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ARTICLE INFO ABSTRACT

Keywords: After Montreal Protocol, hydrofluorocarbons (HFCs) appeared to be a permanent solution for replacing previous
Fluorinated refrigerants ozone-depleting substances. However, their utilisation has now progressively decreased following the Kigali
Molecular dynamics Amendment application in 2016 due to their high global warming potential (GWP). Unsaturated HFCs, such

Soft-SAFT EOS
Phase equilibria
Surface tension
Viscosity

as hydrofluoroolefins (HFOs), are considered feasible alternatives due to their high reaction rates and low
atmospheric lifetimes, resulting in very low GWP. However, available data on their physicochemical behaviour
still needs to be improved, even with the recent increase in the amount of new experimental data for these
systems. In this direction, computational tools provide a quick pathway to screen their properties and complete
the information obtained from experimental work. In this contribution, two different molecular modelling tools,
molecular dynamics (MD) simulations and the soft-SAFT equation of state (EOS), are combined to compute
the coexistence densities, vapour pressure, heat capacity, interfacial tension, and dynamic viscosity of several
refrigerant blends based on 3rd and 4th generation compounds, in order to provide a thermodynamic analysis
of the properties of these mixtures, addressing them for drop-in replacement purposes. Results from MD are
compared with REFPROP data and those from soft-SAFT, where the capacities of both modelling methods are
addressed. In general, quantitative agreement is achieved using the two approaches, offering a framework to
screen these properties for new mixtures.

1. Introduction In addition to the reported financial, governmental, institutional,
and political barriers to adaptation, the international scientific commu-
nity has been committed to mitigating the influence of the Greenhouse
Gases (GHG) on global warming. Apart from CO,, which still accounts
for 80% of all GHG emissions (United States Environmental Protection
Agency, 2020), fluorinated (F)-gases (including hydrofluorocarbons,
perfluorocarbons, sulphur hexafluoride, or nitrogen trifluoride) are also
a matter of concern because they exhibit very high Global Warming
Potentials (GWPs).

In particular, hydrofluorocarbons (HFCs) are substitutes for
stratospheric ozone-depleting substances, e.g., chlorofluorocarbons,

In 2022, the IPCC’s Climate Change: Impacts, Adaptation, and Vul-
nerability report (IPCC, 2022) emphasised the interconnection of cli-
mate, biodiversity, and socioeconomic and state models. The report
showed that half-measures to address climate risks are no longer an option.
In the same direction, two hundred seventy authors and many collab-
orators concurred that a lack of global urgency results in insufficient
political leadership and commitment from the business and public
sectors. The findings from the 34 000 reference materials indicate that

immediate actions are required to avoid a temperature increase higher hydrochlorofluorocarbons, and halons (Burkholder et al., 2015). Those
than 1.5 °C, a plausible scenario given the current tendency. As a compounds were developed as an alternative to compounds phased out
result, the delay in taking effective action accelerates the closing of the under the Montreal Protocol application (United Nations Environment
remaining window of opportunity. Programme Ozone Secretariat, 2020). Nevertheless, administrations
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are taking regulatory action to control these F-gases as part of their
policy to combat climate change. In October 2016, the Kigali Amend-
ment (Amendment to the Montreal Protocol, 2016) added HFCs to the
list of controlled substances under the Montreal Protocol. The European
Union (EU) also adopted two legislative acts in this regard. From one
side, the very recent 2024/573 Regulation, which repeals previous
F-gas 517/2014 Regulation (Regulation (EU), 2024) and strengthens
controls on F-gases by adding 23 new substances, phasing out products
with high GWP by specific dates, and creating a F-gas portal for quota
management and reporting of all F-gases and equipment. From the
other side, the MAC Directive (Directive 2006/40/EC), which prohibits
the use of F-gases with a GWP of more than 150 times greater than CO,
in new types of cars and vans introduced from 2011 or produced from
2017. These otherwise necessary restrictions severely impact the entire
refrigeration and air conditioning sector, where high GWP HFCs are still
widely established in commercial equipment. Indeed, most commercial
refrigeration systems installed or used today in Europe are based
on HFCs. The most used synthetic refrigerants are R134a (1,1,1,2-
tetrafluoroethane), R404A (a ternary blend comprised of R134a, R125,
and R143a), R407F (comprised of R125, R134a and R32) and R410A
(a blend between R125 and R32) (Zeiger et al., 2016).

In the last decade, unsaturated fluorinated compounds like hy-
drofluoroolefins (HFO) have emerged as alternative refrigerants, since
they exhibit low GWP and nearly null ozone depletion potential (ODP).
However, despite having suitable thermophysical properties, most of
these refrigerants are flammable (classified as A2L according to the
ASHRAE classification), meaning their use as single compounds may
be limited. Additional drawbacks of using pure HFOs as alternative re-
frigerants are their relatively lower volumetric cooling capacity (VCC)
(compared to HFC blends’), as well as their degradation into polyflu-
oroalkyl substances (PFAS), particularly in trifluoroacetic acid (TFA)
(Arp et al., 2024), due to their short atmospheric lifetime, as a conse-
quence of fugitive emissions. Therefore, current developments promote
the combination of HFCs and HFOs to balance technical, safety and
environmental properties.

