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Abstract

We survey existing data for refrigerant blends
containing halogenated olefins  (hydroflu-
oroolefins  (HFO), hydrochlorofluoroolefins
(HCFO) and hydrochloroolefins (HCO)) in the
open literature. The data are primarily taken
from the NIST SOURCE database and are pre-
sented in graphical form to demonstrate the
relative coverage of the data. The primary con-
clusion is that blends containing halogenated
olefins remain only sparsely measured in exper-
iments, and some classes of data (e.g., speed-of-
sound data) are particularly sparse for blends
containing halogenated olefins. The second
part of this study compares the thermody-
namic models in NIST REFPROP against the
experimental datasets and identifies systems
(of which there are many) where refitting of
the thermodynamic model is required.

1 Introduction

The hydrofluoroolefins (HFOs) are a class of re-
frigerants with very low values of global warm-
ing potential (GWP) now coming into use as
replacements for the current hydrofluorocarbon
(HFC) refrigerants. This is motivated by the
Kigali Amendment to the Montreal Protocol,
which calls for a 85 % phase down in the GWP-
weighted production of the HFCs. “Olefin”
refers to a molecule with a carbon-carbon dou-
ble bond, and HFOs are olefins with selected
hydrogens replaced with fluorines. The double

bond is highly reactive to OH radicals in the
atmosphere, giving the HFOs very short atmo-
spheric lifetimes of days to weeks compared to
years to decades for most of the HFCs. The
GWP19p (GWP on a 100-year time horizon) of
the HFOs is on the order of 1, compared to
GWP;g9 = 1300 for R-134a, for example.

Many of the HFOs are marginally flammable,
with a “2L”7 flammability classification under
ANSI/ASHRAE Standard 34" and ISO Stan-
dard 817.% Also, as pure fluids, none of the
HFOs match the pressure and refrigeration ca-
pacity of R-410A, which is a 50/50 (by mass)
blend of R-32 (difluoromethane) and R-125
(pentafluoroethane) and is currently the most
widely used refrigerant in small air-conditioning
systems. Thus, blends of the HFOs with HFCs
or other fluids are being investigated as a way to
mitigate flammability and/or match the prop-
erties of R-410A or other current refrigerants
like R-134a."

Additional candidate refrigerants can be ob-
tained by starting with an olefin and replac-
ing one or more of the hydrogens with any
of the halogens (fluorine, chlorine, bromine,
iodine) generating the overarching family of
halogenated olefins, presently dominated in the
commercial sphere by the hydrofluoroolefins.
This manipulation yields the refrigerant classes
hydrochlorofluoroolefin (HCFO) for olefins with
one or more chlorines and one or more fluorines
replacing the hydrogens (e.g., R-1224yd(Z)) or
hydrochloroolefin (HCO) for olefins with one
or more chlorines replacing hydrogens (e.g., R~
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1130(E)). While the commercial focus is clearly
on HFO, the families of HCFO and HCO in-
clude promising working fluids.*

A sense of the industrial interest in mixtures
containing halogenated olefins can be inferred
from the blends classified in ASHRAE Standard
34; as summarized in Fig. [T The figure is meant
to be read like a highway mileage diagram; the
full matrix of combinations is symmetric, and
the intersection of row and column labels in-
dicate the particular binary mixture. R-444A,
the first blend with an HFO, was added to the
Standard in January 2013.” In this figure, each
binary pair formed of the components of each
classified blend is entered once in the counting.
For instance, in the ternary mixture of compo-
nents A, B, and C, the AB, AC, and BC com-
binations would be counted. The compositions
of the components are not considered, so trace
components added for improved lubricant com-
patibility are perhaps over-represented. The
classification of a blend in Standard 34 is an
early step in the process of commercializing a
refrigerant blend because building codes only
allow the use of refrigerants included in the
standard. Not all of the blends indicated in
Fig. [1) will end up being commercialized.

There is, however, a dearth of thermody-
namic data on refrigerant blends containing
halogenated olefins, and this hinders the devel-
opment of the mixture models needed for blend
selection and equipment design.

Here, we survey the available thermodynamic
data for blends containing halogenated olefins
and consider the models used to represent those
data. In 2018, Bobbo et al.® surveyed the pub-
lished experimental data for halogenated fluids
as pure components and binary mixtures con-
taining halogenated olefins. Their final con-
clusion of the need for additional experimental
measurements aligns with ours. The present
study can be seen as an extension of the study
of Kayukawa et al.” who surveyed binary blends
of five HFOs with ten HFCs and also propane,
isobutane, and carbon dioxide. The majority
(46 out of 51) were for blends containing R-
1234yf or R-1234z¢(E). A recent survey® gives
an overview of the current state of HFO refrig-
erants from a variety of standpoints (thermo-

dynamics, heat transfer, etc.). We consider a
fairly broad range of fluids as “refrigerants”,
and these are listed in Table Il Included are
the most common (as well as some less com-
mon) HFCs, a range of the so-called natural
refrigerants (hydrocarbons, ammonia, and car-
bon dioxide), as well as the iodine-containing
R-13I1 (trifluoroiodomethane, or CF3I). Among
the halogenated olefins we include the now-
common R-1234yf and R-1234ze(E) as well
as low-working-pressure refrigerants intended
for use with centrifugal compressors (e.g., R-
1336mzz(Z)) and fluids in an early stage of de-
velopment (e.g., R-1123,% R-1132a, R-1132(E),
and R-1234ze(Z)). We also include the chlorine-
containing HCFOs and HCOs; these fluids have
a small, but non-zero ozone-depletion potential
(ODP) and are being developed for specialized
applications. The table also includes the chemi-
cal name as assigned by the International Union
of Pure and Applied Chemistry (IUPAC).

We hope that this survey will highlight where
additional work is required and also help avoid
duplication of effort.

