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Abstract
In our previous work (J Chem Eng Data 2021, 66(3):1385–1398), a residual entropy 
scaling (RES) approach was developed to link viscosity to residual entropy [a ther-
modynamic property calculated with an equation of state (EoS)] using a simple pol-
ynomial equation for refrigerants. Here, we present an extension of this approach 
to a much wider range of fluids: all pure fluids and their mixtures whose reference 
EoS and experimental viscosity data are available. A total of 84 877 experimen-
tal points for 124 pure fluids and 351 mixtures are collected from 1846 references. 
The investigated pure fluids contain a wide variety of fluids from light gases with 
quantum effects at low temperatures to dense fluids and fluids with strong intermo-
lecular association. More than 68.2 % (corresponding to the standard deviation) of 
the evaluated experimental data agree with the RES model within 3.2 % and 8.0 % 
for pure fluids and mixtures, respectively. Compared to the recommended models 
implemented in the REFPROP 10.0 software (the state-of-the-art for thermophysical 
property calculation), if the dilute gas viscosity is calculated in the same way, our 
RES approach yields similar statistical agreement with the experimental data while 
having a much simpler formulation and fewer parameters. To use our RES model, a 
software package written in Python is provided in the supporting information.

Extended author information available on the last page of the article
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1  Introduction

According to the laws of thermodynamics, with an equation of state (EoS, typically a 
Helmholtz-energy equation or a pressure-explicit function with the independent var-
iables temperature and density), and an equation for the isobaric heat capacity of the 
ideal gas, all thermodynamic properties (density, entropy, enthalpy, speed of sound, 
etc.) of a pure fluid can be calculated. After decades of development, the commonly 
used reference thermophysical property software packages (such as REFPROP 10.0 
[1], TREND 5.0 [2] and CoolProp 6.4.1 [3]) include such reference multi-parameter 
EoS. These reference EoS were fitted to comprehensive and evaluated experimental 
data, and some of them have accuracies that only few experimental techniques can 
achieve, e.g., the EoS of Span et al. [4] for nitrogen yields a relative uncertainty 
of less than 0.02  % in density at atmospheric conditions. Nowadays, some of the 
most accurate reference EoS (e.g., Span et al. [4] for nitrogen, Wagner and Pruß 
[5] for water) are used to calibrate new experimental setups, and new experimental 
data are compared with these accurate reference EoS before publication. Nonethe-
less, transport properties (such as viscosity, thermal conductivity, and self-diffusion 
coefficient), are significantly less investigated in terms of both modeling and meas-
urements than thermodynamic properties represented by the accurate reference EoS. 
Calculating a transport property requires independent equations and the typical cal-
culation uncertainty (k = 2) is on the order of 5 % or higher.

In our previous work [6], a residual entropy scaling (RES) approach was devel-
oped to link the viscosity of pure refrigerant fluids to the residual entropy (a ther-
modynamic property obtained from an EoS) using a simple polynomial equation 
with four global parameters and a fluid-specific scaling factor for each pure fluid. 
In that work, this RES approach yields similar statistical agreement with evaluated 
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experimental data as the recommended models in the REFPROP 10.0, the state-of-
the-art for thermophysical property calculation. With the aim of linking viscosity 
to the accurate reference EoS for additional pure fluids, this work will extend the 
RES approach to all pure fluids whose reference EoS are available in REFPROP 
10.0 and whose experimental viscosity data are available to us. In total, 124 pure 
fluids are investigated in this work, and some of them, e.g., hydrogen, water, and 
n-decane, have significantly different thermophysical properties than those of refrig-
erants. Thus, the simple polynomial equation with 4 global parameters developed in 
the previous work [6] cannot be used to accurately describe all the 124 pure fluids. 
A major task in this work is to classify these pure fluids into different groups and 
obtain global parameters for each group. Subsequently, a mixture model is proposed 
and compared to experimental data. For this purpose, a comprehensive literature 
search was carried out. Experimental data of 351 binary mixtures were obtained 
among the 7626 (= 123 × 124/2) possible pairs using the ThermoData Engine (TDE) 
database version 10 [7], and data of 4 multi-component mixtures were collected 
from peer-reviewed publications [8, 9]. This work aims to present an alternative 
reference viscosity model for fluids of industrial importance and the model will be 
implemented in the TREND software package [2, 10].

