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ABSTRACT 
 
In our previous work (Ind. Eng. Chem. Res. 2023, 62, 18736-18749), a modeling approach was developed to 
calculate all the essential thermophysical properties, including density, phase equilibria, heat capacity, entropy, 
enthalpy, viscosity, and thermal conductivity, of lubricant oils. This approach treats oil as a quasi-pure fluid, sets up 
a simple set of equations for the essential properties, and develops a parameter-fitting procedure using a minimal set 
of experimental data (fewer than 20 and at least 12 data points). This approach can be easily extended for mixture 
(e.g., oil + refrigerant) property prediction. Calculations using this approach generally agree with experimental data 
within the experimental uncertainty, except for up to 3% of quasi-pure oil density, 5% of the mixture’s density, and 
several hundred percent of the mixture’s viscosity. In this work, a new cubic equation of state (EoS) recently 
developed by us was adopted to replace the initially used Patel-Teja-Valderrama (PTV) EoS. As a result, for density, 
relative deviations were reduced to approximately 1.5% for quasi-pure oil and generally to 3.0% for mixtures. For 
viscosity, an improved residual entropy scaling (RES) approach was used, and a van der Waals-type mixing rule 
containing one adjustable parameter, which could be fitted to experimental data, was applied to the mixture’s 
viscosity prediction. As a result, relative deviations for viscosity could be significantly reduced; however, they are 
still at the level of a few tens up to hundreds of percent. Careful evaluations of the mixture’s viscosity data revealed 
that the uncertainty of the experimental data could be significantly higher than expected, and there is an apparent 
lack of high-quality viscosity data of oil + refrigerant mixtures. All fitted parameters of oils were implemented in 
OilMixProp 1.0, our self-developed software package, which was used for all calculations reported in this work 
(contact the authors; it is free for academic institutions). 
 

1. INTRODUCTION 
 
Every oil product available on the market usually comprises a base oil and various additives and impurities. They 
are essential in our daily lives, e.g., in cooking (olive oil, rapeseed oil, etc.) and health care (fish oil, etc.). 
Furthermore, they are indispensable in many technical applications, e.g., as lubricants in machinery such as 
compressors in refrigeration. Reliable knowledge of the thermophysical properties of oils and their mixtures with 
other fluids (e.g., refrigerants) is important to study the performance of refrigerators (chillers), heat pumps, and 
Rankine cycle machines. However, conventional modeling approaches such as multiparameter equations of state 
(EoS) cannot be used for oils, as these approaches are generally developed for pure fluids or mixtures with known 
constituents and composition. 
 
In our previous work (Yang et al., 2023), we addressed the given challenge by developing a novel modeling 
approach to calculate all essential thermophysical properties of oils, including density, phase equilibria, heat 
capacity, entropy, enthalpy, viscosity, and thermal conductivity. This approach treats an oil as a quasi-pure fluid, 
establishes a simple set of equations for these essential properties, and develops a parameter fitting procedure using 
a minimal set of experimental data (less than 20 and at least 12 data points); it can be easily extended to mixtures 
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using simple mixing rules. The relative deviations of the calculations performed with this approach from the 
experimental data are generally within the experimental uncertainties. However, the deviation can be up to 3% for 
the density of a quasi-pure oil, 5% for the density of a mixture, and several hundred percent for mixture viscosity. 
 
This work aims to improve the existing modeling approach focusing on density and viscosity. First, a 
comprehensive review of the experimental thermophysical properties of oils and mixtures of oil and refrigerant (or 
oil) was conducted (see Section 2). These data form the basis for improving the existing oil modeling approach. In 
addition, a new cubic equation of state (EoS) recently developed by us (Yang et al., 2024) was adopted to replace 
the initially used Patel-Teja-Valderrama (PTV) EoS (Patel & Teja, 1982; Valderrama, 1990), an improved residual 
entropy scaling (RES) approach for viscosity (Martinek et al., 2024; Yang & Richter, 2024a) was used, and a van 
der Waals (vdW)-type mixing rule with an adjustable parameter that could be fitted to experimental data was applied 
to the viscosity prediction of the mixture. These improvements are described in detail in Section 3 and were 
implemented in our self-developed software package OilMixProp 1.0 (contact the authors; it is free for academic 
institutions) (Yang & Richter, 2024b). This endeavor is funded within subproject 3 of the KETEC (Research 
Platform Refrigeration and Energy Technology) project (Urbaneck et al., 2022). 
 