1.1 Alphabet soup (refrigerant
nomenclature)

The naming conventions used to describe refrig-
erants can be somewhat confusing (especially so
for halogenated olefins), so a brief summary of
the refrigerant numbering conventions is pro-
vided here. For refrigerants based upon halo-
genation of linear alkane molecules, the canoni-
cal reference is the ASHRAE Standard 34, with
the numbering convention summarized as fol-
lows:

e The right-most digit indicates the number
of fluorines.

e The second-from-right digit indicates the
number of hydrogens plus 1. Atoms at-
tached to the carbon backbone and not
otherwise accounted for are assumed to
be chlorine.

e The third-from-right digit indicates the
number of carbons minus 1 (dropped if
the number of carbons is one).
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Figure 1: Triangle diagram for coverage of binary pairs in ASHRAE 34 standard for “refrigerants”.
Blends containing any components not included in this figure (R-11,R-12,R-13,R-22,R-31,R-115,R-
124, or R-142b) were not included in the summation. Each time a binary pair is included in a
mixture included in ASHRAE Standard 34, it is included in the summation in this table. The
colors correspond to the categories of fluids indicated in Table



Table 1: Pure “refrigerants” considered in this study

name class IUPAC chemical name
CO, other carbon dioxide
R-1311 other trifluoroiodomethane
ammonia other ammonia
ethane hydrocarbon ethane
ethylene hydrocarbon ethene
propane hydrocarbon propane
propylene hydrocarbon propene
butane hydrocarbon butane
isobutane hydrocarbon 2-methylpropane
pentane hydrocarbon pentane
isopentane hydrocarbon 2-methylbutane
DME ether dimethyl ether
R-1130(E) HCO (E)-1,2-dichloroethene
R-1123 HFO trifluoroethylene
R-1132a HFO 1,1-difluoroethene
R-1224yd(Z) HCFO (Z)-1-chloro-2,3,3,3-tetrafluoro-1-propene
R-1233zd(E) HCFO (E)-1-chloro-3,3,3-trifluoro-1-propene
R-1234yf HFO 2,3,3,3-tetrafluoro-1-propene
R-1234z¢(E) HFO (E)-1,3,3,3-tetrafluoro-1-propene
R-1234z¢(Z) HFO (7)-1,3,3,3-tetrafluoro-1-propene
R-1243zf HFO 1,1,1-trifluoro-2-propene
R-1336mzz(E) HFO (E)-1,1,1,4,4,4-hexafluoro-2-butene
R-1336mzz(Z) HFO (Z)-1,1,1,4,4,4-hexafluoro-2-butene
R-1132(E) HFO (E)-1,2-difluoroethene
R-23 HFC trifluoromethane
R-32 HFC difluoromethane
R-41 HFC fluoromethane
R-116 FC hexafluoroethane
R-125 HFC pentafluoroethane
R-134 HFC 1,1,2,2-tetrafluoroethane
R-134a HFC 1,1,1,2-tetrafluoroethane
R-143a HFC 1,1,1-trifluoroethane
R-152a HFC 1,1-difluoroethane
R-218 FC octafluoropropane
R-227ea HFC 1,1,1,2,3,3,3-heptafluoropropane
R-236fa HFC 1,1,1,3,3,3-hexafluoropropane




e The fourth-from-right digit indicates the
number of double bonds, dropped if no
double bonds are present; alkene deriva-
tives with a single double-bond will have
a number greater than 1000 and less than
2000.

e Additional lowercase letters to the right
of the number are used to disambiguate
isomers (e.g., the “a” in R-134a to dis-
tinguish it from R-134). For 2-carbon
molecules the “most-symmetrical” isomer
has no appended letter and increasingly
asymmetrical molecules have “a”, “b”,
etc. appended. For molecules with three
or more carbons, the rules are more com-
plicated, and the two or more appended
letters designate the atoms attached to
different carbons.

For halogenated olefins, the consideration of
conformational isomers (cis-/trans-) also be-
comes relevant, and additional modifiers are
needed. The cis-, or zusammen, isomer (Ger-
man for together), indicated by a suffix of (Z),
is for the isomer with the fluorines “together”.
The opposite, or trans-, isomer is indicated by
the suffix (E) for the entgegen isomer (Ger-
man for opposite). Graphical representations
of several of the isomers of R-1234 are shown in

Fig. 2|

C

(a) R-1234yf

¢

(b) R-1234z¢(Z) (c) R-1234ze(E)

Figure 2: 3D diagrams of the geometry of R-
1234yf and the cis- and trans- isomers of R-
1234ze drawn with Avogadro.™ Fluorines are
blue, hydrogens are grey, and carbons are black.

2 Experimental Data Cov-
erage

The fluids that we categorize as “refrigerants”
(see Table [1)) are inconsistently studied in ex-
periments; the coverage for mixtures containing
halogenated olefins is especially light.

The SOURCE database developed and pop-
ulated at the Thermodynamics Research Cen-
ter (National Institute of Standards and Tech-
nology) has substantial coverage of the data
published in the open literature over the last
15-20 years (i.e., the period when basically all
the data on halogenated olefins would have
been published). However, the coverage is not
complete, and additional data may be found
in proprietary sources, conference proceedings,
reports, and uncommon journals. Access to
the data in SOURCE was made available from
an internal interface; data in the SOURCE
database are accessible from the NIST Ther-
moData Engine software package (SRD 103).

In addition to the data available in the
SOURCE database, we also carried out ad-



ditional searches for relevant data. In the
SciFinder database of the American Chemical
Society we searched for papers indexed by the
CAS number of any of the most-common HFOs
and HCFOs, namely R-1234yf, R-1234ze(E),
R-1234ze(Z), R-1233zd(E), and R-1336mzz(Z),
mixed either with each other or one of the com-
mon HFCs, namely, R-32, R-125, R-134a, R-
152a, and R-227ea, for a total of 45 binary pairs.
The resulting hits were then further parsed
for keywords that would indicate experimen-
tal thermodynamic data. We included all types
of documents in this search except for patents,
which were numerous, but seldom contained
useful data. Since the SciFinder database in-
cludes CAS numbers, questions of nomencla-
ture are bypassed; however, indexing of the pa-
pers lags the addition of new CAS numbers to
the database.

In the Fridoc database of the International
Institute of Refrigeration, keyword searches
(“HFO” AND “mixture”) and (“mixture” AND
“thermodynamic property”) were carried out;
the hits (which included many papers on heat-
transfer behavior and cycle performance, for
example) were further parsed. The Fridoc
database includes refrigeration conferences that
are not typically included in SOURCE. Finally,
our sources were compared with those in the
surveys of Kayukawa et al.” and Bobbo et al.;®
this yielded additional sources, primarily from
the quadrennial International Congresses of Re-
frigeration and Japanese conferences. Some of
the sources cited by Kayukawa et al.” did not
actually report numerical values, but only a
graphical representation, such as points mea-
sured.