2 � Theoretical Background

The RES approach expresses transport properties in terms of thermodynamic prop-
erties, which can be obtained directly from an EoS. Various approaches based on 
RES have been proposed and verified for viscosity of the Lennard–Jones (L–J) fluid 
[11] and hundreds of real fluids (e.g., hydrocarbons [12–14] refrigerants [6, 15–17], 
or other commonly used fluids [18, 19]), as well as thermal conductivity of some 
real fluids [17, 20–24]. Generalized RES approaches for viscosity of more than 100 
pure fluids have been developed by Lötgering-Lin et al. [19] and Dehlouz et al. [25]. 
Here the approach developed in our previous work [6] is extended and the mixing 
rule is slightly modified.

The fluid viscosity η is calculated as the sum of the dilute gas viscosity ηρ0(T) and 
the residual part ηres(sr):

The dilute gas viscosity ηρ0(T) at temperature T of a pure fluid is calculated with 
the Chapman–Enskog [26] solution of the Boltzmann transport equation, assuming 
the interactions between molecules can be roughly captured by those of L–J parti-
cles with 12–6 potential:

where m, in units of kg is the mass of one molecule; kB = 1.380 649 × 10−23 J·K−1 is 
the Boltzmann constant; σ is the collision diameter of the L–J particle; and Ω(2,2)* 
is the reduced collision integral obtained by integrating the possible approach 

(1)� = ��0(T) + �res(s
r ).

(2)��0(T) =
5

16

√
mkBT

�

1

�2Ω(2,2)∗
,
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trajectories of the particles. Neufeld et al. [27] gives an empirical correlation of 
Ω(2,2)* as a function of temperature as:

where T* = kBT/ε is the dimensionless temperature, and ε/kB is the reduced L–J pair-
potential energy. The non-polynomial terms are neglected in this work as REFPROP 
10.0 [1] does. The L–J parameters (σ and ε) in this work were obtained from REF-
PROP 10.0 as listed in Table S1 in the Supporting Information (SI).

As introduced by Bell [12, 18], the residual part of viscosity ηres(sr) can be 
calculated with:

Here, ρN, in units of m−3, is the number density; sr in units of J·mol−1·K−1 is 
the molar residual entropy, defined as the difference between the real fluid entropy 
and the ideal gas entropy at the same temperature and density; and R = 8.31 446 
261 815 324 J·mol−1·K−1 is the molar gas constant [28]. In this work, the number 
density ρN and molar residual entropy sr were calculated with the reference EoS 
implemented in REFPROP 10.0 [1] using the python CoolProp package 6.4.1 
[3] as an interface. The reference EoS for each pure fluid is listed in Table  S2 
in the SI. The plus-scaled dimensionless residual viscosity �+

res
 is related to the 

plus-scaled dimensionless residual entropy s+ using the following polynomial 
equations

or

Equation 6 is for a pure fluid with fluid-specific fitted parameter nk (k = 1, 2, 3, 
4), and Eq. 7 is for a group of pure fluids with global fitted parameters ngk (k = 1, 
2, 3, 4) and a fluid-specific scaling factor ξ for each pure fluid.

To extend the RES model to mixtures, a predictive mixing rule is adopted. The 
dilute gas viscosity ηρ0,mix is calculated with the approximation of Wilke [29]:

with

(3)
Ω(2,2)∗ =1.16145 ⋅ (T∗)−0.14874 + 0.52487 ⋅ exp(−0.77320 ⋅ T∗)

+ 2.16178 ⋅ exp(−2.43787 ⋅ T∗),

(4)�res(s
r ) =

�+
res
�
2∕3

N

√
mkBT

(s+)2∕3
,

(5)s+ = −sr∕R.

