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Abstract

Accurate phase equilibrium data for mixtures of eco-friendly but mildly-flammable
refrigerants with inert components like CO, will help the refrigeration industry
safely employ working fluids with 80 % less global warming potential than those
of many widely-used refrigerants. In this work, a visual high-pressure measure-
ment setup was used to measure solid—fluid equilibrium (SFE) of HFC-32+CO,
binary systems at temperatures between (132 and 217) K. The experimental data
show a eutectic composition of around 11 mol % CO, with a eutectic temperature
of 131.9 K at solid-liquid—vapour (SLVE) condition. Measured SLVE and solid—
liquid equilibrium data were used to tune a thermodynamic model implemented
in the ThermoFAST software package by adjusting the binary interaction param-
eter (BIP) in the Peng—Robinson equation of state. The tuned model represents the
measured melting points for binary mixtures with a root mean square deviation
(RMSD) of 3.2 K, which is 60 % less than achieved with the default BIP. An RMSD
of 0.5 K was obtained using the tuned model for the mixtures with CO, fractions
over 28 mol % relative to an RMSD of 3.4 K obtained with the default model. The
new property data and improved model presented in this work will help avoid solid
deposition risk in cryogenic applications of the HFC-32+CO, binary system and
promote wider applications of more environmentally-friendly refrigerant mixtures.
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1 Introduction

The hydrofluorocarbons (HFCs) of HFC-32, HFC-134a and HFC-125 are refriger-
ants commonly used as working fluids in domestic air-conditioning systems, with
global warming potentials (GWPs) of 677, 1300 and 3170 over a 100-year time
scale, respectively [1]. Of the three HFCs, HFC-32 has the lowest atmospheric life-
time of 5.2 years (80 % less than the other HFCs) and better heat transfer properties
[1]. However, its moderate flammability and toxic combustion products pose safety
hazards to public users and are barriers to its widespread replacement [2]. There-
fore, HFC-32 is often blended with non-flammable HFC-125 in binary mixtures of
HFC-410A (HFC-32/HFC-125: 50/50 wt %) and HFC-410B (HFC-32/HFC-125:
45/55 wt %) to neutralise its flammability and ensure safe use in domestic refrigera-
tion systems [3]. These blends, however, have GWPs of 2235 (HFC-410A) and 2328
(HFC-410B), which do not satisfy the refrigerant regulation objectives of the Mon-
treal Protocol and the Kigali Amendment [4].

Carbon dioxide (CO,), as a natural refrigerant, can be blended with HFC-32 to
neutralise its flammability and significantly reduce the overall GWP of the mix-
ture with minor reductions in HFC-32’s cooling performance. To efficiently use the
HFC-32+CO, binary system as the working fluid in refrigeration systems, reliable
predictions of its thermophysical properties across a wide range of working tem-
peratures and pressures are necessary. The thermophysical properties of this binary
mixture have been well studied at relatively high operating temperatures, as shown
in Table 1. However, because CO, has a triple point of 216.55 K at 0.518 MPa [5]
the risk of freeze-out at lower operating temperatures can be significant, with solid
crystals potentially damaging equipment or blocking flow [6]. Therefore, solid for-
mation at low temperatures needs to be investigated. Although some solid—fluid
equilibrium (SFE) data for HFC-32 + CO, binary mixtures have been reported at the
three-phase equilibrium line of the binary mixture [7], no experimental SFE data
have been reported at elevated pressures for this system.

