtures. For detailed in-
formation on the experimental data, please refer to Table S7 in the sup-
plementary materials.

Fig. 4 (a) and (b) shows the data of R125 + R134a and
R32 + R125 as examples in reduced thermal conductivity against resid-
ual entropy. For most of the investigated binary mixtures, such as
R125 + R134a, the data can be readily mapped onto the RES curve,
following the mixture model. However, the model is not so applicable
for some of the mixtures, especially R32 + R125 and R32 + R134a. As
shown in



Table 2
Experimental data and relative deviations of pure fluids.

Fluid Experimental data Deviation / %
T/K p/MPa N RMS * Smax

R23 192 to 0.1 to 320 3.3 9.8
455 39.3

R32° 223t0  0.1to 999 2.8 14.5
466 50

R125° 225 to 0.04 to 1673 2.3 8.8
513 36

R134a’ 248 to 0 to 40 6271 2.5 11
533

R143a‘ 233 to 0.1to 539 21 7.7
499 37.1

R152a" 250 to 0.03 to 1734 3.5 13.3
510 45

R161° 236 to 0.1to 361 2.1 7.3
381 5.2

R227ea’ 282 to 0.04 to 291 1.5 5
344 2.9

R236ea " 281 to 0.05 to 202 1.6 45
334 0.5

R236fa’ 273t0  0.03to 256 2.1 5.2
375 30

R245ca” 298 to 0.03 to 131 2.2 5.8
393 0.3

R245fa” 290 to 0.1to 555 2.9 10.4
416 35.5

R1234yf° 244 to 0.1to 744 1.0 5.1
344 21.7

R1234ze(E) 255 to 0.05 to 1102 1.7 7.7
402 23.3

R1243zf* 314 to 0.9 to 35 5.7 14.5
406 6.1

Overall 192 to 0 to 50 15,213 2.5 14.5
533

o

RMS = \/Z [(Aexp - ﬁcal) /Acal]Z/N'
Relative deviation 6 = (Acal — Aexp)/Aexp-
Reference: [33-39].

Reference: [40-50].

Reference: [40-42, 44, 46-48, 50-60].
Reference: [41, 43, 50-52, 54,57, 58, 61-79].
Reference: [46, 80, 81].

Reference: [37, 39, 41, 66, 74, 82-93].
Reference: [94].

Reference: [95, 96].

Reference: [95].

Reference: [95, 97].

Reference: [95, 98].

Reference: [98-103].

Reference: [104].

Reference: [104, 105].

Reference: [106].
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Fig. 3. Reduced thermal conductivity for the pure fluids as a function of (a) residual en-
tropy and (b) rescaled residual entropy.

Table 3
Coefficients of Eq. (9).

i B;

1 0.4853527
2 —2.380075
3 1.799938

5 —0.1274701
-1 —2.514361
0 0.7490895

Fig. 4 (b), the data points

of the mixture R32 + R125 fall below the

points of pure R32 and R125 at the same residual entropy. Thus, the bi-
nary mixture R32 + R125 would have a larger ¢ than both of its pure
components, which deviates significantly from any type of average mix-
ing rule, including arithmetic and geometric. Therefore, we turn to in-
vestigate the reference thermal conductivity.



Table 4

Experimental data and deviations of the binary mixtures.

Mixture Experimental data : Deviation / %

x1 T/K p/ MPa N RMS* Gmax
R32 + R125° 0.19 to0 0.88 233 to 428 0.1 to 30 453 3.4 8.5
R32 + R134a’ 0.3 to 0.85 248 to 385 0.1 to 30 1425 4.5 9.4
R32 + R1234yf" 0.25 to 0.75 264 to 395 0.9 to 4 36 4.9 13.5
R32 + R1243zf° 0.251t0 0.75 264 to 395 l1to4 37 4.9 13.3
R125 + R134a’ 0.19 to 0.79 248 to 387 0.1 to 20 1160 4.1 8.4
R125 + R143a° 0.41 255 to 372 0.1to0 3.8 162 4.9 13.1
R125 + R152a " 0.5 274 to 394 1to 3.1 11 4.5 7.6
R125 + R1234yfh 0.5 260 to 394 1.1t03.1 12 3.5 6.5
R125 + R1234ze(E) " 0.5 263 to 395 1to3.1 12 3.0 4.3
R134a + R1234yf' 0.5 255 to 385 1to3 12 5.3 11
R134a + R1234ze(E)" 0.5 275 to 404 0.9to 3.1 12 6.4 10.5
R143a + RlZ?>4yfh 0.5 265 to 394 1.1to 3.1 12 2.3 5.4
R143a + R1234ze(E) " 0.5 265 to 404 0.9to3 12 4.2 9.4
R1234yf + R1234ze(E) " 0.5 275 to 414 0.9to 3 12 3.4 6.6
Overall - 233 to 428 0.1 to 30 3368 4.3 13.5