2. DATA COLLECTION 
 
A comprehensive collection of experimental data on the thermophysical properties of oils and oil + refrigerant 
mixtures (or oil) is underway. More than 7000 experimental data have been collected, and more are expected. The 
complete result will be submitted for publication in a peer-reviewed journal in the future. Due to the limited scope of 
this conference paper, only some density and viscosity data are presented, mainly related to the results section, as 
can be seen in Table 1 and Table 2. 
  

Table 1: Experimental density data of quasi-pure oils, oil + oil mixtures, and oil + refrigerant mixtures 
Oil or refrigerant Oil T / K P / MPa Points Author and year 
 POE5 270.0 – 470.0 0.5 – 50.1 164 (Bruno et al., 2019) 
 POE7 270.0 – 470.0 0.5 – 50.0 161 (Bruno et al., 2019) 
 POE9 290.0 – 470.0 0.5 – 50.1 145 (Bruno et al., 2019) 
 ISO VG 32 248.2 – 348.2 0.1 – 0.1 5 (Morais et al., 2022) 
 PEB8 263.8 – 412.9 0.1 – 0.1 5 (Fandiño et al., 2005) 
 DIDP 273.8 – 413.3 0.1 – 140  55 (Peleties et al., 2010) 
R744 DIDP 288.0 – 413.3 0.1 – 80 66 (Weerakajornsak, 2019) 
PEB8 PEC7 278.2 – 353.2 0.1 – 45.0 99 (Fandiño et al., 2007) 
R600a LAB ISO 5 296.0 – 353.2 0.0 – 1.3 53 (Neto & Barbosa, 2010) 
R744 POE5 303.2 – 353.2 10.0 – 60.0 113 (Pensado et al., 2008b) 
R744 POE7 303.2 – 353.2 10.0 – 60.0 110 (Pensado et al., 2008b) 
R744 POE9 303.2 – 353.2 15.0 – 60.0 93 (Pensado et al., 2008b) 
R744 PEB8 303.2 – 353.2 10.0 – 60.0 110 (Pensado et al., 2008a) 
R1234yf ISO VG 32 248.2 – 348.2 0.0 – 0.6 33 (Morais et al., 2020) 
R1234ze(E) ISO VG 32 248.2 – 348.2 0.0 – 0.4 21 (Morais et al., 2020) 
R134a ISO VG 32 248.2 – 348.2 0.0 – 0.5 28 (Morais et al., 2022) 
R125 ISO VG 32 248.2 – 348.2 0.0 – 0.6 27 (Morais et al., 2022) 
R32 ISO VG 32 248.2 – 348.2 0.0 – 1.0 31 (Morais et al., 2022) 

 
Table 2: Experimental viscosity data of quasi-pure oils, oil + oil mixtures, and oil + refrigerant mixtures 

