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Abstract
Residual entropy scaling of thermal conductivity was applied to pure refrigerants, including natural and halogenated refrigerants, and their mixtures. The reference equations of state and the mixture models implemented in the REFPROP software package were adopted to calculate the residual entropy, and the critical enhancement of thermal conductivity was taken into account with the residual entropy scaling approach for the first time. Experimental data of 39 pure fluids with more than 38000 data points, and of 31 mixtures with more than 7600 points were collected and analyzed. More than 95.4% of the data (within two standard deviation of the mean) of pure fluids collapse into a global dimensionless residual thermal conductivity vs. scaled dimensionless residual entropy curve within 11.1%, and those of mixtures are within 8.3%. This smooth, monotonically-increasing curve was correlated with a polynomial function containing only four fitted parameters and one fluid-specific scaling factor. Each pure fluid has its individual scaling factor and a simple mole-fraction-weighted mixing rule was applied for mixtures. The correlation function provides a reliable thermal conductivity prediction of pure fluids and, without any additional parameters, of mixtures. The proposed model yields similar statistical agreement with the experimental data as the extended corresponding states (ECS) model, which is the current state-of-the-art and has as many as four more parameters for each pair of components.
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1. Introduction

Thermal conductivity is central to the calculation of heat transfer coefficients in heat exchangers. A reliable model able to accurately predict the thermal conductivity of fluids, especially the newly-commercialized pure refrigerants and their mixtures, would significantly push forward the application of new refrigerants in industry. Many thermal conductivity models have been proposed, including empirical thermal conductivity correlations for refrigerants,1, 2 hard-sphere schemes,3-7 the extended corresponding states (ECS) model,8, 9 other corresponding states methods10, 11 and residual entropy scaling (RES) approaches.12-16 Among these methods, the RES approach is attracting increasing attention in recent years. Because, according to the RES approach, the dependence of thermal conductivity on the thermodynamic state (typically dependent on temperature and density for pure fluids) is reduced to a univariate function of residual entropy in a wide temperature and pressure range. Since only one variable is required, compared to other models, far fewer experimental data points are needed to obtain the parameter(s) of the RES model for a pure fluid, and ideally no additional fitted parameters (apart from those required in the equation of state, EoS) are needed for mixtures.

The RES approach was originally developed by Rosenfeld17 in the 1970s. It is a hypothesis based on the analysis of hard spheres and inverse power law potentials in the liquid phase, and was investigated by isomorph theory in recent years.18-22 This approach has been verified for viscosity of the Lennard-Jones fluid12 and hundreds of real fluids (hydrocarbons,23-25 refrigerants26-28 and other commonly-used fluids29, 30), but only verified for thermal conductivity of a few real fluids.13-16, 31 Compared to viscosity, the major challenge in modelling thermal conductivity is that the critical enhancement, which arises from the long-range density fluctuations that occur in a fluid near its critical point, is significant in a much wider window in temperature and density.1, 32 The enhancement is significant even relatively far from the critical point.33 None of the previously published RES approaches13-16, 31 for thermal conductivity take the critical enhancement into account while this research will be the first one to do so. 

In our previous work,28 a reliable RES approach combining the reference EoS and mixture models implemented in the REFPROP software package34 was successfully applied to viscosity of 39 pure refrigerants and their mixtures. The pure refrigerants include chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), hydrofluoroolefins (HFOs), hydrochlorofluoroolefin (HCFOs) and natural refrigerants. In this research, a similar approach will be adopted for predicting thermal conductivity of the same pure refrigerants and their mixtures. The pure refrigerants selected in this work are listed in Table 1. The theoretical background of the RES approach for thermal conductivity is summarized in section 2. Collection, correction and selection of the experimental data are discussed in section 3.1. The RES approach is first applied to pure R134a in section 3.2, then to all pure fluids with a global correlation function constructed in section 3.3. The correlation function’s capability for fluid mixture thermal conductivity prediction is demonstrated in section 3.4. Conclusions are given in section 4. This work proposes a reliable correlation function to predict thermal conductivity of fluid mixtures without any extra parameters. 

2. Theoretical background

The molar residual entropy sres of a fluid is defined by
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which is the difference between the real fluid entropy s and the ideal gas entropy sig at the same temperature T and molar density ρ. In this work, the molar residual entropy sres of pure fluids and mixtures is calculated with the reference EoS and mixture models implemented in the REFPROP 10.0 software package,34 whose interface was made via the Python package CoolProp 6.4.1.35 The EoS for each pure fluid is listed in Table 1, and the mixture models are shown in Figure 1. The dimensionless residual entropy s+ is defined as: 
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where R = 8.314462618 J⋅mol−1⋅K−1 is the universal gas constant. 

Referring to the work of Bell et al,12 the Rosenfeld-scaled17 thermal conductivity (thermal conductivity scaled by the appropriate length, energy, and time dimensions in the liquid phase) is defined as:
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and the plus-scaled12 thermal conductivity (defined to repair the divergence at zero density based on the study of inverse-power-law potentials) is defined as:
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Here, λ is the thermal conductivity; kB = 1.380649⋅10−23 J⋅K−1 is the Boltzmann constant; ρN is the number density in units of m−3, not to be confused with molar density ρ in units of mol⋅m−3; m is the mass of one molecule in units of kg. The number density ρN of both pure fluids and mixtures is calculated with REFPROP 10.0. For fluid mixtures, the effective mass of one particle m was replaced with the mass fraction weighted average mmix of the components
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where yi is the mass fraction of component i and mi is the mass of one molecule of component i. An attempt to use a geometric average mixing rule for mmix resulted in a small difference, and another attempt to use a mole-fraction-weighted average instead of a mass fraction weighted average resulted in an slightly worse result (see section 3.4). 

Two ‘residual’ terms of thermal conductivity are used in this work:
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Here, λres+C is the difference between λ and the dilute gas thermal conductivity λρ0 at the same temperature, and λres is the residual thermal conductivity being the difference between λres+C and the critical enhancement of thermal conductivity ΔλC(T, ρ) at the same temperature and density. The dilute gas thermal conductivity λρ0 for both pure fluids and mixtures are calculated with REFPROP 10.0 via the Python package CoolProp 6.4.1.35 A detailed description of the methods used to calculate λρ0 in REFPROP 10.0 are provided by Chichester and Huber.8 The critical enhancement of the thermal conductivity ΔλC(T, ρ) is calculated according to a crossover model proposed by Olchowy and Sengers36 as
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Here η is the viscosity, cp and cv are the isobaric and isochoric specific heat capacity, ρcrit and pcrit are molar density and pressure at the critical point; all these values are calculated with the default models in REFPROP 10.0. The values of RD = 1.02, ν = 0.63, and γ = 1.239 are universal constants33 while Γ, φ0, Tref and qD are fluid-specific parameters obtained from REFPROP 10.0 and listed in Table 1. For fluid mixtures, we adopt the same mixing rule as the ECS model developed by Chichester and Huber,8 i.e., for mixtures, Γ, φ0, Tref and qD in Eqs. (8) to (11) are replaced with the mole-fraction-weighted average of the pure components: 
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where xi is the mole fraction of component i and Z is one of the parameters Γ, φ0, Tref and qD. The critical parameters (Tcrit, ρcrit and pcrit) of the mixtures were obtained from REFPROP 10.0 as well. A downside of this approach is that while the pure fluid thermal conductivity is divergent on approaching its critical point, that does not appear to be the case for mixtures.37 In the critical region an extensive body of mixture experimental data and reasonably simple theory are both lacking. We highlight that the approach for the critical enhancement should be reasonable, but is not consistent with the expected non-divergent behavior for mixtures.