(6)ln
(
�+
res

+ 1
)
= n1 ⋅ (s

+) + n2 ⋅ (s
+)

1.5
+ n3 ⋅ (s

+)
2
+ n4 ⋅ (s

+)
2.5

(7)ln
(
�+
res

+ 1
)
= ng1 ⋅ (s

+∕�) + ng2 ⋅ (s
+∕�)
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(8)��0,mix =
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xi ⋅ ��0,i
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j=1
xj ⋅ �ij
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where xi is the mole fraction of component i and mi is the mass of one molecule of 
component i. The mole fraction weighted average mmix of the components is used to 
replace the effective mass of one particle m in Eq. 4:

Attempts to use a mass fraction weighted average result in a negligible statistical 
difference. Then, in contract to our previous work [6], the mole fraction weighted 
average coefficient nk,mix is utilised to substitute the parameters nk in Eq. 6, i.e.,

where nk,i (k = 1, 2, 3, 4) are fitted nk parameters of component i. It is important to 
note that, only if a pure fluid does not have fluid-specific fitted parameters, the nk 
(k = 1, 2, 3, 4) are replaced by ng1/ξ, ng2/ξ1.5, ng3/ξ2, and ng4/ξ2.5, respectively.

3 � Results

3.1 � Data Collection and Selection

In total, 51 841 experimental (T, p, η) values of 124 pure fluids and 33 036 experi-
mental (x, T, p, η) values of 351 mixtures were collected. These experimental data 
were obtained from approximately 1846 literature sources, detailed citations of 
which are provided in the Supporting Information—Detailed Plots and References 
(SI-DPR). The same method as in our previous work [6, 24] to correct a small por-
tion of data from the TDE database (less than 0.1 %, mainly due to mistakes in data 
transfer from original sources to the database), and the same filters to sort out inap-
propriate data were carried out. A summary of the numbers of literature sources 
and the numbers of values screened out by each filter for each pure fluid and each 
mixture are listed in Tables S3 and S4 in the SI, respectively. In total, 6.2 % of pure 
fluid and 8.9  % of mixture data were filtered out. The temperature, pressure (and 
composition for mixture) ranges of the evaluated data are summarized in both tables 
as well. For reproducibility, all experimental data except for those exceeding limits 
of the reference EoSs (one of the filters) are illustrated in �+

res
 vs. s+ plots in 124 fig-

ures for pure fluids and 351 figures in mixtures in the SI-DPR. The �+
res

 vs. s+ points 
of most pure fluids collapse into a single curve, along with some noise due to the 
poor quality of certain experimental data. However, for fluids with quantum effects 
at low temperatures, such as hydrogen, deuterium (D2), and helium, the �+

res
 vs. s+ 

points do not collapse well. This implies a limitation of the current RES approach: it 

(9)�ij =
(1 + (��0,i∕��0,j)

1∕2
⋅ (mj∕mi)

1∕4)
2

(8 ⋅ (1 + mi∕mj))
1∕2

,

(10)mmix =
∑

i

xi ⋅ mi

(11)nk,mix =
∑

i

xi ⋅ nk,i,
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does not work well for quantum fluids. In additions, one could expect that the RES 
model would not work for superfluids (e.g., He-4 at 2.17 K), whose viscosity is zero.

3.2 � Correlation for Pure Fluids

In the first step, the fluid-specific nk parameters in Eq. 6 were obtained for those pure 
fluids with a sufficient quantity and good quality of experimental data in both liquid 
and gas phases. The results are listed in Table 1. The method to fit the nk param-
eters as well as the global ng,k parameters to be discussed below is described in our 
previous work [6]. Then, the classification of the 124 pure fluids was carried out 
to achieve an ultimate goal: the RES model with the global ng,k parameters and the 
fluid-specific scaling factor ξ yields the best statistical agreement with experimental 
data for each pure fluid while the number of groups was kept as small as possible.

Ultimately, the 124 pure fluids were classified into eight groups, as given in 
Table 1 and illustrated in Fig. 1. From groups 1 to 8, the fluids are mainly but not 
exactly: (1-LG) light gases with quantum effects at low temperatures, mainly hydro-
gen and its spin isomers and helium; (2-G) gaseous fluids, e.g., the noble gases; 
(3-LHC) a majority of light hydrocarbons and halogenated hydrocarbons (refriger-
ants); (4-B) fluids with benzene rings and similar fluids; (5-MHC) medium hydro-
carbons and similar fluids; (6-HHC) heavy hydrocarbons and dense fluids; (7-LA) 
fluids with light intermolecular association among molecules like methanol; (8-SA) 
fluids with strong intermolecular association among molecules, such as water. Group 
3-LHC is intentionally preferred as it contains the largest number of fluids and we 
prefer to have a global parameter set for as many pure fluids as possible. The global 
ng,k parameters for each group are listed in Table 2; the fluid-specific scaling factors 
in each group are given in Table 1 and illustrated in Fig. 1. Experimental data of 
each group collapse into the individual global �+