®

RMS = \/Z [()‘exp - )’Cal) /Acal]z/N'

Relative deviation § = (Acal — Aexp)/Aexp-
References: [44,47,50,111-114].
References: [43,111,114, 115].
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Fig. 5 compares A" calculated by Eq. (6) with the experimental
value. For R125 + R134a, the reference thermal conductivity calculated
using Eq. (6) is almost a linear function of the mole fraction and follows
the experimental data points, while for R32 + R125, the reference ther-
mal conductivity is a concave function of the mole fraction and expected
to be more concave. Therefore, we revise the formulation of reference
thermal conductivity,

15R
/lref(T’xl’sres)zrlo (T,x1)~ .(l_a(sres))
4M (x;) 10)
+2°(T,x)) - o (5™)

where the dilute gas viscosity #° and thermal conductivity 1° for bi-
nary mixtures are obtained by the kinetic theory, and M is the molar
weighted arithmetic mean of the mole fraction. Here, the model us-
ing Eq. (6) is denoted as the RES-CPA model; that using Eq. (10) is
denoted as the r-RES-CPA model. For the pure fluids, the r-RES-CPA
model reduces to the RES-CPA model, as x; approaches to 1 or 0. For
the mixtures in the dense region, the reference thermal conductivity
of the RES-CPA model approximately equals the translational term of
the dilute gas thermal conductivity, while the reference thermal con-
ductivity of r-RES-CPA is proportional to the dilute gas viscosity. For
R125 + R134a, both models are equally good. For R32 + R125, the
r-RES-CPA captures the more concave trend of experimental data and is
more accurate, as shown in Fig. 4 (c) and Fig. 5.

In brief, the mixture thermal conductivity follows the common trend
in 1*(s" / () represented by Eq. (9). The reduced thermal conduc-
tivity, A, is derived from Eq. (10). The residual entropy, s™, is de-
rived from the CPA equation of state [7]. The rescaling parameter,
¢, is obtained by the arithmetic mean mixing rule. The mixing/com-
bining rules of the dilute gas

model in Eq. (10) and of the CPA equation of state are provided in the
supplementary materials.

3. Results and discussion

3.1. Range of applicability

The range of applicability of RES law depends on the strength of
the correlation between virial and potential energy. The strength is in-
dicated by the correlation coefficient [118]. Bell et al. [21] analyzed
the simulation results of Costigliola et al. [119] on the Lennard-Jones
fluid: the correlation coefficient in the liquid and supercritical regions
is close to unity, indicating a strong correlation and thus a good scal-
ing performance; as the temperature and density decrease, the corre-
lation coefficient also decreases, indicating the possibility of the devi-
ation of reduced thermal conductivity from the univariate dependence
on residual entropy. The model's range of applicability also depends
on the CPA equation of state, which yields the input parameter of the
RES model, i.e., residual entropy. The parameters of CPA equation of
state were fitted to the experimental data in the subcritical region be-
tween Ty}, (normal boiling point) and 0.9T,, (critical temperature) and
up to 5p., (critical pressure) in our previous work [7]. Near the criti-
cal point, thermodynamic properties are extremely sensitive to the ther-
modynamic state. The models proposed by Kiselev et al. [120-122]
and White et al. [123,124] are promising to capture these features.
With the support of an accurate thermodynamic model, a critical en-
hancement term [125,126] can be included in the RES model to rep-
resent the divergence of thermal conductivity near the critical point,
which was adopted in the recent RES models for Lennard-Jones fluid
[20,21]. However, regression of the model parameters that are re-
lated to the near-critical region requires accurate thermodynamic and
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Fig. 4.

transport property data, which are not available for most of the investi-
gated fluids in the present work.

According to the practice and the fitting range of the CPA equation of
state, the lower limit of the temperature and upper limit of the pressure
are Ty, and 10p,, respectively. The near-critical region is also excluded
from the range of applicability.