Oil or refrigerant Oil T / K P/ MPa Points Author and year 
 POE5 275.1 – 430.1 0.1 – 137.4 269 (Bruno et al., 2019) 
 POE7 280.0 – 450.1 0.1 – 137.5 286 (Bruno et al., 2019) 
 POE9 289.9 – 450.1 0.0 – 137.7 161 (Bruno et al., 2019) 
 ISO VG 32 248.2 – 348.2 0.1 – 0.1 5 (Morais et al., 2020) 
 LAB ISO 5 281.0 – 353.0 0.0 – 0.0 9 (Neto & Barbosa, 2010) 
 PEB8 303.2 – 363.0 0.1 – 0.1 14 (Pensado et al., 2006) 
R744 DIDP 288.0 – 413.3 0.1 – 80 66 (Weerakajornsak, 2019) 
PEB8 PEC7 303.2 - 353.2 0.1 - 60.0 84 (Lugo et al., 2007) 
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PEB8 PEC5 313.2 - 333.2 0.1 - 60.0 28 (Lugo et al., 2007) 
R744 PEC5 303.2 - 353.2 10.0 - 60.0 113  (Pensado et al., 2008b) 
R744 PEC7 303.2 - 353.2 10.0 - 60.0 110  (Pensado et al., 2008b) 
R744 PEC9 303.2 - 353.2 15.0 - 60.0 93  (Pensado et al., 2008b) 
R1234yf ISO VG 32 248.2 - 348.2 0.0 - 0.6 33  (Morais et al., 2020) 
R1234ze(E) ISO VG 32 248.2 - 348.2 0.0 - 0.4 21  (Morais et al., 2020) 
R134a ISO VG 32 248.2 - 348.2 0.0 - 0.5 29  (Morais et al., 2020) 
R125 ISO VG 32 248.2 - 348.2 0.0 - 0.6 27  (Morais et al., 2020) 
R32 ISO VG 32 248.2 - 348.2 0.0 - 1.0 31  (Morais et al., 2020) 

 
3. MODELS 

 
Our previous work (Yang et al., 2023) describes the modeling approach for all essential thermophysical properties 
of oils and oil + other fluid mixtures. Only a brief overview is given here, and the new improvements are described 
in more detail. 
 
2.1 Overview 
In our previous work (Yang et al., 2023), the PTV EoS was chosen to calculate density, phase equilibria, and 
residual properties. In this work, the recent EoS we developed (Yang et al., 2024) is used (see Section 2.2) instead. 
Heat capacities, entropy, and enthalpy can be determined with an additional equation for the isobaric heat capacity 
of the ideal gas as a linear function of temperature [linear-cp

o(T)]. Viscosity and thermal conductivity can be 
calculated using the RES approach developed by Yang et al. (Yang, Kim, et al., 2021; Yang, Xiao, et al., 2021, 
2022, 2023). Here, the latest improvement of the RES approach (Li et al., 2024; Martinek et al., 2024; Yang & 
Richter, 2024a) was adopted (see Section 2.3). Together, cubic EoS + linear cp

o(T) + RES form the improved model 
set for calculating all essential thermophysical properties of a quasi-pure oil. For mixtures, the vdW mixing rule is 
used in the cubic EoS and a vdW-type mixing rule (see Section 2.3) was developed for the viscosity of mixtures. 
 
2.2 Cubic EoS 
We recently developed a new cubic EoS (Yang et al., 2024) utilizing symbolic regression tools: TiSR (Martinek et 
al., 2023) and GPTIPS2F (available in https://github.com/is-centre/gptips2f-matlab). It has better accuracy in liquid 
density calculation than most other cubic EoS. The EoS has the functional form of a generalized three-parameter 
cubic EoS: 

 

(1) 

Here, p, T, and v are pressure, temperature, and molar volume, respectively, R = 8.3144598 J⋅K–1⋅mol–1 is the gas 
constant. Parameters a, b, and c are: 

 

(2) 

 

(3) 

 

(4) 

where Tr = T/Tc is the reduced temperature, while Tc, pc, and ω are the critical temperature, critical pressure, and 
acentric factor, respectively. The function α and the parameters Ωa, Ωb, and Ωc can be formulated to yield most of 
the existing cubic EoS (Yang, Rowland, et al., 2022). For the new EoS, they are: 

 (5) 

 (6) 

 (7) 

 (8) 

 (9) 
Here, ξc is an empirical critical compressibility factor different from the experimental one Zc. In Eqs. (6) and (7), the 
forms were determined with symbolic regression tools, and the parameters, as listed in Table 3, were determined 

https://github.com/is-centre/gptips2f-matlab
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with a nonlinear regression tool (the trust-region-reflective algorithm as implemented in the lsqcurvefit function in 
Matlab). For mixtures, the vdW mixing rule was used. 
 

