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Abstract

In the last years, the interest in low global warming potential refrigerants as replace-
ments of conventional refrigerants has been increasing to reduce their environmental
impact. In this context, the thermophysical properties of these alternative refrigerants
and their blends are needed to accurately evaluate their potential performance in
HVAC&R applications. Thus, the focus of this study is a theoretical and experimental
analysis of some of main thermophysical properties of these alternative working fluids.

For the theoretical part, some of the most well-known models to estimate different
thermodynamic and transport properties have been investigated. In particular, the
vapor pressure of 9 alternative refrigerants and the vapor-liquid equilibrium of 25 binary
systems containing these refrigerants were calculated using different cubic equations of
state. After an in-depth comparison between the experimental and calculated data, it
was found that a cubic equation proposed by Stryjek provided slightly better results.

The experimental surface tension data for 14 halogenated alkene refrigerants and 5
binary systems were analyzed with some of the most reliable semi-empirical correlation
models designed for pure refrigerants and blends. The experimental data were collected
from the literature and databases. Moreover, a scaled correlation based on the
corresponding states principle developed for the surface tension of other kinds of fluids
was re-fitted and tested for the studied fluids. The deviations of the new re-fitted
equation for the studied pure refrigerants are in agreement with the values of the
correlations existing in the literature. Instead, the proposed equation for the binary
systems gave a considerable improvement respect to available models.

An empirically modified Kardos equation specifically oriented to both liquid and
vapor thermal conductivity of refrigerants was developed. The modified scaled correla-
tion is much simpler than its original form. The final equations provided very accurate
results for the liquid and vapor thermal conductivity of the studied refrigerants.

As concern the experimental work, the Pressure - Specific Volume - Temperature
- Composition (PvT'z) properties for different compositions of three binary systems
containing different hydrofluoroolefins and a traditional refrigerant (i.e. R32 + R1234yf,
R32 + R1234z¢(E), and R32 + R1234ze(Z)) were measured both in the two-phase and
superheated vapor regions with an isochoric apparatus. Moreover, the vapor-phase
PyT'z measurements for R1234yf + R600a, R1234ze(E) + R600a, R600a + R1233zd(E),
R600a + R1234ze(Z), R1225ye(Z) + R600a, R1243zf + R600a binary systems were
performed with the same setup. From the measurements in the two-phase region, an
accurate vapor-liquid equilibrium behavior of the measured binary systems was derived
by applying the flash method with different equations of state. The vapor-phase data
were correlated through different equations of state.

Moreover, the solid-liquid equilibrium of the R32 + R1234ze(E) binary pair was
measured with an experimental setup in the temperature range from 168.2 K to
132.0 K. The studied binary pair showed an eutectic point that was estimated at the
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temperature of 132.00 K. In order to test the validity of the experimental setup, the
triple point temperatures of the components of the binary system and four well-described
refrigerants (R125, R152a, R143a, and R41) were measured. The experimental results
for the pure refrigerants agreed with reliable values available in the literature.

Sommario

Negli ultimi anni ¢ aumentato 'interesse verso i refrigeranti a basso potenziale di
riscaldamento globale come sostituti dei refrigeranti convenzionali in modo da ridurre
il loro impatto ambientale. In questo contesto, le proprieta termofisiche dei refrigeranti
alternativi e delle loro miscele sono necessarie per valutare le loro prestazioni nelle
applicazioni HVAC&R. Di conseguenza, lo scopo del presente lavoro di tesi é ’analisi
teorica e sperimentale di alcune delle principali proprieta termofisiche di questi fluidi
alternativi.

Riguardo la parte teorica, sono stati testati alcuni dei pitt conosciuti modelli per
determinare differenti proprietd termodinamiche e di trasposto. Nello specifico, la
pressione di vapore di 9 refrigeranti alternativi e I'equilibrio liquido-vapore di 25 sistemi
binari contenenti questi refrigeranti sono state calcolati mediante diverse equazioni di
stato cubiche. Dopo un approfondito confronto tra i dati calcolati e sperimentali é
stato trovato che un’equazione di stato cubica proposta da Stryjek ha dato i migliori
risultati.