Fig. 6 shows the relative deviation of the model from the experimen-
tal data of all the investigated pure fluids. To visualize the applicability,
the data near the critical point, which are obviously beyond the range
of applicability of the model, are included. The relative deviation is de-
fined as

6= (ﬂcal - Aexp) /Aexp (11)

The deviation of the model is generally smaller than 5% in the lig-
uid region and in which the temperature is far higher than T,,. No more
than 2% of the data have large deviations of 10% to 15%. These data are
mainly distributed in the gas phase. The data in the supercritical region
are also included in the modeling due to their low deviations from the
model, and these data make the scaling curves in Fig. 3 continuous in-
stead of being separated into two clusters of the gas and liquid region. In
the vicinity of the critical point, the deviation is larger than 15%, mainly
due to the critical enhancement: a slight change in temperature or pres-
sure may cause a significant change in thermal conductivity. Therefore,
the model deviates from the real characteristics in the region near the
critical point, or to be more specific, the region with the temperature be-
tween 0.95T,; and 1.1T,; and the pressure between 0.7p.; and 1.5p., as
shown in Fig. 6. In the following validation procedure, the data within
the above range will be removed.

In summary, the RES-CPA model is applicable in wide ranges of
temperature and pressure including the gas, liquid, and supercritical
regions, except for the region in the vicinity of critical point
(0.95T; < T < 1.1T; and 0.7p.; < p < 1.5p.,) with a simple formula-
tion of a univariate function of residual entropy.

3.2. Pure fluids

The RES-CPA model is based on the correlation for R134a. Therefore,
the correlation is the first to be validated by the comparison to the ex-
perimental data of R134a. Perkins et al. [78] contributed the major por-
tion of the experimental data, of which the reliability is corroborated by
the data from other sources and the RES-CPA model. 80% of the R134a
data agree with the model within 3%, and only 5% of the data with de-
viations larger than 5%. Fig. 7 shows the relative deviation of the model
from experimental data as a function of temperature and pressure. The
deviation does not show any obvious trend with the increase of either
temperature or pressure.

The RES curve is fitted and validated with the experimental data
of R134a covering wide ranges of temperature and pressure. It cap-
tures the trend and can be extended to the fluids in the same fam-
ily of which the experimental data are scarce or unavailable. The re-
sults for the other 14 fluids are compared to the experimental data
to validate Eq. 9). Table 2 lists the root

mean square (RMS) and maximum (max) deviations of the model for
each pure fluid. Fig. 8 shows the data distribution and deviation his-
togram. With a single adjustable parameter ¢ introduced, the model
shows comparable performance to that for R134a: 82% of data points
are accurately reproduced within 3% deviation; the deviation shows no
obvious trend with the increase of temperature or pressure. Therefore,
taking advantage of the common features of the compounds, it is not
necessary to fit the model parameters separately for each fluid. Rescal-
ing the residual entropy and fitting the single RES curve is a feasible
method to predict the thermal conductivity of the fluids in the same fam-

ily.
3.3. Binary mixtures

The mixture model is extended from the ‘universal’ RES curve with-
out fitting the mixture data. It accounts for the interaction of the two
components in the binary mixture with the aid of the mixing/combin-
ing rules in the CPA equation of state and dilute gas transport property
model. Available thermal conductivity data of binary mixtures are col-
lected for the validation of the model.

Fig. 9 shows the reduced thermal conductivity of the binary mix-
tures along with the pure fluids as a function of residual entropy. The
mixture curves collapse to the reference (pure fluid) curve. The vast ma-
jority of data are distributed within 10%.

Table 4 lists the maximum and average relative deviations of the
model with experimental data for each binary mixture. Fig. 10 shows
the data distribution and deviation histogram for each binary mixture.
With no additional fitted mixture-specific parameter, the model shows
acceptable results for the binary mixture: the calculated results mostly
show a slight positive deviation from the experimental data while 73%
of the data are reproduced within 5%; the deviation shows no obvious
trend with the increase of temperature, pressure or molar fraction.

The results of the RES-CPA and r-RES-CPA using different refer-
ence thermal conductivity are also compared in Fig. 10. For the mix-
tures with extensive data such as R32 + R125 and R32 + R134a, the
RES-CPA model shows larger positive deviations than r-RES-CPA. The
introduction of mixture-specific parameters is likely to bring the relative
deviation closer to a normal distribution centered at zero. However, due
to the limited sources and ranges of experimental data, the development
of a predictive model is the top priority. Additional data will be appre-
ciated for the development of empirical as well as semi-theoretical mod-
els, including the further improvement of the formulation of the refer-
ence thermal conductivity obtained by induction in this work.

