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Abstract

In the last decades, the industry of HVAC&R has faced continuous changes try-
ing to identify environmentally friendly refrigerants for the numerous applications
of the sector. However, the amount of low GWP fluids still available as potential
refrigerants is limited to some natural fluids and, among synthetic chemicals, to
hydrofluoroolefins (HFO). The knowledge of the thermophysical properties of these
compounds and the evaluation of their energy efficiency in experimental apparatuses
is essential to properly address the selection of the most suitable fluids. However,
regarding the wide majority of HFOs, the information on the thermophysical prop-
erties, especially for the blends, are still scarce and require further research. In this
work, an analysis of the possible substitutes and the available experimental data sets
on their thermophysical properties was carried out to find out for which fluids fur-
ther studies are needed to obtain an accurate representation of their thermophysical
properties. Specifically, for 21 pure refrigerants, an overview of the thermodynamic
(critical point, py,, PVT, heat capacity and speed of sound) and transport properties
(4, 4, o) data published in the peer reviewed literature was provided. In addition, a
more comprehensive analysis was carried out for four fluids (R1243zf, R1233zd(E),
R1336mzz(Z), and R1224yd(Z)), for which major efforts have been made in the last
4 years to investigate the above thermophysical properties. Although an increas-
ing amount of data sets on thermophysical properties have been compiled in recent
years, the present study indicates that research efforts are still needed, especially on
transport properties, as only 4 of the fluids of interest for the present research have
been fully investigated (R1234yf, R1234ze(E), R1233zd(E), R1243zf), while other
4 (R1234ze(Z), R1336mzz(Z), R1224yd(Z), R1336mzz(E)) have been almost com-
pletely characterised.
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1 Introduction

In the last decades, the refrigeration industry has undergone several changes
due to the need to replace the employed refrigerants with more environmentally
friendly fluids. As described by Calm (2008) [1], nowadays we are facing the
search of the fourth generation of refrigerants, driven by the necessity of address-
ing the Global Warming issues. Large restrictions have indeed been imposed to
the largely used hydrofluorocarbons (HFC) by the EU F-gas Regulation (REGU-
LATION (EU) No0.517/2014) [2] due to their high GWP (Global Warming Poten-
tial), giving a big impulse to the search of environmentally benign compounds,
at least as efficient and safe as the current generation. The process of high GWP
refrigerants substitution, at least in Europe, has been clearly programmed by the
definition of the deadlines to limit, control and eventually block the emissions
of harmful refrigerants, depending on the specific HVAC&R applications [2]. In
the medium-long term, all the present high GWP refrigerants should be substi-
tuted by low GWP (< 150) refrigerants, either natural (ammonia, CO,, hydrocar-
bons) or synthetic. However, natural refrigerants cannot always satisfy all process
requirements, due to toxicity and/or flammability issues, beside thermodynamic
properties not suitable for all the applications. As refer the group of synthetic
compounds, an interesting work by Mc Linden et al. (2014) [3] restricted the
number of possible fluids to be used in refrigeration at a very low number of
compounds. They considered a set of about 1200 candidate fluids, identified from
more than 56 000 small molecules examined by applying screening criteria to be
considered for GWP, flammability, stability, toxicity, and critical temperature. At
the end, the number of fluids was reduced to 62. They found that no fluid is ideal
in all regards: all of them have one or more negative attributes, such as poor ther-
modynamic properties, toxicity, chemical instability, low to moderate flammabil-
ity, or very high operating pressures. Among all the considered fluids, the poten-
tial solutions were practically restricted to chemicals belonging to few groups,
in particular hydro-fluoro-olefins (HFOs), hydro-chloro-fluoro-olefins (HCFOs)
or hydro-fluoro-ethers (HFEs). HFOs and HCFOs are fluorinated hydrocarbons
characterised by the presence of at least one carbon—carbon double bond in the
molecules. The reactivity of the double bond to the atmospheric hydroxyl radical
is higher than that of single bond and as a consequence the double bond com-
pound is more unstable in atmosphere (McLinden et al., 2014 [3]); this deter-
mines a lower atmospheric lifetime and consequently a much lower GWP. How-
ever, if their double bond represents an advantage as refers to GWP and ODP,
on the other hand it might pose a problem if related to their compatibility with
materials, environmental safety and toxicity. Moreover, HFOs are mildly flamma-
ble and several contradictory studies on HFOs in the last years have risen some
doubts on their compatibility with the environment.

To date, only few applications can employ definitive working fluids. In automo-
tive, R1234yf has completely substituted R134a for mobile air conditioning. Few
car manufacturers are now trying to produce air conditioning systems for cars
basing on CO,, but R1234yf is surely the most used. R134a has been substituted
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also by R1234ze(E) for water chillers and by R600a in domestic refrigerator. For
water-to-water heat pumps, R1234ze(E) can be a good alternative to R410A,
while in low temperature centrifugal water chiller, R1234ze(E) can be an alter-
native to R123. Nevertheless, at present most of the HVAC&R applications are
without proper working fluids, able to respect all the requirements given by ther-
modynamic and law. For stationary air conditioning, the best solution alternative
to R410A has still to be found. Several alternatives have been proposed, amongst
them we can consider R290, that is highly flammable, or mixtures of R32, CO,
and R1234yf, such as R454C and R455A, where probably some optimizations of
the component quantities have still to be done. Moreover, an additional problem
is that these fluids are all mildly flammable. In commercial refrigeration, CO, is
largely employed, but some applications still need to use alternatives to R134a
and R404A. R290, R1234yf and R152a are interesting substitutes of R134a, but
R290 is highly flammable, while R152a, still an HFC, has high GWP and can be
considered only as a mid-term substitute. On the other side, R404A can be substi-
tuted by, amongst others, R290, and mixtures of R32, R1234yf and R152a, such
as R457A or R454C. For heat pumps, both for residential or high temperature
industrial applications, a big search is still ongoing to find the proper alterna-
tives to R410A and R134a, and to R245fa. R245fa, used also in ORC, can be
substituted by R1233zd(E) and R1234ze(Z), mildly flammable, or R1336mzz(Z),
more interesting since not flammable. For ultra-low temperature applications,
mixtures of R1132a and CO, could be possible solutions for the substitution of
R23. Table 1 lists the main properties of the working fluids, pure compounds and
mixtures, considered as potential substitutes to hydrocarbons for the abovemen-
tioned applications.

It is a fact that for several applications, pure compounds, natural or synthetic,
are not enough and mixtures are necessary. Mixing different fluids, it is possible to
shape the final properties of the refrigerant, in terms of thermodynamic properties,
but also of GWP or flammability. However, mixtures can present a high tempera-
ture glide, that is an important drawback for HVAC&R applications. In many cases,
the use of new refrigerants involves the redesign of some system components, such
as the compressor, the heat exchanger, or the expansion device. Moreover, in most
cases, the new refrigerants can be flammable, especially in the case of hydrocar-
bons, or mildly flammable, as for HFOs, and this aspect requires specific measures.
At last, but not least, we need to consider finding the optimal compromise between
coefficient of performance (COP) and volumetric heating capacity (VHC).