Both  in Eq (3) and λ+ in Eq (4) are dimensionless thermal conductivity terms. According to Eqs. (3)(4)(6)(7), many dimensionless residual thermal conductivity terms can be calculated. These are discussed in Section 3.1 and listed below:
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while only λres+ will be used for further correlations. 

3. Results

3.1. Data collection and selection

In total, 38602 experimental (T, p, λ) values of the pure fluids and 7621 experimental (T, p, λ, x) values of the mixtures were collected from the NIST ThermoData Engine (TDE) database version 10 38 as well as other publications.39-57 These experimental data were obtained from more than 300 sources for pure fluids and more than 30 sources for mixtures, detailed citations of which are provided in the Supporting Information (SI). The number of literature sources for each pure fluid and each mixture are listed in Table 2 and Table 3, respectively. Please note, some pure substances and mixtures have data from the same sources. The mixtures include 28 binary mixtures, two 3-component mixtures and one 5-component mixture. Some mixtures are complex systems composed of very different molecules, such as alkane + haloalkane and CO2 + haloalkane. A small portion (less than 0.1%) of data from the TDE database were corrected. These include data measured at saturation but mistakenly recorded with a pressure of 101.3 kPa, and data recorded with an incorrect unit of thermal conductivity or pressure. In the former case, the wrong pressure value (101.3 kPa) was changed to the bubble point pressure or dew point pressure at the reported temperature (and composition for mixtures) at the saturated liquid or gas state, respectively. 

Not all collected experimental data could be used in this work. Some values were measured at extremely high pressure, high density or low temperature (e.g., lower than the triple point temperature) which exceed the limits of the reference EoS in REFPROP 10.0 34. These values, consisting of approximately 0.66% of all data for pure fluids and 1.22% for mixtures, had to be filtered out. A second filter was applied to those values which do not agree with the reported phase (approximately 1.97% of all data for pure fluids and 0.38% for mixtures). These values were generally measured in the vicinity of the phase boundaries or the critical point. In such case the fluid was calculated to be in the liquid phase with the reference EoS according to the reported temperature and pressure but the reported thermal conductivity was obviously a vapor-phase value, or vice versa. 

After filtering out the aforementioned sets of inappropriate values, a third filter was applied to exclude another 1.00% of all data for pure fluids and 0.62% for mixtures. These values deviate from the global correlation curve (see sections 3.3 and 3.4) by more than 30% (or 25% for pure R1234ze(E) only in order to filter out a portion of an obviously inaccurate dataset, see Figure S15 in the SI). They are mainly: reported with unexpectedly large uncertainties, captured with additional uncertainty due to the unit conversion24 (e.g., from thermal diffusion to thermal conductivity), or in the vicinity of the critical point but not well corrected with the adopted critical enhancement model. The third filter guaranteed that the correlation (see section 3.3) was not significantly affected by the few outlying points. Please note, although these outlying points were filtered out for the best-achievable correlation and for a reasonable statistics analysis, they are shown in almost all figures in this work, unless otherwise stated. A summary of the numbers of values screened out by each filter for each pure fluid and each mixture are listed in Table 2 and Table 3, respectively. The temperature, pressure (and composition for mixture) ranges of the selected data are summarized in Table 1 and Table 3, respectively, for pure fluids and mixtures. 

3.2. Scaling for pure R134a



The RES approach described in section 2 was applied to pure R134a at first as it has the largest number of data sources (31 in total) and values (8530 in total) among the investigated pure fluids and this allowed a comparison of the different scaling for λ, i.e., Eq. (3)(13)(14)(15). The experimental thermal conductivity of R134a as a function of temperature and pressure in a 3D plot, as well as four different dimensionless (residual) thermal conductivities , , λ+res+C and λ+res, see Eq. (3)(13)(14)(15) respectively, as functions of the dimensionless residual entropy s+ in 2D plots are shown in Figure 2. Figure S22 in the SI presents an enlarged version and contains detailed sources of each data set of Figure 2(d) and (e). 





The evolution of the current RES approach can be briefly explained according to Figure 2. The denominator in Eq. (3), , reduces the two-variable function  to the univariate function  as proposed by Rosenfeld.17 Using this denominator, the Rosenfeld-scaled thermal conductivity generally collapses onto an L-shape curve with a large bump in the vicinity of the critical point (s+ = 1.1 to 2.2), see Figure 2(b), and a diverging behavior at zero density. An attempt to convert the L-shape curve to a quasi-linear curve is to take away the dilute gas contribution λρ0, which yields a  vs. s+ curve in Figure 2(c). This, however, is not very successful as there is still a fanning out in the dilute gas region (s+ < 0.3). 


Then in 1999, Rosenfeld58 noted that thermal conductivity and other transport properties like viscosity and self-diffusion are proportional to sres−2/3 for dilute gases of finite density modelled by inverse power law pair potentials. According to this, Bell et al12 in 2019 applied a new denominator, , to the Lennard-Jones fluid to successfully smooth the curve in the dilute gas region (s+ < 0.3) , see Figure 2(d) for λ+res+C. This Rosenfeld denominator is required for application of isomorph theory, and multiplying by (s+)−2/3 doesn't break that scaling, while simultaneously fixing the dilute gas divergence. However, the bump in the vicinity of the critical point (s+ = 1.1 to 2.2) still exists; therefore, in this work, we further adopted the crossover model of Olchowy and Sengers,36 which corrects the critical enhancement of the thermal conductivity, to reduce the size of the bump, see Figure 2(e). Ideally, the critical enhancement model would perfectly remove the critical enhancement in Figure 2(d), however, this is not the case, and more importantly, the experimental data have large uncertainties in the vicinity of the critical point. For instance, if not appropriately handled, convection inside the measuring cell causes significant measurement errors as the critical point is approached, and will result in a larger ‘apparent’ thermal conductivity than the real one. Some data near the critical point were reported as thermal diffusivity, whose conversion to thermal conductivity requires calculations of isobaric heat capacity and density from the EoS. These calculations introduce additional error because EoS generally have larger uncertainties near the critical point, particularly with regards to caloric properties. 

3.3. Correlations with pure fluids

The RES approach described in section 2 was then applied to all 39 pure fluids. The corrected and filtered (only the first two filters were applied) experimental (T, p, λ) data are illustrated in the λres+ vs. s+ plots in Figure 3. Figures S1 to S39 in the SI present an enlarged version of Figure 3, contain detailed sources of each data set, and show the plots with and without the critical enhancement correction. Generally, all data of a pure fluid collapse into an individual curve, and all curves have a similar quasi-logarithmic pattern. The few outlying points are those with significant critical enhancement or with unexpectedly large uncertainty. It is clear that the elimination of the bump near the critical point is successful for some pure fluids, e.g., isobutane, n-butane, propane and ethane as shown in Figures S8 to S11 in SI. However, there are also cases (e.g., R143a in Figure S23 and R245fa in Figure S27) for which the critical enhancement model seems to over-correct the data in the gas phase. There are very limited data for R245fa near the critical point and thus the parameters of the critical enhancement model for R245fa appear to be not reliable. 