3.4. Rescaling parameters

For the monatomic fluids, it was verified that the transport prop-
erties can collapse onto a single RES curve with no substance-specific
parameter using the simulation results of Lennard-Jones fluid [20,127]
and experimental data of noble

Reduced thermal conductivity of the RES-CPA model for (a) R125 + R134a and (b) R32 + R125 and the revised reduced thermal conductivity of the r-RES-CPA model for (c)
R32 + R125 as a function of residual entropy. (hexagon dots with color filled: mixtures; triangle dots: R125; diamond dots: R134a; circle dots: R32; solid curve: the RES correlation, Eq.

(9); dashed curve: § = *+10%; dotted curve: 6 = +20%).
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gases [128]. For the Lennard-Jones chain fluids [20,127] and normal
alkanes [107], the reduced transport properties show the univariate de-
pendence on residual entropy. The slope of scaling curves in the dense
region varies monotonously with the chain length. For the HFCs/HFOs,
the curves also scatter in the dense region. Therefore, in the RES-CPA
model, the fluid-specific rescaling parameter, ¢ for the thermal conduc-
tivity, and ¢ for the viscosity in our previous work [8,9], are proposed
to rescale the data of all investigated pure fluids into a single RES curve
of the investigated fluids. It is not difficult to infer that the rescaling pa-
rameter is related to the molecular structure. However, it is no easy task
to reveal the relationship between the rescaling parameter and molecu-
lar structure or to propose a pure predictive approach to obtain & or ¢
with some basic parameters regarding such a limited number of fluids
with complex molecular structures including branches, double bonds,
association, etc. Therefore, in both studies, & or ¢ is obtained with an
empirical approach by minimizing Y'§. In both studies, the values of
the rescaling parameters for the reference fluid, R134a, are set to unity.
The values larger than unity are used to correct the positive deviation
from the reference RES curve and the values smaller than unity to cor-
rect the negative deviation. The parameters £ and ¢ do not show obvious
correlation. Also, either of them does not show obvious correlation with
other basic parameters, e.g., acentric factor, dipole moment, critical and
Lennard-Jones parameters. In general, the introduction of £ and ¢ as the
only adjustable parameter is an advantageous approach to develop the
RES model for the fluids belonging to the same family. Its relationship
with molecular structure remains to be explored.

4. Conclusions

In this work, we model the thermal conductivity of HFCs, HFOs,
and their binary mixtures using the RES approach and CPA equation
of state. In wide ranges of temperature and pressure except for the
near-critical region, the dependence of the thermal conductivity on
the thermodynamic state is reduced to a univariate function of resid-
ual entropy, ie., the data on the
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Fig. 6. Relative deviation in the reduced ranges of temperature, pressure, and density rel-
ative to their values at the critical point.

thermodynamic phase diagram are mapped onto a single coordinate of
residual entropy. Thus, the lack or uneven distribution of the data can
be readily overcome.

Taking advantage of the common features of molecular structure and
intermolecular interaction of HFCs/HFOs, our previous procedure for
the viscosity, i.e., correlating the RES curve using the data of R134a
and then fitting the single rescaling parameter for each pure fluid, is
applied for the thermal conductivity successfully and clarified to be ad-
vantageous to develop the RES model for the homogeneous fluids. A
new reference thermal conductivity formulation is proposed to obtain
the univariate function relationship and improve the prediction accu-
racy for mixtures. For the investigated pure fluids, the overall RMS de-
viations of the RES-CPA model is 2.5%, and the maximum deviation
from experimental data is 14.5%. The 14 pure fluids, with only one ad-
justable parameter for each, show similarly accurate results to the refer-
ence fluid, R134a. For the 14 binary mixtures, with the newly proposed
reference thermal conductivity, the overall RMS and maximum devia-
tions are 4.3% and 13.5%, respectively.
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Fig. 8.

Relative deviation of RES-CPA model from the experimental data of other pure HFCs/HFOs as a function of temperature, pressure and the histograms of the deviation.
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Fig. 10. Relative deviation of the r-RES-CPA model from the experimental data of HFC/HFO binary mixtures as a function of temperature, pressure, and mole fraction, and the histograms
of the deviation of the RES-CPA (red slash filled) and r-RES-CPA (blue solid filled) model with different reference thermal conductivity.
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