Considering all the premises, thermodynamic analysis, energy balance and com-
ponents design require the knowledge of the refrigerants behaviour in terms of ther-
modynamic and thermophysical properties such as critical parameters, vapour pres-
sure, PvT properties, specific heat capacity, speed of sound, thermal conductivity,
viscosity and surface tension, which are necessary to understand the behaviour of
the fluid and to develop proper and dedicated equations of state and transport prop-
erties models that can work as a reference to calculate the refrigerant properties and
design the entire system. Few years ago, Bobbo et al. (2018) performed a wide lit-
erature analysis to evaluate the amount of data available in the open literature for the
most promising fluids belonging to these groups. At that time, it emerged that only
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two fluids, out of the 17 analysed, were already well studied, namely R1234yf and
R1234ze(E). Other two fluids (R1234ze(Z) and R1233zd(E)) had at least one set of
data available for all except one of the seven thermophysical properties considered
in the analysis. For all the other fluids, only few sets of data or no data at all were
found. In this paper, the situation will be updated by analysing the open literature in
the period 2018 to 2022, to identify the new sets of experimental data produced for
the main thermophysical properties regarding potentially alternative synthetic low
GWP refrigerants. After a description of the methodology applied, the sets of data
found for each fluid will be synthesised in tables and briefly discussed.

2 Literature Analysis for the Period 2018 to 2022
2.1 Available Experimental Data

A thorough analysis of the open literature was conducted in a previous review paper
by Bobbo et al. 2018 [4], which listed experimental data on the key thermodynamic
(critical point, saturation pressure, PVT properties, speed of sound) and transport
(thermal conductivity, viscosity and surface tension) properties of fluids considered
as potential working fluids for HVAC&R applications. Fluids characterised by low
global warming potential (< 150) and belonging to the groups of hydrofluoroole-
fins (HFO), hydrochlorofluoroolefins (HCFO) or hydrofluoroethers (HFE) were con-
sidered. The review revealed that only for 2 fluids (i.e., R1234yf, R1234ze(E)) at
least one set of experimental data was available for each of the main thermophysical
properties considered in the analysis, while for the other 2 fluids (R1234ze(Z) and
R1233zd(E)) no data sets were available for only one property (isobaric heat capac-
ity and thermal conductivity, respectively). Here, the available literature data for all
fluids included in the Bobbo et al. study are updated with the data sets reported in
the literature since 2018. In addition, this study also considers four new fluids to
be used for HVAC&R and ORC applications that were recently added to ANSI /
ASHRAE Standard 34 (R1224yd(Z), R1311, R1132a, R1130(E)), along with HFE
RE356mmz, which is suitable for organic Rankine cycle and high temperature heat
pump applications. The ASHRAE designations, [IUPAC names and basic properties
of the HFOs, HCFOs and HFEs considered in this article are listed in Table 2.

In particular, this paper provides a more in-depth analysis for those fluids that
meet the following three criteria:

(1) Fluids for which at least 7 of the 8 thermophysical properties considered in this
study have been experimentally investigated in at least one available data set:
as shown in Table 3, which lists the number of papers providing experimental
data for each refrigerant, only 8 fluids are fully or almost fully characterised
(i.e., R1234yf, R1243zf, R1234ze(E), R1234ze(Z), R1233zd(E), R1336mzz(E),
R1336mzz(Z), R1224yd(Z)), with at least 1 data set available for each thermo-
physical property, except for R1234ze(Z), R1336mzz(Z), and R1224yd(Z), for
which specific heat capacity data are still missing).

@ Springer
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Table3 Number of peer-reviewed literature references reporting experimental data/estimations for
important thermophysical properties of several HFO and HCFO refrigerants (the same paper can report
sets of data for different properties)

ASHRAE designation Thermodynamic Properties Transport Properties
CP P, PVT dcpe, w c w yl

R1132a 1 1 1 1

R1141

R1123 2 3 5 1 2

R1132(E) 1 1 1

R1234yf 2 12 12 9 4 3 7 1

R1243zf 2 5 2 1 1

R13I1 2 2 1 1 1

R1234ye(E)

R1234ze (E) 2 13 15 8 4 3 4 3

R1225ye(Z) 1 1

R1132(2)

R1225ye(E)

R1336mzz(E) 2 2 2 1 2

R1234ze(Z) 2 9 7 3 1 3 1

R1224yd(Z) 2 3 3 1 2 2 1

R1354mzy(E) 1 1 3

R1233zd(E) 2 8 7 2 5 4 5 2

R1354myf(E) 1

R1336mzz(Z) 1 4 3 2 1 3 2

RI1130(E) 2 1 1

RE356mmz 1 1 3 1 1 1 1

(2) Fluids for which a fundamental equation of state (FES), explicit in Helmholtz

3)

energy, is implemented in the open-source software REFPROP 10.0 [5]. Equa-
tions of state are necessary to calculate the properties of the working fluids in an
HVAC&R system: without them, the achievement of an optimal system design is
far-fetched. In the following, the reference values for thermodynamic properties
are calculated using REFPROP 10.0 and thus for each fluid the respective EoS
available in the software is applied. Table 4 lists the fundamental equations of
state already implemented in REFPROP 10.0. As can be seen in the Table, only
9 of the 27 fluids considered in this study have an EoS already included in the
latest version of the software (i.e., R1234yf, R1234ze(E), R1233zd(E), R1243zf,
R1234ze(Z), R1336mzz(Z), R1224yd(Z), R1311 and R1123).

Fluids for which a larger number of available data sets were found from 2018
to 2022: Fig. 1 shows, for each thermophysical property, the number of peer-
reviewed references available in 2018 (Bobbo et al. [4]) and in 2022, displaying
only the six fluids that can be considered fully characterised (point 1) and for
which an EoS is already implemented in REFPROP 10.0 (point 2) (R1234yf,

@ Springer
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R1243zf, R1234ze(E), R1234ze(Z), R1233zd(E), R1336mzz(Z); R1224yd(Z) is
not considered as it was not included in the previous review by Bobbo et al.). As
can be seen from the figure, the 3 fluids R1243zf, R1233zd(E) and R1336mzz(Z)
displayed a higher percentage increase in the number of published articles for
all the considered properties, thus demonstrating a growing interest in these
fluids from the scientific community; for this reason, particular attention is paid
in this article towards R1243zf, R1233zd(E) and R1336mzz(Z), plus the fourth
refrigerant R1224yd(Z), which was not included in the previous study (Bobbo
etal., 2018 [4]).

For these four fluids, selected as described above, the following text proposes an
extended analysis only for newly published articles (2018 to 2022) and for articles
published before 2018 and not included in the review by Bobbo et al. [4]. On the
other hand, in the following figures and tables, all data sets available so far for each
of the above-mentioned refrigerants are listed, unless otherwise stated.

2.2 Thermodynamic Properties
2.2.1 Critical Point

Experimental data for the critical parameters are available for 14 of the selected
refrigerants reported in Table 2; values for critical temperature 7, critical density
p.» and critical pressure p,. are listed in Table 5 and graphically displayed in Fig. 2a
and b as they are distributed in the P-T and p-T planes. For all the reported data sets
critical temperatures and densities were directly measured, while the critical pres-
sure p, is usually either extrapolated from 7, or calculated as an adjustable param-
eter during vapor pressure curve regression, as indicated in Table 5.