These searches yielded on the order of 20
additional data references. In some cases we
contacted authors and obtained tabular data
where only graphical data had been previously
published. These data were then added into
SOURCE. Thus, we were able to process all of
the data in a single workflow.

Figure|3land Fig. 4|show the data coverage for
all experimental measurements on binary refrig-
erant mixtures included in the NIST SOURCE
database for vapor-liquid equilibria (VLE) and
density data. Each figure is meant to be read

like a highway mileage diagram; the full matrix
of combinations is symmetric, and the intersec-
tion of row and column labels indicate the par-
ticular binary mixture. The entry in the cell is
the total number of data points found. Data
points for pure substances included in a set of
measurements on a mixture were retained.

Figure [3| shows the number of vapor-liquid-
equilibria (VLE) data available for each binary
mixture. Each category of fluid (hydrocarbon,
halogenated olefin, HFC, other) is indicated by
a different color in the axis labels, and are sepa-
rated by a thick dividing line. This figure shows
that the phase equilibria of certain combina-
tions of categories of “refrigerant” mixtures are
extensively studied. The binary mixtures of hy-
drocarbons are of great importance to the natu-
ral gas industry (among others), and have been
well-measured, accordingly. Mixtures of hy-
drofluorocarbons (though not all combinations)
and refrigerant blends containing hydrofluoro-
carbons have also seen extensive measurement
campaigns.

Unlike other refrigerant class combinations,
mixtures containing halogenated olefins have
been only sparingly studied in experiments.
The only HFOs included in any binary re-
frigerant mixtures in SOURCE are R-1234yf,
R-1234ze(E), R-1234ze(Z), R-1243zf, and R-
1336mzz(E). Among these HFOs, only a hand-
ful of binary pairs have experimental VLE
data (co-existing phase temperature, pres-
sure, and composition data). There are only
four HFO+HFO datasets, for the mixtures
R-1123+R-1234yf, R-1234ze(E)+R-1234yf, R-
12437zf+R-1233ze(E), and R-1234ze(E)+R-
1336mzz(E). While we also included HCO-
and HCFO-containing blends in our survey,
we found no VLE data for such mixtures. The
datasets of experimental VLE data for binary
mixtures containing HFOs are detailed in Ta-
blel We limit the discussion here to the HFO-
containing mixtures, but all of the datasets
referenced in Figs. [3 and [4] are given in Section
4 of the Supporting Information for complete-
ness.

While VLE data are the most important data
in defining mixture behavior — they reveal the
presence or absence of an azeotrope — density



co
R—13I22[ }\

ammonia
ethane |12k

ethylene [362 407
propane [1.4k| 64 [112 1.4k 83
propylene |157 141|175 306|785
butane |15k 65 |469 (438|997 Color key
isobutane |482| 72 199 22 (783 71 (217 .1_10
pentane |529 162 712 340 11-100
isopentane [454 278 22 k 101-1000
DME |s48 161(121|313|128| 34 1001-10000
R-1130(E) .10001-100000
R-1123
R-1132a
R-1224yd(Z)
R-1233zd(E)
R-1234yf]140 116 160 100|120 116
R-1234ze(E) |166|110 126 111 80 | 37 160
R-1234ze(Z) 136 138
R-1243zf 80 |132 100 52
R-1336mzz(E) 32 30
R-1336mzz(Z)
R-1132(E)
R-23]399 202 227|30 | 86 | 58 | 52 | 52 200
R-32]140|102 939180362150 264 42 574|407 150
R-41]70
R-116 |161 138 13430 110 38 134| 14
R-125|54 238 782104128180 242 294 96 44 |1.0k
R-134 64 96 72 80 | 142
R-134a|190 100 669 | 52 276|120 184 172 86 208| 32 142(1.3K 194|710
R-143a 144 304 268| 40 128 90 . 40 |327 356(273 393
R-152a|250| 72 374(102(294| 80 | 39 170 72 30 40 | 184 190 88 (253 66
R-218 100 40 86 56 117
R-227ea|314 418 164 | 86 82 100 30 40 | 78 92 192 40
R-236fa 98 30 74 38 40 46 | 54 ’\
SR EeeEgeeeyoRSNT>UNNUINTRANTARAIAIRES
CH g EQ B2 LSS0 R SRR ERNNR eI IS 20RR
TEB 2883509 “xFIdTasEEC coaa " §g
e Y75 272 « A R B B
- e xa oo
X o

Figure 3: Data point count for VLE measurements for “refrigerants”. Each bubble-point or dew-
point measurement is counted individually. The numbers in the individual cells indicate the total
number of data points for the binary blend given by the intersection of the row and column.
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Table 2: Data sources for VLE data for the binary mixtures considered in this study. Mole fraction
compositions z pertain to the liquid phase, and y to the vapor phase (Ngat.: number of data points).