I dati di tensione superficiale di 14 refrigeranti alogenati alcheni e 5 sistemi binari
sono stati analizzati con alcune correlazioni semi-empiriche specifiche per refrigeranti e
miscele. I dati sperimentali sono stati raccolti dalla letteratura e da database. Inoltre,
una correlazione scalata basata sul principio degli stati corrispondenti sviluppata per
la tensione superficiale di altri fluidi ¢ stata testata per i fluidi studiati. Le deviazioni
tra i dati sperimentali e quelli calcolati con I’equazione proposta per i refrigeranti
puri sono in accordo con i valori dati delle correlazioni esistenti. Invece, I’equazione
proposta per i sistemi binari contenenti refrigeranti alternativi ha dato un notevole
miglioramento rispetto ai modelli esistenti.

E stata sviluppata una versione modificata dell’equazione di Kardos specifica per la
conducibilita termica di refrigeranti allo stato liquido e allo stato vapore. La versione
modificata & pit semplice della forma originale e ha dato risultati accurati per la
conducibilita termica dei refrigeranti studiati.

Riguardo la parte sperimentale, le proprieta pressione — volume specifico — tempe-
ratura — composizione (PvT'z) di diverse composizioni di tre sistemi binari contenenti
differenti idrofluoroolefine e un refrigerante tradizionale (R32 + R1234yf, R32 +
R1234ze(E), and R32 + R1234ze(Z)) sono state misurate sia nella regione liquido-
vapore che in quella di vapore surriscaldato mediante un apparato isocorico. Inoltre, le
misurazioni delle proprietd PvT'z per i sistemi binari R1234yf + R600a, R1234ze(E) +
R600a, R600a + R1233zd(E), R600a + R1234ze(Z), R1225ye(Z) + R600a, R1243zf +
R600a sono state realizzate nella zona del vapore surriscaldato con lo stesso apparato.
Dalle misure realizzate nella regione liquido-vapore, & stata derivata una rappresen-
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tazione accurata dell’equilibrio liquido-vapore dei sistemi binari studiati per mezzo
del flash method e diverse equazioni di stato. I dati misurati nella regione del vapore
surriscaldato sono stati elaborati mediante diverse equazioni di stato.

L’equilibrio solido-liquido del sistema R32 + R1234ze(E) ¢ stato misurato con un
apparato sperimentale nel range di temperature da 168.2 K fino a 132.0 K. Questo
sistema binario ha mostrato il punto eutettico, che é stato stimato alla temperatura
di 132.0 K. Per testare la validita dell’apparato sperimentale, sono state misurate le
temperature dei punti tripli dei componenti della miscela studiata e di altri quattro
noti refrigeranti (R125, R152a, R143a, e R41). I dati misurati per i refrigeranti puri
sono in accordo con i valori disponibili in letteratura.
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Introduction

Recently, the Heating, Ventilation, Air Conditioning, and Refrigeration (HVAC&R)
industry is seeking suitable low Global Warming Potential (GWP) refrigerants as
alternatives to conventional working fluids to reduce their contribution to climate
change. The research of these environmentally friendly refrigerants is mainly driven by
the environmental regulations and legislation which impose reductions on the emissions
of fluorinated greenhouse gasses, such as several conventional refrigerants, in the coming
years. However, at present, only a limited number of low GWP fluids were found to
possess the combination of environmental, thermodynamic, and safety properties needed
for different HVAC&R applications. Different potential alternative working fluids result
flammable or toxic or they do not have suitable thermodynamic properties. To balance
the drawbacks of these potential alternatives and the environmental problems of
traditional refrigerants, the interest in blends of the former and the latter refrigerants
is increasing.

The thermophysical properties of low GWP potential refrigerants and their blends,
both experimentally-determined and/or estimated from reliable models, are necessary
to accurately evaluate their potential performance in HVAC&R applications. However,
only a limited number of studies present their properties. Further investigations of
their thermophysical properties are needed to find suitable alternatives.

