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Abstract
Isobaric heat capacity is one of the key thermophysical properties for working fluids 
in thermal systems and plays an important role in the development of equation of 
state. Due to the lack of experimental data for promising hydrofluoroolefins (HFOs), 
we carried out theoretical predictions for condensed liquid phase with three differ-
ent methods: traditional cubic equation of state (CEOS), fundamental equations of 
state (FEOS) explicit in Helmholtz free energy and a corresponding state equation 
(CSE). Both CEOS and CSE are generalized models that only need several charac-
teristic parameters to conduct calculation, while FEOS are specific models in which 
the structure and parameters are regressed from experimental data of one certain 
fluid. Liquid heat capacity data of 9 HFOs were calculated, including well-known 
R1234yf, R1234ze(E), and latest prospective R1123, R1216, R1243zf, R1234ze(Z), 
R1336mzz(Z), R1141, and R1125zc. A critical comparison was carried out between 
different calculation methods. The comparison showed that both CSE and FEOS 
predicted available experimental data well with AADs % less than the reported 
experimental uncertainties. For refrigerants without experimental heat capac-
ity, CSE and FEOS showed good agreements with AADs % less than 3.6 %. The 
selected CEOS always provided relatively larger predictions than experiments or the 
other two methods. Despite that, calculated data of CEOS showed a strong linear 
relation with the other two methods, which suggested that there might be a potential 
linear modification or correlation for CEOS in improving its heat capacity calcula-
tions. Furthermore, when there were no experimental data available, CSE used in 
this study could be a useful preliminary evaluation tool for the liquid heat capacity 
of hydrofluoroolefins, considering its accuracy and easy application characteristics.
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1 Introduction

Since the first decade of this century, the whole refrigeration industry has entered a new 
stage leading by the replacement of refrigerants, the "blood" of refrigerating and air 
conditioning machines. Due to the increasing challenge of global warming, third-gen-
eration refrigerants represented by hydrofluorocarbons (HFCs such as R134a, R410A, 
and R404A, etc.) have been facing a phase-out situation for their high Global Warming 
Potential (GWP). Various regional and global protocols and regulations have been put 
forward over the last twenty years, represented by the European F-gas regulations [1, 2] 
and the Kigali Amendment [3]. The Kigali Amendment, which came into effect on Jan. 
1st, 2019, provides a clear schedule for the phasing-out of high GWP HFCs. therefore, 
searching and testing new alternative refrigerants became more important and urgent.

Hydrofluoroolefins, the fluoride unsaturated hydrocarbons, are now widely accepted 
as the most promising alternatives besides natural refrigerants [4]. With unsaturated 
carbon–carbon bonds, these synthetic compounds have very short expectancy when 
exposed to the atmosphere, resulting in their ultra-low GWPs [5, 6]. Despite mild flam-
mability, two hydrofluoroolefins (R1234yf and R1234ze(E)) have already been well 
studied by researchers and introduced into different commercial applications. How-
ever, other potential hydrofluoroolefins are not sufficiently understood even in labs at 
present. Researchers at the National Institute of Standard and Technology (NIST) have 
carried out a series of work on the screening of potential compounds from all chemical 
databases [7]. Lists of limited candidates were provided in different application areas 
and most of them were hydrofluoroolefins.

Thermophysical properties are the foundation of pre-evaluation for alternative refrig-
erants and performances of their systems. A critical review of thermophysical experi-
mental reports has been contributed recently and shown a lack of data available for 
HFOs except for R1234yf and R1234ze(E), which largely restrict potential applications 
[8]. Among various properties, isobaric heat capacity (cp) is a special one, which asso-
ciated directly with enthalpy and entropy, making it the basis for thermodynamic calcu-
lation and modeling. Meanwhile, as a typical caloric property which is calculated from 
both 1st and 2nd order derivatives of Helmholtz free energy, cp also plays an important 
role in the development of accurate and stable fundamental equations of state.