names (1/2) reference year  Nyata T /K it Y1
ammonia/R-1234yf i“ 58  2432-2831 0.0-1.0 0.0-10
butane/R-1234yf [ ot al 2 50  283.1-323.1 0.0-1.0 0.0-1.0
R-1311/R-1234z¢(E) 0 of aLl 55 258.1-298.1 0.0-1.0 0.0-10
CO,/R-1234yf Juntarachat et al. 65 283.2-353.2 0.0-09 0.1-1.0
CO,/R-1234yf Arami-Niya et al.f! 5 293.0-293.1 0.1-0.6 0.3-09
CO,/R-1234z¢(E) Wang et al. 83 283.3-353.0 0.0-1.0 0.0-1.0
ethane/R-1234z¢(E) Liu et al. 63 272.3-3475 0.0-09 0.1-1.0
ethylene/R-1243zf Zernov et al 40 283.1-363.1 0.0-09 00-1.0
isobutane/R-1234yf Hu et al. 60 283.1-323.1 0.0-1.0 0.0-1.0
isobutane/R-1234z¢(E) Dong et al. 40 2581-288.1 0.0-1.0 0.0-1.0
isobutane/R-1234z¢(Z) Zhang et al. 69  303.1-353.1 0.0-1.0 0.0-1.0
isobutane/R-1243zf Deng et al. 50  253.2-293.1 0.0-1.0 0.0-1.0
pentane/R-1234ze(E) Outcalt and Lemmon’ 37 269.9-380.0 0.3-0.7
propane/R-1234yf 5 55 253.2-2931 0.0-1.0 0.0-1.0
propane/R-1234yf 50 255.0-300.1 0.4-0.9
propane/R-1234z¢(E) al. 38  258.1-283.1 0.0-1.0 00-10
propane/R-1234ze(E) 35 253.1-293.3 0.1-08
propane/R-1234z¢(Z) Gong et al. 2 68 253.2-293.1 0.0-1.0 0.0-1.0
propane/R-1243zf i 66  243.2-288.1 0.0-1.0 0.0-1.0
propane/R-1336mzz(E) 16 313.2-353.1 0.1-0.8 0.3-0.9
R-1123/R-1234yf 98  300.0-330.0 0.1-0.7 0.2-08
R-1234yf/R-1234ze(E) 3 273.6 - 341.7 0.7-0.7 0.7-0.7
R-1234yf/R-1234ze(E) 77 283.6-3334 0.0-1.0 0.0-1.0
R-1234z¢(E) /R-1336mzz(E) 15 313.2-353.1 0.2-0.9 0.3-09
R-12432f/R-1234ze(E) o 52 293.0-353.0 0.1-09 0.1-0.9
R-125/R-1234yf 28 273.3-3331 02-05 03-0.7
R-125/R-1234yf 84 273.3-3332 0.0-10 0.0-1.0
R-125/R-1234yf 35  283.1-3231 0.0-1.0 0.0-1.0
R-125/R-1234ze(E) 3 274.5-341.7 05-05 0.6-0.7
R-125/R-1234z¢(E) 45 283.1-323.1 00-1.0 0.0-1.0
R-134/R-1234z¢(E) 40  258.1-2881 0.0-1.0 0.0-1.0
R-134/R-1234z¢(Z) 71 303.1-343.1 0.0-1.0 0.0-1.0
R-134a/R-1234yf 5 283.1 - 313.1 0.6
R-134a/R-1234yf 67 273.3-3332 0.0-1.0 0.0-1.0
R-134a/R-1234yf 41 268.2-323.2 0.5-0.6
R-134a/R-1234z¢(E) 3 273.5-340.6 05-0.5 0.5-06
R-134a/R-1234z¢(E) 40 293.1-323.1 0.0-1.0 0.0-1.0
R-134a/R-1243zf 44 293.1-3231 00-1.0 0.0-1.0
R-134a/R-1243zf 60 243.2-293.1 00-1.0 0.0-1.0
R-134a/R-1336mzz(E) 16 313.2-353.1 0.1-0.8 0.3-09
R-143a/R-1234yf 45  283.1-3231 00-1.0 0.0-1.0
R-143a/R-1234z¢(E) 3 2743-3404 05-05 06-0.7
R-152a/R-1234yf 60 283.1-3231 0.0-1.0 0.0-1.0
R-152a/R-1234yf 25 283.1-323.1 0.0-1.0 0.0-1.0
R-152a/R-1234z¢(E) 36 2581-2881 0.1-09 0.1-09
R-152a/R-1336mzz(E) 15 313.2-353.1 0.1-09 02-09
R-218/R-1234yf 20 223.1-2728 0.0-1.0 0.0-1.0
R-227ca/R-1234yf 50  283.1-3231 0.0-1.0 0.0-1.0
R-227ea/R-1336mzz(E) Boonaert et al.P% 15 313.2-3531 0.1-0.8 0.2-0.9
R-23/R-1234yf 74 254.1-3484 0.0-09 0.0-1.0
R-23/R-1234yf 26 193.2-273.2 0.0-1.0 0.0-1.0
R-32/R-1123 21 2735-330.1 03-0.8 0.3-0.7
R-32/R-1234yf 35  273.3-333.1 03-08 05-09
R-32/R-1234yf 11 347.8-359.7 04-0.7 04-0.7
R-32/R-1234yf 5 283.1 - 313.1 0.6
R-32/R-1234yf 79 2733-3331 0.0-1.0 0.0-1.0
R-32/R-1234yf 55 283.1-3231 0.0-1.0 0.0-1.0
R-32/R-1234yf 3 273.7-3409 08-0.8 0.8-09
R-32/R-1234yf 53 283.1-329.9 0.1-08 02-08
R-32/R-1234yf 77 2731-3581 0.0-1.0 0.0-10
R-32/R-1234z¢(E) 14 3581-3715 04-07 04-07
R-32/R-1234ze(E) 10 310.0-350.0 0.4-0.7
R-32/R-1234z¢(E) 151 272.9-314.0 0.1-09 0.2-1.0
R-32/R-1234ze(E) 65 283.1-323.1 00-1.0 0.0-1.0
R-32/R-1234ze(E) 15 283.1-3231 02-0.7 03-09
R-32/R-1234z¢(E) 36 293.1-3231 00-1.0 0.0-1.0




Table 3: Data sources for p-p-T" data for the binary mixtures considered in this study. Mole fraction
compositions x pertain to the bulk phase (Nga: number of data points).

names (1/2) reference vear  Ngaa T /K i
CO,/R-1234yf [Di Nicola et al.FY 2012|128 223.1-372.9 0.1-0.8
COy/R-1234yf \Arami-Niya et al.1# 2020/ 12 233.2-303.1 0.5