2.2.2 Vapor Pressure

Experimental vapour pressure data are available for 16 of the selected refrigerants
and for each fluid they are listed in Table 6 together with the respective deviations
from REFPROP 10.0 [5].

RI1243zf: 5 datasets with a total of 185 data points were identified in the peer-
reviewed literature, three of which were published after the 2018 review: Higashi
et al. (2018) [39] reported 20 data measured in the temperature range T,=0.82 to
0.99. They show excellent agreement with REFPROP 10.0 with almost all positive
deviations (AAD% =0.03 % and a maximum absolute deviation MAD % =0.065 %).
Yang et al. (2019) [53] presented 17 data points distributed over a medium
range of temperature T,=0.72 to 0.94. The deviations are AAD%=0.15 % and a
MAD% =0.50 %, with fluctuations between positive and negative deviations, higher
at the lower temperatures. Finally, Yin et al. (2020) [54] provided 26 data points in
a wide range of T,=0.67 to 0.99, with unbiased deviations over the whole tempera-
ture range and AAD%=0.11 %, MAD% =0.18 %. Results for this fluid are shown in
Fig. 3a.
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Fig. 1 Number of peer-reviewed literature references available in 2018 and 2022 for each considered
thermophysical property

R1224yd(Z): 3 data sets with a total of 112 data points were identified in the
literature. Sakoda and Higashi (2019) [47] present 15 data in the range T,=0.72
to 0.96 with systematic negative deviations from REFPROP (AAD%=0.35 %,
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Table 5 Available experimental data for the critical parameters of the selected fluids

ASHRAE designation ~ References T,.,(K) P.,,(MPa) p_.(kgm™>)
R1132a Low (2018) [15] 302.81 4.461 -
R1123 Fukushima et al. (2015) [33] 331.80 4.545% 510
Higashi and Akasaka (2016) [34] 332.73 4.546% 504
R1132(E) Sakoda et al. (2022) [35] 348.82 - 438
R1234yf Tanaka and Higashi (2010a) [36] 367.85 3.382% 478
Hulse et al. (2009) [37] 367.95 3.260* -
R1243zf Daubert et al. (1987) [38] 378.55 3.609 -
Higashi and Sakoda (2018) [39] 376.93 3.518° 414
R13I1 Duan et al. (1999) [40] 396.44 3.953% 868
Perera et al. (2022) [41] 396.49 3.971 865
R1234ze(E) Higashi and Tanaka (2010) [42] 382.51 3.632% 486
Grebenkov et al. (2009) [43] 382.75 3.681° -
R1336mzz(E) Tanaka et al. (2017a) [9] 403.37 2.766 515
Sakoda et al. (2021) [44] 403.50 2.779 513
R1234ze(Z) Higashi et al. (2015) [45] 423.27 3.533° 470
Tanaka et al. (2020) [46] 423.34 3.521 459
R1224yd(Z) Sakoda and Higashi (2019) [47] 428.69 3.331° 535
Tanaka et al. (2021) [48] 428.82 3.327 541
R1354mzy(E) Kimura et al. (2017a) [49] 424.73 3.250 424
R1233zd(E) Hulse et al. (2012a) [50] 438.86 3.772% -
Tanaka et al. (2021) [48] 438.86 3.558 487
R1336mzz(Z) Tanaka et al. (2017b) [S1] 444.50 2.895 507
RE356mmz Sako et al. (1998) [52] 459.58 2.699 481
“Extrapolated to T,
Treated as an adjustable parameter during vapor pressure curve regression
5.0 910 et
R1123 °
45 b o 810
R1132a
R1311 m 707
E 40 ° é
= R1234ze(E) 2 610 |
\% i | 2z @ R12345e(Z)OR12331d(E) CE R1224yd(2)
& R1234yf © oR1224yd(2) Q 10 | k1123 R12341211E3]36."‘U'E’ ) R1336mzz(2)
R1354mzy(E) RI230(0 @ R123026210  piga3s0(e)
0T R1332"“(E) © R1336m22(2) 410 | e 0 R1354.mzy(E)
2.5 * * * 310 L L
300 350 400 450 500 320 370 420 470
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Fig.2 Critical parameters obtained from experimental measurements. (a) Critical pressure as a function
of critical temperature; (b) critical density as a function of critical temperature

@ Springer



80 Page 16 of 52

International Journal of Thermophysics

(2023) 44:80

Table 6 Available experimental data for the vapour pressure of selected refrigerants

ASHRAE designation  Reference No. data T range (K) AAD%
R1132a Tomassetti et al. (2021) [10] 24 223+281 -
R1123 Fukushima et al. (2015) [33] 16 313+331 0.58
Higashi and Akasaka (2016) [34] 13 300+331 0.03
Higashi et al. (2018) [61] 27 278+332 0.09
R1132(E) Perera et al. (2022) [62] 24 240+349(T,) 0.02
R1234yf Chen et al. (2015a, 2015b) [63] 5 293+323 0.05
Di Nicola et al. (2010b) [64] 34 224 +366 0.14
Fedele et al. (2011) [65] 40 246343 0.07
Hu et al. (2017b) [66] 9 283+323 0.11
Hulse et al. (2009) [37] 12 241+353 1.36
Kamiaka et al. (2013) [67] 7 273+333 0.17
Kochenburger et al. (2017) [68] 5 193+273 0.24
Madani et al. (2016) [69] 7 254 +348 0.15
Richter et al. (2011) [19] 28 250+320 0.05
Tanaka and Higashi (2010a) [36] 11 310+360 0.12
Yang et al. (2016a) [70] 4 283+313 0.03
Yin et al. (2019) [71] 24 253+367 0.02
R1243zf Brown et al. (2013) [72] 83 234+373 0.16
Daubert et al. (1987) [38] 39 256+379 -
Higashi et al. (2018) [39] 20 310+377 0.03
Yang et al. (2019) [53] 17 273+353 0.15
Yin et al. (2020) [54] 26 253+376 0.11
RI1311 Duan et al. (1996) [73] 60 243+393 0.04
Perera et al. (2022) [41] 37 2389t0 T, 0.55
R1234ze(E) Di Nicola et al. (2012a) (CNR-ITC) [74] 49 259+343 0.1
Di Nicola et al. (2012a) (UnivPM) [74] 29 223+348 0.22
Dong et al. (2011) [75] 4 258 +283 0.56
Dong et al. (2012) [76] 4 258+288 0.52
Dong et al. (2013) [77] 4 258+288 0.06
Gong et al. (2016a) [78] 10 253+293 0.33
Grebenkov et al. (2009) [43] 49 237+379 1.94
Hu et al. (2017c¢) [79] 9 283+323 0.11
Kayukawa and Fuji (2009) [80] 32 258+330 0.71
McLinden et al. (2010) [81] 28 261+280 0.03
Tanaka (2016a) [82] 18 300+380 0.04
Tanaka et al. (2010a) [83] 8 310+380 0.03
Yin et al. (2018) [84] 15 303+373 0.05
R1225ye(Z) Fedele et al. (2016) (2 labs) [14] 96 233+366 -
R1336mzz(E) Tanaka et al. (2017a) [9] 17 323+403 -
Sakoda et al. (2021) [44] 26 287+403 -
R1234ze(Z) Fedele et al. (2014a) (CNR-ITC) [85] 28 238+373 0.6
Fedele et al. (2014a) (UnivPM) [85] 5 253+293 0.22
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Table 6 (continued)