To correlate the relation of λres+ and s+ for pure fluids, a similar polynomial equation for viscosity in our previous paper28 was adopted:
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where ni (i = 1,2,3,4) are the fitted parameters; their values were fitted individually to the experimental data of each pure fluid and are listed in Table 4. Attempts to use other equations, e.g. logarithmic-scaling of λres+ or different powers of s+, were carried out, however, none yielded obviously better results. This empirical equation and the generalized one of Eq. (17) together with the RES approach described in Section 2 are named the RES model for thermal conductivity in this work. Using the fitted fluid-specific ni parameters, the thermal conductivity of pure fluids can be calculated with the RES model. Sample thermal conductivity calculations for each pure fluid with the RES model are listed in Table S1 in the SI. Relative deviations of the experimental thermal conductivity from the calculated one are statistically illustrated in Figure 4, with details shown in Figure S84 in the SI. Excellent correlations were achieved: more than 95.4% of the experimental data (within two standard deviations of the mean) agree with the RES model (using the fluid-specific ni parameters) within 9.8%. The absolute average relative deviations for 34 of the 39 pure fluids are less than 1.0%; exceptions are those with conflicting datasets. For example, for the gourd-shaped pattern for R123 in Figure 4 and the branching dataset in Figure S36 in the SI, there are significant data deviating from the major data sets, and these could not be filtered out by the third filter. 

Similar to the RES model of viscosity in our previous paper,28 a generalized version of Eq. (16) was proposed
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Here, ni (i = 1,2,3,4) are global fitted parameters for all pure fluids and ξ is a fluid-specific scaling factor. These parameters were determined with an iteration process described in detail in our previous paper.28 The resulting global ni parameters are listed in Table 4 and the fluid-specific ξ for each pure fluid is listed in Table 1. Note that, due to the lack of experimental data, the fitted ξ of CF3I (=2.0181, while ξ of all other fluids are approximately 1.0 and less than 1.1) is obviously wrong, and thus the ξ of CF3I for viscosity28 is adopted. With the fluid-specific ξ, the experimental data of all pure fluids collapse onto a single curve in the λres+ vs. s+/ξ plot, as shown in Figure 5 as well as Figure S40 in the SI. The third filter was applied in Figure 5 in order to make the global curve clear to readers, but not in Figure S40, in which readers can see the distribution of the outlying points (1.00 % of all data). Sample thermal conductivity calculations for each pure fluid with the RES model using the global ni and the fluid-specific ξ are listed in Table S1 in the SI. 

The main reasons to develop this generalized equation are to predict thermal conductivity of pure fluids of which only experimental data are available in either gas or liquid phase and, more importantly, to predict thermal conductivity of mixtures. The latter use case will be discussed in the next section. For the former one, see Table 4, the individually fitted fluid-specific ni parameters of CF3I, isopentane and R116 are significantly different from those of other fluids. There are no data in the liquid phase of CF3I, no data in the gas phase of R116, and extremely limited data in both phases of isopentane. Their fitted fluid-specific ni parameters are not reliable (denoted in Table 4), instead, the global ni parameters and the fluid-specific ξ should be used for prediction. For pure fluids with a significant amount of experimental data available in both liquid and vapor phases, the RES model with the fluid-specific ni parameters are the best choice for thermal conductivity prediction (denoted in Table 4). 

Relative deviations of the experimental thermal conductivity from the RES model using the global ni and the fluid-specific ξ are illustrated statistically in Figure 6, and with more details in Figure S85 in the SI. The relative deviations are generally statistically higher compared to those using fluid-specific ni. Nonetheless, satisfying correlation results were achieved: more than 95.4% of the experimental data (within two standard deviations of the mean) agree with the RES model within 11.1%. The absolute average relative deviations for 33 of the 39 pure fluids are less than 3.0%. For all pure fluids (isobutane, n-butane, propane, R1233zd(E), R125 and R134a) for which more than 2000 experimental data are available for each fluid, the absolute average relative deviations are less than 2.0%. The worst case is R123 which has an average relative deviation of 6.6%. This is not surprising because as has been discussed previously there is an obvious deviating data set not filtered out by the third filter. Similar problem causes the large deviations for R22 and R23, see Figures S34 and S19 in the SI, respectively. The second worst case is R245fa which has an average relative deviation of -5.9%, because of the over-correction of the critical enhancement model in the gas phase. It is surprising that the absolute average relative deviations are higher than 3.0% for both CO2 and ethylene, considering that there are decent amounts (at least 150) of experimental data of each fluid and the absolute average relative deviations are less than 1.3 % for viscosity in our previous work.28 Another set of global ni parameters might be more suitable for these two light symmetric molecules, as well as ethane, of which inconsistent behavior under the RES approach were observed for viscosity in our previous work.28 This however is outside the scope of this work. 

Thermal conductivity of R134a as a function of density calculated with the RES model using the global ni and the fluid-specific ξ along isotherms in the supercritical region are presented in Figure 7. Available experimental data are paired with the same color of the isotherm curve with a temperature tolerance of 0.5 K in the same figure. In general, the calculations are slightly lower than the experimental values in the region where the critical enhancement is significant. Similar results were obtained from all pure fluids whose data are available in the supercritical region, see Figures S72 to S79 in the SI for pure NH3, isobutane, n-butane, propane, ethane, R115, R22 and R142b, respectively. The main reasons, as have been explained in section 3.1, are either the imperfections of the critical enhancement model or the higher measured ‘apparent’ thermal conductivity due to convection inside the measuring cell. Please note, some isotherm curves (see Figures S77 to S82) are not smooth which is mainly attributable to the unstable calculation of heat capacity by REFPROP for the critical enhancement. 

Fluid-specific scaling factors ξ for thermal conductivity obtained in this work and for viscosity obtained in our previous work28 are compared in Figure 8. For pure fluids like R125, R134a and R22, of which there are large amounts of data for both thermal conductivity and viscosity, the agreement of the fluid-specific scaling factors are exceptionally good. In general, the agreement of the fluid-specific scaling factors are good for most haloalkanes, but not so good for many alkanes and NH3. In this work and the previous work 28, the available experimental data of the haloalkanes used to obtain the global fits are much more than those of the alkanes. Therefore, the obtained global ni parameters, as well as the determined fluid-specific scaling factor, might be ideal for haloalkanes but not for many alkanes. A future improvement of the current RES model would be the determination of different global ni parameters for different fluid groups. As shown in Figure 8, ξ / s+crit roughly equals 0.70 for all pure fluids; according to this, the RES model could serve as a fully predictive model for other pure fluids with an uncertainty on the order of 15 %. Specifically, for a pure fluid with critical point information known, an EoS can be adopted to calculate the s+crit, and then ξ of this fluid can be estimated. Adopting the global correlation Eq. (17) and calculating s+ with the same EoS at the given temperature and pressure (or density), the residual thermal conductivity λres can be estimated. With dilute gas term λρ0 calculated according to Chichester and Huber8 and the critical enhancement term ΔλC(T, ρ) according to Olchowy and Sengers36, the thermal conductivity of this fluid at the given condition can be predicted. 

3.4. Prediction for mixtures

The generalized Eq. (17) can be used for the thermal conductivity prediction of mixtures without any additional fitted parameters. For mixtures, ξ in Eq. (17) should be replaced with ξmix, which is calculated with a simple mixing rule:
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where xi is the mole fraction of component i, and ξi is the fluid-specific scaling factor of component i. Attempts to use a mass fraction weighted average result in a negligible statistical difference. Applying the RES approach, more than 95.4% of all experimental data of mixtures (within two standard deviations of the mean, corresponding to a coverage factor k = 2 in uncertainty) collapse into a single curve in the λres+ vs. s+/ξmix plot within 8.3%, as shown in Figure 9. In other words, the RES model has a relative expanded uncertainty (k = 2) of 8.3% for mixtures. The λres+ vs. s+/ξmix plot for each mixture system is illustrated in Figures S41 to S71 in the SI, which also includes detailed sources of each data set and shows the plots with and without critical enhancement correction. It is difficult to judge the performance of the critical enhancement model for mixtures, as there is a very limited amount of data in the vicinity of the critical points. 