The characterisation and development of novel HFOs and their
blends have garnered increasing interest from the industry. Meanwhile,
the scientific community has sought the ideal combination of thermo-
physical, environmental, and safety properties. However, the vast range
of possible compositions and mixtures necessitates a large number
of experimental measurements. To partially address this challenge,
molecular-based theoretical approaches, such as molecular simulations
and equations of state (EOS), offer valuable insights. These methods can
be time- and cost-effective alternatives, while providing reliable results.

Molecular simulations are capable to deliver much detail on the
physicochemical behaviour of refrigerants. Among several contribu-
tions, it is worth highlighting the work of Raabe and coworkers, who
developed transferable force fields to accurately describe the vapour—
liquid equilibria, thermophysical properties and transport properties
of selected pure HFOs (Raabe and Maginn, 2010a; Raabe, 2016; Petr
and Raabe, 2015; Raabe and Maginn, 2010b; Raabe, 2020, 2012)
and mixtures with other refrigerants (i.e., HFCs) (Raabe, 2014, 2016,
2017) by molecular simulation. A set of extensively used force fields
for HFCs, fitted to reproduce vapour-liquid equilibria, are available
regarding fluoromethanes (Fermeglia et al., 2003; Potter et al., 1997)
or fluoroethanes (Fermeglia et al., 2003; Peguin et al., 2009; Kelkar
et al., 2008), some of which were successfully used in combination of
Raabe’s force field to model HFC + HFO blends (Raabe, 2016, 2014).
In addition to these contributions, the recent works of Befort et al.
(2021, 2022) and Wang et al. (2023) provide new sets of parameters
for pure HFCs using Machine Learning (ML) techniques, offering a very
promising performance. A compilation of past and ongoing molecular
simulation studies on 3rd and 4th-generation refrigerants are discussed
in Raabe’s review (Raabe, 2019).

Equations of state (EOS) have also been addressed to describe
the thermophysical behaviour of HFCs and HFOs as an alternative
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to molecular simulations. Vega and coworkers (Vilaseca et al., 2010;
Alba et al., 2023a, 2021) published a consistent thermodynamic model
to describe 3rd and 4th generation HFC and HFO-based refrigerants.
The soft-SAFT EOS has also proven to be a reliable tool to describe
the feasibility of the absorption of different fluorinated refrigerants
in ionic liquids (ILs) (Asensio-Delgado et al., 2020), fluorinated ionic
liquids (FILs) (Jovell et al., 2020), and newly developed fluorinated
deep eutectic solvents (DES) (Demirbek et al., 2024).

However, most of these modelling studies are related to phase
equilibria (i.e., saturated density, vapour pressure and solubility in
solvents). At the same time, less attention has been paid to other
properties of interest. For example, the surface tension is a crucial
property required to correlate and predict heat transfer when a phase
change occurs, since it influences nucleate boiling and two-phase flow
characteristics (Zhelezny et al., 2014), which in turn is critical for
identifying new low-GWP alternative refrigerants. However, this is
one of the less-studied properties for refrigerants and refrigerant-oil
solutions (Zhelezny et al., 2014). Still, it is worth to mention the work
of Li et al. (2019), who have calculated the interfacial properties
of these systems, including binary HFO/HC blends, using molecular
simulations. In a different contribution, a relation between azeotropy
and aneotropy in refrigerant blends was found by Gonzélez-Barramuifio
and coworkers (Gonzalez-Barramuio et al., 2022) using SAFT-VR-Mie,
demonstrating that interfacial tension could be optimised as well as the
temperature glide of the mixture. Another crucial property is the heat
capacity, which is essential in the design and optimisation of thermal
machines and is usually challenging to obtain theoretically with enough
accuracy. The heat capacity is a second-order thermal property and,
therefore, is highly sensitive to the thermal fluctuations of the mod-
els. A similar scenario is found in mixtures, being the corresponding
states principle the most frequently found approach for rendering this
property (Gao et al., 2018; Al Ghafri et al., 2019; Sheng et al., 2021).
Finally, the evaluation of transport properties of refrigerants and their
blends has been scarcely studied. They include the thermal conductivity
for determining heat transfer coefficients, and the viscosity for fluid
flow behaviour and convection effects, playing an essential role in
heat transfer and pressure drop characteristics, which are of paramount
importance in the design of refrigerant equipment.

Typically, these properties are currently determined through man-
ufacturers’ specific correlations for each fluid (Opteon™ Solutions,
2021) and extended corresponding states (Klein et al., 1997; McLinden
et al., 2000) (as implemented in the NIST’s Reference Fluid Thermody-
namic Transport Property Database (REFPROP) Lemmon et al., 2018).
Alternatively, in terms of molecular modelling, the use of SAFT (Llovell
et al., 2013) or cubic EOS (Polishuk, 2012) coupled with the free vol-
ume theory (FVT) (Allal et al., 2001a,b) or scaling theories (Gonzalez-
Barramufio et al., 2023) are methods that still rely on experimental
data, which is scarce for HFO-based blends. However, molecular sim-
ulations can provide physical insight into studying the transport and
interfacial properties to complement theoretical results without the
need for experimental data and are expected to become crucial in
analysing such properties shortly.