The study and improved prediction of fluid mixture properties, particularly those
containing CO,, as well as the description of SFE, builds upon the many significant
contributions made by Prof Roland Span to the field of thermodynamics. These include

Table 1 Summary of the

. Properties Range (7, p, 2)* References

thermodynamic property data

available for HFC-32+CO, vTx 303 to 343 K, 0.14 to 4.6 MPa, 0.17 10 0.8 [8]

binary mixtures
VLE 28910290 K, 1.4 to 3.6 MPa, 0.04 t0 0.8  [9]
VLE 280to 310K, 1.7 to 6.4 MPa, 0.21 t0 0.8  [10]
VLE 222 t0283 K, 0.1 to 4.5 MPa, 0 to 1.0 [11]
VLE 283 t0 343 K, 1.1 to 6.6 MPa, 0 to 1.0 [12]
VLE 293 K, 1.8 to 4.8 MPa, 0.09 to 0.89 [13]
VLE 22310273 K, 0.3 to 2.7 MPa, 0.1 to 1.0 [14]
SLVE 137 t0 217 K, 0.03 to 0.5 MPa, 0 to 1.0 [71

#z represents the mole fraction of CO, in the binary mixtures
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the development of reference equations of state (EOS) for pure fluids [5] and fluid
mixtures [15], as well as the development of fundamental EOS that better describe
solid phase properties, including their equilibria with fluid mixtures [16—18]. In this
work, the SFE of HFC-32+CO, binary mixtures was measured at CO, concentra-
tions between (0 and 100) mol % and pressures up to 11 MPa using a synthetic method
described previously [19-21]. The measured data were then compared with the predic-
tions of a thermodynamic model consisting of a Peng—Robinson 1976 EOS for the fluid
phase [22] and a reference EOS for the CO, solid phase (I) [23] implemented in the
ThermoFAST software package [24]. The EOS describing the fluid mixture was then
tuned to the experimental SFE data.

2 Experimental
2.1 Apparatus Overview

The measurement setup, shown in Fig. 1a, b and described previously [19, 25-27], was
used for SFE determinations at cryogenic conditions with the synthetic technique. The
experimental setup consists of a visual equilibrium cell that includes a transparent sap-
phire tube and two stainless steel (SAE316L) flanges, as shown in Fig. 2. The cell has
an internal volume of 75 mL and a pressure rating of 31 MPa. A Digiquartz Paroscien-
tific pressure transducer with a full scale of 41 MPa and relative standard uncertainty
of 0.01 % of the full scale is used to measure the system’s pressure. A magnetic stirrer,
driven by a stepper motor (Arun Microelectronics), is placed inside the cell to ensure
mixture homogeneity during phase equilibrium measurements.

A cryogenic environmental chamber (M170J-13100) with an operating temperature
range of (87 to 473) K housed the visual cell and controlled bulk fluid temperature
(Thermal Solution Series—KTS6310AB). To minimise thermal shock risk for the sap-
phire tube, the cooling and heating rates of the chamber were controlled to a maxi-
mum of 1 K-min~! by adjusting the liquid nitrogen flow from a high-pressure Dewar.
Three fast-response 100 € platinum resistance thermometers (PRT NR-14, Netsushin)
were employed to measure the cell temperature and were placed into holes bored on
the top and bottom flanges and the copper tip inside the cell. The PRTs were calibrated
against a reference standard temperature sensor (ASL-WIKA) with 0.02 K standard
uncertainty over temperatures between (100 and 273) K. The mean temperature differ-
ence between these PRTs at the top and bottom of the cell was less than 0.1 K during
the equilibrium condition. For the SFE measurements, the copper tip temperature was
taken as the measure of the observed freezing and melting points. A Panasonic high-
definition (HD) camcorder (HCV 180) captured and recorded observations of solid
freezing and melting.
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Fig. 1 (a) Schematic diagram of the SFE apparatus; (b) photograph of the measurement setup