Flow calorimetry [9], quasi-steady calorimetry [10] and thermal relaxation method 
[11] can be used to obtain reliable experimental isobaric heat capacity data for liquids 
under different temperatures and pressures. These methods have already been used on 
liquid R1234yf and R1234ze(E). However, there are still no experimental data avail-
able for other HFOs to our best knowledge. Therefore, theoretical predictions become 
essential and will be beneficial for researchers and engineers in exploring alternative 
refrigerants in the current situation.
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2  Isobaric Heat Capacity Prediction Methods

The isobaric heat capacity of liquids is split into two parts: an ideal gas term 
and a residual term. Nowadays, the ideal gas heat capacity is usually obtained 
by gas sound-speed experiments [12] or vibrational energies [13] and then cor-
related to a temperature-dependent polynomial function. Alternatively, ideal gas 
heat capacity can be calculated from ab initio or group contributions without 
experiments [14]. On the other hand, the residual part, which comprises molec-
ular interactions (dispersive and electrostatic interactions) but no contributions 
from bond stretching, angle bending, and torsion, can be calculated by different 
theoretical methods.

Theoretical prediction of residual isobaric heat capacity is a representative 
application of classic thermodynamic relations. It can be performed with differ-
ent equations of state, such as traditional cubic EOS (CEOS) [15], multi-param-
eter fundamental EOS (FEOS) [16], perturbation EOS [17] etc. In this study, we 
selected Peng-Robinson (PR) EOS and Helmholtz free energy EOS. PR EOS is 
a cubic EOS with volume translation, it has a general expression with only char-
acteristic parameters needed for calculation, and it is predictive among differ-
ent fluids. Helmholtz free energy EOSs are multi-parameter fundamental EOSs 
with the highest accuracy in all thermodynamic properties’ calculations. Mod-
ern FEOSs consist of polynomial, exponential, and Gauss-bell shaped terms. The 
final structure and coefficients are different for each fluid, which were determined 
by optimization regression with experimental property data. These FEOSs are 
predictable for each fluid, which means one can establish a FEOS with for exam-
ple only vapor pressure and saturated density data, and apply it to calculate other 
properties such as isobaric heat capacity. It should be noticed that the accuracy of 
this prediction is not easily guaranteed because 2nd order derivatives are needed 
in isobaric heat capacity and they are extremely sensitive to the Helmholtz free 
energy surface.

In recent years, novel EOS such as perturbation EOS (such as PC-SAFT) and 
cubic plus association EOS (CPA) have also been proposed for alternative refrig-
erants R1233zd(E), R1234yf, R1234ze(E), and R1234ze(Z) [18]. PC-SAFT is 
Helmholtz free energy-based and its calculation for isobaric heat capacity follows 
the same process with FEOS, while CPA is pressure-based, adding an association 
part to traditional cubic EOS. Both of these EOS have semi-empirical parameters 
that need to be determined by fitting experimental data. The different fitting strat-
egies would result in different EOS performance. If there were no experimental cp 
available in parameter-fitting, the calculation from PC-SAFT and CPA for cp are 
unacceptable.

Molecular simulation (MS) is another powerful way to predict the thermo-
dynamic properties of fluids. A series of work on the simulation of the HFOs 
and their mixtures have been carried out by researchers in the last few years 
[19–21]. Based on either complicated all-atom force fields or simplified LJ2C 
force fields, these simulations could provide satisfying results for the volumet-
ric and vapor–liquid equilibrium properties, with several molecular parameters 
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transferred or correlated by experimental data. However, regarding cp calculation 
from molecular simulations, the uncertainty is of the same order of magnitude as 
the uncertainties for residual configurational energy due to interpolation, which 
reflects the difficulty of MS in heat capacity calculation [20].

Empirical and semi-empirical methods have also been provided by researchers to 
predict isobaric heat capacity, such as Group Contribution Method (mostly used for 
ideal gas heat capacity), Corresponding State Method [22], and data-driven artifi-
cial neural network [23]. In this work, a pre-proposed corresponding state equation 
(CSE) [24] explicit in isobaric heat capacity for hydrofluorocarbons was studied in 
comparison with selected EOS. The CSE was a four-parameter semi-empirical func-
tion with its structure and coefficients correlated from traditional hydrofluorocarbon 
refrigerants. Since the objects in this study belong to the same class of compounds 
(short-chain molecules consisting of Hydrogen, Fluorine, and Carbon atoms), they 
are thought to be more likely to satisfy the assumptions of the corresponding state 
principle.