For this reason, this thesis is focused on the thermodynamic and transport properties
of different potential low GWP refrigerants and their blends. In particular, the
experimental Pressure - Specific Volume - Temperature - Composition (PvTz) data of
nine binary systems containing low GWP refrigerants (R1234yf + R600a, R1234ze(E)
+ R600a, R600a + R1233zd(E), R600a + R1234ze(Z), R1225ye(Z) + R600a, R1243z2f
+ R600a, R32 + R1234yf, R32 + R1234ze(E), and R32 + R1234ze(Z)) are reported
in this thesis. Moreover, the Solid-Liquid Equilibrium (SLE) measurements of R32 +
R1234ze(E) binary pair are presented. As shown in List of publications, most of these
experimental data were already reported in papers published in international journals.
The proposed measurements can also be used for developing accurate models (e.g.,
Equations of State (EoSs)) for the thermodynamic description of the binary systems.
In addition, the prediction capability of several models was investigated to estimate
different thermophysical properties of alternative working fluids.

The manuscript is divided into five chapters. Chapter 1 presents an overview of
the progression of refrigerants during the years. As explained, this progression was
mainly driven by different regulations and international agreements proposed to reduce
the environmental problems of refrigerants. The recent developments in the research
of low GWP working fluids are discussed. Finally, details about the importance of
experimentally-determined thermophysical properties of the refrigerants and the models
proposed for their estimation are given.

In Chapter 2, models available in the literature for the estimation of different
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thermodynamic properties of refrigerants and their blends are presented and tested to
describe the properties of low GWP working fluids. Firstly, different EoSs mainly used
to describe the PuT properties of refrigerants are described. Moreover, mixing rules for
extending these EoSs to estimate the PvT'z behaviors of refrigerant blends are reported.
Some of these EoSs, called Cubic Equations of State (CESs), are used to estimate the
vapor pressure and the Vapor-Liquid Equilibrium (VLE) of low GWP refrigerants and
their binary systems, respectively. A method based on EoSs to estimate the VLE of
binary systems of refrigerants from their isochoric PvTz measurements, called flash
method, is described. Then, the Schréder equation is introduced. This equation often
provides a sufficient accurate description of the Solid-Liquid Equilibrium (SLE) of
refrigerant binary systems.

In Chapter 3, different models to estimate the surface tension and the thermal
conductivity of refrigerants and their blends are studied. The results obtained by
comparing the experimental surface tension data of low GWP refrigerants and their
binary systems collected from the literature and the values calculated from literature
correlations to estimate this property of refrigerants are reported. Moreover, a recent
scaled correlation based on the corresponding states principle and developed for
other kinds of fluids was re-fitted and tested for the selected fluids. The estimated
surface tension values provided by these equations are compared with the selected
experimental data. Then, an empirically modified version of the Kardos equation
for thermal conductivity specifically oriented to refrigerants is presented. The values
provided by this equation are compared with the thermal conductivity data of different
refrigerant collected from literature and the values estimated from existing correlations
for this property.

Chapter 4 presents experimental PvT'z properties of the aforementioned binary sys-
tems containing six different low GWP refrigerants (R1234yf, R1234ze(E), R1233zd(E),
R1234ze(Z), R1225ye(Z), and R1243zf) measured both in the two-phase and super-
heated vapor regions through an isochoric apparatus. In particular, the VLE behavior
for R32 + R1234yf, R32 + R1234ze(E), and R32 + R1234ze(Z) binary pairs derived
by their two-phase measurements using the flash method are presented. Instead, the
vapor-phase PvTz of R1234yf + R600a, R1234ze(E) + R600a, R600a + R1233zd(E),
R600a + R1234ze(Z), R1225ye(Z) + R600a, R1243zf + R600a, R32 + R1234yf, R32
+ R1234z¢e(E), R32 + R1234ze(Z) are correlated with different EoSs and the results
are presented. The triple point temperature of R1234ze(E) and the Solid-Liquid
Equilibrium (SLE) of R32 + R1234ze(E) binary pair, measured with an experimental
apparatus specifically built for this purpose, are reported. The triple point measurement
of the pure fluid is compared with the values available in the literature. The measured
SLE data are compared with the estimation provided by the Schréder equation.

Finally, some critical conclusions and future developments of the thesis work are
presented in Chapter 5.