ASHRAE designation  Reference No. data T range (K) AAD%
Gong et al. (2016b) [78] 19 310+420 0.11
Higashi et al. (2015) [45] 49 273+373 N.A
Kayukawa et al. (2012) [86] 4 353+413 0.1
Sakoda et al. (2017) [87] 22 300+400 0.32
Tanaka (2016a) [82] 63 273+373 0.51
Zhuo et al. (2017) [88] 25 290+373 0.17
Zhang et al. (2019) [89] 31 293+353 0.42
R1224yd(Z) Bobbo et el. (2020) [55] 15 310+410 0.35
Sakoda and Higashi (2019) [47] 66 274 +338 0.45
Beltramino et al. (2022) [56] 14 340+410 -
R1354mzy(E) Kimura et al. (2017b) [90] 32 293+353 0.33
R1233zd(E) Di Nicola et al. (2017) (CNR-ITC) [91] 49 234+375 0.59
Di Nicola et al. (2017) (UnivPM) [91] 16 263+353 1.93
Hulse et al. (2012) [50] 95 253 +431 0.15
Li et al. (2019) [57] 12 300+410 0.21
Sakoda et al. (2020) [58] 18 288+373 0.12
Yin et al. (2021) [59] 11 300-+400 0.29
Tanaka et al. (2016) [92] 23 280+438 0.09
Mondejar et al. (2015) [30] 13 324 +443 0.15
R1336mzz(Z) Tanaka et al. (2016) [82] 18 293440 0.03
McLinden and Akasaka (2020) [32] 17 290+410 0.18
Sakoda et al. (2020) [58] 91 278 +443 0.23
Li et al. (2020) [60] 12 273+320 -
R1130(E) Machat et al. (1985) [93] 12 273+320 -
Tanaka et al. (2022) [13] 14 324 +454 -

AAD relative to the EOS cited in Table 4

MAD%=0.53 %). Bobbo et al. (2020) [55] measured 31 vapour pressures in the
limited temperature range T,=0.68 to 0.82; the deviations are systematically posi-
tive, with AAD%=0.42 % and MAD%=0.79 %. More recently, Beltramino et al.
(2022) [56] performed two measurement runs in the temperature range from 274 K
to 338 K, consisting of a total of 66 data points in a reduced range (T,=0.64 to
0.79); for both runs, the deviations are consistently negative, with a global AAD%
of 0.45 % and a maximum deviation MAD% =0.63 %. Results for R1224yd(Z) are
shown in Fig. 3b.

R1233zd(E): a total of 256 vapour pressure points and 8 data sets were pub-
lished for this fluid, 4 of which were not included in the previous review: Tanaka
et al. (2017) [51] measured 11 vapour pressures in the temperature range T,=0.68
to 0.91, showing systematic negative deviations from REFPROP 10.0 with higher
values at lower temperatures (AAD% =0.12 %, MAD%=0.15 %). The data of
Li et al. (2019) [57] cover a wide temperature range (T,=0.58 to 0.98) and vary
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Fig.3 Deviations of the experimental vapor pressure data for (a) R1243zf, (b) R1224yd(Z), (c)
R1233zd(E) and (d) R1336mzz(Z) from the values calculated using REFPROP 10.0

between positive and negative deviations. They show AAD% =0.15 %, but a defi-
nite high maximum deviation of MAD% =2.73 % due to increasing deviations for
temperatures below 273.15 K (up to a maximum of 2.73 % at 253.17 K). Sakoda
et al. (2020) [58] present 12 data from T,=0.68 to T,=0.93 with systematic
positive deviations from REFPROP 10.0 (AAD% =0.21 %, MAD%=0.41 %). A
small amount of data is also presented by Yin et al. (2021) [59], with 18 vapour
pressure data points over a medium temperature range T,=0.66 to 0.85 with sys-
tematic negative deviations AAD%=0.12 % and MAD% =0.15 %. Results for
R1233zd(E) are shown in Fig. 3c.
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R1336mzz(Z): regarding the 2018 review, three new datasets are available in the
literature, totalling 4 papers and 139 data points. McLinden and Akasaka (2020)
[32] provide 18 data points in the reduced temperature range T,=0.74 to 0.81; the
results show good agreement with the reference data from REFPROP10.0, with
AAD%=0.03 % and MAD%=0.09 %. The 17 data from Sakoda et al. (2020)
[58] are distributed over a wide temperature range of T,=0.65 to 0.92, resulting in
AAD%=0.18 % with the same bias, systematic negative deviations from the calcu-
lations of REFPROP, and a maximum deviation of MAD% =0.36%. Li et al. (2020)
[60] present an extensive data set of 91 vapour pressures in the temperature range
T,=0.63 to 0.99; the data are quite scattered with a large increase in deviations at
lower temperatures (up to — 3 % at 278.18 K), AAD%=0.23% and MAD% = 3.00%.
Results for this fluid are shown in Fig. 3d.

2.2.3 PVT Properties

As shown in Table 3, experimental PVT data are currently available for 17 of the
selected refrigerants; for each fluid, these data are listed in Table 7, divided into
single-phase and saturated data points, accompanied by the percent absolute aver-
age deviation AAD% of each data set. Looking at the number of papers available,
R1234yf and R1234ze(E) remain the most studied fluids, although, as can be seen
from Fig. 1, much effort has been put into the experimental characterisation of
R1336mzz(Z), R1233zd(E) and R1224yd(Z) over the last 4 years; for this reason, a
more comprehensive analysis of the peer-reviewed literature published after 2018 is
carried out for these 3 fluids and R1243zf, exactly as in the previous paragraph.

R1243zf: two new articles were published in relation to the Bobbo et al. (2018)
[4] review, for a total of 3 papers and 619 data points.

Figure 4a shows the distribution of the data on the P-T plane, with the pressure
shown in logarithmic scale for clarity. On the other hand, Fig. 5a shows the percent-
age deviations of the experimental data for the fluid from REFPROP.

Compressed liquid: Higashi and Sakoda (2018) [39] reported 28 points in the lim-
ited temperature range T,=0.87 to 0.998 and a much wider pressure range P,=0.64
to 1.96 (P,,,x=6.73 MPa) with AAD%=0.29%, MAD% =1.12% and higher devia-
tions at lower temperatures.

Superheated vapor: Higashi and Sakoda (2018) [39] provided 22 points in the
range T,=0.87 to 1.14 and P,=0.32 to 0.995 (P,,=3.50 MPa) with systematic
positive deviations from REFPROP 10.0 and higher values at lower temperatures
(AAD%=0.92%, MAD%=1.78%). Yin et al. (2020) [54] reported 128 density data
with T,=0.67 to 0.98 and P,.=0.03 to 0.82 (P, =2.88 MPa); the AAD% is 0.92%
with MAD% =1.78% and deviations evenly distributed over the temperature range.

Supercritical region: Higashi and Sakoda (2018) [39] also reported 25 data points
in the near-critical region, between T,=1.003 and 1.128 and P,=1.040 to 1.962.
Deviations from REFPROP 10.0 are AAD% =0.42% and MAD% =1.23%, slightly
higher at pressures closer to the critical region.