The detailed information for the three methods and their calculation form for iso-
baric heat capacity is listed in Table 1.

3  Comparison and Results

A total of 9 HFOs were investigated in this study and their basic information is 
shown in Table 2. These HFOs were divided into 3 classes, according to whether 
they have available experimental data, the fundamental equation of state, and char-
acteristic parameters used in CEOS and CSE.

R1234yf and R1234ze(E) were assigned as Class 1 refrigerants, with experi-
mental cp data [10, 11, 25, 26] and FEOS reported [27, 28]. Class 2 refrigerants 
were those who had preliminary FEOS established without experimental cp, includ-
ing R1123, R1216, R1234ze(Z), R1243zf, and R1336mzz(Z). Class 3 refrigerants 
consisted of R1141 and R1225zc, these two HFOs had neither experimental cp 
nor FEOS, but only reliable critical points and acentric factors. Other HFOs with 
only estimated characteristic parameters were not concerned, such as R1132(E), 
R1234ye(E), R1225ye(Z), R1132(Z), and R1225ye(E).

As shown in Table 1, CEOS and CSE were easily self-programmed, while FEOS 
used in this study were embedded in the latest version of the NIST Refprop Data-
base [30]. Available information of these FEOSs is listed in Table 3, including their 
terms and calorimetric properties used in correlation, which is an important factor 
for evaluating the ability of FEOS in second-order derivative property calculations. 
Characteristic parameters used for CEOS and CSE were referred to in the recent 
review [8]. Ideal gas heat capacities were obtained from NIST Refprop Database 
for class 1 and class 2 refrigerants, and group contribution method for class 3 refrig-
erants [32]. All the calculation results from CEOS and CSE can be found in the 
Appendix.

For class 1 refrigerants, calculated liquid cp data by FEOS, CEOS, and CSE 
were compared to the experimental reports. As can be seen in Fig. 1, both CSE 
and FEOS well-presented experimental data of R1234yf and R1234ze(E) in a 
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wide range. The average absolute deviation (AAD %) and maximum absolute 
deviation (MAD %) between CSE and experimental data were 0.9 % and 4.0 % 
for R1234yf, and 1.0 % and 3.6 % for R1234ze(E), as listed in Table 4. AAD % 
and MAD % between FEOS and experimental data were 0.6 % and 3.3 % for 
R1234yf, and 1.1 % and 4.7 % for R1234ze(E). However, CEOS generally pro-
vided calculated values with positive deviations, and the deviations tended to be 
larger at higher temperatures where the absolute value of cp became larger. The 
AAD % and MAD % of CEOS were 6.2 % and 15.6 % for R1234yf, and 4.4 % and 
18.4 % for R1234ze(E). An interesting phenomenon is that, despite unacceptable 
deviations, predicted values of CEOS nearly followed a strong linear relationship 
to the real values, seen in Fig. 1. The Pearson factor between CEOS calculations 

Table 2  Information table for HFO refrigerants

a FEOS: Fundamental Equation of State available in the latest version of REFPROP[30]
b Exp.: Experimental data available in open literatures

ASHRAE IUPAC name Tc/K Pc/MPa ω GWP100y FEOSa EXP.b

Class 1
R1234yf 2,3,3,3-Tetrafluoropropene 367.9 3.38 0.276  < 1 √ √
R1234ze(E) Trans-1,3,3,3-tetrafluoropropene 382.5 3.64 0.313 6 √ √
Class 2
R1123 Trifluoroethene 331.7 4.55 0.243 3 √ -
R1216 Hexafluoropropene 358.9 3.15 0.333 0.86 √ -
R1234ze(Z) 1,3,3,3-Tetrafluoroprop-1-ene 423.3 3.53 0.3274 1.4 √ –
R1243zf 3,3,3-Trifluoroprop-1-ene 376.9 3.52 0.2606 0.8 √ –
R1336mzz(Z) Cis -1,1,1,4,4,4-hexafluoro-