In this work, a theoretical framework combining molecular dy-
namics (MD) simulations with the use of the polar soft-SAFT EOS
provides a complete thermophysical insight into the description of
several alternatives to R410A (50.0 %w of R32 and 50.0 %w of R125)
and R407F (30.0 %w of R32, 30.0 %w of R125, and 40.0 %w of
R134a), two of the most widely used refrigerants in air conditioning
and industrial refrigeration installations (Mota-Babiloni et al., 2017)
with very high GWP. The alternative blends include binary refrigerants,
such as R454B (31.1 w% of R1234yf and 68.9 w% of R32) and R513A
(56.0%w of R1234yf and 44.0 w% of R134a), and the ternary mixture
R452B (67.0 %w of R32, 7.0 of R125 %w, and 26.0 %w of R1234yf).
Particular emphasis is given to describing surface tension, heat capaci-
ties, and viscosities. All these properties, along with the vapour-liquid
equilibrium envelope and vapour pressure, have been reproduced using
MD and have also been calculated with the polar soft-SAFT EOS, being
critically compared with the correlated experimental values provided
by REFPROP (v.10.0) (Lemmon et al., 2018).
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Fig. 1. Structures and partial charges of the refrigerant molecules and nomenclature of the different involved LJ atom types.

2. Background and modelling
2.1. Molecular simulation details

MD simulations for HFCs, HFOs and their mixtures were carried out
using the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) code (Thompson et al., 2022) using the transferable force
field of Raabe for R1234yf (Raabe and Maginn, 2010a), R32 (Raabe,
2013), and R1233zd(E) (Raabe, 2015). Parameters for R125 were trans-
ferred from equivalent atom types in Raabe and Maginn (2010a) and,
following the author’s previous works (Raabe, 2013), the parameters
for R134a were taken from Peguin et al. (2009). The Lennard-Jones
(LJ) bond, angle, and torsional parameters used in the MD simulations
are compiled in the Supplementary Material (SM). Molecule-dependent
partial charges are shown with their respective atomic labels in Fig. 1.

In this force field, the intermolecular energy of the system was
calculated in an atomistic molecular representation via a standard LJ
(12-6) plus Coulomb pair potentials, as shown in Eq. (1). Originally,
homogeneous long-range corrections (hLRC) for LJ were employed to
fit the selected force field parameters. However, since interfacial sim-
ulations require heterogeneous direct coexistence cells, hLRC cannot
be used. For this reason, the missing long-range interactions were
accounted by using a large spherical cutoff (22 A) (Hockney and
Eastwood, 1988; Janecek, 2006; Duque and Vega, 2004; Martinez-Ruiz
et al., 2015; Miiller et al., 2021) and the long-range Coulombic energy
was computed with the Particle-Particle/Particle-Mesh (PPPM) method.

Each atom partial charge was obtained from the previously men-
tioned works, where the authors employed the CHELPG method from
ab-initio calculations in Gaussian 16 (Frisch et al., 2016). The only
exception was R125, whose partial charges were originally not reported
and were obtained in this work with an equivalent methodology at the
HF/6-31G* level of theory. It is important to note that quantum effects
can have a severe impact in reproducing thermophysical properties
of low molar mass fluids at low temperature (Aasen et al., 2019).
In particular, liquid densities, viscosities and heat capacities at low
temperatures tend to be overestimated while vapour pressure are typi-
cally underestimated in classical fluid representations, which quantum
corrections tend to address. Even though temperatures explored in this
contribution range from room temperature down to 180 K, quantum
effects are not considered for two reasons: (i) the modelled refrigerants
are relatively heavy (from 52.0 g/mol to 130.5 g/mol), so corrections
are expected to be small (Costa Cabral et al., 2001), and (ii) the force
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field selected did not consider quantum corrections during its fitting
but still provides high accuracy in reproducing the thermophysical
properties of HFCs and HFOs, specially at low temperatures. Finally, the
intramolecular interactions are treated via a harmonic bond stretching,
a harmonic angle bending, and a cosine-expansion series torsion term,
as in Eq. (2), where b, a, and t refer to bond, angle, and torsion,
respectively.

6.\ 12 6.\ 6 1
E:“((_) (%) )*m% @
Einira = Z Ky (ryj = rij,0)2 + Z K, (0 — 9ijk,0)2 +o
b a
1
-3 (K (1+cosjpy) + Ky (1—cos2¢;4) + -+
t
- +K; (1+cos3¢;4)) 2

Systems were created differently according to the desired calculated
property. However, regardless of how the cell was built, all simulations
were first relaxed via an energy minimisation of the system, followed by
a NVT thermalisation to drag the system to the working temperature
using the Langevin thermostat (Schneider and Stoll, 1978). When the
system is thermally stable, an NV T equilibration was done using the
Nosé-Hoover thermostat (Nosé, 1984) to reproduce a proper canonical
ensemble. After this equilibration, saturation densities, compositions,
pressures and interfacial tensions can be obtained with a direct coexis-
tence simulation. All simulations were time-evolved using a timestep of
1 fs, which is 1/10th of the fastest vibrational mode, as recommended
in MD simulations (Braun et al., 2018).