Table 3: Parameters of the new cubic EoS (Yang et al., 2024)  
 i = 1 i = 2 i = 3 i = 4 
nm,i 2.779200 5.208803 −0.314477  
nΩa,i −0.174696 0.156625 −1.158565 0.784751 
nΩb,i 0.048371 −0.043334 0.319103 −0.012341 
nξc,i 0.144894 −0.129835 0.957454 0.036884 

 
2.3 Improved viscosity model 
The viscosity of pure fluids is calculated as the sum of the dilute gas viscosity μρ0 and the residual part μr: 

 (10) 
The dilute gas viscosity μρ0 of a pure fluid and a mixture can be calculated with methods used in our previous work 
(Yang, Kim, et al., 2021; Yang, Xiao, et al., 2021, 2022, 2023). The residual part of viscosity μr can be calculated 
with:  

 

(11) 

 
(12) 

 (13) 
Here, ρN, in units of m−3, is the number density, m, in units of kg, is the mass of one molecule, kB = 
1.380649⋅10−23 J⋅K−1 is the Boltzmann constant, and so is the residual entropy. The number density ρN and residual 
entropy sr of pure fluids and mixtures can be calculated with the cubic EoS. The three parameters nμk (k = 1,2,3) are 
fitted parameters for each pure or quasi-pure fluid. Eq. (12) is the latest developed equation optimized for the best 
possible viscosity calculation (Martinek et al., 2024). For mixtures, in Eq. (12), the nμk,mix is utilized to substitute the 
parameters nμk,i with a new vdW-type mixing rule developed in this work, 

 
(14) 
 

where xi is the mole fraction of component i in a mixture. The BIPμ,ij are binary interaction parameters for viscosity. 
BIPμ,ij can all be zero; when experimental data are available, BIPμ,ij (i ≠ j) can be optimized. 
 

4. RESULTS 
 
4.1 Feasibility study and performance tests 
With the improved model set, the same feasibility study was carried out as in our previous work (Yang et al., 2023). 
In the following, the feasibility study is briefly described. According to the model set of cubic EoS + linear cp

o(T) + 
RES, all parameters of a quasi-pure oil to be determined include: molar mass M, critical temperature Tc, critical 
density ρc, critical pressure pc, acentric factor ω, two parameters k0, k1 in the linear-cp

o(T), RES-fitted parameters for 
viscosity nμk (k = 1,2,3) and for thermal conductivity nλk (k = 1,2,3,4). These properties are characteristic constants of 
an oil. Most of the pure fluids in REFPROP 10.0 (Lemmon et al., 2018) that are in the liquid phase at atmospheric 
pressure patm = 0.1 MPa and in the temperature range from T = (278.15 to 368.15) K were studied. The calculation 
results in this temperature and pressure range with REFPROP 10.0 are used as reference values to fit the 
characteristic constants of these pure fluids using the model set. With the fitted characteristic constants, the 
prediction capability of the model set was tested by calculating density ρ, isobaric heat capacity cp, viscosity μ, 
thermal conductivity λ, entropy increment Δs, and enthalpy increment Δh in enlarged temperature and pressure 
ranges (223.15 K to 473.15 K and up to 5.0 MPa) and comparing the results with values calculated with REFPROP 
10.0. The results are summarized in Figure 1. In direct comparison to the previous work (Yang et al., 2023), the 
scattering of the density was reduced from 2.5% to 1.7% and that of the viscosity from 7% to 6%. Therefore, we can 
roughly estimate that, for pure fluids in the liquid phase, this modeling approach has an uncertainty (k = 2) of less 
than 6% for viscosity, 3% for thermal conductivity, and 2% for all other properties. 
 
The same binary systems Decane + C12 and Decane + MLINOLEA (here, fluid names as in REFPROP 10.0 are 
used) were studied to evaluate the prediction capability of the improved model set for mixtures. Both the previous 
and improved model sets work well for Decane + C12. In the previous work, calculations of Decane + MLINOLEA 
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were generally very good, except that deviations for viscosity were as high as 300%. In this work, with a value of 
BIPμ,12 = 0.04, the deviation could be reduced to within 10 %, see Figure 2. This is a significant improvement as 
compared to the previous model set. 