2-butene
444.5 2.90 0.3867 2 √ –

Class 3
R1141 Fluoroethene 327.2 5.16 0.1675  < 1 – –
R1225zc 1,1,3,3,3-Pentafluoroprop-1-ene 376.6 3.31 0.303 N.A – –

Table 3  FEOS information for Class 1 & 2 refrigerants

a Terms in the residual part of Helmholtz free energy; bSound of speed; cNot available

Name Terms in  EOSa Claimed Uncertainty in 
Liquid cp

Caloric properties 
used in Correla-
tion

R1234yf [27] 15 5 % w b

R1234ze(E) [28] 14 5 % None
R1123 [29] 17 N.A. c w
R1216 [30] 16 N.A N.A
R1234ze(Z) [31] 16 N.A w
R1243zf [31] 15 N.A None
R1336mzz(Z) [30] 18 N.A N.A
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Fig. 1  Comparison between calculated liquid heat capacity for Class 1 refrigerants by FEOS, CEOS and 
CSE

Table 4  Comparison between predictions and experimental data for Class 1 refrigerants

Name T/K P/MPa Exp. Uncer-
tainty

CSE FEOS CEOS

AAD % MAD % AAD % MAD % AAD % MAD %

R1234yf 305–350 1.5–5.1 1.7 % [9], 5 
% [25]

0.9 4.0 0.6 3.3 6.2 15.6

R1234ze(E) 310–365 1.6–5.5 5 % [10], 2.1 
% [24]

1.0 3.6 1.1 4.7 4.4 18.4
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Fig. 2  Cross comparison of 
liquid heat capacities predicted 
by CSE, FEOS and CEOS for 
Class 2 refrigerants
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and experimental data were 0.9925 for R1234yf and 0.9826 for R1234ze(E), 
respectively.

For class 2 refrigerants, cross-comparisons between the theoretical methods were 
performed, with no available experiments. The testing temperature range was set as 
210 K to 430 K (different for each one) and pressure range 1 MPa to 10 MPa, respec-
tively. Comparison results are shown in Fig. 2 and Table 5. CSE and FEOS showed 
very good agreements for class 2 refrigerants with all the AADs % less than 3.6 %, 
and MADs % less than 7.2 %. Larger deviations trended to occur at higher tempera-
tures. The pair plot between CEOS and FEOS showed similar trends to that between 
CEOS and CSE. Average deviations between CEOS and CSE were less than 5.1 %, 
and also a strong linear relationship could be detected for all class 2 refrigerants.

Table 5  Cross comparison between CEOS, FEOS and CSE for Class 2  refrigerantsa

a Pressures range from 1 to 10 MPa

Name T/K CSE VS FEOS CEOS VS CSE CEOS VS FEOS

AAD % MAD % AAD % MAD % AAD % AAD %

R1123 210–320 3.6 5.6 4.4 14.5 5.3 10.8
R1216 210–350 0.9 5.9 3.3 8.7 3.8 11.7
R1234ze(Z) 250–410 3.2 6.8 3.7 32.9 3.0 26.9
R1243zf 220–360 1.3 3.9 4.0 22.4 2.7 18.4
R1336mzz(Z) 270–430 2.7 7.2 3.3 7.1 3.2 12.8

Fig. 3  Comparison of predicted 
heat capacities for Class 3 
refrigerants by CSE and CEOS

Table 6  Comparison between 
CEOS and CSE for Class 3 
refrigerants

Name T/K P/MPa AAD % MAD %

R1141 207–316 1.13–11.36 6.6 24.4
R1225zc 220–370 0.94–9.42 3.6 17.4
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For Class 3 refrigerants, the comparison can only be performed between two gen-
eral methods CSE and CEOS. The results are shown in Fig. 3 and Table 6. The AAD 
% and MAD % between CSE and CEOS were 6.6 % and 24.4 % for R1141, and 3.6 
% and 17.4 % for R1225zc. As with class 1 and class 2 refrigerants, heat capac-
ity values calculated from CEOS were bigger than those from CSE. The deviations 
became larger at higher temperatures, and a strong linear relation was also observed 
with Pearson factors of 0.9988 for R1141 and 0.9845 for R1225zc. Furthermore, 
the calculated points of CSE for R1141 and R1225zc are exhibited in Fig. 4 to show 
their variation trends versus temperature and pressure. The isobaric heat capacity 
would increase with the rise of temperature, and trended to be infinite near the criti-
cal point.