Relative deviations of the experimental thermal conductivity of the mixtures from the RES model are statistically illustrated in Figure 10 and plotted in detail in Figure 11. Using the global ni parameters, the prediction of the RES model for mixtures is as good as for pure fluids: approximately 95.4% (or 88.7% if a mole-fraction-weighted mixing rule for mmix was applied) of the experimental data agree with model calculations within 8.3%. The absolute average relative deviations for all 5 mixtures with more than 900 experimental data are less than 3.0%. For all the seven alkane + haloalkane binary systems, especially propane + R32 and propane + R134a mixtures which have more than 900 data points, the average relative deviations are all less than 3.0%. 

For 7 of the 31 mixtures, the absolute average relative deviations are higher than 3.0%. However, six of them have fewer than 36 data points, among which four have fewer than 12 data points. The worst case is the prediction for the R152a+R218 mixture, which has 115 data points but has an average relative deviation of -7.1%. There is only one data source for this mixture, and the independent ECS model (see discussions below) agrees with the RES model much better than the experimental data (see Figure 11); therefore, it is likely that these data are erroneous. An interesting case to discuss here is the R125+R32 mixture, which has 520 data points from 9 sources but has an average relative deviation of -3.0%. Liu et al 31 who used another RES approach observed similar results and showed that data of this mixture fall below the points of pure R32 and R125 at the same residual entropy scaling. Both works concluded that, in order to have better prediction of the experimental data, the R32 + R125 mixture should have a larger scaling factor ζmix than both pure components, which cannot be obtained from typical arithmetic or geometric average mixing rules. Adding a binary interaction parameter into the mixing rule for ζmix could be a future solution. A sensitivity analysis shows that, a 1.0% change in the residual entropy would yield approximately 0.02% and 1.1% changes in the calculated thermal conductivity in the gas and liquid phases, respectively. Therefore, future developments in the reference EoS and mixture models which improve the accuracy in the residual entropy calculation should significantly improve the accuracy of the RES model in the liquid phase.

Thermal conductivity of the CO2 + ethane mixture with a CO2 mole fraction of 0.75 as a function of density ρ calculated with the model along isotherms in the supercritical region are presented in Figure 12. Only a small number of experimental data are available, which are paired with the same color of the isotherm curve with a temperature tolerance of 0.5 K and a composition tolerance of 0.001 mole fraction. The agreement of the experimental data and the model are qualitatively good, considering the strong critical enhancement, the imperfection of the critical enhancement model, and the difficulties in the measurement. The only two other mixtures (CO2 + ethane mixtures with CO2 mole fractions of 0.25 and 0.50, respectively) with experimental data in the vicinity of the critical point are shown in Figures S80 and S81 in the SI. There are other mixtures with data near the critical point, see the outlying branches in Figure 9 for the propane + R32 and propane + R134a mixtures. However, according to the reported temperature and pressure, the data points are not close enough to the critical points to have such strong critical enhancement, see Figures S82 and S83 in the SI, respectively. 

Finally, we compare the performance of the proposed RES model with the ECS model8 which is the state-of-the-art model implemented in REFPROP 10.0.34 The relative deviations of the experimental values from both models are illustrated in Figure 11. We could potentially compare with the other RES approaches such as those proposed by Fouad13 or Liu et al.,31 however, these models use either the PC-SAFT EoS or CPA EoS to calculate residual entropy, the implementations of which are not available to us. Sample thermal conductivity calculations using both RES and ECS models for each mixture are listed in Table S2 in the SI, and the Python code for one sample calculation is provided in the SI as well. The ECS model has as many as four additional binary interaction parameters for each binary system. These parameters are fitted to the available experimental data or otherwise are set to zero; the binary systems with the four parameters fitted are indicated in Figure 11. On the contrary, there is no extra fitted parameter for the RES model to be extended for mixtures, while the RES model yields similar statistical agreement with the experimental data as the ECS model. See Table 3, for 17 of all 31 mixtures, the absolute average relative deviation of the experimental data from the RES model is less than or equal to that from the ECS model; and for all 3 multi-component mixtures, the RES model yields better statistical agreement with the experimental data than the ECS model. It is interesting to note that, for some binary mixtures, such as R134a + R1234yf, R152a + R128, and R152a + R134a, experimental data in the liquid phase have similar deviations with both models, i.e., the models agree with each other while the experimental data deviate. Nonetheless, it is difficult to ascertain the quality of the data as there is only a single data source for each of these mixtures, and both models rely on the same reference EoS and mixture models for thermodynamic property calculations. The accuracy of the reference EoS and mixture models for these mixtures, as well as the dilute gas calculations, will be improved in the future, and hopefully this mystery can be solved. 

4. Conclusion 

The residual entropy scaling of thermal conductivity combining the reference equations of state and the mixture models implemented in the REFPROP 10.0 software package was applied to pure refrigerants and their mixtures. In total, 39 pure fluids (including natural refrigerants, HFOs, HCFOs, PFCs, HFCs, CFCs and HCFCs) with more than 38000 experimental data from more than 300 literature sources were investigated, and 31 mixtures (28 binary mixtures, two three-component mixtures, and one five-component mixture) with more than 7600 data from more than 30 sources were studied. The critical enhancement of thermal conductivity was considered for the first time with the residual entropy scaling approach. In general, the calculations of the critical enhancement model of Olchowy and Sengers are slightly lower than the experimental data for pure fluids. This implies that either a more accurate model for critical enhancement should be developed or measurements were generally affected by the increasing convection in the measuring cell in the vicinity of the critical point. 

After filtering out the inappropriate experimental data (4% of all data, either exceeding the limit of the equations of state, reported in conflicting phases, or reported with unexpected high uncertainty), more than 95.4% of the remaining data of pure fluids collapse into a global dimensionless residual thermal conductivity vs. scaled dimensionless residual entropy curve within 11.1%, and those of mixtures are within 8.3%. This global curve can be correlated with a polynomial equation with only four fitted global parameters and one fluid-specific scaling factor for each pure component. For mixtures, the scaling factor was estimated as a mole-fraction-weighted average of the pure components. The correlation function in turn provides reliable prediction of thermal conductivity of pure fluids and fluid mixtures where experimental data are not available. More importantly, it predicts mixture thermal conductivity without any extra parameters, while the commonly-used extended corresponding states model has as many as four fitted parameters for each pair of components. Although no extra fitted parameters are needed, the RES model yields similar statistical agreement with the experimental data of mixtures as the ECS model. It is interesting to note that, for some binary mixtures, the two models agree with each other while the experimental data deviate; additional independent experimental data and/or the future development of the reference equations of state and mixture models will hopefully clarify what further improvements are needed.
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List of Tables 
[bookmark: _Ref50018796]Table 1 Parameters, reference equations of state, and statistical experimental data summary of pure fluids.a
	
	
	
	M
	Tcrit
	pcrit
	φ0⋅1010
	Γ
	qD−1⋅1010
	Tref
	ξ
	Experimental data

	Substance
	Group
	EoS
	/g⋅mol−1
	/K
	/MPa
	/m
	
	/m
	/K
	
	T/K
	p/MPa

	CO2
	other
	Span and Wagner59
	44.010
	304.128
	7.377
	1.500
	0.0520
	4.000
	456.190
	1.0070
	230.7 - 842.2
	0.10 - 196.00