CO,/R-12347¢(E) Yamaya et al. 2010/ 39 270.1-4251 05
CO,/R-12347¢(E) Yamaya et al. 2011| 39 270.1-4251 0.5
COy/R-1234z¢(E) Di Nicola et al. ' 2013| 112 233.1-363.1 0.2-0.9
CO,/R-12347¢(E) [Fu et al. P! 2020/ 681 283.0-353.1 0.2-08
isobutane/R-1233zd(E) Brown et al. 2018, 84 303.1-3831 0.1-0.9
isobutane/R-1234yf Brown et al. 2017 96  303.1-383.1 0.2-08
isobutane/R-1234yf Zhang et al.P® 2018/ 101  270.1-300.2 0.1-0.7
isobutane/R-1234z¢(E) Brown et al. 2017/ 102 303.1-383.1 0.3-0.8
isobutane/R-1234z¢(E) Cao et al. 2017| 312 280.2-330.2 0.2-0.5
isobutane/R-1234ze(Z) Brown et al. 5 2018 97 303.1-383.1 0.1-0.7
isobutane/R-1243zf [Tomassetti et al.T®  2019| 66  303.1-383.1 0.2-0.9
propane/R-1234yf Brown et al.|* 2016/ 86  268.1-363.2 0.2-0.8
propane/R-1234yf Zhong et al.f2 2017/ 168  265.5 - 300.3 0.0-0.9
propane/R-1234yf Zhong et al. 2! 2018/ 50  255.0- 300.1 0.4-0.9
propane/R-1234yf Zhong et al. 2019 42 254.3-348.3 0.2-0.7
propane/R-1234z¢(E) Zhang et al. 2016/ 137 258.1-293.4 0.1-0.8
propane/R-1234z¢(E) Zhang et al.Fx 2016 35 253.1-293.3 0.1-0.8
propane/R-1243zf Sheng et al.i2! 2020 57 292.8-3494 0.2-08
R-1234yf/R-1234z¢(E) Higashi 2015| 14  354.6-3743 0.5
R-1234yf/R-1234z¢(E) Higashi 2016/ 52 340.0-430.0 0.5
R-1234yf/R-1234ze(E) |Al Ghafri et al P2 2019 37  252.2-4035 05
R-125/R-1234yf Dang et al.| 2015/ 27  283.6-318.0 0.3-0.7
R-125/R-1234yf Al Ghafri et al. 2019 40 252.1-3829 05
R-125/R-1234z¢(E) Al Ghafri et al B2 [2019] 44 252.1-3839 05
R-134a/R-1234yf Yotsumoto et al.f@ 2010/ 575 263.1-323.1 0.0-038
R-134a/R-1234yf \Akasaka et al.F 2015 22 350.3-370.7 0.3-0.7
R-134a/R-1234yf |Chen et al.PH 2015/ 94  298.6-403.2 0.0-0.9
R-134a/R-12347¢(E) |Zhang et al.F2! 2017| 101  270.4-300.3 0.4-0.6
R-134a/R-1234z¢(E) Al Ghafri et al. 2019| 59 252.1-4034 0.5
R-143a/R-1234yf Al Ghafri et al. B2 2019] 36 252.2-363.2 05
R-143a/R-1234z¢(E) Al Ghafri et al B2 [2019] 38  252.0-383.0 05
R-152a/R-1234z¢(E) [Qi et al B 2020/ 151 285.3-310.2 0.6-0.8

R-32/R-1123 Higashi and Akasakaf! 2016/ 137 310.0-430.0 0.5-0.7
R-32/R-1234yf |Akatsu et al. P! 2011| 40  332.8-363.6 0.2-0.7
R-32/R-1234yf Kobayashi et al.?¥ 2011 295  310.0 - 395.0 0.4-0.7
R-32/R-1234yf \Akasaka ct al. 2013| 40  332.8-363.6 0.2-0.7
R-32/R-1234yf Dang et al.[™ 2015 26 283.4-318.6 0.5-0.8
R-32/R-1234yf Cai ct al. 2018| 153 279.8-347.9 0.4-0.9
R-32/R-1234yf H(-ang et al.% 2019 492 298.8-383.1 0.1-0.9
R-32/R-1234yf [Jia et al.F2 2020| 485 283.5-363.2 0.2-09
R-32/R-1234yf [Tomassetti et al. P2 2020, 217  263.1-383.1 0.1-0.9

R-32/R-1234z¢(E) Kobayashi et al. 2 2010] 23  341.2-371.8 0.4-0.7
R-32/R-1234z¢(E) Kobayashi et al. 2011, 330 310.0 - 400.0 0.4-0.7
R-32/R-1234z¢(E) |Tanaka et al.P5! 2011 81  310.0-350.0 0.4-0.7
R-32/R-1234z¢(E) [Yamaya ct al. 2011 47 280.1-460.1 0.7

R-32/R-1234z¢(E) [Jia et al f2! 2016 540 283.5-362.7 0.2-1.0
R-32/R-1234z¢(E) Tomassetti et al. 2020f 182 263.1-373.1 0.2-1.0
R-32/R-1234z¢(Z) Tomassetti et al. 2020/ 150 263.1-373.1 0.1-0.9
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(p, p, T, =) data are also important for model
development. The Helmholtz energy is a func-
tion of temperature and density, and most VLE
datasets provide no density information. The
calculation of other thermodynamic properties,
including enthalpy, entropy, and heat capac-
ity, which are important in cycle analysis, in-
volve derivatives of the density. Figure |4| shows
the coverage of density data. The experimen-
tal data coverage for HFO-containing blends is
even more limited than VLE; only 22 HFO-
containing blends and one HCFO-containing
blend have any experimental p-p-T data. Gen-
erally, in contrast to fitting either homogeneous
phase density or phase equilibria data individ-
ually, which is generally straightforward, fit-
ting both simultaneously tends to be challeng-
ing. Mixture model predictions are unreliable
when fitted exclusively to VLE data, an unfor-
tunately common practice. This point is further
explored below. The datasets of experimen-
tal p-p-T" data for binary mixtures containing
HFOs are detailed in Table 3

There are a small number of other kinds
of thermodynamic data for HFO-containing
blends, as listed in Table [l We were only able
to identify a single speed-of-sound dataset“? for
HFO-containing blends in the open literature;
speed of sound data is crucial for the devel-
opment of high accuracy pure fluid equations
of state and would also be useful for develop-
ment of high-accuracy mixture models. Speed
of sound measurements are instrumental be-
cause they can be carried out with very low
uncertainty (expected relative expanded com-
bined uncertainty (k=2) on the order of 0.02
%, see as an example Ref. [06]). Speed of sound
measurements provide strong constraints on the
caloric properties, which are otherwise not usu-
ally as accurately predicted by EOS. In light of
the clear gaps in the experimental data cover-
age for binary mixtures including halogenated
olefins, there are ongoing efforts at several in-
stitutions globally, including ours, to conduct
new reference-quality measurements.
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Table 4: Other thermodynamic data for the binary mixtures containing halogenated olefins consid-
ered in this study (Ngata: number of data points, ¢,: constant pressure heat capacity, ¢,: constant
volume heat capacity, T.: critical temperature, p.: critical pressure, v.: critical volume, w: speed
of sound).