res
 vs. s+ curves as shown in Fig. 2; 

more details can be found in Fig. S3 in the SI.
According to Fig.  1, there is a relation between ξ and s+

crit, the plus-scaled 
dimensionless residual entropy at the critical point. For example, ξ/s+

crit is roughly 
a value of 0.7 in group 3, and for a group with heavier components, the value of 
ξ/s+

crit decreases. This factor is in good agreement with the scaling shown by Bell 
[13, 30]. Adopting the classification and the rough value of ξ/s+

crit, the RES model 
could serve as a fully predictive model for other chemically similar pure fluids.

A summary of the relative deviations of the experimental viscosity ηexp from val-
ues ηRES calculated with the RES model is shown in Fig. 3, and more details are 
given in Fig. S4 in the SI. For clarity, more detailed plots are provided in 124 figures 
in the SI-DPR. It is important to note again, fluid-specific nk parameters are pre-
ferred in all calculations in this work and only if they are not available in Table 1, 
global parameters ngk are used. As a result, more than 68.2 % of the experimental 
data agree with the RES model within 3.2 % (corresponding to the standard devia-
tion). For better reproducibility of this work, a Python package for viscosity calcula-
tion using the RES approach is provided in the SI, and sample viscosity calculations 
for each pure fluid are listed in Table S5 in the SI.
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Here we defined average relative deviation (ARD) and average of the abso-
lute value of relative deviation (AARD) of the experimental values ηexp from the 
model calculations ηRES as:

Fig. 1   Scaling factor ξ. The denominator s+
crit is the plus-scaled dimensionless residual entropy at the 

critical point calculated with REFPROP 10.0 [1] for each pure fluid. The number at the top right of each 
box indicates the group number. The vertical dashed dotted line denotes ξ/s+

crit = 0.7. Values for group 
one hydrogen: 1.6, helium: 5.4, and deuterium (D2): 1.9
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(12)ARD =

∑N

i
[(�exp,i − �RES,i)∕�RES,i]

N
,

(13)AARD =

∑N

i

���
(�exp,i − �RES,i)∕�RES,i

���
N

,

Table 2   Global fitted parameters 
of each group

Group ng1 ng2 ng3 ng4

1  − 0.449 854 3.219 854  − 5.298 638 2.975 827
2 0.101 609  − 0.156 239 0.440 241  − 0.113 646
3  − 0.448 046 1.012 681  − 0.381 869 0.054 674
4  − 0.657 607 1.154900  − 0.437 437 0.059 896
5  − 0.368 714 0.764 423  − 0.261 237 0.031 913
6 0.645 294  − 0.186 122 0.041 308  − 0.002 865
7  − 0.726 184 1.369 572  − 0.652 048 0.116 681
8  − 0.663 915 1.401 829  − 0.780 113 0.155 976

Fig. 2   Values of ηres
+ as a 

function of s+/ξ for each group 
of pure fluids, where is ηres

+ 
the plus-scaled dimensionless 
residual viscosity, s+ is the plus-
scaled residual entropy, and ξ 
is the scaling factor. The curves 
are calculated with the global 
ngk parameters. All groups are 
shown at the bottom; at the 
top, each group is individually 
illustrated but stacked by powers 
of 20 and with group number 
labeled
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where N is the total number of the experimental data points for a given fluid. The 
values of ARD and AARD denote the systematic offset and scatter, respectively, 
of the experimental data from the model. The ARD for each pure fluid are shown 
in Fig. 3 and the AARD are listed in Table S3 in the SI. Ideally, ARD should be 
approximately zero for pure fluids as the RES model for pure fluids is anchored to 
the experimental data. However, considering the existence of low-quality data and 
the possible uncertainties due to the modeling of the dilute gas, the absolute value 
of ARD for only 91 and 113 of the 124 pure fluids are less than 1.0 % and 2.0 %, 
respectively. For those with larger ARD, there are either only gas phase data avail-
able (e.g., R116, R161, and krypton), conflicting datasets (see the gourd-shaped pat-
tern for isopentane, ammonia, and acetylene in Fig. 3), obviously inaccurate dilute 
gas viscosity calculation (xenon and butane, deviation plots not converge around 
zero at zero s+ limit, see the figures in the SI-DPR), or very few experimental data 
available (5 data only for cyclopropane). For pure fluids for which more than 1000 
experimental data points are available, the absolute ARD values are generally less 
than 1.0 % and all are less than 2.0 %.