Appendix A reports the expressions for the fugacity coefficients estimated from the
EoSs studied in this work. Instead, all the experimental PvTz data of the studied
binary systems measured with the isochoric apparatus are reported in Appendix B.
Finally, the nomenclature used in this thesis is showed Appendix C.
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Chapter 1

Overview on refrigerants and
their thermophysical properties

An overview of the refrigerant progression is presented in this chapter. In particular,
the environmental impact of the different refrigerants, the main regulations and inter-
national agreements that have driven their progression and the recent developments in
the research of environmentally friendly refrigerants are discussed in detail. Finally, the
importance of the thermophysical properties of the refrigerants is described, providing
details about the experimental values of their properties available in the literature and
the models proposed for their estimation.

1.1 Progression of refrigerants

A refrigerant is the working fluid of heat pump and refrigeration systems used
to transfer heat from a region at relatively low temperature to a region at a higher
temperature. In particular, the refrigerants are used in the vapor-compression refriger-
ation cycles where the heat transfer takes place through their reversible phase change
from liquid to gas and back. Several refrigerants, both naturals and synthetics, and
their blends have been studied and adopted throughout the years. The development
and selection of these working fluids have been driven by different criteria, such as
performance, safety, stability, durability, economic or environmental issues, giving
origin to new researches and equipment improvements in terms of safety and efficiency.
A standardized safety classification and designation system of the numerous refrigerants
and their blends were proposed by the American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE) [1].

The refrigerants can be classified in four generations [2]. Figure 1.1 shows the
refrigerant progression in the four generations which are briefly described below:

e First generation. After the invention of the vapor-compression machine by
Perkins [3] in the 1830s, the refrigerants used for the first hundred years were
available solvents and other volatile fluids, such as ether, ammonia (denoted
as R717 in ASHRAE designation [1]), carbon dioxide (R744), sulfur dioxide
(R764), water (R718) and Hydrocarbons (HCs). However, most of these early
refrigerants were flammable, toxic or also highly reactive; therefore, different
accidents occurred in that period.
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fourth generation

2010-

global warming

zero/low ODP, low GWP,
short 1., high efficiency

third generation
1990-2010s
ozone protection
(HCFCs), HFCs, NH,,
H.,O, HCs, CO,, ...

second generation
1931-1990s

safety and durability
CFCs, HCFCs,
HFCs, NH,, H,0, ...

Figure 1.1: Refrigerant progression [2].

e Second generation. The second generation was dominated by synthetic Chlo-
rofluorocarbon (CFC) refrigerants for high thermodynamic performance, safety
and durability reasons. Their development was based on the research activi-
ties of Thomas Midgley and his associates that studied the properties of the
elements of the periodic table to find stable, no toxic and no flammable chemi-
cals with desirable boiling points. In particular, these researchers showed how
the variation of the chlorination and fluorination of hydrocarbons influences
the boiling point, flammability, and toxicity [4]. In the 1930s, the first two
non-toxic and non-flammable CFCs, named trichlorofluoromethane (R11) and
dichlorodifluoromethane (R12), were produced [5].

Starting from the 1950s, Hydrochlorofluorocarbons (HCFCs) were also used as
refrigerants in residential and small commercial air conditioners and heat pumps.
Instead, ammonia was, as is still today, the most popular refrigerant in large
industrial refrigeration systems. Although it is toxic, irritating, mildly flammable
and presents materials compatibility issues, ammonia remains the main refrigerant
used in industrial systems, especially food and beverage processing, because of
its thermodynamic properties and performances [2].

e Third generation. The third generation of refrigerants was characterized by the
need to find alternatives to CFCs which were discovered to cause the depletion
of the stratospheric ozone layer. Since they contain halogen atoms, such as
chlorine (Cl), these fluids have very high values of Ozone Depletion Potential
(ODP). The Montreal Protocol to the Vienna Convention for the Protection of
the Ozone Layer [6] and its successive amendments and adjustments forced the
abandonment of Ozone-Depleting Substances (ODSs), among which CFCs. In
particular, this international agreement, which entered into force in 1989 and
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achieved universal ratification in 2009, scheduled the phase-out of CFC refrigerant
use and production by 1996 in developed countries and by 2010 in developing
countries that are parties of the international environmental agreement.

As alternative refrigerants, the HCFCs for transitional use and the Hydrofluoro-
carbons (HFCs) for the longer-term use were proposed and commercialized in
the 1990s. Moreover, researchers and manufacturers showed renewed interest
in natural refrigerants, such as R717, R744, and HCs. However, although their
ODP values are low than that of CFCs, the HCFCs impact on stratospheric
ozone depletion. Consequently, the Montreal Protocol limited the production and
use of HCFCs. In particular, it was scheduled for the global HCFC consumption
phase-out by 2040 at a meeting of the parties of the Montreal Protocol [7].