4  Discussion and Conclusions

In this paper, three different theoretical models were compared in liquid isobaric 
heat capacity prediction for hydrofluoroolefins refrigerants, which were general 
cubic EOS, specific fundamental EOSs, and a general corresponding state equation 
(CSE). To perform calculations for a certain object, CEOS and CSE need only sev-
eral characteristic parameters (critical points and acentric factor), while FEOS needs 
at least volumetric experimental data (e.g., vapor pressure, saturated liquid density) 
to determine its specific structure and coefficients. Considering that isobaric heat 
capacity is a second-order derivative property, the accuracy of FEOS in this calcula-
tion highly relies on whether calorimetric property data were used in correlation.

Fig. 4  Liquid heat capacity of Class 3 refrigerants (R1141 (a) and R1225zc (b)) predicted by CSE
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Nine HFOs were selected for this study and were divided into 3 classes based on 
whether experimental cp data and FEOS were available. The comparison showed 
that both CSE and FEOS represent available experimental data well with AADs % 
less than the reported experimental uncertainties. For refrigerants without experi-
mental heat capacity, CSE and FEOS showed good agreements with all the AADs % 
less than 3.6 %.

The selected CEOS always provided relatively bigger predictions than experi-
ments or the other two methods, and the deviations tended to be larger at higher 
temperatures. Despite that, calculated data of CEOS showed a strong linear relation 
with the others, which suggested that there might be a potential linear modification 
or correlation for CEOS in improving its heat capacity calculations. Finally, when 
there were no experimental data available, CSE used in this study could be a very 
useful and reliable preliminary evaluation tool for the liquid heat capacity of hydro-
fluoroolefins, considering its performance and easy application. It also indicated that 
for liquid isobaric heat capacity, the corresponding state principle works well within 
hydrofluoroolefins, and this conception could be possibly used in other thermophys-
ical properties.

Appendix

Isobaric heat capacity data points calculated from cubic equation of state (CEOS) 
and corresponding state equation (CSE) are listed in the following Tables 7, 8, 9, 10, 
11, and 12.
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Table 8  Isobaric heat capacity of R1216 calculated from CEOS and CSE

a CpCEOS: isobaric heat capacity calculated from cubic equation of state (PR); bCpCSE: isobaric heat 
capacity calculated from corresponding state equation

T/K P/MPa CpCEOS(J·m
ol−1·K−1)a

CpCSE(J·m
ol−1·K−1)b

T/K P/MPa CpCEOS(J·mol−1·K−1) CpCSE(J·mol−1·K−1)

210 1 143.9 153.8 320 3 207.3 199.4
220 1 147.6 156.0 330 3 224.2 212.5
230 1 151.6 158.3 340 3 254.1 233.9
240 1 155.8 160.8 210 5 142.7 150.6
250 1 160.3 163.7 220 5 146.2 153.5
260 1 165.2 167.1 230 5 149.8 156.5
270 1 170.7 171.1 240 5 153.6 159.5
280 1 177 176.0 250 5 157.5 162.6
290 1 184.5 182.1 260 5 161.7 165.8
300 1 194.1 190.1 270 5 166.1 169.2
210 2 143.5 152.4 280 5 170.9 172.8
220 2 147.3 155.0 290 5 176.1 176.4
230 2 151.1 157.6 300 5 181.9 180.3
240 2 155.2 160.4 310 5 188.5 184.7
250 2 159.5 163.5 320 5 196.4 190.1
260 2 164.2 166.9 330 5 206 197.6
270 2 169.4 170.7 340 5 218.4 208.6
280 2 175.2 175.0 350 5 235.6 221.8
290 2 181.9 180.2 210 10 141.4 150.1
300 2 190.1 186.5 220 10 144.7 152.6
310 2 200.7 194.8 230 10 148.1 155.2
320 2 216 206.4 240 10 151.5 157.9
330 2 242.4 224.2 250 10 155 160.8
210 3 143.2 151.6 260 10 158.6 163.7
220 3 146.9 154.3 270 10 162.3 166.7
230 3 150.7 157.2 280 10 166.1 169.6
240 3 154.6 160.1 290 10 170 172.3
250 3 158.8 163.2 300 10 174.2 174.8
260 3 163.3 166.6 310 10 178.5 177.0
270 3 168.2 170.2 320 10 183 179.2
280 3 173.6 174.2 330 10 187.8 181.9
290 3 179.7 178.7 340 10 192.8 186.3
300 3 186.8 184.0 350 10 198 203.3
310 3 195.7 190.6
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Table 9  Isobaric heat capacity of R1243zf calculated from CEOS and CSE