property names (1/2) reference year  Nyata
T. R-32/R-1234yf Akasaka et al. 2013 3
De R-32/R-1234yf Akasaka et al. 2013 3
Ve R-32/R-1234yf Akasaka et al. 2013 3
(s R-32/R-1234yf Al Ghafri et al. 2019 1
w R-32/R-1234yf Shimoura et al.f* 2011 92
Cp R-1234yf/R-1234z¢(E) Al Ghafri et al. 2019 1
T.  R-1234yf/R-1234z¢(E) Migashi 5016, 1
pe  R-1234yf/R-1234z¢(E) Higashi 2016 1
Ve R-1234yf/R-1234ze(E) Higashi 2016 1
T. R-1234yf/R-134a Akasaka et al. 2015 3
Ve R-1234yf/R-134a Akasaka et al. 2015 3
De R-1234yf/R-134a Akasaka et al. 2015 3
w R-1234yf/R-134a Shimoura et al/® 2011 93
e R-32/R-1234z¢(E) Gao et al.F” 2018 25
[on R-32/R-1234z¢(E) Tanaka et al.?8 2011 38
Cy R-32/R-1234z¢(E) Yamaya et al.’# 2011 47
De R-32/R-1234z¢(E) Kobayashi et al. 2011 2
T. R-32/R-1234z¢(E) Kobayashi et al. 2011 2
Ve R-32/R-1234z¢(E) Kobayashi et al. 2011 2
De ethylene /R-~1243xzf Zernov et al.* 1971 6
T. ethylene/R-1243zf Zernov et al. 1971 6
cp R-125/R-1234z¢(E) Al Ghafri et al. 2019 1
s R-134a/R-1234z¢(E) Al Ghafri et al. 2019 1
[en R-143a/R-1234z¢(E) Al Ghafri et al.}* 2019 1
[on R-143a/R-1234yf Al Ghafri et al.[*2 2019 1
Cp R-125/R-1234yf Al Ghafri et al./* 2019 1
Co propane/R-1234yf Zhong et al.[™ 2019 89
Co CO2/R-1234z¢(E) Yamaya et al.% 20100 39
T. COy/R-1234z¢(E) Juntarachat et al. 2014 11
Pe CO2/R-1234z¢(E) Juntarachat et al.** 2014/ 11
Cy COy/R-1234z¢(E) Yamaya et al. 2011 39
T. CO2/R-1234yf Juntarachat et al. 2014 11
De CO2/R-1234yf Juntarachat et al. 2014 11
e CO,/R-1234yf Arami-Niya et al.=? 20200 9
Co propane/R-1243zf Sheng et al.[* 2020, 82
T. R-1123/R-32 Higashi and Akasaka®* [2016| 4
Pe R-1123/R-32 Higashi and Akasaka 2016 4
Ve R-1123/R-32 Higashi and Akasaka®* [2016/ 4
T R-23/R-1234yf Madani et al. 2016 4
De R-23/R-1234yf Madani et al. 2016 4
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3 Models

3.1 Modeling approaches

Due to the broad spectrum of model-
ing approaches that have been considered
for blends containing halogenated olefins,
any survey will be necessarily incomplete.
Equation of state approaches have included
group-contribution volume translated Peng-
Robinson (GC-VTPR),*1%4 perturbed-chain
polar SAFT M cybic plus  association
(CPA)1S and  predictive Peng-Robinson
(PPR78).MMT With very few exceptions, in-
sufficient detail is provided in the literature to
verify the performance of the proposed equa-
tions of state. While these models can in many
cases provide adequate representation of the
vapor-liquid-equilibrium (especially the cubic
equations of state), simultaneously represent-
ing all thermodynamic properties with a consis-
tent model formulation is challenging. For that
reason, the most accurate property predictions
are obtained from properly-tuned multi-fluid
Helmholtz-energy based thermodynamic mod-
ol T08I109

While not precisely in the same vein of
thermodynamic modeling, molecular dynamics
studies have also been carried out, for instance
the molecular dynamics studies of Raabe U3
This molecular simulation data is complemen-
tary to experimental data, for instance molec-
ular simulation results™ were included in the
model development work of Akasaka®” for R-32
mixed with R-1234yf and R-1234z¢(E).

3.2 Multi-Fluid Modeling

While there are a variety of modeling ap-
proaches for mixtures containing halogenated
olefins, a comparison of these models is outside
the scope of the present paper. Rather, we will
consider here only the mixture models imple-
mented in NIST REFPROP version 10.0.0.2.H2
We will use deviations between the data and the
REFPROP models to compare different data
sets with each other and to draw general con-
clusions regarding the adequacy of those mod-
els and where further modeling work may be
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needed.

The thermodynamic mixture models imple-
mented in NIST REFPROP, which can be re-
ferred to as multi-fluid models, combine ac-
curate equations of state for the pure com-
ponents with reducing functions and option-
ally, so-called departure functions, which can
be either specific to a particular binary pair
or generalized functions applicable to a class
of mixtures. The reduced Helmholtz energy
a = a/(RT) of the mixture is given by sum-
mations over the N components of the mixture

N
oz—ZxZ (1,0) + Inx; + ai(7, )]
N (1)
+ Z Z xiijijoz?j(T, 5)
i=1 j=i+1

where the o terms are the ideal-gas parts of the
pure-fluid EOS for each of the N mixture com-
ponents. The In x; terms arise from the entropy
of mixing. The o are the “residual” or “real-
gas” parts of each of the component EOS. The
a?j is a departure function and Fj; is a binary-
specific multiplier.

The o} and «j; are not evaluated at the mix-
ture 7" and p, but rather, at the mixture re-
duced density 6 = p/p,(Z) which is a function of
the mole fraction composition array z and the
reciprocal reduced temperature 7 = 1,(z)/T,

with the reducing functions given by

T+ x5

2
DI S S
i=1 j=i+1 ﬂT'L]xZ T
(2)
X, +x;
=St X Y 2
i=1 j=it+l ﬂvwxl—i_%
(3)
with
T = BT,iﬂTz'j(TciT,j)O'E)

1 13, 1/3
Vi = gﬁv,ij%,z’j ( ARt U, / )

where T, ; and v.; are the critical temperature
and critical volume of the i-th component, re-

(4)
(5)



spectively. These mixture reducing equations
are weighted averages of the critical proper-
ties of the mixture components, with four ad-
justable parameters per ij binary pair: Sr;;,
VT,ij5 ﬁv,ij; and VYo,ij-