	NH3
	other
	Gao et al.60
	17.031
	405.560
	11.363
	1.400
	0.0530
	4.000
	608.340
	0.9402
	206.2 - 773.1
	0.10 - 39.73

	CF3I
	other
	Lemmon and Span61
	195.910
	396.440
	3.953
	2.100
	0.0570
	5.980
	594.660
	0.9398 b
	266.6 - 336.7
	0.10 - 0.91

	n-hexane
	alkane
	Thol et al.62
	86.175
	507.820
	3.044
	2.364
	0.0580
	7.370
	761.730
	0.9487
	183.2 - 728.7
	0.00 - 50.00

	DME
	ether
	Wu et al.63
	46.068
	400.378
	5.337
	1.890
	0.0570
	5.400
	600.570
	1.0459
	229.7 - 387.7
	0.00 - 30.60

	isopentane
	alkane
	Lemmon and Span64
	72.149
	460.350
	3.378
	2.270
	0.0580
	6.640
	690.530
	0.9603
	293.1 - 673.2
	0.10 - 0.10

	n-pentane
	alkane
	Thol et al.65
	72.149
	469.700
	3.367
	2.270
	0.0580
	6.680
	704.550
	0.9758
	153.2 - 623.6
	0.09 - 550.20

	isobutane
	alkane
	Buecker and Wagner66
	58.122
	407.810
	3.629
	1.940
	0.0496
	6.577
	611.730
	1.0395
	115.6 - 673.2
	0.01 - 106.50

	n-butane
	alkane
	Buecker and Wagner66
	58.122
	425.125
	3.796
	1.940
	0.0496
	8.754
	637.680
	0.9917
	135.8 - 673.2
	0.00 - 110.95

	propane
	alkane
	Lemmon et al.67
	44.096
	369.890
	4.251
	1.940
	0.0496
	7.166
	554.730
	1.0011
	91.2 - 810.1
	0.00 - 81.20

	ethane
	alkane
	Bücker and Wagner68
	30.069
	305.322
	4.872
	1.900
	0.0563
	5.450
	610.660
	1.0137
	226.9 - 673.2
	0.01 - 70.11

	propylene
	alkene
	Lemmon et al.69
	42.080
	364.211
	4.555
	1.980
	0.0570
	4.300
	546.320
	0.9649
	230.0 - 673.2
	0.10 - 50.00

	ethylene
	alkene
	Smukala et al.70
	28.054
	282.350
	5.042
	1.810
	0.0580
	4.900
	423.530
	0.9882
	273.1 - 673.2
	0.10 - 16.78

	R1234yf
	HFO
	Richter et al.71
	114.042
	367.850
	3.382
	1.940
	0.0496
	5.835
	551.775
	1.0491
	241.9 - 344.5
	0.07 - 21.73

	R1234ze(E)
	HFO
	Thol and Lemmon72
	114.042
	382.513
	3.635
	1.940
	0.0496
	5.835
	573.780
	1.0540
	203.2 - 407.1
	0.01 - 23.32

	R1336mzz(Z)
	HFO
	McLinden and Akasaka73
	164.056
	444.500
	2.903
	2.210
	0.0580
	6.810
	666.750
	1.0764
	313.4 - 496.2
	0.11 - 4.11

	R1233zd(E)
	HCFO
	Mondejar et al.74
	130.496
	439.600
	3.624
	2.130
	0.0590
	5.980
	659.400
	1.0196
	203.6 - 474.2
	0.10 - 66.62

	R1224yd(Z)
	HCFO
	Akasaka et al.75
	148.487
	428.690
	3.337
	2.140
	0.0580
	6.460
	643.040
	1.0522
	306.8 - 453.1
	0.19 - 4.07

	R23
	HFC
	Penoncello et al.76
	70.014
	299.293
	4.832
	1.940
	0.0496
	5.285
	618.660
	1.0505
	118.3 - 487.4
	0.10 - 58.94

	R32
	HFC
	Tillner-Roth and Yokozeki77
	52.024
	351.255
	5.782
	1.940
	0.0496
	5.583
	526.883
	0.9711
	205.4 - 465.6
	0.01 - 50.00

	R125
	HFC
	Lemmon and Jacobsen78
	120.021
	339.173
	3.618
	1.940
	0.0496
	5.835
	508.748
	1.0182
	172.7 - 513.2
	0.00 - 69.86

	R134a
	HFC
	Tillner-Roth and Baehr79
	102.032
	374.210
	4.059
	1.940
	0.0496
	5.285
	561.411
	1.0480
	169.9 - 533.0
	0.00 - 70.01

	R143a
	HFC
	Lemmon and Jacobsen80
	84.041
	345.857
	3.761
	1.930
	0.0550
	2.300
	518.790
	1.0324
	233.2 - 499.0
	0.10 - 50.00

	R152a
	HFC
	Outcalt and McLinden81
	66.051
	386.411
	4.517
	1.894
	0.0487
	4.370
	579.617
	1.0546
	189.6 - 510.0
	0.02 - 60.00

	R227ea
	HFC
	Lemmon and Span61
	170.029
	374.900
	2.925
	1.940
	0.0496
	5.000
	562.328
	1.0555
	259.3 - 344.2
	0.04 - 2.94

	R236fa
	HFC
	Pan et al.82
	152.038
	398.070
	3.200
	2.090
	0.0600
	6.410
	597.105
	1.0265
	252.6 - 374.6
	0.03 - 30.00

	R245fa
	HFC
	Akasaka et al.83
	134.048
	427.010
	3.651
	2.040
	0.0600
	6.260
	640.520
	1.0580
	244.4 - 436.7
	0.01 - 14.70

	R116
	PFC
	Lemmon and Span64
	138.012
	293.030
	3.048
	1.940
	0.0496
	5.000
	439.545
	0.9674
	222.4 - 261.9
	9.81 - 39.23

	R218
	PFC
	Lemmon and Span64
	188.019
	345.020
	2.640
	2.190
	0.0610
	6.590
	517.530
	0.9493
	140.0 - 434.7
	0.00 - 39.32

	R11
	CFC
	Jacobsen et al.84
	137.368
	471.110
	4.408
	1.940
	0.0496
	5.285
	706.665
	0.9499
	163.2 - 485.9
	0.00 - 58.94

	R12
	CFC
	Marx et al.85
	120.913
	385.120
	4.136
	1.940
	0.0496
	5.285
	577.680
	0.9647
	121.9 - 468.3
	0.00 - 60.00

	R13
	CFC
	Magee et al.86
	104.459
	302.000
	3.879
	1.940
	0.0496
	3.496
	453.000
	0.9790
	92.5 - 451.9
	0.10 - 58.94

	R115
	CFC
	Lemmon and Span61
	154.466
	353.100
	3.129
	1.940
	0.0496
	3.729
	529.650
	0.9752
	175.3 - 439.9
	0.10 - 60.00

	R22
	HCFC
	Kamei et al.87
	86.468
	369.295
	4.990
	1.940
	0.0496
	5.285
	553.943
	1.0442
	116.7 - 514.3
	0.01 - 60.00

	R21
	HCFC
	Platzer et al.88
	102.920
	451.480
	5.181
	1.940
	0.0496
	5.000
	677.220
	1.0208
	209.6 - 464.5
	0.15 - 58.94

	R123
	HCFC
	Younglove and McLinden89
	152.931
	456.831
	3.662
	2.160
	0.0580
	6.430
	685.250
	1.0230
	198.0 - 463.0
	0.01 - 75.05

	R124
	HCFC
	De Vries et al.90
	136.475
	395.425
	3.624
	1.940
	0.0496
	5.000
	593.138
	1.0409
	234.2 - 366.2
	0.03 - 30.60

	R141b
	HCFC
	Lemmon and Span64
	116.950
	477.500
	4.212
	1.940
	0.0496
	5.000
	719.940
	1.0270
	193.6 - 394.0
	0.01 - 30.40

	R142b
	HCFC
	Lemmon and Span64
	100.495
	410.260
	4.055
	1.940
	0.0496
	6.157
	615.390
	1.0230
	193.1 - 504.6
	0.00 - 69.58


a Equation of State EoS, critical temperature Tcrit, critical pressure pcrit, and parameters Γ, φ0, Tref and qD−1 were obtained from REFPROP 10.0.34
b The fitted ξ of CF3I is obviously wrong, therefore, the ξ for viscosity obtained in our previous work 28 is adopted. 