Saturation: Higashi and Sakoda (2018) [39] provided 6 liquid density data and
7 vapour density data in the near critical region T,=0.96 to 0.999 for experimental
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Fig.4 Distribution on the P—T plane of the available experimental PVT data for (a) R1243zf, (b)
R1224yd(Z), (c) R1233zd(E) and (d) R1336mzz(Z). Solid line: pressure curve. x: critical point

characterisation of critical density. The deviations are AAD%=0.97% and
MAD%=2.91%.

R1224yd(Z): 3 data sets with a total of 245 data points were identified in the lit-
erature: all four sets contain compressed liquid data, 1 superheated vapour data, 1
saturated vapour data and 2 saturated liquid data. Figures 4b and 5b show the distri-
bution of the data on the P-T plane and the percentage deviations of the experimen-
tal data for the fluid from REFPROP, respectively.

Compressed liquid: the 16 data from Sakoda and Higashi (2019) [47] exhibit
small deviations over the entire temperature and pressure range (T,=0.83
to 0.94 and P,=0.59 to 192, P, .. =641 MPa), with AAD%=0.08% and
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Fig.5 Deviations of the experimental PVT data for (a) R1243zf, (b) R1224yd(Z), (c) R1233zd(E) and
(d) R1336mzz(Z) from the values calculated using REFPROP 10.0

MAD% =0.28%. Fedele et al. (2020) [94] provided 93 density data in the medium
temperature range T,=0.66 to 0.85 and the much wider pressure range P,=0.075
to 10.507; the deviations are really small: AAD% =0.046% and MAD% =0.12%.
However, it must be considered that 4 data points were excluded because they
are outside the validity range of the EoS used in REFPROP. Finally, Lago et al.
(2022) [95] presented 80 data points, 9 of which exceed the validity range of the
EoS implemented in REFPROP, in the range T,=0.64 to 0.94 and P,=0.29 to
10.55 (P,,,x =35 MPa); the agreement with the reference data from REFPROP is
excellent, with AAD% =0.03% and MAD% =0.098%.
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Superheated vapor: Sakoda and Higashi (2019) [47] present 30 data in the
range T,=0.77 to 0.98 for pressures P,.=0.11 to 0.55 (P,,,=35 MPa); deviations
are higher than those of the data for compressed liquid, with AAD% 0.19% and
MAD%=0.57%.

Saturation: the 17 data from Sakoda and Higashi (2019) [47] includes data
points for saturated liquid and 8 for saturated vapour in the range T,=0.82 to
1.00, with high deviations increasing with temperatures: AAD%=1.804% and
MAD% =5.57%. Fedele et al. (2020) [94] presented 9 points for saturated liquid
from T,=0.66 to T,=0.85; the deviations are low in the whole temperature range
(AAD%=0.04%, MAD% =0.07%).

RI1233zd(E): a total of 532 data points and 7 papers are reported for this fluid;
compressed liquid data, as well as superheated vapour data are contained in 4 of the
7 papers. 2 papers contain data for the supercritical region and 2 contain data for the
saturated region. With reference to Bobbo et al. (2018) [4], 2 papers are added to
this review and are discussed in the following lines.

Figure 4c shows the distribution of the data on the P-T plane, while Fig. Sc shows
the percentage deviations of the experimental data for the fluid from REFPROP.

Superheated vapour: Yin et al. (2021) [59] collected 63 points for the super-
heated vapour in the range T,=0.69 to 0.85, P,=0.03 to 0.28 (P,,,,=0.99 MPa);
the data are a little scattered between positive and negative deviations, but still
show a great agreement with the reference data from REFPROP (AAD=0.10%,
MAD% =0.27%).

Saturation: the 11 points for saturated liquid from Tanaka et al. (2016a) [96]
examine the temperature range T,=0.68 to 0.91, and show constant deviations for
each point with AAD% =0.21% and MAD% =0.24%.

R1336mzz(Z): two new studies were published for this fluid after the publication
of Bobbo et al. (2018) [4], which are described in more detail below. They come to a
total of 601 data points and three papers: all of them report compressed liquid data,
2 report superheated vapour data, one reports near critical point data and one reports
supercritical data. As with the previous fluids, Figs. 4d and 5d show the data distri-
bution on the P-T plane and the percentage deviations of the experimental data for
the fluid from REFPROP, respectively.

Compressed liquid: the Sun et al. (2019)[97] paper contains 137 density data dis-
tributed in the medium temperature range T,=0.64 to 0.84 and a much wider pres-
sure range P,=0.035 to 34.55; the maximum reported pressure is 100 MPa, exceed-
ing the validity range of the EoS used in REFPROP (P,, =46 MPa), so 40 points
were excluded from the analysis. The data showed good agreement with REFPROP,
with AAD% =0.03% and MAD% =0.11%. Then McLinden and Akasaka (2020)[32]
provided 97 data points in the wider temperature range T,=0.52 to 0.99 for pres-
sures P,=0.22 to 12.33 (P, =35.70 MPa); again, the agreement with the reference
data was excellent (AAD%=0.01% and MAD% =0.07%).

Superheated vapor: McLinden and Akasaka (2020) [32] also reported 1 point
under superheated vapor conditions, close to the critical point (T,=1.035, P,=0.95,
P=2.74 MPa), with AAD% 0.007%.

Finally, supercritical: McLinden and Akasaka (2020) [32] identified 7 data
near the critical point with T,=1.01 to 1.03 and P,=1.14 to 1.64, showing higher
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deviations compared to the compressed liquid and superheated vapour regions, i.e.,
AAD%=0.13% and MAD% =0.26%.

2.2.4 Specific Heat Capacity

Specific heat capacity measurements are only available for seven of the selected flu-
ids, which turns out to be the least studied property among those considered in this
work. Table 8 summarises the available data sets and distinguishes between data
related to isochoric heat capacity in the single-phase region (c,), ideal gas capacity
(CPO), isobaric heat capacity under saturated conditions (c, i) and in the single-phase
region (c,), the latter being the most frequently measured among the heating prop-
erties; as can be seen from the Table, R1234yf and R1234ze(E) are also the most
studied fluids for this property, while for two of the four fluids on which this study
focuses, i.e., R1243zf and R1224yd(Z), no data are available at all. On the other
hand, three new papers have recently been published for R1233zd(E) and R1243zf:

R1243zf: a total of two papers and 150 data points are now available, both regard-
ing directly measured isochoric heat capacity in the compressed liquid region. Sheng
et al. (2021) [123] report 64 isochoric heat capacities with systematic negative devi-
ations and AAD% =2.35%, MAD% =3.82%, which perfectly matches the 86 data
presented by Ding et al. (2021) [123] (AAD% =2.36%, MAD% =4.34%). The distri-
bution of the available data on the P-T plane and the deviations from REFPROP are
shown in Figs. 6a and 7a, respectively.

R1233zd(E): after the publication of the review paper by Bobbo et al. (2018) [4],
only the paper by Liu et al. (2018) [124] was presented, which contains 63 isobaric
heat capacities in the compressed liquid and supercritical regions. The deviations are
quite significant, especially at higher pressures and temperatures close to the critical
region (AAD%=5.13%, MAD%=10.28%). The distribution of the available data
and the deviations from REFPROP are shown in Figs. 6b and 7b, respectively.