We compared the performance of the RES model with the recommended model 
of each pure fluid implemented in the REFPROP 10.0, short for REFPROP-models. 
The REFPROP-models are 41 reference correlations [31–66] for 43 pure fluids, the 
extended corresponding states (ECS) model [67–69] for 77 pure fluids, and the fric-
tion theory model [47, 70] for 3 pure fluids; details are documented in Table S2 in 
the SI. There is no viscosity model for NF3 in REFPROP 10.0. The REFPROP-mod-
els fail in the calculation of very few experimental data (less than 0.38 %, exceeding 
the model limit, see more details in Table S3 in the SI) at the given temperature and 
pressure. Detailed plots of the relative deviations of the experimental viscosity ηexp 
from values ηREFPROP calculated with the REFPROP-models for each experimental 
point are provided in 124 figures in the SI-DPR. The AARD from the experimental 
data to the RES model and the REFPROP-models are listed in Table S3 in the SI. 
The RES model yields smaller or equal AARD (i.e., smaller scatter) for 55 pure flu-
ids out of 124 fluids compared to the REFPROP-models; this value becomes 61 out 
of 124 if the dilute gas viscosity in the RES model is calculated in the same way as 
the REFPROP-models do (achieved by setting pressure zero using the recommended 
models in REFPROP).

Additional comparisons were made to the RES approach developed by Lötger-
ing-Lin et al. [19], where the residual entropy is calculated with the PCP-SAFT EoS 
[71]. The calculations with the PCP-SAFT EoS were carried out with the TREND 
5.0 package [2] and the model parameters were obtained from the supporting infor-
mation of Lötgering-Lin et al. [19]. The generalized RES approach developed by 
Dehlouz et al. [25] was not compared here as their approach is not yet developed 
for mixtures and the needed I-PC-SAFT EoS [72] or tc-PR cubic EoS [73] are not 

Fig. 3   Relative deviations of the experimental viscosity ηexp from values ηRES calculated with the RES 
model. The short line indicates the average relative deviation; the shape shows the distribution of the rel-
ative deviation; and the colors are for a clear illustration only. Fluid-specific nk parameters are preferred, 
and only if they are not available in Table 1, global parameters ngk/ξ are used

▸
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Fig. 4   Relative deviations of the experimental viscosity ηexp of pure fluids from values ηRES calculated 
with the RES model, REFPROP-models and model of Lötgering-Lin et al. [19]. The short line indicates 
the average relative deviation; the shape shows the distribution of the relative deviation; and the colors 
are for a clear illustration only. Relative deviations of the experimental data of ethanol and methanol 
from Lötgering-Lin et al. model generally exceed the figure limits

Fig. 5   Statistical summary of the relative deviation of the experimental data from model calculations for 
binary mixtures. Top line: all evaluated experimental data; bottom line: evaluated experimental data were 
further filtered for the calculations using the REFPROP-models. ARD average relative deviation, AARD 
average of the absolute value of relative deviation, of the experimental values from the model calcula-
tions. Please note, for those without available data, ARD and ARRD are given a value of 0.0
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available to us. There are 35 pure fluids for which all three models (the REFPROP-
models are considered as one model here) can be applied. For a fair comparison, 
approximately 6  % of the evaluated experimental data were further filtered out; 
these are mainly near the phase boundaries as the PCP-SAFT EoS predicts differ-
ent phase boundaries than the multi-parameter reference EoS. Relative deviations 
of the experimental data from the three models are statistically shown in Fig. 4 and 
detailed plots are given in Fig. S4-4 in the SI. The ARD for the 35 fluids are shown 
in Fig.  4 and the AARD are listed in Table  S6 in the SI. Our RES model yields 
the smallest AARD (i.e., smallest scatter) for 11 pure fluids while that for model of 
Lötgering-Lin et al. [19] is best for 3 fluids. According to Table S6, it is obvious that 
viscosity values calculated with Lötgering-Lin et al. model for ethanol and methanol 
(group 7) significantly deviate from experimental data (19.0 % and 44.2 %, respec-
tively) and the other two models. This somehow supports their statement about their 
model: “almost all mixtures containing either methanol or ethanol are not well rep-
resented” [19]. It might attribute to the imperfection of their approach in linking 
viscosity and residual entropy for these two fluids, as the residual entropy calculated 
with both PCP-SAFT and the reference multi-parameter EoS generally agree with 
each other within 5 %.