[bookmark: _Ref50622788][bookmark: _Ref64625060]Table 2 Statistics of the experimental values. a  
	ASHRAE name
	IUPAC chemical name
	Molecular formula
	SD
	Ntot
	Nuse
	Nlim
	Nphase
	Ndev

	R744
	carbon dioxide
	CO2
	14
	254
	250
	3
	0
	1

	R717
	ammonia
	NH3
	5
	305
	276
	1
	7
	21

	R13I1
	trifluoro(iodo)methane
	CF3I
	1
	30
	30
	0
	0
	0

	[bookmark: _GoBack]R601
	n-hexane
	C6H14
	21
	293
	272
	2
	9
	10

	RE170
	dimethyl ether
	C2H6O
	7
	420
	399
	7
	12
	2

	R601a
	isopentane
	(CH3)2CHCH2CH3
	2
	9
	7
	0
	2
	0

	R601
	n-pentane
	CH3CH2CH2CH2CH3
	14
	338
	306
	0
	7
	25

	R600a
	isobutane
	CH(CH3)2CH3
	3
	2886
	2878
	0
	4
	4

	R600
	n-butane
	CH3CH2CH2CH3
	9
	3067
	3015
	0
	28
	24

	R290
	propane
	C3H8
	16
	3073
	3041
	0
	12
	20

	R170
	ethane
	C2H6
	12
	606
	603
	0
	0
	3

	R1270
	propylene
	CH3CH=CH2
	6
	428
	423
	0
	5
	0

	R1150
	ethylene
	CH2=CH2
	7
	155
	155
	0
	0
	0

	R1234yf
	2,3,3,3-tetrafluoropropene
	CF3CF=CH2
	1
	801
	796
	5
	0
	0

	R1234ze(E)
	trans-1,3,3,3-tetrafluoropropene
	CF3CH=CFH
	2
	1395
	1348
	0
	1
	46

	R1336mzz(Z)
	cis-1,1,1,4,4,4-hexafluoro-2-butene
	CF3CH=CHCF3
	1
	166
	166
	0
	0
	0

	R1233zd(E)
	trans-1-chloro-3,3,3-trifluoropropene
	CF3CH=CHCl
	2
	2499
	2465
	0
	34
	0

	R1224yd(Z)
	cis-1-chloro-2,3,3,3-tetrafluoropropene
	CF3CF=CHCl
	1
	123
	119
	4
	0
	0

	R23
	trifluoromethane (fluoroform)
	CHF3
	9
	792
	750
	26
	0
	16

	R32
	difluoromethane
	CH2F2
	11
	1022
	997
	0
	21
	4

	R125
	pentafluoroethane
	CHF2CF3
	20
	2170
	2138
	9
	18
	5

	R134a
	1,1,1,2-tetrafluoroethane
	CH2FCF3
	31
	8530
	7926
	1
	477
	126

	R143a
	1,1,1-trifluoroethane
	CH3CF3
	5
	706
	706
	0
	0
	0

	R152a
	1,1-difluoroethane
	CH3CHF2
	17
	991
	957
	20
	12
	2

	R227ea
	1,1,1,2,3,3,3-heptafluoropropane
	CF3CHFCF3
	3
	600
	600
	0
	0
	0

	R236fa
	1,1,1,3,3,3-hexafluoropropane
	CF3CH2CF3
	2
	271
	271
	0
	0
	0

	R245fa
	1,1,1,3,3-pentafluoropropane
	CHF2CH2CF3
	4
	454
	454
	0
	0
	0

	R116
	hexafluoroethane
	CF3CF3
	1
	24
	24
	0
	0
	0

	R218
	octafluoropropane
	CF3CF2CF3
	2
	200
	155
	40
	1
	4

	R11
	trichlorofluoromethane
	CCl3F
	13
	467
	453
	5
	9
	0

	R12
	dichlorodifluoromethane
	CCl2F2
	22
	719
	682
	1
	23
	13

	R13
	chlorotrifluoromethane
	CClF3
	13
	826
	801
	12
	8
	5

	R115
	chloropentafluoroethane
	CClF2CF3
	8
	1083
	1029
	32
	6
	16

	R22
	chlorodifluoromethane
	CHClF2
	22
	1603
	1486
	51
	31
	35

	R21
	dichlorofluoromethane
	CHCl2F
	3
	203
	189
	12
	1
	1

	R123
	2,2-dichloro-1,1,1-trifluoroethane
	CHCl2CF3
	13
	378
	337
	23
	15
	3

	R124
	1-chloro-1,2,2,2-tetrafluoroethane
	CHClFCF3
	5
	95
	93
	0
	2
	0

	R141b
	1,1-dichloro-1-fluoroethane
	CH3CCl2F
	9
	223
	208
	0
	15
	0

	R142b
	1-chloro-1,1-difluoroethane
	CH3CClF2
	11
	397
	397
	0
	0
	0

	Total
	
	
	
	38602
	37202
	254
	760
	386

	N / Ntot
	
	
	
	100%
	96.37%
	0.66%
	1.97%
	1.00%


a SD: number of data sources; Ntot: total number of experimental data; Nuse: number of adopted data; Nlim: number of data exceeding limits of the reference EoS in REFPROP 10.0;34 Nphase: number of data reported in conflicting phases; Ndev: number of data deviating from the correlation equation by more than 30%. 

[bookmark: _Ref50622839]Table 3 Statistical experimental data summary of fluid mixtures. a
	Mixture
	SD
	Ntot
	Nuse
	Nlim
	Nphase
	Ndev
	x1
	x2
	T/K
	p/MPa
	<δRES%>
	<δECS%>

	CO2+ethane
	1
	221
	119
	82
	0
	20
	0.25 - 0.74
	0.26 - 0.75
	291.1 - 318.3
	0.99 - 10.69
	18.2
	20.7

	n-pentane+isopentane
	1
	36
	31
	0
	5
	0
	0.38 - 0.83
	0.17 - 0.62
	345.3 - 395.5
	0.10 - 0.50
	1.7
	0.8