a CpCEOS: isobaric heat capacity calculated from cubic equation of state (PR); bCpCSE: isobaric heat 
capacity calculated from corresponding state equation

T/K P/MPa CpCEOS(J·m
ol−1·K−1)a

CpCSE(J·m
ol−1·K−1)b

T/K P/MPa CpCEOS(J·mol−1·K−1) CpCSE(J·mol−1·K−1)

220 1 110.1 116.9 330 3 166.6 155.7
230 1 113.8 119.1 340 3 179.7 164.8
240 1 117.7 121.3 350 3 200.6 178.5
250 1 121.7 123.8 360 3 246.1 201.1
260 1 125.9 126.4 220 5 109 114.1
270 1 130.4 129.4 230 5 112.5 117.0
280 1 135.3 132.8 240 5 116.1 119.8
290 1 140.9 136.7 250 5 119.7 122.7
300 1 147.3 141.6 260 5 123.5 125.6
310 1 155.3 147.6 270 5 127.3 128.6
220 2 109.8 115.7 280 5 131.4 131.6
230 2 113.5 118.2 290 5 135.8 134.8
240 2 117.2 120.8 300 5 140.5 138.1
250 2 121.1 123.5 310 5 145.6 141.6
260 2 125.2 126.3 320 5 151.5 145.4
270 2 129.5 129.3 330 5 158.3 149.9
280 2 134.2 132.5 340 5 166.5 155.6
290 2 139.4 136.2 350 5 177 163.7
300 2 145.2 140.4 360 5 191.3 175.6
310 2 152.2 145.5 220 10 107.9 113.5
320 2 160.9 151.7 230 10 111.2 116.2
330 2 172.7 160.0 240 10 114.5 118.9
340 2 191.2 171.7 250 10 117.8 121.6
220 3 109.6 115.0 260 10 121.2 124.3
230 3 113.2 117.7 270 10 124.6 127.1
240 3 116.8 120.4 280 10 128.1 129.9
250 3 120.6 123.2 290 10 131.6 132.6
260 3 124.6 126.1 300 10 135.3 135.2
270 3 128.7 129.1 310 10 139.1 137.7
280 3 133.2 132.3 320 10 143.1 140.0
290 3 138 135.7 330 10 147.3 142.2
300 3 143.4 139.5 340 10 151.8 144.5
310 3 149.7 143.9 350 10 156.5 147.5
320 3 157.1 149.1 360 10 161.5 151.6
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Table 10  Isobaric heat capacity of R1234ze(Z) calculated from CEOS and CSE

a CpCEOS: isobaric heat capacity calculated from cubic equation of state (PR); bCpCSE: isobaric heat 
capacity calculated from corresponding state equation

T/K P/MPa CpCEOS(J·m
ol−1·K−1)a

CpCSE(J·m
ol−1·K−1)b

T/K P/MPa CpCEOS(J·mol−1·K−1) CpCSE(J·mol−1·K−1)