The fitted interaction parameters (along with
the Fj; when present) are listed in Table
for the models currently implemented in REF-
PROP 10.0. When an alternative pair is in
use for estimation, the asymmetric parameters
ﬁT,ij = 1/5T,ji and 61,77;]‘ = 1/ﬁv,ji do not nec-
essarily match the alternative pair order, but
the symmetric parameters ~r;; and 7yr; are
not sensitive to ordering. Cross-validation cal-
culations with CoolProp 6.4.1M9 yield agree-
ment for the check values within 0.001% in all
cases. Fluids in a given binary pair are sorted
by normal boiling point temperature in order
to be consistent with the file of interaction pa-
rameters (i.e., the HMX.BNC file) of REFPROP
10.0. Many of the fitting parameters come from
the automatic fitting of Bell and Lemmon|. "
That work, published in 2016, does not include
any experimental data captured after approx-
imately mid-2015. To maintain consistency in
the refrigeration industry, some parameters pre-
viously fit to unpublished and proprietary ex-
perimental data or molecular simulation results
(the UNP models in Table |5|) were not updated
in REFPROP 10.0, even though newer pub-
lished data supercede the previous data, and co-
efficients were provided in Bell and Lemmon/|. 17

When no experimental data are available but
estimated interaction parameters are required,
two schemes are in use. The historical method
is that of Lemmon and McLinden,™® used
to estimate interaction parameters for HFC-
containing blends. A newer method imple-
mented in REFPROP 10.0 is to use the interac-
tion parameters for “similar” binary pairs. The
estimation scheme employed is indicated in Ta-
ble Bl

3.3 VLE

Figure [5| shows all the VLE data for olefin-
containing blends, colored by the temperature,
in a pressure-composition representation. The
intention of putting all the data into one figure
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at a very small printed size is to give a high-
level overview. In order to make the data and
models legible, much larger figures for each bi-
nary pair are in Section 1 of the Supporting In-
formation. An automated means is needed to
determine the isotherms that should be plotted,
which is complicated by the fact that some au-
thors present the temperature of the nominal
isotherm, and others the as-measured tempera-
ture. A kernel density estimation method was
used to obtain a reasonable set of isotherms.
These isotherms were traced with the method
of Bell and Deiters.** The solid curves are the
model-predicted values of the isothermal cross-
sections of the phase envelope. In most cases,
the model yields at least a qualitatively accu-
rate representation of the experimental data. In
some cases where estimation has been used (in-
dicated by an E in the upper right-corner), the
presence of an azeotrope was correctly iden-
tified, but the strength of the azeotrope was
missed. The model for the binary mixture
of R-13I1 + R-1234ze(E) was discussed in a
recent publication.'®) The estimation scheme
for refrigerant interaction parameters should
not be used with ammoniafl EOS for R-134
and R-1336mzz(E) are not available in REF-
PROP 10.0. Thus, we do not draw isotherms
for mixtures containing ammonia, R-134, or R-
1336mzz(E).

Quantifying the accuracy of VLE predictions
from mixture models is not straightforward. At
low pressure, deviations in pressure are mean-
ingful, and in parts of the critical region, devi-
ations in composition are more meaningful be-
cause the slope of isotherm (in the coordinates
of the plot) goes to infinity. For that reason,
orthogonal distance between a point and the
phase envelope has been used as an error metric
in other works."2!' Here, we consider only pres-
sure deviations, emphasizing that near-critical
model predictions will be unfairly penalized by
this error metric. We further emphasize that

#The estimation scheme does not yield a sensible
model prediction for ammonia + R-1234yf; the estima-
tion scheme yields a negative pressure azeotrope (un-
common for refrigerant blends), while the experimental
data show the presence of a positive pressure azeotrope
(much more common)
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Figure 5: VLE data and models for HFO-containing blends (x; is the mole fraction of the first-listed
component; E in upper corner: estimated interaction parameters). Larger figures for each binary
mixture are in Section 1 of the Supporting Information
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deviations are relative to the nearest nomi-
nal isotherm. Figure [6] shows the deviations
in pressure for the binary mixtures considered
here. As mentioned above, much of the appar-
ent model fidelity (deviations less than 1%) is
a consequence of the experimental data being
far below the critical temperatures of the pure
fluids. The deviations in pressure for R-32 + R-
1234yf (and a number of other fluids) appear
large, but much of that is a consequence of the
slope of the isotherms going towards infinity in
the critical region.

The estimation schemes yield adequate pre-
dictions of VLE in some cases, but not uni-
versally. The estimation scheme should not
have been used for R-13I1 + R-1234ze(E),
isobutane + R-1234ze(E), and propane + R-
1234z¢(E) in REFPROP 10.0; fitted parame-
ters are available in Bell and Lemmon."* The
reason the fitted parameters for mixtures with
R-1234z¢(E) were erroneously not implemented
into REFPROP 10.0 is described in Bell and
McLinden|.*20

For a few mixtures, measurements of the crit-
ical loci (critical temperature, pressure, and
density) are available. In some cases, the crit-
ical loci are not directly measured, rather they
are extrapolations of measurements at lower
pressures. Calculation of the critical curve
emanating from a pure component’s critical
point™?2 or all the critical points for a single
composition*®? are possible; these two comple-
mentary approaches can be used to obtain the
full suite of critical curves. Alternatively, the
implementation of REFPROP 10.0 obtains the
critical points from interpolation of the isopleth
of the phase envelope. This method works well
for binary refrigerant mixtures, which tend to
be Type I in the classification scheme of [van
Konynenburg and Scott,*** although the val-
ues obtained are not consistent with the ther-
modynamic model to numerical precision. As
the asymmetry of mixtures increases, a wider
range of phase equilibria become possible.%2°

The most reliable critical points are those ob-
tained by tracing the complete critical curve
starting at one pure fluid. A complete re-
implementation of the mixture model with ar-
bitrary numerical types was carried out, and
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is provided in the Supporting Information; a
manuscript describing this library is forthcom-
ing. This new generic library allows for calcu-
lation of all residual properties by implement-
ing only the residual Helmholtz energy of the
model (no error-prone derivatives need to be
worked out by hand). The data representa-
tion format of CoolProp™¥ is used, and all re-
quired properties can be obtained to numerical
precision by complex step derivatives and mul-
ticomplex derivatives. The arclength tracing
approach for critical loci®®? is used, with pol-
ishing carried out at fixed mixture composition
after each simple Euler step of the integration.
Figure [7] show results for two mixtures with R-
1234yt. The critical loci of the mixture of R-32
+ R-1234yf are in qualitative agreement with
the experimental data, while the results for CO,
+ R-1234yf correspond to a qualitatively incor-
rect representation of the critical loci. The re-
maining binary mixtures are in Section 2 of the
Supporting Information. The same critical loci
(intermixed with some algorithmic failures) are
obtained from the tracing method of Ref. 123
as implemented in CoolProp version 6.4.1.14¢
The interpolation of the isopleths used in REF-
PROP 10.0 is also error-prone, and some defects
of this approach can be seen in the figures in the
Supporting Information. A Python implemen-
tation of the critical locus tracing code has also
been used in Ref. 126/ for non-Type I mixtures
containing hydrogen.