	R125+R32
	9
	523
	520
	2
	0
	1
	0.00 - 1.00
	0.00 - 1.00
	213.0 - 409.8
	0.10 - 30.00
	4.8
	3.3

	R125+R143a
	1
	34
	34
	0
	0
	0
	0.41 - 0.41
	0.59 - 0.59
	254.7 - 372.2
	0.10 - 2.65
	10.4
	8.0

	ethane+R116
	1
	6
	6
	0
	0
	0
	0.08 - 0.86
	0.14 - 0.92
	303.0 - 303.0
	0.10 - 0.10
	2.0
	2.3

	propane+R116
	1
	6
	6
	0
	0
	0
	0.16 - 0.85
	0.15 - 0.84
	303.0 - 303.0
	0.10 - 0.10
	0.4
	0.4

	n-butane+R116
	1
	6
	6
	0
	0
	0
	0.14 - 0.83
	0.17 - 0.86
	303.0 - 303.0
	0.10 - 0.10
	0.6
	0.6

	propane+R218
	1
	5
	5
	0
	0
	0
	0.14 - 0.87
	0.13 - 0.86
	303.0 - 303.0
	0.10 - 0.10
	2.8
	3.2

	n-butane+R218
	1
	6
	6
	0
	0
	0
	0.14 - 0.89
	0.11 - 0.86
	303.0 - 303.0
	0.10 - 0.10
	2.1
	2.5

	DME+propane
	2
	6
	6
	0
	0
	0
	0.32 - 0.50
	0.50 - 0.69
	368.1 - 590.1
	0.10 - 0.10
	8.1
	7.8

	R125+R152a
	1
	12
	12
	0
	0
	0
	0.50 - 0.50
	0.50 - 0.50
	264.9 - 393.9
	1.00 - 3.11
	3.8
	4.3

	R125+R1234ze(E)
	1
	12
	12
	0
	0
	0
	0.50 - 0.50
	0.50 - 0.50
	262.7 - 395.4
	1.00 - 3.08
	2.7
	2.2

	R143a+R1234ze(E)
	1
	12
	12
	0
	0
	0
	0.50 - 0.50
	0.50 - 0.50
	264.9 - 404.1
	0.91 - 3.04
	3.1
	3.3

	R143a+R1234yf
	1
	12
	12
	0
	0
	0
	0.50 - 0.50
	0.50 - 0.50
	265.4 - 393.8
	1.06 - 3.09
	2.3
	1.9

	R1234yf+R1234ze(E)
	1
	12
	12
	0
	0
	0
	0.50 - 0.50
	0.50 - 0.50
	274.8 - 414.2
	0.94 - 2.96
	1.7
	2.1

	R125+R1234yf
	1
	12
	12
	0
	0
	0
	0.50 - 0.50
	0.50 - 0.50
	259.8 - 394.2
	1.11 - 3.10
	2.7
	2.5

	R134a+R1234ze(E)
	1
	12
	12
	0
	0
	0
	0.50 - 0.50
	0.50 - 0.50
	274.7 - 403.9
	0.87 - 3.14
	3.5
	5.5

	R125+R134a
	3
	1162
	1162
	0
	0
	0
	0.19 - 0.79
	0.22 - 0.81
	232.2 - 386.6
	0.07 - 20.00
	2.0
	2.6

	propane+R32
	1
	1259
	1230
	0
	9
	20
	0.30 - 0.70
	0.30 - 0.70
	227.9 - 346.9
	0.02 - 10.76
	5.8
	4.3

	R32+R134a
	6
	1664
	1664
	0
	0
	0
	0.00 - 1.00
	0.00 - 1.00
	193.2 - 385.1
	0.08 - 30.00
	2.4
	1.5

	propane+R134a
	1
	981
	973
	1
	3
	4
	0.30 - 0.70
	0.30 - 0.70
	242.6 - 348.5
	0.08 - 19.69
	2.8
	2.2

	R134a+R1234yf
	1
	12
	12
	0
	0
	0
	0.50 - 0.50
	0.50 - 0.50
	254.9 - 385.1
	0.96 - 3.04
	5.4
	4.0

	R152a+R218
	1
	126
	114
	3
	9
	0
	0.38 - 0.38
	0.62 - 0.62
	291.2 - 404.5
	0.29 - 10.00
	9.1
	10.4

	R152a+R134a
	1
	130
	130
	0
	0
	0
	0.20 - 0.20
	0.80 - 0.80
	293.0 - 401.0
	0.00 - 10.00
	5.8
	5.1

	n-pentane+n-hexane
	2
	88
	88
	0
	0
	0
	0.00 - 1.00
	0.00 - 1.00
	323.1 - 623.1
	0.05 - 2.00
	2.9
	3.3

	R152a+R22
	2
	88
	88
	0
	0
	0
	0.25 - 0.78
	0.22 - 0.75
	176.6 - 323.1
	2.10 - 20.10
	2.4
	1.8

	R22+R142b
	2
	91
	91
	0
	0
	0
	0.28 - 0.79
	0.21 - 0.72
	164.8 - 323.1
	2.10 - 20.10
	1.7
	0.8

	R32+R1234yf+CO2
	1
	12
	12
	0
	0
	0
	0.43 - 0.43
	0.47 - 0.47
	254.6 - 373.9
	1.05 - 4.53
	4.0
	4.3

	5 components b
	1
	12
	12
	0
	0
	0
	0.20 for each component
	253.9 - 375.0
	1.04 - 5.03
	3.0
	2.3

	R32+R1234yf
	1
	36
	36
	0
	0
	0
	0.25 - 0.75
	0.25 - 0.75
	264.2 - 394.8
	0.88 - 4.00
	5.0
	6.1

	R32+R125+R134a
	1
	1038
	1037
	0
	1
	0
	0.30 - 0.33
	0.10 - 0.33
	248.6 - 347.0
	0.08 - 12.26
	2.3
	2.4

	Total
	
	7632
	7472
	88
	27
	45
	
	
	
	
	
	

	N / Ntot
	
	100%
	97.90%
	1.15%
	0.35%
	0.59%
	
	
	
	
	
	


a SD: number of data sources; Ntot: total number of experimental data; Nuse: number of adopted data; Nlim: number of data exceeding limits of the reference EoS and mixture models in REFPROP 10.0;34 Nphase: number of data reported in conflicting phases; Ndev: number of data deviating from the correlation equation by more than 30%. x1 and x2 are mole fractions of the first and second components, respectively, in the ‘Mixture’ column. Relative deviations: δRES = (λexp − λRES)/ λRES and δECS = (λexp − λECS)/ λECS, where λexp is experimental thermal conductivity, λRES and λECS are calculated thermal conductivity with RES and ECS models, respectively. The symbol < δ > denotes the absolute average of the relative deviation.    
b The ‘5 components’ refers to CO2+R32+R1234yf+R125+R134a. 

[bookmark: _Ref50014550][bookmark: _Ref50018688]Table 4 Parameters of the correlation equations
	Substance
	n1
	n2
	n3
	n4
	za
	