3 Mixture Preparation for SFE Measurements

Before preparing a mixture for the SFE measurements, the visual cell and all con-
nections were cleaned and evacuated using the vacuum pump (Varian SH-110).
The HFC-32 + CO, binary mixtures were prepared in two different approaches. For
binary mixtures of (80 to 95) mol % CO,, a predetermined volume of pure HFC-32
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Fig.2 Photograph of the equi-
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was injected into the cell, and the mixture composition was then adjusted by inject-
ing CO, in increments of 5 mol %. Additionally, the mixtures with CO, composi-
tions of (11, 28, 51 and 72) mol % were prepared by injecting the predetermined
amounts of HFC-32 and CO, into a high-precision syringe pump. The prepared mix-
tures were pressurised at (8 and 11) MPa, higher than the mixture’s cricondenbar
pressure calculated using the Helmholtz energy models implemented in REFPROP
10 [5, 28], to ensure the samples were in a single-phase condition during the storage
and transfer to the cell. The bottom section of the syringe pump’s cylinder was also
heated at 328 K to ensure the mixture’s homogeneity by allowing convective mixing
inside the syringe pump. The cell was connected to the syringe pump and the single-
phase mixture was injected into the cell while the syringe pump remained pressur-
ised at 8 MPa at all times. Once the pressure in the equilibrium cell had reached
8 MPa, it was left to stabilise at constant pressure for 6 h while being repeatedly
stirred on an intermittent basis (20 s stirring at 300 rpm, 20 s of no stirring) to
ensure the sample in the cell was a well-mixed and homogenous single-phase mix-
ture. At this high pressure, samples taken using the ROLSI valves would saturate
the GC column, meaning that the analytical method could not be used to verify the
overall mixture composition. Instead, the bubble point of the sample was measured
and compared with the prediction of the previously optimised Helmholtz EOS [13]
for this mixture to confirm that it was well-mixed and the sample composition was
close to the volumetrically determined value. The sample was then pressurised at
room temperature to between (8 and 11) MPa (well above the mixture’s criconden-
bar pressure), to ensure its density would be sufficient to reach a bubble point upon
isochoric cooling (based on Helmholtz EOS [13] calculations of the fluid mixture’s
density). To measure the sample’s bubble point via the synthetic method, the cell
was isolated, and the sample was cooled at a controlled rate of 0.8 K-min~! as shown
in Fig. 3. The cooling rate of 0.8 K-min~' was sufficiently slow to mitigate thermal
lags and produce bubble-points consistent with those expected based on the overall
mixture composition and the isochor’s density, within the combined uncertainty in
the overall composition of the synthetic binary mixtures (0.01 CO, mole fraction).
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3.1 Melting and Freezing Measurement Procedures

After loading the cell, the cooling chamber temperature was reduced at a rate of 0.8
K-min~! until stabilised by control algorithms at the desired set-points. Then, the
temperature was gradually reduced at a rate between (0.1 and 0.25) K-min~! until
solid crystals were formed. The observed temperature and pressure of this point
were recorded as the freezing point (7} and p;) of the sample. After forming the sol-
ids in the cell, the temperature was increased in steps of (0.1 to 1) K every 20 min
(corresponding to an average heating rate between (0.005 and 0.05) K-min~") until
complete melting was observed. The temperature and pressure of this point were
recorded as the melting point (7, and p,,) of the sample. Each melting point meas-
urement was repeated three times.

3.2 Uncertainty Analysis

The uncertainty analysis for the SFE measurements was conducted based on the
"Guide to the Expression of Uncertainty in Measurement (GUM)" method [29]. In
this study, standard uncertainties with a coverage factor of k=1 are reported. The
standard uncertainties in the measured melting temperatures were estimated to be
the standard deviation of the repeated measurements for each point (0.3 K), which
is significantly larger than the intrinsic and calibration uncertainties of the PRT
sensors (0.05 K). This uncertainty analysis carried out by Siahvashi et al. [19, 20]
revealed that temperature fluctuations were the dominant contribution to the experi-
mental uncertainty. Similarly, repeated freezing temperature measurements at each
point had a standard deviation of 0.3 K. The estimated standard uncertainty in pres-
sure measurements was 0.02 MPa, which reflected the pressure fluctuations result-
ing from the thermal stability of the apparatus (the intrinsic and calibration uncer-
tainties for the pressure sensor were negligible).