250 1 130.6 140.3 380 3 197.4 188.1
260 1 133.4 141.6 390 3 214.8 200.9
270 1 136.4 143.1 400 3 245.8 220.8
280 1 139.7 144.9 410 3 336.4 253.1
290 1 143.2 147.1 250 5 129.5 137.2
300 1 147.1 149.6 260 5 132.1 139.2
310 1 151.3 152.5 270 5 134.8 141.4
320 1 156 156.0 280 5 137.8 143.6
330 1 161.4 160.2 290 5 140.9 146.1
340 1 167.7 165.3 300 5 144.3 148.6
350 1 175.4 171.8 310 5 147.8 151.4
250 2 130.3 139.0 320 5 151.7 154.3
260 2 133 140.7 330 5 155.8 157.3
270 2 136 142.5 340 5 160.3 160.5
280 2 139.1 144.6 350 5 165.3 164.0
290 2 142.6 146.9 360 5 170.9 167.8
300 2 146.3 149.4 370 5 177.4 172.3
310 2 150.3 152.3 380 5 185.1 177.9
320 2 154.8 155.6 390 5 194.7 185.6
330 2 159.8 159.3 400 5 207.2 196.5
340 2 165.5 163.7 410 5 224.7 210.7
350 2 172.2 169.0 250 10 128.3 136.4
360 2 180.5 175.5 260 10 130.7 138.3
370 2 191.5 184.0 270 10 133.2 140.2
380 2 207.4 195.7 280 10 135.9 142.3
250 3 130 138.2 290 10 138.7 144.6
260 3 132.7 140.0 300 10 141.6 147.0
270 3 135.6 142.0 310 10 144.7 149.5
280 3 138.7 144.2 320 10 147.9 152.0
290 3 142 146.6 330 10 151.2 154.5
300 3 145.6 149.2 340 10 154.7 156.9
310 3 149.4 152.0 350 10 158.4 159.1
320 3 153.6 155.1 360 10 162.2 161.3
330 3 158.3 158.6 370 10 166.2 163.3
340 3 163.5 162.5 380 10 170.5 165.5
350 3 169.6 167.0 390 10 175 168.2
360 3 176.7 172.3 400 10 179.7 171.8
370 3 185.6 179.1 410 10 184.8 177.4
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Table 11  Isobaric heat capacity of R1141 calculated from CEOS and CSE

a CpCEOS: isobaric heat capacity calculated from cubic equation of state (PR); bCpCSE: isobaric heat 
capacity calculated from corresponding state equation

T/K P/MPa CpCEOS(J
·mol−1·K
−1)a

CpCSE(J·m
ol−1·K−1)b

T/K P/MPa CpCEOS(J·mol−1·K−1) CpCSE(J·mol−1·K−1)

207.2 1.1 75.0 77.5 256.5 4.5 89.8 85.5
217.0 1.1 77.7 78.4 266.3 4.5 94.8 88.4
226.9 1.1 80.8 79.7 276.2 4.5 101.0 92.1
236.7 1.1 84.4 81.4 286.1 4.5 109.4 97.1
246.6 1.1 88.6 83.8 295.9 4.5 121.9 104.6
256.5 1.1 93.9 87.0 305.8 4.5 144.3 117.2
207.2 2.3 74.6 77.1 207.2 5.7 73.7 76.3
217.0 2.3 77.3 78.2 217.0 5.7 76.1 77.7
226.9 2.3 80.2 79.6 226.9 5.7 78.7 79.3
236.7 2.3 83.6 81.4 236.7 5.7 81.7 81.0
246.6 2.3 87.6 83.6 246.6 5.7 85.0 82.9
256.5 2.3 92.4 86.4 256.5 5.7 88.8 85.1
266.3 2.3 98.5 90.1 266.3 5.7 93.3 87.7
276.2 2.3 106.9 95.3 276.2 5.7 98.8 90.9
286.1 2.3 119.8 102.7 286.1 5.7 105.9 95.1
207.2 3.4 74.3 76.8 295.9 5.7 115.7 101.2
217.0 3.4 76.9 78.0 305.8 5.7 130.9 111.2
226.9 3.4 79.7 79.5 315.7 5.7 159.7 128.4
236.7 3.4 82.9 81.3 207.2 11.4 72.4 75.6
246.6 3.4 86.6 83.4 217.0 11.4 74.5 77.0
256.5 3.4 91.0 85.9 226.9 11.4 76.7 78.5
266.3 3.4 96.5 89.2 236.7 11.4 79.2 80.1
276.2 3.4 103.7 93.5 246.6 11.4 81.8 81.8
286.1 3.4 113.9 99.5 256.5 11.4 84.6 83.5
295.9 3.4 130.8 108.8 266.3 11.4 87.8 85.2
207.2 4.5 74.0 76.5 276.2 11.4 91.3 86.9
217.0 4.5 76.5 77.9 286.1 11.4 95.3 88.7
226.9 4.5 79.2 79.4 295.9 11.4 99.9 91.1
236.7 4.5 82.3 81.1 305.8 11.4 105.2 94.5
246.6 4.5 85.8 83.1 315.7 11.4 111.4 98.7
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Table 12  Isobaric heat capacity of R1225zc calculated from CEOS and CSE