	Substance
	n1
	n2
	n3
	n4
	za

	Global
	3.636446
	-5.328258
	4.543762
	-0.643352
	
	
	R32
	1.031907
	0.178320
	1.589211
	-0.202022
	Y

	CO2
	1.763756
	-2.335416
	2.966431
	-0.378041
	Y
	
	R125
	2.277767
	-2.782096
	2.979536
	-0.354292
	Y

	NH3
	0.900567
	0.092923
	2.405172
	-0.453455
	Y
	
	R134a
	1.658814
	-1.255594
	1.943987
	-0.175645
	Y

	CF3I
	-38.03104
	283.0926
	-691.6404
	581.8059
	N
	
	R143a
	-6.004818
	12.49536
	-6.220483
	1.437848
	Y

	n-hexane
	11.95711
	-16.71051
	9.67878
	-1.35810
	Y
	
	R152a
	1.025531
	-0.303002
	1.578896
	-0.157973
	Y

	DME
	1.150569
	-2.152294
	3.352374
	-0.583704
	Y
	
	R227ea
	-1.460787
	6.192086
	-3.669657
	1.150156
	Y

	isopentane
	3.969052
	-438.9044
	1932.8426
	-789.0772
	N
	
	R236fa
	2.138702
	-6.461302
	6.416797
	-1.143998
	Y

	n-pentane
	8.559778
	-9.732189
	5.680082
	-0.689633
	Y
	
	R245fa
	-5.207724
	5.991181
	-0.640152
	0.136517
	Y

	isobutane
	7.196463
	-12.29889
	8.211696
	-1.249244
	Y
	
	R116
	141.5313
	-205.2333
	101.2483
	-16.2095
	N

	n-butane
	9.100215
	-14.45912
	9.133255
	-1.354971
	Y
	
	R218
	3.550701
	-3.988278
	3.513260
	-0.392861
	Y

	propane
	8.216700
	-13.05320
	8.444621
	-1.253928
	Y
	
	R11
	-0.036449
	0.194595
	2.357770
	-0.369874
	Y

	ethane
	2.394613
	-3.191853
	2.957558
	-0.190342
	Y
	
	R12
	2.884165
	-3.795080
	3.937080
	-0.568196
	Y

	propylene
	3.367645
	-4.672640
	4.672619
	-0.818900
	Y
	
	R13
	4.331146
	-6.437883
	5.306889
	-0.791856
	Y

	ethylene
	0.376136
	1.546136
	0.062843
	0.267046
	Y
	
	R115
	0.628296
	-0.344268
	1.932946
	-0.176035
	Y

	R1234yf
	-2.351211
	5.425486
	-1.942264
	0.591178
	Y
	
	R22
	3.403590
	-4.427346
	4.109770
	-0.636604
	Y

	R1234ze(E)
	-1.439895
	0.317785
	2.202817
	-0.331856
	Y
	
	R21
	-1.439458
	3.276890
	-0.008620
	0.099076
	Y

	R1336mzz(Z)
	-1.511739
	5.492849
	-2.297970
	0.626166
	Y
	
	R123
	23.70701
	-32.43590
	16.53035
	-2.40482
	Y

	R1233zd(E)
	1.323190
	-2.803198
	3.532045
	-0.512081
	Y
	
	R124
	1.475653
	-1.250491
	1.859839
	-0.110598
	Y

	R1224yd(Z)
	-8.436949
	22.80481
	-14.58749
	3.320995
	Y
	
	R141b
	-0.088824
	-6.172072
	7.141372
	-1.327207
	Y

	R23
	5.269381
	-6.789808
	5.052312
	-0.761283
	Y
	
	R142b
	1.287769
	-0.858585
	1.780923
	-0.119783
	Y


a Parameters n1, n2, n3 and n4 reliable (z = Y) and not reliable (z = N). 
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[bookmark: _Ref65154089]Figure 1. Mixture models for the investigated binary systems implemented in the software REFPROP 10.0.34 The source references are: Kunz and Wagner;91 Lemmon and Jacobsen;92 Akasaka;93 Bell and Lemmon.94 The formulation of the reducing function was given by Kunz and Wagner.91 
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[bookmark: _Ref64641283]Figure 2. (a) Experimental thermal conductivity λ of R134a as a function of temperature T and pressure p. (b)(c)(d)(e) Different dimensionless (residual) thermal conductivities , , λ+res+C and λ+res, see Eq. (3)(13)(14)(15) respectively, as functions of dimensionless residual entropy s+. Different symbols with different colors refer to different sources, details of which are shown in figures S22 in the Supporting Information.
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[bookmark: _Ref37839685][bookmark: _Ref50112888]Figure 3. Values of λres+ as a function of s+ for pure fluids. All fluids are shown overlaid at the bottom left; the remaining curves illustrate each fluid individually but stacked with additive factors of 100. Erroneous points (e.g. of n-butane) and points with significant critical enhancement (e.g. of R134a) obviously deviate from the main curves. 
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[bookmark: _Ref50544331]Figure 4. Relative deviations of the experimental thermal conductivity λexp from values λRES calculated with the RES model using the fluid-specific ni parameters listed in Table 4. The short line in each shaped pattern indicates the average relative deviation. 
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[bookmark: _Ref50112900]Figure 5. Value of λ+res as a function of s+/ξ for all pure fluids. The value of ξ for each pure fluid is listed in Table 1. The outlying points (with relative deviations from the global curve higher than 30 %, consisting of 1.00 % of all data) are not shown. Figure S40 in the supporting information presents the same figure including the outlying points. 
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[bookmark: _Ref50112903]Figure 6. Relative deviations of the experimental thermal conductivity λexp from values λRES calculated with the RES model using the global ni parameters in Table 4 and the fluid-specific scaling factor ξ in Table 1. The short line in each shaped pattern indicates the average relative deviation. 
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[bookmark: _Ref64977980]Figure 7. Thermal conductivity λ as a function of density ρ for R134a. The isotherm curves are calculated with the proposed RES model; the symbols are experimental data obtained from the NIST TDE database 10 38. The curves and symbols are paired with the same color with a temperature tolerance of 0.5 K. The critical temperature Tcrit and density ρcrit were obtained from the reference EoS.79 


[image: C:\Xiaoxian Yang\Pythons\Viscosity_Scaling\ForPaper\refrigerant\Figures\figure4.png]
[bookmark: _Ref51682441]Figure 8. Fluid-specific scaling factor ξ for thermal conductivity obtained in this work and for viscosity obtained in our previous work.28 The denominator s+crit is the dimensionless residual entropy at critical point calculated with REFPROP 10.034 for each pure fluid. ξ of CF3I for thermal conductivity was set equal to that for viscosity. Adopting roughly ξ / s+crit = 0.70, the RES model could serve as a fully predictive model for other pure fluids.












[image: C:\Xiaoxian Yang\Pythons\Viscosity_Scaling\ForPaper\refrigerant\Figures\figure23.png]
[bookmark: _Ref50112907]Figure 9. Value of λ+res as a function of s+/ξmix for mixtures. The value ξmix was calculated with the mixing rule of Eq. (18). The ‘5 components’ refers to CO2+R32+R1234yf+R125+R134a. Erroneous points (e.g. of R152a+R218) and points with significant critical enhancement (e.g. of CO2+ethane) obviously deviate from the main curves. 
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[bookmark: _Ref50112917]Figure 10. Relative deviations of the experimental thermal conductivity λexp from values λRES calculated with the RES model. The short line in each shaped pattern indicates the average relative deviation. The ‘5 components’ refers to CO2+R32+R1234yf+R125+R134a. Experimental values with an absolute relative deviation larger than 30 % from model calculation are excluded; these values take 0.62% of all values and are either erroneous or with significant critical enhancement. 
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[bookmark: _Ref50112914]Figure 11. Relative deviations of the experimental thermal conductivity λexp from values λcalc calculated with the RES model (☐) and the ECS model (with binary interaction parameters fitted to experimental data + or set to zero ×) for mixtures. The ‘5 components’ refers to CO2+R32+R1234yf+R125+R134a. 
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[bookmark: _Ref64989863]Figure 12. Thermal conductivity λ as a function of density ρ for a CO2 + ethane mixture with a CO2 mole fraction of 0.75. The isotherm curves are calculated with the proposed RES model; the symbols are experimental data obtained from NIST TDE database 10.38 The curves and symbols are paired with the same color with a temperature tolerance of 0.5 K as well as a mole fraction tolerance of 0.001. The critical temperature Tcrit and density ρcrit are calculated with REFPROP 10.0.34
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