The standard uncertainty in the overall composition of the synthetic binary mix-
tures was mainly affected by the uncertainties in the injected volumes from the
syringe pumps and the pure fluid densities under the syringe pumps’ conditions. The
relative standard uncertainties in the densities of the pure samples in the syringe
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pumps’ conditions (pressures up to 11 MPa at room temperature) were estimated to
be around 1 % considering the temperature and pressure measurement uncertainties
for the syringe pumps; the uncertainty contributions of the Helmholtz EOS imple-
mented in REFPROP 10 [5, 28, 30] were negligible. The overall relative standard
uncertainty associated with the syringe pumps’ injected volumes was 0.3 % [19].
The average combined uncertainty in the overall composition of the synthetic binary
mixtures used for the SFE measurements was 0.01 CO, mole fraction.

3.3 Apparatus Validation

The Paroscientific pressure sensor’s readings for the pure N, gas at pressures
between (0.1 and 23) MPa were validated against the values measured by a refer-
ence pressure transmitter (Mensor/Wika CPT9000). The Mensor CPT9000 pres-
sure transmitter was calibrated and certified by the accredited Australian Pressure
Laboratory over a pressure range of (0.1 and 41) MPa with a standard uncertainty of
0.004 MPa. The difference in the reading of the two pressure sensors for the investi-
gated pressure range was within the standard uncertainties of the sensors.

Further validations of the apparatus involved comparing the measured vapour
pressure of pure CO, at a temperature range of (240 to 300) K with those predicted
by the CO, reference EOS developed by Span and Wagner [5]. Figure 4 shows the
deviations between the measured pressure (py,) and the predicted pressure (p.c) by
the EOS while the measured temperatures were the input to the EOS. The deviations
did not exceed the standard uncertainty of the experimental data.

To validate the visual melting point measurement method, the triple point of the
pure CO, was measured to be 216.6 K at 0.53 MPa, which is in good agreement
with the reference triple point temperature of 216.55 K at 0.518 MPa reported by
Span and Wagner [5]. Additionally, the triple point temperature of pure HFC-32 was
measured to be 135.3 K, around 1 K lower than the reported triple point tempera-
tures by Di Nicola et al. [31] and Liiddecke and Magee [32]. Those studies used a
visual evaluation of the experimental P-T profile for the fluid to locate the triple
point of HFC-32 by noting a sharp break in the temperature rise rate, assuming the
solid melting process was started. However, in this study, the triple points of the

Fig.4 Deviations Ap=(p.y, — Paat, co2/ MPa
Deale) between the experimental 13 18 25 32 42 53 68
vapour pressure of pure CO, 0.014 | ] } } }

(Pexp) and values (p,c) from the
reference Helmholtz EOS [5]

as a function of the observed
temperature (7): (A, black),

this work. The error bars show
the standard uncertainty of

the experimental data, and the
dashed lines represent the uncer-
tainty of the calculated CO,

vapour pressures as specified by -0.014 ——"4——»4—————————
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pure CO, and HFC-32 were measured visually and correspond to when complete
melting was observed, as shown in Fig. 5.

4 Thermodynamic Modelling

In this work, the measured SFE data are compared with predictions of thermody-
namic model embedded in ThermoFAST software package [24]. At SFE, the fugac-
ity of the CO, fraction in the fluid mixture is equal to the fugacity of CO, in the
solid phase:

S __ fluid
fcoz(p’ T) - Cglz (p7 T7ZC02)’ (1)

where z¢, is the CO, mole fraction in the fluid mixture. The fugacity of pure solid
CO, may be calculated using the reference Helmholtz EOS for solid phase (I) CO,
developed by Trusler [23] as follows:

fs r r r
In Co, :A__ 1 0A —mli— 1 0A @
p RT RTV\dV ), RTV\dV ],
where R is the universal gas constant, V is the volume, and p and T are the experi-
mental pressures and temperatures, respectively. The term A" represents the resid-
ual Helmholtz energy at the experimental condition, calculated by the difference

between the Helmholtz energy, A (T, p), and the ideal-gas Helmholtz energy, A° (T),
where no intermolecular forces exist.