In direct coexistence, the initial configuration was built by placing
N molecules in a parallelepiped box of 45 x 45 x 225 A’ divided
into two symmetric regions to place sensibly large vapour and liquid
phases (Miiller et al., 2021). When dealing with binary and ternary
blends, the box size was increased to 60 x 60 x 300 A” to improve
the phase space sampling in mixtures. The number of atoms, N, was
set to match the coexistence densities p; and p, at each temperature.
The specific number of molecules employed in each specific simulation
is compiled in Tables S2 to S4 in the SM. The cell was equilibrated
during 50 ns and density, p(z), and pressure, P(z), profiles were ob-
tained by averaging the number of molecules and the per-atom stress
tensor in 1 A bins along the z-direction in the last 10 ns window,
from where coexistence densities and vapour pressures were obtained,



D. Jovell et al.

International Journal of Refrigeration 175 (2025) 412-423

Fig. 2. Configuration of a characteristic vapour-liquid equilibrium simulation.

Table 1
Bibliographic sources for the determination of ideal heat capacities.
System Type of data Source
R1234yf Experimental, correlated Kano et al. (2010)
R1233zd(E) Experimental, correlated Hulse et al. (2012)
R32 Correlated Outcalt and McLinden (1995)
R125 Correlated (technical report) EI du Pont de Nemours and Co (2004a)
R134a Correlated (technical report) EI du Pont de Nemours and Co (2004b)

respectively. Molecular simulations converged when the density and
interfacial tension profiles exhibited time-invariant shapes and each
bulk behaved homogeneously (i.e., both properties show a flat plateau).
For illustrative purposes, a snapshot of an equilibrated simulation box
is shown in Fig. 2. Examples of converged plots are also shared in
Fig. S1 of the SM. Finally, by integration of the aforementioned P(z)-
profile around an interface through the z-direction, the surface tension
was obtained directly, following the Irving and Kirkwood formulation
shown in Eq. (3) (Irving and Kirkwood, 1950).

Zp P (2) + Py (2)
y:/ <PZZ(Z)—f> dz

Heat capacities and viscosities were obtained by building single-
phase homogeneous cells for liquids and vapours containing 1500
and 200 molecules, respectively. Volumes of the simulation cells were
chosen to match the previously calculated coexistence densities from
MD (see Tables S2 to S4 in the SM). Simulations were carried out
as 100 ps NPT equilibration, to set the temperature and pressure
to the previously calculated saturation condition, and a 1 ns NPT
production, both with the Nosé-Hoover thermostat (Nosé, 1984) and
Martyna barostat (Martyna et al., 1994), respectively.

Isobaric heat capacities were calculated from the respective ideal
and residual contributions, as Cp = C}f + C},. The former was obtained
from bibliographic sources shown in Table 1, whereas the latter was ob-
tained from the slope of the isobaric intermolecular (residual) enthalpy
vs. temperature (Cp = (0H /OT) p) of five isobaric NPT simulations
at slightly different temperatures (i.e., from 7 — 4 K to T + 4 K).
The residual enthalpy was estimated by subtracting the kinetic and
intramolecular energy from the total enthalpy.

Finally, viscosities were calculated with the Green-Kubo (GK) for-
malism, displayed in Eq. (4).

3)

— / (Py(1) - Py (0))dt @
0

In this framework, a swarm of 100 independent simulations were
built and equilibrated as described for the heat capacity procedure.
Once equilibrated, thermostats and barostats are turned off during 1 ns
to build and integrate the corresponding off-diagonal components, ij =
Xy, xz, yz, of the pressure autocorrelation functions, (P, () P;(0)). The
final viscosity is the average of the three off-diagonal integrals over the
100 runs. Additionally, the large noise in the integral of Eq. (4) has been
treated by using the time-decomposition method (Zhang et al., 2015).
Characteristic autocorrelation functions, their Green-Kubo integration
and time limit found by the time-decomposition method are illustrated
in Fig. S2 of the SM.
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2.2. Refrigerant modelling

The soft-SAFT equation of state (Blas and Vega, 1997) is a variant
of the original SAFT equation (Chapman et al., 1989, 1990) based on
a reference LJ potential (Lennard-Jones, 1931), which accounts for
both repulsive and dispersive contributions simultaneously using the
Johnson’s EOS for the LJ monomers and chains (Johnson et al., 1993,
1994). Soft-SAFT is written as a sum of microscopic contributions to
the total residual Helmholtz free energy. For the particular case of the
studied fluorinated refrigerants, whose nature has a significant dipole
moment, these contributions include the interactions among segments,
the formation of chains from identical segments, and the polar forces,

(5)

dref + dCh +

F=a-d= >,

where the superscripts i, ref, ch, and p refer to the ideal, reference,
chain, and polar contributions, respectively.

The reference term is a LJ spherical fluid, defined by two molecu-
lar parameters: the segment diameter, o;;, and the dispersive energy
between two LJ monomers, ¢;, while the chain term is defined by
a characteristic length, m;. These contributions have been widely de-
scribed in the literature and the reader is referred to the original
works (Johnson et al., 1993, 1994; Blas and Vega, 1997) for the
mathematical structure.

The polar term has been explicitly considered for an accurate de-
scription of the dipole moment (Alkhatib et al., 2020; Alba et al., 2021),
and it is based on the multipolar expression of Gubbins and Twu (1978)
and Twu and Gubbins (1978) for spherical molecules using the Padé
approximation of Stell and coworkers (Stell et al., 1972), as
~ )
= 1 —as/ay’
where a, and a5 are the second and third-order terms in the Padé ex-
pansion related to two and three-body interactions. Each polar moment
is associated with two additional molecular parameters, the fraction
of polar segments x,; and the dipole moment, y;. The details of the
expansion can be seen in the application of Alkhatib and Vega (2021).
The quantitative values of the five parameters for each compound are
taken from literature and shown in Table 2.