It is worthwhile pointing out that, even if refrigerants constituted only a limited
fraction of ODS emission, different CFCs and HCFCs were also used in much
more emissive applications, such as solvents, blowing agents, fire extinguishing
agents and aerosol propellants [2].

Fourth generation. The main feature of the fourth and current refrigerant
generation is the need to to find economically and environmentally sustainable
working fluids which do not impact on global warming. It was shown that the
global surface temperature is increasing due to Greenhouse Gas (GHG) emissions
generated by human activity. This global anthropogenic climate change can
result in disastrous consequences, such as an increase in the number of extreme
climate events.

In particular, although they are not ODSs, almost all the HFCs, along with
CFCs and HCFCs, are potent GHGs, having high values of Global Warming
Potential (GWP). Even if their present contribution to climate change is still
small, the consumption of HFCs is rapidly increasing in many applications and
their emission will have severe implications on global climate [8]. Therefore, a
phase-down of HFCs is underway and is regulated and promoted by international
environmental agreements and different national regulations and laws. Some of
the most important and recent of them are addressed below.

In 1997, more than 160 countries negotiated the Kyoto Protocol [9] that, for the
first time, imposed GHG (among which HFCs) emission reduction targets for
industrialized countries. This protocol entered into force in 2005, after being
ratified also by Russia. Moreover, this international agreement is linked to the
1992 United Nations Framework Convention on Climate Change (UNFCCC)
which commits its Parties to reduce GHG emissions by setting internationally
binding emission reduction targets. The Kyoto Protocol was adopted at the
third session of the Conference of Parties to the UNFCCC (COP 3). The
COP is the decision-making body responsible for monitoring and reviewing the
implementation of the UNFCCC and it meets every year in different locations.
All the COPs strengthened the agreement that the global surface temperature
is increasing due to anthropogenic greenhouse gas emissions and that, to avoid
serious consequences, it is mandatory to keep the rise in temperature below 2 °C
above pre-industrial levels. Among these COPs, the 21st Session of the COP
(COP 21) held in Paris in 2015 [10] was one of the most important. The outcome
of this conference was the first international climate agreement. This agreement
established that the Parties to the Convention have to take action to decrease
greenhouse gas emissions with an agreed-upon goal of staying below a global
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Table 1.1: Placing on the market prohibitions by the EU Regulation No 517/2014 [14].

Products and equipment GWP Date
Domestic refrigerators and freezers 150 2015
Refrigerators and freezers for commercial use (hermetically sealed equipment) 2500 2020
Refrigerators and freezers for commercial use (hermetically sealed equipment) 150 2022

Stationary refrigeration equipment that contains, or whose functioning relies
upon, HFCs (except equipment intended for application designed to cool 2500 2020
products to temperatures below -50 ° C)

Multipack centralized refrigeration systems for commercial use with a rated
capacity > 40 kW that contain, or whose functioning relies upon, fluorinated

greenhouse gases (except in the primary refrigerant circuit of cascade systems 150 2022
where fluorinated greenhouse gases with a GWP < 1500 may be used)
Movable room air conditioning equipment (hermetically sealed equipment 150 2020

which is movable between rooms by the end user)

Single split air conditioning systems containing less than 3 kg of fluorinated
greenhouse gases that contain, or whose functioning relies upon, fluorinated 750 2025
greenhouse gases

average temperature increase of 2 °C above pre-industrial levels. In particular,
the Nations responsible for more than 90 % of global emissions have to come up
with their targets. The EU should cut its emissions by 40 %, compared with 1990
levels, by 2030. The US should cut its emissions by 26 % to 28 %, compared with
2005 levels, by 2025. China should agree that its emissions will peak by 2030.