3.4 Density

Density data play an important role in thermo-
dynamic model development and the represen-
tation of density data (in addition to VLE data)
can provide important information regarding
the overall quality of a mixture model.

The most comprehensively studied HFO-
containing binary mixture is R-32 + R-1234yf.
Most of the experimental data are well repre-
sented by the model, but a few datasets show
large deviations (see Fig. [§). The reasons for
these large deviations are explored here, demon-
strating that the thermodynamic model is still
behaving in a reasonable fashion.

The data from Akasaka et al.® represent sat-
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uration phase densities in the critical region,
and the model of REFPROP yields deviations
in density for these data greater than +10%.
A detailed view of these data is available in
Fig.[9] While the density deviations may indeed
be greater than 10%, much of that deviation is
a consequence of the shape of the phase equi-
librium curves. The deviations in density rep-
resent horizontal shifts in the axis coordinates.
The model does not miss the data by much in
the temperature direction. The difficulty of as-
sessing model quality for saturated phase den-
sity in the critical region mirrors the discussion
about VLE deviations described above. The
phase equilibrium curve from the model doesn’t
capture the same asymmetric behavior, skewed
to the left (in the figure coordinates).
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Figure 9: R-32 4+ R-1234yf equilibrium phase
density data from |Akasaka et al.*% along curves
of fixed mole fraction xg-32 in the critical region.

Solid curves are the isopleths of the phase en-

velope as obtained from NIST REFPROP 10.0

via CoolProp 6.4.1.146

The second dataset for R-32 + R-1234yf
with very large deviations is that of Tomas-
setti et _al”™ These data were obtained from
quasi-isochoric measurements corresponding to
a mixture of constant mass and composition
contained in a nearly constant volume chamber,
and they extended into the two-phase region.
Along each quasi-isochore, the relationship be-
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tween temperature and pressure between the
experimental data and the model agree well in
a qualitative sense (see Fig. . The modeled
density in the two-phase region is very sensi-
tive to small errors in the pressure, and thus
the deviations in density are artificially high.
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Figure 10: R-32 + R-1234yf quasi-isochoric
data from [Tomassetti et al.”™ as a function of
temperature and mole fraction for compositions
where there are at least one two-phase data-
point. Open markers are two-phase data, and
filled markers are single-phase, according to the
publication. Dashed curves are obtained from
NIST REFPROP 10.0; in order to draw the
curve the mean composition along each quasi-
isochore of fixed mole fraction composition was
used to obtain each pressure for the specified
temperature. The stars indicate interpolated
dew points from the isopleth of the phase enve-
lope.

After removing the two-phase and near-
critical data points described above, the re-
maining data for the mixture of R-32 4+ R-
1234yt are represented with an absolute aver-
age relative difference (AARD) of 0.254 %, as
shown in Fig. |11, The near-saturation points
(one per composition) from [Tomassetti et al.f™"
show evidence of adsorption as indicated by a
pressure lower than the extrapolation of the
single-phase data, and these points were also

dropped.
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Figure 11: R-32 + R-1234yf density devia-

tions according to experimental data ((O): Dang
et al. ™A\ |Cai et al.,®*’<1: [Yang et al.,*®5/: |Jia
et al[®0: |Tomassetti et al.”?) after removing
two-phase data and near-critical data.

4 Discussion and Conclu-
sions

The present work surveys the thermodynamic
data for blends containing halogenated olefins
published in the open literature. While we have
almost certainly missed some sources, this is the
most comprehensive compilation to date. We
included the chlorine-containing HCFOs and
HCOs in our search, but found only one dataset
for a mixture of R-1233zd(E) + isobutane.

The comparison of these data to the mix-
ture models currently in the NIST REFPROP
database show a variety of behaviors. In many
cases, the present models represent the avail-
able data with an uncertainty adequate for en-
gineering design. In other cases, the devia-
tions between the data and models are large.
For mixtures with ammonia, R-134, and R-
1336mzz(E) comparisons are not possible be-
cause of limitations in the mixture model or
missing pure-fluid EOS.

But often, even when the deviations are small,
the adjustable parameters in the mixture mod-
els have been fitted to only one or two data sets,
and often the data extend over a limited range
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of temperature and/or composition. Of partic-
ular concern is that for many binary pairs only
VLE data have been measured. The adequacy
of a mixture model intended for refrigeration
cycle analysis requiring values for enthalpy, en-
tropy, heat capacity, etc., when that model is
fitted only to VLE data, is an open question.
Additional density, heat capacity, and speed-of-
sound data are needed, especially for mixtures
being commercialized. Even for VLE data, con-
firming data sets are currently available for a
limited number of binary pairs, and additional
measurements would be very valuable.

Measurements are underway in our group at
NIST to fill in some of the data gaps noted here.
These include speed-of-sound and density mea-
surements over a wide range of temperature and
pressure. We are also aware of work at other in-
stitutions around the world carrying out similar
measurements. The present literature survey,
together with these new data, will form the ba-
sis for the development of a mixture model for
blends containing halogenated olefins along the
lines of the work of [Lemmon and Jacobsen"*"”
for the HFC blends, which has served the refrig-
eration industry well for nearly two decades.

In summary, this study highlights that there
is a need to refit existing models for refrigerant
blends. In some cases, the requisite experimen-
tal data already exist in the open literature to
significantly improve mixture models. In many
other cases, additional confirmatory measure-
ments are required from independent research
groups in order to ascertain the quality of the
existing experimental data.

Supporting Information Avail-
able

The Supporting Information includes:

e Larger versions of the figures contained in
Fig. [f] Fig. [0 and Fig.

e A complete bibliography of the data in
Fig. [3] and Fig.

e The C++ code used to trace the critical
locus
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