The extension of the theory to mixtures is performed by applying the
van der Waals one-fluid theory (Waals, 1891) to the modified Berthelot
combining rule (Berthelot, 1898), as

©

o+ Cjj
%uT Ty
12
€ = & (€agjj) s

)
(8

where ¢;; is the Berthelot energy binary parameter, commonly used
to correct deviations from the mean dispersive energy value, as a
consequence of the complex interactions between both fluids. This
binary interaction parameter had been fitted to REFPROP data in a
previous contribution (Alba et al., 2023b) to accurately describe the
vapour-liquid equilibria of binary systems, and is reported in Table 3
for completeness. Being temperature and composition independent, it
can be applied to any mixture containing the two studied compounds,
regardless of the content. In addition, ternary blends are predicted from
the information obtained for the binary pairs.
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Table 2
Soft-SAFT molecular parameters® and free-volume theory parameters for the pure compounds of this work.
M, m; ;i €i/kp Hij Xpi L,-10" B-10? a AADgry
g mol~! A K Cm A b pph
R1234yf 114.00 1.740 4.082 191.6 6.70790 0.70 8.31 1.560 24.13 0.98
R1233zd(E) 130.50 2.331 3.819 232.6 3.81190 0.80 9.61 1.476 25.88 0.96
R32 52.02 1.376 3.506 164.5 6.59790 0.75 8.04 1.350 20.29 5.22
R125 120.02 1.887 3.790 165.1 5.21360 0.90 8.90 1.350 20.51 3.28
R134a 102.01 1.813 3.770 169.5 6.86475 0.70 11.35 1.350 20.29 6.09

2 Soft-SAFT parameters are taken from previous contribution (Alba et al., 2021) while FVT parameters are obtained in this work fitting to REFPROP data (Lemmon et al., 2018).

b ¢ in Jm3 mol kg !

Table 3
Energy binary interaction parameter, &;, between the selected refrigerants. A value of
1.000 indicates that no adjustment is necessary (Alba et al., 2023b).

Table 4
Influence parameters for the DGT fitted using correlated REFPROP data (Lemmon et al.,
2018).

R1234yf R32 R125 R134a
R1234yf - 0.970 1.000 0.983
R32 - - 0.985 0.980
R125 - - - 0.993
R134a - - - -

The interfacial tension of the studied refrigerants has been modelled
using the density gradient theory (DGT) obtained from the work of
Cahn and Hilliard (1958), rooted in the theory of van der Waals for
inhomogeneous fluids (van der Waals, 1894). In this approach, the
expression for the Helmholtz free energy is expanded in a Taylor
series around the free energy density term of the homogeneous fluid
at the local density and truncated after the second-order term. The
mathematical shape of the DGT yields

1
A:/<a0(p)+ 3 ZZCiijinj>d3r,
iJ

where Vp, is the local gradient in the density of a component x =i, j.
An influence parameter, c;;, is defined to treat the phenomenological
behaviour as a parameter fitted to correlated REFPROP surface tension
data (Lemmon et al., 2018). The influence parameters are fitted using
a polynomial form given by

©)

cii = aT? + bT + ¢ (10)

The parameters for Eq. (10) are shown in Table 4 and the influence
parameters for mixtures are obtained through a geometric average,
without further fitting.

For a planar interface, and assuming that the density dependence
of the influence parameter can be neglected, functional minimisation
of Eq. (9) for phase coexistence conditions leads to

© dp, dp;
I/ owE
i ]

ﬂ/‘QW%me—%%A

where u; and P, are the equilibrium chemical potential and pressure,
respectively, and z is the perpendicular vector to the interface. For
additional details on the implementation of the theory, the reader
is referred to previous contributions (Duque et al., 2004; Mejia and
Segura, 2004).

Finally, the description of the viscosity is carried out by coupling
the free-volume theory (FVT) into soft-SAFT. The FVT is an approach
proposed and detailed by Allal et al. (2001a,b), where the viscosity,
n, is obtained from the sum of a diluted, #,, and dense contributions,
An, ie., n = ny + An. The diluted viscosity comes from the Chung’s
application (Chung et al., 1988) of the Chapman-Enskog (Chapman,
1916) theory, and reads

(1)

M, T

Mo = K~ 12)

2/3 e
uc/ Q
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a-10% b- 102 ¢-10° Tpin Toon
K-2 K-!
R1234yf 0.000 —9.490 3.890 250.00 350.00
R1233zd(E) 0.000 —6.260 3.900 260.00 400.00
R32 -1.190 4.880 -0.132 180.00 320.00
R125 —4.890 21.600 ~1.320 220.00 310.00
R134a -3.080 13.900 ~0.562 240.00 340.00

where M, is the molecular weight in g mol~!, T is the thermodynamic
temperature, and &, is the critical molar volume in L mol~!. F, and @
are dimensionless values, being F, an empirically determined correc-
tion and Q the reduced collision integral. Additionally, x = 4.07804 -
108 yields the diluted viscosity in Pa s. All thermodynamic values are
obtained from the EOS to preserve the results’ homogeneity.
Furthermore, the dense contribution is given by
4n

2o (5m) oo( (o))

where P is the absolute pressure, p the density, R is the universal
gas constant, and @ P + ap’M,,. This term involves three fitted
parameters related to free-volume overlap, B, energy, «, and structural
effects, L,, whose values have been fitted using viscosity experimental
data, and are also included in Table 2.