a CpCEOS: isobaric heat capacity calculated from cubic equation of state (PR); bCpCSE: isobaric heat 
capacity calculated from corresponding state equation

T/K P/MPa CpCEOS(J
·mol−1·K
−1)a

CpCSE(J·m
ol−1·K−1)b

T/K P/MPa CpCEOS(J·mol−1·K−1) CpCSE(J·mol−1·K−1)

219.8 0.9 134 142.4 329.7 2.8 191.3 182.6
229.8 0.9 137.6 144.5 339.7 2.8 204.8 192.5
239.8 0.9 141.4 146.7 349.7 2.8 226.4 207.5
249.8 0.9 145.4 149.0 359.7 2.8 272.9 232.4
259.8 0.9 149.6 151.7 219.8 4.7 132.9 139.4
269.8 0.9 154.1 154.7 229.8 4.7 136.3 142.2
279.8 0.9 159.1 158.3 239.8 4.7 139.8 145.0
289.7 0.9 164.8 162.4 249.8 4.7 143.4 147.8
299.7 0.9 171.4 167.6 259.8 4.7 147.2 150.8
309.7 0.9 179.5 174.0 269.8 4.7 151.1 153.8
219.8 1.9 133.7 141.1 279.8 4.7 155.3 157.0
229.8 1.9 137.2 143.6 289.7 4.7 159.7 160.2
239.8 1.9 141 146.1 299.7 4.7 164.5 163.7
249.8 1.9 144.8 148.7 309.7 4.7 169.9 167.3
259.8 1.9 148.9 151.5 319.7 4.7 175.9 171.4
269.8 1.9 153.3 154.5 329.7 4.7 183 176.1
279.8 1.9 158 158.0 339.7 4.7 191.6 182.3
289.7 1.9 163.3 161.8 349.7 4.7 202.6 191.1
299.7 1.9 169.3 166.3 359.7 4.7 217.6 204.1
309.7 1.9 176.4 171.7 219.8 9.4 131.8 138.7
319.7 1.9 185.4 178.5 229.8 9.4 135 141.3
329.7 1.9 197.4 187.4 239.8 9.4 138.2 143.9
339.7 1.9 216.1 200.2 249.8 9.4 141.5 146.6
219.8 2.8 133.4 140.3 259.8 9.4 144.9 149.4
229.8 2.8 136.9 143.0 269.8 9.4 148.4 152.1
239.8 2.8 140.6 145.6 279.8 9.4 151.9 155.1
249.8 2.8 144.3 148.4 289.7 9.4 155.6 157.8
259.8 2.8 148.3 151.3 299.7 9.4 159.3 160.5
269.8 2.8 152.5 154.3 309.7 9.4 163.3 163.1
279.8 2.8 157 157.7 319.7 9.4 167.4 165.5
289.7 2.8 162 161.3 329.7 9.4 171.8 167.6
299.7 2.8 167.5 165.3 339.7 9.4 176.4 170.0
309.7 2.8 173.9 169.9 349.7 9.4 181.3 173.1
319.7 2.8 181.6 175.6 359.7 9.4 186.5 177.4
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