2.2.5 Speed of Sound

As far as the speed of sound is concerned, the number of analysed fluids has more
than doubled compared to the last review, for a total of eleven fluids, namely
R1234ze (E), R1234yf, R1233zd(E), R1234ze(Z), R1336mzz(Z), R1224yd(Z),
R1243zf, R1336mzz(E), R1311, R1123 and RE356mmz. For all these fluids speed
of sound data are listed in Table 9.

For R1243zf andR1224yd(Z), one data set each is available in the peer-reviewed
literature, both for the superheated vapour phase. Kano et al. (2020) [141] pro-
vided 36 data for the vapour phase speed of sound of R1224yd(Z), with reduced
temperatures between 0.71 and 0.82 and reduced pressures between 0.04 and 0.20:
deviations from REFPROP are small in all these ranges, with AAD%=0.01 and
MAD% =0.04. On the other hand, Chen et al. (2021) [142] measured the vapour
phase speed of sound of R1243zf (92 data) in the ranges T,=0.83 to 0.96 and
P.=0.05 to 0.28. Deviations from REFPROP are systematically negative and higher
for conditions further from the critical region (AAD% =0.198, MAD% =0.44).
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Fig. 6 Distribution on the P—T plane of the available specific isobaric and isochoric heat capacity data
for (a) R1243zf and (b) R1233zd(E). Solid line: pressure curve. x: critical point
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Fig. 7 Deviations of the experimental specific isobaric and isochoric heat capacity data for (a) R1243zf
and (b) R1233zd(E) from the values calculated using REFPROP 10.0

R1233zd(E) is now the most studied fluid, with a total of 461 points and 5 data
sets, three of which were not included in the previous review, one for the com-
pressed liquid and two for the superheated vapour: Lago et al. (2018) [143] reported
43 data for compressed liquid in the ranges T,=0.62 to 0.80, P,=0.08 to 9.28; the
deviations from REFPROP are AAD% =0.18 and MAD% =0.35, slightly higher for
lower temperatures. On the other hand, Kano (2021) [144] and Peng et al. (2022)
[145] have both recently presented data for the compressed liquid, 36 and 92 data
points, respectively: Kano (2021) [144] data range from 0.71 to 0.92 for T, and
0.08 to 0.24 for P, and show higher deviations from REFPROP for temperatures
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Table 9 Available experimental data for the speed of sound of selected refrigerants

ASHRAE designation Reference No. data Trange (K) P range (MPa) AAD%
R1123 Kano et al. (2020) [141] 48% 263+333  0.050+0.520 0.05
R1234yf Gao et al. (2014b) [146] N.A 273+353  0.316+2.520 N.A
Kano et al. (2010) [126] 41% 278+353  0.025+0.407 0.01
Lago et al. (2011) [147] 22° 260+360  1.990+6.060 0.19
McLinden and Perkins (2018)  86¢! 235+380 0.637+25.751 0.7
[148]
R1243zf Chen et al. (2021) [142] 92%Y 313+363  0.170+0.983 0.2
R13I1 Duan et al. (1997) [134] 67% 273+333  0.058+0.276  0.08
R1234ze (E) Kano et al. (2013) [137] 41% 278+353  0.025+0.403 0.04
Lago et al. (2011) [147] 24¢ 260+360  1.960+10.110 0.23
McLinden and Perkins (2018) 134! 230+420  0.898+36.704 0.04
[148]
Perkins and McLinden (2015)  223% 280+420  0.080+2.832 0.6
[149]
R1336mzz(E) Peng et al. (2022) [145] 98" 298+363  0.120+0.805 -
R1234ze(Z) Lago et al. (2016) [150] 38 273+333  0.192+25.059 3.9
Lozano Martin et al. (2019) 945" 307+420 <1.800 0.01
[151]
Peng et al. (2022) [145] 58% 303+363  0.129+0.730 0.18
R1224yd(Z) Kano et al. (2020) [141] 36% 303+353  0.040+0.204 0.01
R1233zd(E) McLinden and Perkins (2018)  135% 230+420 0.135+25.613 0.61
[139]
Mondejar et al. (2015) [30] 155% 290+420  0.068+2.073  0.06
Lago et al. (2018) [143] 439 273+353  1.000+35.000 0.18
Kano (2021) [144] 36% 313+403  0.030+0.377 0.11
Peng et al. (2022) [145] 92% 313+363  0.120+0.550  0.005
R1336mzz(Z) McLinden and Akasaka (2020) 140°' 280+480  0.020+2.200 0.02
(32]
McLinden and Perkins (2018) 183! 230+420 0.674+45.530 -
[148]
RE356mmz Kano (2020) [121] 25% 343+423  0.051+0.703 -

AAD relative to the EOS cited in Table 4
“'Compressed liquid

YSuperheated vapor

and pressures further from the critical point (AAD%=0.11, MAD% =0.24), while
the data of Peng et al. (2022) [145] exhibit very small absolute deviations through-
out the temperature and pressure range (T,=0.71 to 0.83, P,.=0.12 to 0.15), with

AAD%=0.005 and MAD% =0.02.

Finally, two speed of sound data sets are available for R1336mzz(Z) so far,
one published by McLinden and Akasaka (2020) [32] published after the 2018
review: the study reports 140 speed of sound data in the liquid phase in the
ranges T,=0.72 to 1.08 and P,=0.01 to 0.70; the data are quite scattered between
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Fig. 8 Distribution on the P—T plane of the available speed of sound data for (a) R1243zf, (b)
R1224yd(Z), (c) R1233zd(E) and (d) R1336mzz(Z). Solid line: pressure curve. x: critical point

positive and negative deviations, with no significant trend in temperature or pres-
sure. Overall, excellent agreement with the reference data from REFPROP can be

observed (AAD% =0.02, MAD% =0.08).

For all four fluids Fig. 8 shows the distribution of the available data on the P-T
plane, while Fig. 9 gives the deviations from REFPROP.
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Fig.9 Deviations of the experimental speed of sound data for (a) R1243zf, (b) R1224yd(Z), (c)
R1233zd(E) and (d) R1336mzz(Z) from the values calculated using REFPROP 10.0

2.3 Transport Properties

2.3.1 Thermal Conductivity

Experimental measurements of thermal conductivity have increased by 300% in
the last 4 years: while only 3 working fluids were studied in 2018, this number has

now increased to 9, including R1234ze(E), R1234yf, R1233zd(E), R1234ze(Z),
R1336mzz(Z), R1224yd(Z), R1243zf, R1336mzz(E) and RE356mmz. For all these
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fluids the publicly available thermal conductivity data are listed in Table 10, divided
into single-phase data and saturated data. As for the four fluids R1336mzz(Z2),
R1233zd(E), R1243zf and R1224yd(Z), 2 publications are available for each of
R1336mzz(Z) and R1233zd(E), while only one thermal conductivity data set is
available for each of the other fluids. As no thermal conductivity data were available
for R1243zf and R1224yd(Z) prior to this paper, reference values calculated with
REFPROP 10.0 are based on an extended corresponding states model in predictive
mode [152], with an estimated uncertainty of 20% for both liquid and vapor phases.