Mw
3RT a3

3. Pure refrigerant

This study provides a comprehensive theoretical framework to eval-
uate a series of essential thermophysical properties of common refrig-
erants. It focuses on three standard HFCs (R32, R125, and R134a)
and two 4th-generation HFOs (R1234yf and R1233zd(E)). The selected
refrigerants are the basis for various blends. Initially, MD simulations
have been used to reproduce the vapour-liquid equilibrium, interfacial
tension, heat capacity, and viscosity of these compounds. For this pur-
pose, three different temperatures are evaluated along the saturation
line to check the predictive capabilities of the selected force fields.
Simulations close to the critical point are not performed to avoid
errors in calculating equilibrium properties. The results are graphically
summarised in Fig. 3 and numerically displayed in Table S5 of the SM.
Before assessing against experimental data, the MD simulations were
validated by comparing the available results against Grand Canonical
Monte Carlo (GCMC) simulations reported in previous literature (Raabe
and Maginn, 2010a; Peguin et al., 2009; Raabe, 2013, 2015). As
shown in Figure S3 of the SM, this comparison demonstrates excellent
agreement between both datasets, despite the differences in simulation
techniques.

The REFPROP database (blue dotted lines) is used for comparison
with the MD results (crimson symbols) for all the properties of the
pure fluids to corroborate their accuracy. MD predictions completely
match both the saturated densities (Fig. 3a) and vapour pressure (Fig.
3b) of all fluids, with a minor discrepancy for R32 at the highest
temperature. It is important to notice that the highest temperature
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Fig. 3. (a) Vapour-liquid coexistence curves, (b) Vapour pressures, (c) Saturated liquid (top) and vapour (bottom) heat capacities, (d) Interfacial tensions, and (e) Saturated liquid
viscosities for R32, R125, R134a, R1234yf, and R1233zd(E). Crimson symbols represent MD simulation results, blue dotted lines are REFPROP data, and solid lines are soft-SAFT
calculations. Error bars are added in all MD cases. For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.

of this refrigerant is close to the critical region and may suffer from
its inherent inhomogeneous behaviour, exhibiting higher inaccuracies.
Still, the results of the MD simulations allow a good description of
the system. The rendering of the heat capacity is of particular interest
because this is a second-order derivative property that is not used
in the fitting of the force fields and is more challenging to describe.
However, excellent agreement is observed in most fluids (Fig. 3c), even
though the uncertainty of the calculation is higher than for the previous
properties, as can be noticed from the error bars. The MD simulations
slightly overpredict the heat capacity in both phases, with R1234yf
displaying the highest deviations.

Regarding surface tension, the results align perfectly with the REF-
PROP data (Fig. 3d). The most significant deviations occur with
R1233zd(E), likely due to the presence of a chlorine atom in its
composition. Finally, the viscosity results are also remarkable (Fig. 3e)
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in all cases, reinforcing the validity of the model. MD results are fully
predictive, as no data for transport properties has been used by Raabe
(2015, 2017, 2020) to correlate the force field.

Once the MD data have been validated, showing that a common
and consistent molecular framework allows the description of various
properties, the soft-SAFT EOS is added as a second modelling tool
to the study. The EOS results are displayed in continuous lines in
Fig. 3. As expected, an excellent description of the phase envelope
is achieved with the soft-SAFT model, provided that the molecular
parameters of Table 2 were fitted to the REFPROP data. However,
the description of the heat capacity in Fig. 3c is a key factor in
evaluating the predictive ability of the method. The heat capacity is
a highly temperature-sensitive and second-order derivative property,
not used when fitting the soft-SAFT molecular parameters. While the
qualitative results are promising, soft-SAFT slightly underestimates the
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values of this property in both phases compared to MD simulations
and REFPROP data. The deviation increases at higher temperatures,
likely due to the overestimation of the critical point inherent to the
application of a mean-field theory. These discrepancies in the critical
area can be overcome by introducing a specific crossover treatment that
considers the inherent fluctuations near the critical zone (Llovell and
Vega, 2007). Nonetheless, this is out of the scope of this work since the
operation conditions for refrigerants are far from this point.
Following with the surface tension, the EOS performance is excel-
lent, as seen in Fig. 3(d). However, it must be noted that the influence
parameter, c;, has been fitted for the DGT theory, facilitating this
agreement. Similarly, the free-volume theory (FVT) integrated into the
soft-SAFT EOS can perfectly reproduce the REFPROP data, as seen in
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Fig. 3e, even at low temperatures, using the fitted parameters presented
in Table 2.

These modelling results represent the first necessary step before
extending the theoretical framework to blends, where the capabilities of
MD simulations and soft-SAFT can be better appreciated. The following
section will highlight this fact, showing the practical applications of this
research and its potential to influence in the design of new refrigerants
through thermophysical characterisation.