In the European Union (EU), the first step to reduce the HFC use was placed
with the Directive 2006/40/EC [11]. This directive banned the use of refrigerant
with GWP greater than 150 in automobile air conditioners. This limit value
is below the GWP of 1,1,1,2-tetrafluoroethane (R134a) (equal to 1430), which
was the HFC refrigerant most commonly used in Europe in this application.
Moreover, the Regulation (EC) No. 842/2006 [12] has been issued to stabilize
the GHG concentrations in the atmosphere at a level that prevents dangerous
anthropogenic interference with the climate system. Then, the EU Regulation
No. 517/2014 [13] (F - gas Regulation) replaced the previous directive [11] and
extended the GWP limit of 150 to the refrigerant used in most of the refrigeration
and air conditioning systems. Moreover, this regulation aimed to decrease at
least two-thirds of the 2010 emissions of fluorinated greenhouse gases by 2030 in
the EU. The main limitations imposed by the F - gas Regulation are reported in
Table 1.1.

Recently, the European Commission [15] adopted a proposal to ratify the Kigali
amendment to the Montreal Protocol [16] that established a global phase-down
of the HFC production and use. In particular, it was stated that a reduction of
the consumption of HFCs would potentially help to maintain global temperature
rise well below 2 °C by 2100.

Therefore, the replacement of HFCs with low GWP alternative refrigerants,
both naturals, synthetics and, their blends, with suitable properties for different
Heating, Ventilating, Air Conditioning & Refrigeration (HVAC&R) applications
is the main aim of the last refrigerant generation to fight the global climate
change. Besides, the HFC phase-down can also be considered an opportunity to
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redesign the existing refrigerating and air conditioning equipment to improve
their energy efficiency, similar to that achieved during CFC and HCFC phase-out
[17].

1.1.1 Environmental impact of refrigerants

Different measures can be used to evaluate the environmental impact of refrigerants.
In particular, the ones used to define their direct environmental impact are the Ozone
Depletion Potential (ODP) and the Global Warming Potential (GWP). However, a
refrigerant has also an indirect effect on the environment due to the equivalent amount
of carbon dioxide (COjy) produced from its manufacturing, transporting, recycling, etc.
and from powering the refrigeration system. Measures that attempt to capture both
their direct and indirect environmental impact are Total Equivalent Warming Impact
(TEWI) and Life-Cycle Climate Performance (LCCP). The values of the measures of
the direct environmental impact for the refrigerants studied in this thesis are reported
in Table 2.1 of Chapter 2. A brief description of these measures is provided below:

e Ozone Depletion Potential (ODP)

Since halogen atoms are known to react with ozone, altering the natural chain of
reactions that occurs between oxygen and ozone in the stratosphere, the ODP
was defined to evaluate the destructive effect of ODSs containing these atoms
to the ozone layer. The ODP of a compound provides a relative measure of
its overall impact on the stratospheric ozone destruction over long term. It is
defined as the ratio of the global loss of stratospheric ozone (i.e. integrated over
latitude, altitude and time) from the compound at steady-state per unit mass
emitted relative to the loss of ozone due to emission of a unit mass of a reference
compound, usually taken as R11 [18]. Since the time scale for contribution to
ozone depletion is not the same for all the compounds, their ODPs can change
with time [18]. Among the different models proposed to derive the ODPs, a
reliable semi-empirical model was developed by Solomon et al. [19, 20] for the
estimation of time-depending ODPs on both short and long time scales. The
ODP of a compound X is calculated from the following equation:

FX MRll nhal,X * Itie (1=t dt

ODP(t) =
) Frin Mx 3 “ J’: e~ (t=ts)/TR11 ¢

(1.1)

where the ratio Fx/Fgr;; is the fraction of the compound X that has been
dissociated in the stratosphere compared to that of R11, M is the molar mass
of each compound, ny, x is the number of chlorine, bromine or iodine atoms
of X (3 at denominator represents the three chlorine atoms in R11), o™ is an
enhancement factor that reflects the relative efficiency of ozone destruction by
bromine, t; is the time for a molecule to be transported from the surface to the
stratosphere region, t is the total time ((¢ — t;) represents the total time in the
stratosphere available for conversion into active forms of chlorine) and 7 is the
total atmospheric lifetimes of each compound. 7 is defined as the time required
for a pulse emitted into the atmosphere to decay to 1/e of its initial value [18]. It
is possible to calculate the global, steady-state ODPs from Eq. (1.1) at ¢t — oo.
However, a combination of the time-dependent and global ODPs can be used to
evaluate the impact of refrigerants to stratospheric ozone depletion on both short
and long time scales [18]. Another approach to determine the ODP values is the
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use of programs that calculate impacts by employing three-dimensional models
and are based on decomposing paths, rates, atmospheric conditions and the
influence of additional ozone-depleting substances [21]. The ODPs of blends are
estimated as the mass-weighted averages of the ODPs of their components [21].
Currently, the ODPs of the refrigerants and their blends as to be equal to zero
or near-zero, as stated by Montreal Protocol [6] and its successive amendments
and adjustments.