R1243zf: Kim et al. (2021) [153] recently reported 35 thermal conductivity data
for R1243zf in both the compressed liquid (25 data from 314.2 K to 374.7 K and
from 2 MPa to 6 MPa) and the superheated vapor (10 data from 355.7 K to 405.6 K
and pressures from 0.9 MPa to 3.4 MPa) regions, with a maximum reported uncer-
tainty of 2%. Deviations between experimental and calculated data from REFPROP
are AAD%=4.22 and MAD% =13.74.

R1224yd(Z): for R1224yd(Z) a total of 112 data were measured by Alam et al.
(2019) [12], 66 data points for the compressed liquid (in the ranges T=317 K to
416 K and P=1.0 to 4.0 MPa, declared uncertainty: max 2.1%), and 46 for the
superheated vapor (T=376 K to 453 K, P=0.2 to 1.5 MPa, declared uncertainty:
max 2.3%). Deviations from REFPROP reference values are AAD%=4.49 and
MAD% =8.58.

RI1233zd(E): a total of 2537 data were reported for R1233zd(E). Perkins et al.
(2017) [154] measured the thermal conductivity in both the compressed liquid (1453
data), superheated vapor (635 data) and supercritical (316 data) regions in the ranges
of 204 K to 453 K for temperature and 0.1 MPa to 67 MPa for pressures; based on
these experimental data the correlation implemented in REFPROP was formulated,
and deviations from the calculated values are AAD%=0.82 and MAD% =6.00.
Alam et al. (2018) [155] performed 115 measurements, both in the compressed lig-
uid region (64 data points for the temperature range from 313 K to 433 K, pressures
from 1.01 MPa to 4.02 MPa) and in the superheated vapor region (51 data points for
the temperature range from 334 K to 474 K, pressures up to 4 MPa). This data set
is in good agreement with the one from Perkins et al. (2017), and deviations from
reference values are AAD% =0.92 and MAD% =2.98.

R1336mzz(Z): finally, a total of 3460 thermal conductivity data are reported for
R1336mzz(Z), which is by far the most investigated fluid: Alam et al. (2017) [156]
measured the thermal conductivity both in the compressed liquid region (74 data,
temperatures from 314 K to 435 K) and superheated vapor region (92 data, tem-
peratures from 321 K to 96 K) for pressures lower than 4 MPa; based on these data
the correlation implemented in REFPROP 10.0 was made, with an estimated uncer-
tainty of 3% along saturation and in gas phase, and higher at higher pressures and
near critical point. Perkins and Huber (2020) [157] gathered a huge dataset of 3294
data points, 1167 for the compressed liquid phase (T=192 K to 428 K, declared
uncertainty: 1%), 1323 for the superheated vapor phase (T=303 K to 444 K,
declared uncertainty: 1.5%), and 804 for the supercritical region (T=457 K to
498 K, declared uncertainty: 1%). Deviations from REFPROP, shown in Fig. 11d,
are AAD%=5.93 and MAD% =16.71. Measurements were performed at pressures
up to 69 MPa: since the correlations implemented in REFPROP for this fluid is only
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Fig. 10 Distribution on the P—T plane of the available thermal conductivity data for (a) R1243zf, (b)
R1224yd(Z), (c) R1233zd(E) and (d) R1336mzz(Z). Solid line: pressure curve. x: critical point

valid up to 46 MPa the authors provided a supplementary file to extend its range of
validity up to 69 MPa.

Figure 10a, b, c, d displays the distribution of thermal conductivity data on the
P-T plane, while Fig. 11a, b, c, d shows the deviations from REFPROP 10.0.

2.3.2 Viscosity

To date, experimental viscosity data for nine of the selected fluids have been pub-
lished in the literature and are listed here in Table 11. As shown in Fig. 1, R1234yf
is still the most studied working fluid, followed by R1233zd(E), for which four new
sets of viscosity data have been published since 2018. The distribution of availa-
ble data on the P-T plane for the four fluids R1243zf, R1224yd(Z), R1233zd(E)
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Fig. 11 Deviations of the experimental thermal conductivity data for (a) R1243zf, (b) R1224yd(Z), (c)
R1233zd(E) and (d) R1336mzz(Z) from the values calculated using REFPROP 10.0

and R1336mzz(Z) is shown in Fig. 12a, b, ¢, d, while Fig. 13a, b, ¢, d shows the
deviations from the reference data from REFPROP. It must be underlined that since
before 2018 no viscosity data were available for these fluids, except from the data
set from Hulse et al. (2012) [50], values provided in REFPROP 10.0 are calculated
with an ECS and different estimated uncertainties depending on the fluid [152].

R1243zf: only the data set by Zhao et al. (2021) [163] is available today, which
reports 12 data for saturated liquid kinematic viscosity and presents deviations
higher than 10% at higher temperatures (MAD% = 13.25 at 372.84 K).

RI1224yd(Z): 2 data sets are available (totalling 136 viscosity data), all pub-
lished after 2018, both containing data in single phase regions. Miyara et al.
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Table 11 Available experimental data for the viscosity of selected refrigerants

ASHRAE designation Reference No. data T range (K) P range (MPa)
R1234yf Cousins and Laesecke 208! 247+340  0.115+1.911
(2012) [170]
Dang et al. (20152) [171]  25% 283+321  0.591+1.302
Dang et al. (2015b) [172] 8% 274+338  0.105
Hulse et al. (2009) [37] 39¢ 257+307  0.326+2.109
Meng et al. (2013) [173] 1109 243+363  Saturation+30.000
Yamaguchi et al. (2009)* 94 263+323  0.100+1.960
[174]
Zhao et al. (2014) [175] 1% 293+365  Atsaturation
R1243zf Zhao et al. (2021) [163] 125 303+432 0.150+3.220
R1234ze (E) Cousins and Laesecke 20%4 247+340  0.072+1.499
(2012) [170]
Grebenkov et al. (2009) 354185 257+369  0.990+6.080
[43]
Meng et al. (2013) [173] 119¢ 243+373  Saturation-+30.000
Zhao et al. (2014) [175] gsatl 295+373 At saturation
R1336mzz(E) Mondal et al. (2022) [176] 389436+ 18" 413453  3.000+4.000
Xu et al. (2021) [177] 10 278+333 At saturation
Zhang et al. (2022) [169] 22 %! 303+442 At saturation
R1234ze(Z) Kariya et al. (2015)* [178]  (N.A.)¢"*Y 283+363  0.180+1.350
Kariya et al. (2017)* [179] N.A 290+440  0.500+3.000
Alam et al. (2021) [180] 591 4315 314+414  0.500+4.800
R1224yd(Z) Miyara et al. (2018) [167] 20 4 128 303 +475 1.960+3.210
Alam et al. (2019) [162] 68°14+36% 303+475  1.000+4.100
R1233zd(E) Hulse et al. (2012) [50] 6 270+380  0.100+1.350
Cui et al. (2018) [165] 128! 303+403 -
Meng et al. (2018) [166] 92¢ 243+373  <40.000
Miyara et al. (2018) [167] 61428 314+474  1.010+4.070
Zhao et al. (2021) [163] 141 303+432  0.150+3.220
R1336mzz(Z) Alam et al. (2018) [168] 719 4265 314+475  0.490+4.060
Sun et al. (2019) [97] 1094 253+353  <40.000
Zhang et al. (2022) [169] 205! 303+399 At saturation

“ICompressed liquid
YSuperheated vapor
'Supercritical conditions
satlSaturated liquid

(2018) [164] reported 20 data in the compressed liquid region and 12 in the
superheated vapor region, while Alam et al. (2019) [162] presented 68 data in
the compressed liquid region and 36 data in the superheated vapor region; for
both the datasets some data points have been excluded (3 and 9 respectively)
because they exceed the range of applicability of the correlation implemented in
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Fig. 12 Distribution on the P—T plane of the available viscosity data for (a) R1243zf, (b) R1224yd(Z),
(c) R1233zd(E) and (d) R1336mzz(Z). Solid line: pressure curve. x: critical point

REFPROP. However, they seem in agreement with each other, both showing devi-
ations below 4.2%.