Fig. 6   Relative deviations of the experimental viscosity ηexp of selected mixtures from values ηRES cal-
culated with the RES model, REFPROP-models and model of Lötgering-Lin et al. [19]. The short line 
indicates the average relative deviation; the shape shows the distribution of the relative deviation; and the 
colors are for a clear illustration only
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3.3 � Prediction for Mixtures

For mixtures, a predictive mixing rule was used, see Sect. 2. More than 68.2 % of 
the evaluated experimental data agree with the RES model within 8 %. A summary 
is provided in Fig. 5 showing the ARD (systematic offset) and AARD (scatter) from 
the experimental data to the RES model for binaries among two groups. For bina-
ries from the same group, the absolute value of ARD is generally less than 2 %; in 
particular, the ARD is only − 0.4 % for binaries within group 3 (4856 experimental 
data). For binaries from different groups, some are very good, e.g., 1982 data from 
groups 1 and 2 having an ARD of − 1.2 %, while some are relatively poor, e.g., 3368 
data from groups 7 and 8 with an ARD of 17 %. There seems to be problems in 
the EoS for the residual entropy calculations of binaries from groups 7 and 8 (e.g., 
Ethanol + Water), as will be discussed in the next paragraph, the REFPROP-models 
which also rely on the EoS fails in most of the calculations for binaries from groups 
7 and 8. Regarding asymmetric mixtures of industrial interest, such as refrigerants 
with lubricants (respectively in group 3 and possibly group 6), and hydrogen with 
heavy hydrocarbon (groups 1 and 5 or 6) [74], very few experimental data are avail-
able. Therefore, Fig. 5 reveals an AARD clearly beyond 10 % for groups 3 and 6, 
and for groups 1 and 5 or 6, the AARD cannot be calculated (no data available).

We first compared the performance of the RES model and REFPROP-models 
in mixture prediction. Sample viscosity calculations using both RES model and 
REFPROP-models for each group pairs are listed in Table S7 in the SI. Please note, 
there are up to four additional binary interaction parameters for each binary in the 
ECS model (the most commonly adopted model in REFPROP-models), and these 
parameters are fitted to the available experimental data or otherwise are set to zero. 
Table S4 in the SI indicates which binary mixtures have binary interaction param-
eters fitted in the ECS model. The REFPROP-models fail to calculate 21 % of the 
evaluated experimental data at the given temperature and pressure, mainly belong-
ing to binaries including groups 7 and 8, see details in Table S4. After removing 
these data, statistical results compared to the experimental data are shown in the 
bottom line of Fig. 5 and listed in Table S4 in the SI. More detailed plots are illus-
trated in 351 figures in the SI-DPR for each mixture. According to Table S4, the 
RES model yields lower AARD (scatter) for 161 mixtures out of all 351 mixtures; 
this value is 185 out of 351 if the dilute gas viscosity in the RES model is calculated 
in the same way as the REFPROP-models do. According to Fig. 5, the RES model 
yields lower AARD (scatter) for 12 group pairs out of 18 group pairs where experi-
mental data are available.

We then added the model of Lötgering-Lin et al. [19] into the comparison. Con-
sidering that there are only 35 pure fluids for which all three models (the REFPROP-
models are considered as one model here) can be applied for, the binary mixtures 
were narrowed down to only 158. For a fairer comparison, approximately 2.8 % of 
the evaluated experimental data at or near phase boundaries was further filtered out 
as the PCP-SAFT and the multi-parameter reference EoS predict different phase 
boundaries. The statistical summary of the comparison from experimental data 
to the three models are listed in Table S8 of the SI and illustrated for some mix-
tures in Fig. 6; more similar figures and detailed plots are given in Fig. S5 in the 
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SI. According to Table S8, our RES model, the REFPROP-models, and the model 
of Lötgering-Lin et al. [19] have the best agreement with experimental data for 56, 
69 and 33 mixtures, respectively. It is interesting to note that, for some binary mix-
tures, such as n-pentane + toluene, nonane + n-pentane, n-hexane + p-xylene, and 
decane + p-xylene (see figures in the SI-DPR) experimental data in the liquid phase 
have similar deviations with all three models, i.e., the models agree with each other 
while the experimental data deviate.