Fig.5 The triple point measurement procedure for pure CO, (a—c) and HFC-32 (d—f): (a) freez-
ing point of CO, (p=0.518 MPa, T=215.7 K), (b) p=0.48 MPa, T=215.6 K, and (c) melting point
of CO, (p=0.526 MPa, T=216.6 K). (d) Freezing point of HFC-32 (p=0.02 MPa, T=134.4 K), (e)
p=0.02 MPa, T=134 K, (f) melting point of HFC-32 (p=0.02 MPa, T=135.3 K)
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The 1976 Peng—Robinson equation of state (PR-EOS) was used to calculate the
term fggij. This cubic EOS was chosen because it can be easily tuned to predict
phase equilibrium for mixtures, particularly when limited experimental data are
available, and it is computationally simple. The PR-EOS is described as follows

[22]:

RT _ a 3
v—>b v242bv—b? @)

p:

Here, v is the molar volume and parameters a and b represent the temperature-
dependent energy and co-volume parameters, respectively. The van der Waals
one-fluid mixing rules that incorporate a single temperature-independent BIP (k)
can be used to correlate the mixtures’ thermodynamic properties.

a= z Zx[xj(l - kU)W @)
i

b= xb, )

These models are implemented in ThermoFAST with a default BIP (k) of zero
for the SFE calculations of the HFC-32 4+ CO, binary system. This BIP was sub-
sequently adjusted by regression to the experimental melting data measured in
this work. This regression to the melting data means that calculations of other
properties such as VLE should be considered less accurate; as discussed by Baker
et al. [33], it is for this reason that the ThermoFAST uses a different set of BIPs
for VLE-only calculations. The best-fit value of the SFE BIP for CO,-HFC-32
was determined by minimising the root mean square deviation (RMSD) of the

experimental (7,,,) and calculated (7,,.) melting temperatures as follows:

N 2
RMSDr = \/Zi:l [Tespi = Teate] ©

Xp

N

Here, N is the total number of the points used in optimising the BIP and i
stands for an individual data point.

In principle, the multi-fluid Helmholtz energy EOS for HFC-32 4+ CO, binary
reported by Xiao et al. [14] could also be used to predict the SFE. However, tun-
ing multi-fluid mixture models requires significant quantities of data, ideally for
multiple thermodynamic properties, otherwise their accuracy can become signifi-
cantly compromised. Furthermore, selecting which of the model’s four BIPs to
adjust to tune it to better represent the SFE is not straightforward. For these rea-
sons, we chose not to tune the multi-fluid Helmholtz EOS to the SFE data and
focussed on developing a targeted model optimised only for predicting melting
temperatures in mixtures. We recommend that for other thermodynamic proper-
ties of the HFC-32 + CO, binary, the model reported by Xiao et al. [14] be used.

@ Springer



135 Page 100f 16 International Journal of Thermophysics (2023) 44:135

5 Results and Discussion
5.1 SFE Measurement Data

The melting and freezing temperatures of the HFC-32+4 CO, binary system were
measured for mixtures with CO, compositions between (0 and 100) mol %. Table 2
presents the average freezing and melting temperatures and pressures at different
overall compositions of the binary mixtures measured in this study.

Near the SLVE line, the freezing and melting temperatures were measured iso-
chorically at the vapour pressure of the mixture, while near at the SLE condition,
the measurements were carried out isobarically at pressures of (8 and 11) MPa.
Figure 6a—c show the freezing and melting measurements for the HFC-32+CO,
(72:28 mol %) mixture at SLVE, and Fig. 6d—f shows the measurements at 8§ MPa
when the mixture was at SLE. The HFC-32 4 CO, binary systems generally needed
an average sub-cooling of 1.7 K to initiate solid formation.