4. Refrigerant blends

Following a similar structure to that shown for the pure refrigerants,
the main thermophysical properties of three binary (R410A, R513A,
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and R452B) and two ternary blends (R407F and R454B) have been
studied. Molecular Dynamics are compared to REFPROP correlated
data (Lemmon et al., 2018) and the soft-SAFT modelling, as presented
in Fig. 4.

Overall, excellent agreement is found between the MD simulations
and REFPROP, confirming the validity of the method to predict the
properties of blends without experiencing a degeneration in the descrip-
tion. The prediction of the saturated densities and vapour pressures is
excellent, with some minor deviations at the highest temperature of
R452B and R454B as a consequence of the vicinity of the critical region.
Remarkably, the description of the heat capacity is also excellent,
although the MD simulations slightly overestimate the values compared
to REFPROP. Nevertheless, all results are within the error range. Fi-
nally, no remarkable differences with the correlated data are found for
the interfacial tension and the viscosity, with a minor deviation at the
low-temperature value of R410A.

Moreover, the comparison with the soft-SAFT modelling also offers
a very good description of all properties. Density and vapour pressure
are accurately described, while the soft-SAFT prediction of the isobaric
vapour heat capacity is smaller in all cases. Still, these values are
within the same uncertainty range than those of pure compounds.
Interfacial tension and viscosity also display an excellent performance,
being capable to predict the experimental behaviour in the whole phase
envelope.

It is important to note that the application of the polar contribution
in the soft-SAFT EOS is advantageous for a more meaningful description
of the thermophysical properties of pure refrigerants and blends, as
it can be noticed from the excellent prediction of ternary systems.
The polar term provides flexibility to the soft-SAFT structure and a
better performance fitting saturation densities at high temperatures and
predicting the heat capacity, while maintaining similar results for the
rest of properties. The lack of the polar term results in a deterioration
of the capability to extrapolate the thermophysical properties to other
systems and conditions, being unsuitable to be utilised as a predictive
tool.

4.1. Low-temperature refrigerants

Based on the previous results, it is possible to conduct a thermo-
dynamic analysis to compare the technical properties of the different
refrigerants. This subsection considers low-temperature refrigerants,
including working fluids with a cooling capacity to work in refrig-
eration applications below zero Celsius degrees (note that this is an
empirical taxonomy, which depends on their final application Xiao
et al., 2023).

This comparison involves R407F (GWP = 1965), one of the most
common commercial blends, R134a (GWP = 1530), adequate for a wide
range of applications, and R513A, which is a mid-GWP (GWP = 673.5)
alternative azeotropic mixture, whose glide temperature is considered
negligible, as seen in the corresponding frame for pressure in Fig. 5.
This refrigerant is sold under the OPTEON™ brand to replace R134a in
positive displacement, direct expansion, medium and low-temperature
commercial and industrial chillers, and flooded or centrifugal chillers.
As R134a, ASHRAE classifies R513A as a nontoxic and nonflammable
fluid (A1).

Fig. 5 compares three essential properties, vapour pressure, in-
terfacial tension, and viscosity, of these refrigerants to evaluate the
suitability of R134a and R513A as replacements for R407F. In terms of
vapour pressure, the differences between R134a and R513A are negligi-
ble, as shown in Fig. 5(a). However, both have lower values compared
to R407F, which could allow lower condenser pressures in a refriger-
ation cycle, potentially resulting in slight energy savings. Regarding
interfacial tension, R513A performs similarly to R407F, while pure
R134a exhibits higher values, as depicted in Fig. 5(b). In this context, a
lower interfacial tension is preferable because it facilitates heat transfer
during the isobaric stages of a refrigeration cycle by reducing droplet
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Fig. 5. Comparison of the (a) Vapour pressure, (b) Interfacial tension, and (c) Viscosity
of three low-temperature refrigerants as predicted by soft-SAFT. R134a in black, R513A
in crimson, and R407F in blue. The shaded area is the usual temperature range of low-
temperature refrigerants from 223.15 to 243.15 K. For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.

formation, increasing wettability and entrainment. Moreover, droplet
formation would also impact the expansion stage in organic Rankine
cycles, especially in fluids with wet behaviour (Gonzélez et al., 2022,
2023b). Finally, Fig. 5(c) illustrates the differences in viscosity. Once
again, R134a shows a higher viscosity, while R513A and R407F exhibit
similar performance, which is more favourable for reducing energy
consumption due to fluid flow within the system.

Considering all three properties, R513A emerges as a good and fea-
sible alternative, offering lower vapour pressure and similar interfacial
tension and viscosity than R407F, but with a much lower GWP.
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Fig. 6. Comparison of the (a) Vapour pressure, (b) Interfacial tension, and (c) Viscosity
of three mid-temperature refrigerants as predicted by soft-SAFT. R410A in black, R454B
in crimson, and R452B in blue. The shaded area is the usual temperature range of mid-
temperature refrigerants from 243.15 to 268.15 K. For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.