4 � Conclusion, Discussion and Future Work

In this work, we present a simple but accurate RES approach for all 124 pure flu-
ids whose reference EoS (implemented in REFPROP) and experimental viscosity 
data are available in the literature. This RES approach links viscosity to the resid-
ual entropy using a simple polynomial equation. More than 68.2 % (corresponding 
to the standard deviation) of the evaluated experimental data agree with the RES 
model within 3.2 % for pure fluids. The pure fluids are classified into eight groups, 
and fluids with similar physical properties are roughly in the same group. Experi-
mental data of each group collapse into a global residual viscosity vs. scaled resid-
ual entropy curve. There is a relation between the fluid-specific scaling factor and 
the plus-scaled dimensionless residual entropy at the critical point. According to 
this and adopting the classification, the RES model could serve as a fully predictive 
model for other pure fluids. To use our RES model, a software package written in 
Python is provided; besides please note: fluid-specific fitted parameters should be 
used, and only if they are not available in Table 1, global fitted parameters are used.

Compared to the recommended models implemented in REFPROP 10.0, the 
state-of-the-art for thermophysical property calculation, the RES model yields 
smaller or equal average of the AARD from the experimental data for 55 pure fluids 
out of 124 fluids. If the dilute gas viscosity in the RES model is calculated in the 
same way as the REFPROP models do, this value becomes 61 out of 124. A sensi-
tivity analysis shows that, for example, a 1.0 % change in the residual entropy yields 
0.02 % and 1.0 % changes in the calculated viscosity in the gas and liquid phases, 
respectively. Therefore, future developments in the reference EoS, which improve 
the accuracy in the residual entropy calculation, should significantly improve the 
accuracy of the RES model, mainly in the liquid phase.

With a predictive mixing rule, more than 68.2 % of the evaluated experimental 
mixture data agree with the RES model within 8 %. More sophisticated mixing rules 
for each group pair might achieve better predictions, which would be our future 
work. Nonetheless, if dilute gas viscosity is calculated in the same way, the RES 
approach yields similar statistical agreement with the experimental data as the REF-
PROP-models, while the RES approach has much simpler formulation and fewer 
parameters.

Regarding future work, considering that the RES approach links viscosity to an 
EoS with a simple polynomial global equation and requires no extra parameters 
for mixtures, one could expect that it has great advantages (less complexity and 
faster calculation) in industrial applications, such as thermo-economic analysis for 



	 International Journal of Thermophysics (2022) 43:183

1 3

183  Page 20 of 24

refrigerant and organic Rankine cycles. Under certain circumstances, if only liquid 
viscosity is considered (e.g., as is typical for lubricant oils which are more likely 
in group 6) only one extra parameter (the fluid-specific scaling factor) is needed to 
obtain a reliable viscosity value if an EoS is available. Therefore, interesting future 
work will be the exploration of the application of the developed RES model to 
industrial applications. Besides, in order to achieve a much faster calculation and 
much easier access to industry, suitable cubic EoS could be evaluated for each pure 
fluid.

Our next target is to explore the application of our RES approach to a specific 
group of asymmetric mixtures: light component refrigerants in group 3 mixed with 
heavy component lubricants which might belong to group 6. Accurate models of 
these mixtures are extremely important in developing next generation refrigerant 
systems, however, modeling viscosity of asymmetric mixtures remains a major chal-
lenge nowadays [74]. Modeling thermophysical properties of lubricants is demand-
ing itself as commercially available lubricants are all mixtures with components and 
compositions barely possible to be determined accurately. Traditional thermophysi-
cal modeling approaches cannot be used for such lubricants, because these mod-
els are generally developed for pure fluids or mixtures with known components 
and compositions. To tackle this challenge, a novel approach should be developed: 
assuming each lubricant as a pseudo-pure fluid, characterizing each lubricant with 
fluid constants (e.g., critical temperature, critical pressure, fluid-specific scaling fac-
tor for viscosity, etc.), determining these fluid constants with minimal amount of 
experiments, and combining this approach to our current RES method.
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