 
Figure 1. Average of the absolute value of relative deviation (AARD) and average relative deviation (ARD) 

between the improved model set and calculations of REFPROP 10.0 (Lemmon et al., 2018) for the studied pure 
fluids and typical experimental expanded uncertainty (exp. Un.). The calculations were carried out in the extended 

temperature (223.15 K to 473.15 K) and pressure (up to 5.0 MPa) ranges. 

 
Figure 2. Relative deviations of calculations with the improved model set (subscripted with calc) from values 
calculated with REFPROP 10.0 (Lemmon et al., 2018) (subscripted with ref) for the binary system Decane + 

MLINOLEA. Here, BIPμ,12 = 0.04. 
 
4.2 Application to real oils 
In this section, evaluations of the improved model set for real oil calculations are carried out. Due to the size 
limitation of this conference paper, only a few oils and their mixtures with other fluids are shown here. The studied 
experimental density and viscosity data are all listed in Table 1 and Table 2. The fitted characteristic constants of 
each oil and the binary interaction parameters BIPμ,12 of each binary system have been implemented in OilMixProp 
1.0 (contact the authors; it is free for academic institutions) (Yang & Richter, 2024b), and all the calculations were 
carried out with this software. 
 
4.2.1 PEB8 + POE7. This binary system has been studied in previous works. PEB8 and POE7 (or PEC7 in some 
publications) are both lubricant oils having full names of pentaerythritol tetra(2-ethylhexanoate) and pentaerythritol 
tetraheptanoate, respectively. The relative deviations of the experimental literature data from calculations with the 
previous model set are generally within 3% for density and 30% for viscosity. In this work, with the improved 
model set, the relative deviations were reduced to 2% for density and 15 % for viscosity, as shown in Figure 3. 
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Figure 3. Relative deviations of experimental densities (Fandiño et al., 2007) and viscosities (Lugo et al., 2007) of 

PEB8 + POE7 from predictions of the model set. Here, BIPμ,12 = 0.1. 
 
4.2.2 DIDP + CO2. DIDP is a lubricant oil and is the abbreviation of di-isodecyl phthalate. In our previous work, 
the relative deviations of the experimental data of the DIDP + CO2 binary system from the model predictions were 
within 5.5% for density and up to 450% for viscosity. In this work, the density deviation could be reduced to 3.0%, 
as shown in Figure 4. However, the viscosity prediction can hardly be improved for this binary system. Please see 
the viscosity vs. composition curves along constant temperature and pressure in Figure 4. The smooth solid curves 
are model predictions, and the unsmooth dashed curve (for clarity, only the one at T = 372 K and p = 80 MPa is 
plotted) is a connection of experimental points. The unsmooth dashed curve implies that there could be a large 
uncertainty in some of the experimental points, or it requires a much more complex mixing rule to yield a good 
correlation if all data were assumed to be accurate. By adjusting BIPμ,12, the relative deviation for viscosity could 
potentially be reduced to within 100%. However, the model prediction will then have an obvious positive slope in 
the viscosity vs. composition curves at oil-rich conditions (e.g., see the blue curve in Figure 4). This implies that 
adding CO2 into DIDP will increase the viscosity at the same temperature and pressure condition, which is less 
likely to be true. On the one hand, the mixing rule for the mixture viscosity prediction needs further improvement. 
On the other hand, more accurate experimental data is needed for the improvement of the model. 
 

 
Figure 4. Relative deviations of experimental densities and viscosities (Weerakajornsak, 2019) of DIDP + CO2 

mixtures from predictions of the model set; x refers to mole fraction. Here, BIPμ,12 = –0.15. 
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4.2.3 ISO VG 32 + R1234yf. As stated in the data source literature, the measured ISO VG 32 is Emkarate RL 32–
3MAF obtained from the Lubrizol Corporation, USA. It is a lubricant oil mainly composed of pentaerythritol esters, 
such as n-heptanoate, n-pentanoate, 3,5,5-trimethylhexanoate, and 3-methylbutanoate. Data is available for ISO VG 
32 mixed with five refrigerant gases. Here, only the mixture ISO VG 32 + R1234yf is shown as an example. The 
comparison between the experimental data and the model predictions is presented in Figure 5. The relative 
deviations of density and viscosity are generally less than 3.0% and 80%, respectively, except for a few outliers. 
Similar to the case of DIDP + CO2, an apparent positive slope in the viscosity vs. composition curves at oil-rich 
conditions (e.g., see brown curve in Figure 5) can be observed, which is most likely not true. A potential 
improvement could be making BIPμ,12 a simple linear function of temperature, which should be further investigated. 
 