4.2. Mid-temperature refrigerants

The second group of refrigerants comprises those within a mid-
temperature range, generally employed for air-cooling and thermally-
activated refrigeration cycles (Gonzalez et al., 2023a). R410A (GWP =
2500) is the dominant refrigerant in residential heat pumps. Two mid-
GWP refrigerants are proposed here as potential replacements: R452B
(GWP = 676) and R454B (GWP = 466), originally named DR55 and
DR5A, respectively. R452B is sold under the OPTEON™ brand as a
replacement for R410A. It comprises a mixture of R32, R125, and
R1234yf in a 67/7/26 wt% ratio and is classified as a mildly-flammable
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refrigerant (A2L). R454B, on the other hand, is a binary mixture of R32
and R1234yf in a 68.9/31.1 wt% ratio and is also classified as an A2L
refrigerant. These working fluids are indicated for usage in residential
and commercial positive displacement devices, direct expansion (DX)
chillers and air conditioning (AC) applications.

The technical comparison between these three blends of refrig-
erants is provided in Fig. 6, in a similar manner as done for the
low-temperature refrigerants in Section 4.1. The analysis reveals a
very similar vapour pressure for the three systems (see Fig. 6(a)),
even though the two proposed alternatives have very slightly lower
values. However, the interfacial tension of R454B and R452B is almost
identical, but higher than R410A, as seen in Fig. 6(b), while the
viscosity of the new blends is slightly lower except in the near critical
region (see Fig. 6(c)), favouring the system in terms of energy cost.
Consequently, no significant differences have been found among the
three mid-temperature blends, with R452B and R454B exhibiting iden-
tical properties, being slightly worse in terms of interfacial tension and
slightly better in terms of viscosity, compared to R410A. These minor
differences do not represent, however, a constraint in considering the
replacement of R410A, given the significant decrease in terms of GWP
of the new systems.

5. Conclusions

This work has used two complementary modelling tools, molecular
dynamics and an equation of state (soft-SAFT EOS), to carry out a
comprehensive thermophysical description of five pure refrigerants
and five commercial blends based on these pure compounds. For this
purpose, an accurate force field, available in the literature, was used to
perform MD simulations at three different temperatures to determine
the saturated density, vapour pressure, heat capacity, interfacial ten-
sion and viscosity at equilibrium conditions for all systems. The new
results were compared with available correlated data from REFPROP,
displaying good agreement in all cases. Further to this validation, the
molecular-based soft-SAFT EOS, coupled with the Free-Volume and
Density Gradient theories, was used to describe all these properties in
the entire phase envelope, allowing quick and reliable predictions at
different conditions.

Based on the thermophysical variables evaluated, a preliminary
technical assessment was conducted to compare possible substitutes for
the high GWP refrigerant blends R407F and R410A. R513A is presented
as a physically reliable alternative for the former, provided its similar
vapour pressure and lower interfacial tension and viscosity, favouring
heat transfer and flow movement. For the latter, no significant dif-
ferences were appreciated regarding thermodynamic properties, with
similar vapour pressure and viscosity and very minor differences in
interfacial tension. Otherwise, this ensures a comparable performance
of R452B and R454B, an excellent option for replacing R410A, given
their lower GWP.

Overall, this work highlights the complementarity between MD sim-
ulations and theoretical EOSs with a specific polar contribution. While
MD provides access to previously unknown data, soft-SAFT coarse-
grained models retain essential molecular information to reproduce
these thermophysical properties and extend calculations to novel mix-
tures. This allows for a rapid qualitative screening of multiple options,
identifying the most promising blends efficiently.

CRediT authorship contribution statement

Daniel Jovell: Software, Investigation, Conceptualization. Gerard
Alonso: Writing — original draft, Investigation. Pablo Gamallo: Val-
idation, Methodology. Rafael Gonzalez-Olmos: Writing — review &
editing, Supervision. Héctor Quinteros-Lama: Writing — review &
editing, Supervision, Project administration. Felix Llovell: Writing —
review & editing, Supervision, Funding acquisition, Formal analysis.



D. Jovell et al.
Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

This research is supported by project NEW-F-TECH (TED2021-
130959B-100) funded by the Spanish Ministry of Science
and Innovation MICIU/AEI/10.13039/-501100011033/ and the
European Union Next Generation-EU/-PRTR. Additional support from
MICIU/AEI/10.13039/-501100011033/ from projects STOP-F-Gas (PID
2019-108014RB-C21), REFCICLA (PID2023-1497130B-100) and
ZEO4GREEN (PID2022-1381800B-I00) is appreciated. P.G. acknowl-
edges project CEX2021-01202-M Maria de Maeztu Unit of Excellence,
also funded by MICIU/AEI/10.13039/-501100011033/ and ERDF A
way of making Europe/-PRTR. H.Q.-L. and G.A. acknowledge funding
from FONDECYT, Chile, under projects no. 1240765 and 11230012,
respectively. H.Q.-L. is also grateful for the support of FOVI220054.
Additional funding from the European Union, Next Generation EU
within the framework of the Recovery, Transformation, and Resilience
Plan “Investigo Program” for the hiring of young job seekers for
the development and execution of research and innovation functions,
tasks, and initiatives is acknowledged. Recognition from AGAUR as
Consolidated Research Groups for GESPA (2021 SGR 00321), AGA-
CAPE (SGR 2021 00738) and CMSL (2021 SGR 00079) is gratefully
appreciated. Finally, authors thank to the CSUC and Red Espafiola de
Supercomputacién (RES) for the supercomputing time granted.

Appendix A. Supplementary data

The Supplementary Material contains details of the force fields,
the parameters for the cell initiation, examples of the calculation and
viscosity calculations’ convergence, and, finally, the numerical data of
the MD simulations.
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