Figure 7 shows the melting temperature of solids in the HFC-32 4+ CO, binary
system against the different CO, compositions measured in this work, together
with the reported data by Di Nicola et al. [7]. The melting temperature of CO,

Table 2 Measured SFE data
for the HFC-32 + CO, binary

mixtures at different CO, SLVE  0.00 100 2160 052 2166 053

mole fractions and operating SLVE 005 095 2142 046 2149 047

pressures
SLVE 0.0 090 2121 042 2126 041
SLVE 015 085 2092 035 2102 036
SLVE 020 080 2071 030 2080 031
SLVE 028 072 2013 020 2019 021
SLE 028 072 2030 809 2037 809
SLE 028 072 2042 1108 2045 1108
SLVE 049 051 1862 006 1875 007
SLE 049 051 1877 808 1892 809
SLE 049 051 1867 1107 1897 1107
SLVE 072 028 1624  002° 1655  0.02°
SLE 072 028 1613 806 1663 807
SLE 072 028 1659 1099  167.1 11.05
SLVE 089 011 1289 002 1319  0.02°
SLE 089 011 1299 806 1327 809
SLE 089 011 1309 1106 1330 11.07
SLVE 100 000 1344  002° 1353  0.02°

Phase  Xypcs» Xco, It/K  pi/MPa  T,/K p,/MPa

m

The standard uncertainties in temperature, u(7), pressure, u(p),
and CO, mole fractions, u(ZCOZ), are 0.3 K, 0.02 MPa, and 0.01,
respectively

The resolution limit of the pressure measurement is 0.02 MPa when
performing cooling/heating ramps. The actual pressure is likely to be
close to the vapour pressure of HFC-32
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Fig.6 The freezing and melting points measurement for the HFC-32+ CO, (72:28 mol %) at the SLVE
(a)—(c) and SLE (d)-(f) conditions: (a) sub-cooled VLE (p=0.02 MPa, T=162.4 K); (b) freezing
point—SLVE (p=0.02 MPa, T=162.4 K); and (c) melting point—SLVE (p=0.02 MPa, T=165.5 K);
(d) sub-cooled liquid (p=8.1 MPa, T=161.3 K); (e) freezing point—SLE (p=8.1 MPa, T=161.3 K);
and (f) melting point—SLE (p=8.1 MPa, T=166.3 K)

Fig.7 The temperature-compo- 220

0]
sition (T—z¢o,) diagram for the L 8 oo
experimental melting points of 200 + o i
the CO, in the HFC-32+CO, | o
binary system: this work (O); i 1 (90?
Di Nicola et al. [7] (O) ~ 180 &
2 160 + 8
N~ L
140 ®
?’w
120 +——————+—
0.0 0.2 0.4 0.6 0.8 1.0
2co,

decreased from (216.6 to 165.5) K with the addition of 72 mol % HFC-32 to the
pure CO, sample. Increasing the fraction of HFC-32 to 89 mol % resulted in
complete freezing of the fluid phase at temperatures below 129 K, with complete
melting of the solids achieved at 131.9 K under SLVE. This melting temperature
is lower than the melting temperatures of both pure HFC-32 (135.3 K) and CO,
(216.6 K), showing the presence of a eutectic [7].
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Fig.8 (a) The P-T data for the melting points of the HFC-32 4 CO, binary system. The insert (b) shows
the SLVE data, together with the reported data by Di Nicola et al. [7]: this work (O), Di Nicola et al.
[7] (O) --- melting temperature predicted by ThermoFAST using the default BIP of zero; compositions:
black (100 mol % CO,), grey (95 mol % CO,), red (90 mol % CO,), brown (85 mol % CO,), yellow
(80 mol % CO,), green (72 mol % CO,), light-blue (51 mol % CO,), dark-blue (28 mol % CO,), and pur-
ple (11 mol % CO,) (Color figure online)