 
Figure 5. Relative deviations of experimental densities and viscosities (Morais et al., 2020) of ISO VG 32 + 

R1234yf from predictions of the model set. Here, BIPμ,12 = –0.6. 
 
4.2.4 LAB ISO 5 + isobutane. LAB ISO 5 is a linear alkylbenzene lubricant oil. For its mixture with isobutane, the 
comparison between the experimental data and the model predictions is presented in Figure 6. Relative deviations of 
density are up to 10%. In this figure, data with full symbols are those considered to be in the two-phase region 
according to the model calculation. On the one hand, this may be attributed to the lack of bubble point pressure 
measurements necessary to determine an accurate BIP for the phase behavior calculation; on the other hand, it may 
imply that the experimental values have much higher uncertainties than expected. 
 

 
Figure 6. Relative deviations of the experimental densities and viscosities (Neto & Barbosa, 2010) of LAB ISO 5 + 
isobutane from predictions of the model set. Here, BIPμ,12 = –0.15. Data in full symbols are considered to be in the 

two-phase region according to the model calculation in OilMixProp 1.0. 
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5. CONCLUSIONS 
 
A novel modeling approach was developed in our previous work to tackle the challenge of modeling all the essential 
thermophysical properties (density, phase behavior, heat capacity, entropy, enthalpy, viscosity, and thermal 
conductivity) of an oil. This approach was further improved in this work by implementing a new cubic EoS, an 
improved RES approach for viscosity, and a new mixing rule for mixture viscosity. In the liquid phase and not near 
the critical point, for pure fluids, this modeling approach has an estimated uncertainty of less than 6% for viscosity, 
3% for thermal conductivity, and 2% for all other properties. For binary systems, the modeling approach still yields 
good predictions, typically within 4% for density and generally within 8% (according to the previous work) for other 
properties. However, a very high deviation is still observed for the viscosity of some binary mixtures. Careful 
evaluations of the mixture’s viscosity data revealed that the uncertainty of the experimental data could be higher 
than expected, and there is an apparent lack of high-quality viscosity data of oil + refrigerant mixtures. A more 
complex mixing rule, for example, BIPμ,12 as a linear function of temperature, could be used to improve the 
predictions of some binaries. All fitted parameters of oils were implemented in OilMixProp 1.0, our self-developed 
software package, which was used for all calculations reported in this work (contact the authors; it is free for 
academic institutions).  
 

NOMENCLATURE 
 
a parameter in the cubic EoS (J⋅m3⋅mol–2) 
b and c parameter in the cubic EoS (m3⋅mol–1) 
BIPμ Binary interaction parameter for viscosity (–) 
kB Boltzmann constant (J⋅K−1) 
m mass of one molecule (kg) 
nμk (k = 1,2,3) viscosity parameters in RES (–) 
p pressure (Pa) 
R gas constant (J⋅K–1⋅mol–1) 
sr residual entropy (J⋅K–1⋅mol–1) 
T temperature (K) 
v molar volume (m3⋅mol–1) 
x Mole fraction  (–) 
Zc Experimental critical compressibility factor (–) 
ω acentric factor (–) 
μ viscosity (Pa⋅s) 
μr residual viscosity (Pa⋅s) 
ρN number density (m−3) 
Ωa, Ωb and Ωc parameter in the cubic EoS (–) 
ξc empirical critical compressibility factor (–) 
 
Subscript   
c critical point   
ρ0 dilute gas limit   
r reduced   
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