R1233zd(E): a total of 5 data sets and 213 viscosity data is available today: 3
papers contain data in the compressed liquid region, 1 contains data in the super-
heated vapor region and 2 contain saturated liquid data. Among the data sets pub-
lished after the review by Bobbo et al. (2018) [4], Cui et al. (2018) [165] reported 12
saturated liquid viscosities with AAD% =4.52 and MAD% =10.97, while other 14
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Fig. 13 Deviations of the experimental viscosity data for (a) R1243zf, (b) R1224yd(Z), (c) R1233zd(E)
and (d) R1336mzz(Z) from the values calculated using REFPROP 10.0

data in saturated liquid conditions were provided by Zhao et al. (2021) [163] with
AAD%=5.98 and MAD% =20.97, but in this case for kinematic viscosity. Meng
et al. (2018) [166] and Miyara et al. (2018) [167] both reported compressed liquid
viscosities showing two quite different deviations (AAD%=0.59 and AAD%=2.70
respectively). Moreover, Miyara et al. (2018) [167] also provided 28 data in the
superheated vapor region, with AAD% =2.34 and MAD% =6.31.

R1336mzz(Z): since 2018 a total of 3 data sets (219 data) have been published in
the peer-reviewed literature, two of them including data in the compressed liquid
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Table 12 Available experimental data for the thermal surface tension of selected refrigerants

ASHRAE designation References No. data T range (K)
R1123 Kano et al. (2020) [121] 16 267+304
Liu et al. (2021) [99] 28 232+303
R1234yf Tanaka and Higashi (2010a) [36] 29 273+338
Zhao et al. (2014) [175] 10 293 +365
Liu et al. (2021) [99] 33 226+343
R1243zf Kondou et al. (2015) [183] 11 273+352
Zhao et al. (2021) [163] 12 303+432
RI1311 Duan et al. (1999) [184] 30 243+344
R1234ze (E) Grebenkov et al. (2009) [43] 4 253+313
Tanaka and Higashi (2013) [185] 23 273+333
Zhao et al. (2014) [175] 9 295+373
R1336mzz(E) Zhang et al. (2022) [169] 22 303+442
R1234ze(Z) Kondou et al. (2015) [183] 13 273+350
R1224yd(Z) Kondou and Higashi (2018) [181] 19 266+372
Kondou et al. (2019) [182] 26 266372
R1233zd(E) Hulse et al. (2012) [50] 3 273+323
Kondou et al. (2015) [183] 10 279+350
Cui et al. (2018) [165] 12 303+403
Zhao et al. (2021) [163] 14 303+432
R1336mzz(Z) Zhang et al. (2022) [169] 20 303+399
R1130(E) Tanaka et al. (2022) [13] 38 228+373

region, one including data in the superheated vapor region and one for the satu-
rated liquid. Sun et al. (2018) reported 109 data in the compressed liquid region
showing good agreement with the equation of state from REFPROP in the range of
temperatures 253 +353 K and for pressures lower than 40 MPa, with a final abso-
lute average deviation AAD%=1.075. Deviations from Sun et al. (2019) [97] are
in line with those obtained by Alam et al. (2018) [168] for the compressed liquid
(AAD%=0.78), while data in the superheated vapor showed much higher devia-
tions, with AAD% =4.42 and MAD%=28.56 (not shown in Fig. 13c). Finally,
Zhang et al. (2022) [169] provided 20 saturated liquid viscosities in the range 303 K-
399 K, with systematic positive deviations up to 7.38%.

2.3.3 Surface Tension

Compared to 2018, the number of fluids whose saturated liquid surface tension has
been studied has more than doubled, from five in Bobbo et al. (2018) [4] to eleven
at the present time. The publicly available datasets are listed in Table 12, along with
their respective temperature range. R1233zd(E) has the highest number of available
datasets, with four publications and 39 measurements in the range from 273 K to
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Fig. 14 Distribution on the 6—T plane of the available thermal surface tension data for (a) R1243zf, (b)
R1224yd(Z), (c) R1233zd(E)and (d) R1336mzz(Z)

432 K, while R1336mzz(Z) is the least studied working fluid, with only one dataset
and 20 data in the range from 303 K to 399 K. For R1243zf, compared to the review
by Bobbo et al. (2018) [4], 12 additional data were measured in the range of 303 K
to 432 K by Zhao et al. (2021)[163], while two different data sets were reported for
R1224yd(Z) (Kondou and Higashi (2018) [181], Kondou (2019) [182]), totalling 35
data, both in the temperature range between 266 K and 372 K. The experimental
data for the fluids are graphically displayed in Fig. 14.
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Fig. 15 Deviations of the experimental surface tension data for (a) R1243zf, (b) R1224yd(Z), (c)
R1233zd(E) and (d) R1336mzz(Z) from the values calculated using REFPROP 10.0

The deviations from REFPROP 10.0 are shown in Fig. 15. To calculate the refer-
ence values for R1243zf and R1233zd(E), the empirical correlation presented by
klghfkljKondou et al. (2015) [183] and implemented in REFPROP was used. For
R1224yd(Z) and R1336mzz(Z), on the other hand, no data were correlated at the time
the latest version of the software was developed, so the values for these fluids were cal-

culated using an ECS in predictive mode, with an estimated uncertainty of 10% [152].
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3 Conclusions

It is a fact that for several HVAC&R applications there is still no definitive oper-
ating fluid able to simultaneously fulfil the requirements given by thermodynamic
and new regulations addressing the Global Warming issue. As things stand today,
the problem is often related to the lack of data on the thermophysical properties of
new fluids. To this end, a literature search was conducted to identify new experi-
mental data sets on the thermophysical properties of low global warming potential
refrigerants published in the open literature during 2018 to 2022 and to update a
previous review published in 2018. The amount of experimental data available for
pure compounds, including refrigerants not considered in the previous review, has
increased significantly in recent years, but research efforts are still needed to provide
a complete description of all fluids of interest and to find the right substitutes for dif-
ferent applications. Currently, only 4 fluids have been fully investigated (R1234yf,
R1234ze(E), R1233zd(E), R1243zf), while other 4 (R1234ze(Z), R1336mzz(Z),
R1224yd(Z), R1336mzz(E)) have been almost completely characterised. For all flu-
ids, several sets and a large amount of data are available for p , and PVT, while
fewer sets are available for specific heat capacity and speed of sound. Especially
for the transport properties, more information is needed. It must also be stressed
that when searching for new refrigerants, it is not only thermodynamic properties
that need to be considered, but also ODP, GWP, flammability, toxicity, and mate-
rial compatibility; in particular, further clarifications are needed regards the possible
environmental pollution created by HFOs.
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