5.2 Model Tuning

Figure 8a shows the measured melting points for the HFC-32+4 CO, binary sys-
tem, together with the predictions of the default ThermoFAST model. The melting
data measured at SLVE (Fig. 8b) follow the pure CO, sublimation curve. Using the
default BIP of zero in the PR-EOS for the HFC-32 + CO, binary system, the untuned
ThermoFAST model represented the measured melting points with an RMSD of
7.3 K. Additionally, a multi-fluid Helmholtz energy EOS [13] (with its default BIPs)
was used for the fluid phase calculations in ThermoFAST along with the Helmholtz
EOS for the CO, solid phase [23], resulting in an RMSD of 9.1 K from the meas-
ured melting data. The smaller deviation observed when the untuned PR-EOS was
used for the fluid phase calculations possibly reflects its robust phase equilibrium
predictions for mixtures and relatively simple functional form, while the Helmholtz
model has been tuned to represent many single-phase properties of the fluid mix-
ture measured at higher temperatures. Its more complex functional form means that
extrapolating the Helmholtz model is likely to produce less accurate estimates of
properties particularly for those not used in its development. In this study, the Ther-
moFAST model with PR-EOS for the fluid phase was tuned to the SFE (melting
temperatures only) data measured in this work, with the understanding that such tun-
ing would likely make the resulting PR EOS less accurate for the prediction of other
fluid mixture properties.

Tuning the model to the measured melting data by adjusting the BIP decreased
the RMSD by 60 %, from (7.3 to 3) K, with an optimised BIP of (k;=— 0.024). Fig-
ure 9 shows the differences between the experimental melting points and predicted
values by the default and tuned ThermoFAST models. In this plot, the abscissa is the
CO, mole fraction in the HFC-32 + CO, mixture and the ordinate is the difference
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Fig.9 Absolute difference 22
between the measured melting

temperature (7,,) and cor-

related values (7,;.) by the
default (black) and tuned (red)
ThermoFAST models for the
HFC-32+ CO, binary system:
this work (O), Di Nicola et al.
[7] (O) (Color figure online)

11 +

(Texp - calc) /K

2C03

between the measured and calculated equilibrium melting temperatures. The RMSD
of the model calculations from the melting point data reported by Di Nicola et al.
[7] improved by 46 %, from (9.1 to 4.9) K, by this optimisation. For mixtures with
a CO, fraction over 0.28, the tuned model represents the melting point data with
an RMSD of 0.5 K, which is 87 % lower than the default model. For the eutectic
composition (11 mol% CO,), the tuned model predicts a mixture melting tempera-
ture 7.6 K higher than the measured values against the default model’s deviation of
16.3 K and the Helmholtz energy EOS’ [13] deviation of 20.1 K. A better repre-
sentation of eutectic composition would likely be achieved if the solid phase model
included correlations for the HFC-32 solid phase fugacity.

6 Conclusions

New SFE data for the HFC-32 4 CO, binary system were measured at CO, fractions
between (0 and 100) mol%. The experimental data reported in this study and the
literature data show a eutectic composition of around 11 mol% CO, with a eutec-
tic temperature of 131.9 K at an SLVE condition. The measured melting data were
compared with the predictions of a thermodynamic model constructed by combin-
ing the Peng—Robinson 1976 EOS with van der Waals one-fluid mixing rules for
the fluid phase and a reference Helmholtz EOS for the CO, solid phase. The binary
interaction parameter of the model was then adjusted by regression to the measured
melting data. The tuned model could represent the melting data with an RMSD of
3.2 K, 60% better than the default model. The RMSD for the mixtures with the CO,
fractions over 28 mol% was 0.5 K for the tuned model against an RMSD of 3.4 K for
the default model. This work provides new SFE data for the HFC-32 + CO, binary
system that are useful to the design refrigeration systems utilising eco-friendly
refrigerant mixtures with up to 80% less GWP than currently-used working fluids.
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