e Global Warming Potential (GWP)

The GWP of a compound compares its global warming impact in relation to the
impact due to the emission of similar amount of a reference compound, usually
taken as CO, [22, 23]. This impact is estimated during a time horizon that
is usually assumed equal to 100 years. In particular, the GWP results from
the combination of the cumulative radiative forcing, both direct and indirect
effects, and atmospheric lifetime of a compound (trace gas), together with the
time horizon for evaluation [24]. The radiative forcing is the change in net
irradiance at the tropopause due to the change in atmospheric concentration
of a trace gas resulting from a pulse release of that gas. In particular, the The
Intergovernmental Panel on Climate Change (IPCC) developed the following
equation to calculate the GWP of a compound X [23, 25]:

n * *
GWP = M (1.2)

ntoox *

Io aco, €co, dt

where a% and ago , are the radiative forcing per unit mass increase in atmospheric
abundance of the compound X and CO,, respectively, cx and céo2 are the
concentration of the compound X and CO,, respectively, remaining at time ¢
after their release and n* is the number of years over which the calculation is
performed (n* = 100). Although the concept of GWP has different weaknesses,
such as that it neglects the effect of reaction products resulting from breakdown
and the assumption of a global mean concentration [24], this index is an easy
and most commonly used environmental metric. The GWPs of blends are
estimated as the mass-weighted averages of components’ GWPs [21]. The United
Nations Environment Programme (UNEP) [26] proposed a classification scheme,
distinguishing between very low (or ultra-low) (< ~30), very low (< ~100), low
(< ~300), moderate (< ~1000), high (< ~3000), very high (< ~10000) and
ultra-high (> ~10000) GWP fluids. However, at present, a demarcation value
for the acceptability of refrigerants and their blends for many refrigeration and
air conditioning applications is GWP relative to CO, for 100-year integration
equal to 150 or less, as stated by the European F-gas Regulation [13].

e Total Equivalent Warming Impact (TEWTI)

The TEWI accounts for both the direct global warming impact of a refrigerant
due to its release during the lifetime of the equipment and the indirect impact of
CO; emissions produced from powering the equipment throughout its lifetime.
Therefore, this index is sensible to the energy performance of a system [22]. The
TEWTI can be calculated with the following equation proposed by Makhnatch &
Khodabandeh [22]:

TEWI = (GWPLN™™) + (E* 8™ n™™) (1.3)
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where L is the annual leakage rate in the system, N is the life of the system,
kK . . . a . . * %

n  is the system running time, E" is the energy consumption per year and

is the CO4 emission factor. Even if the TEWI can be considered a more complete

index than GWP in the selection of environmentally friendly refrigerants [22], its

calculation is more complex than that of the GWP.

e Life-Cycle Climate Performance (LCCP)

In addition to the environmental effects already accounted in the TEWI, the
LCCP accounts also for all GWP related to the refrigeration system operation,
including the environmental impact of substances emitted during the process
of refrigerant production and transportation [22]. Although this index can
provide a holistic picture of the environmental impact of different refrigerants, in
practice, its calculation is more complex than that of the TEWI. Moreover, the
contribution of the additional emissions accounted by LCCP compared to the
TEWTI is negligible [22].

1.1.2 Low global warming potential refrigerants

As described above, the environmental concerns have always been one of the main
driven forces in the refrigerant development, as it is the case today with the concern
of the contribution of HFCs to anthropogenic global warming [8]. Consequently,
researches and manufacturers are looking for alternative low GWP working fluids on
the basis of different criteria, such as stability within the refrigeration system, short
atmospheric lifetime (which reduce their ODP and GWP), suitable thermodynamic
properties for the different applications, low flammability and toxicity and additional
practical considerations (including cost and compatibility with the system materials)
[27]. However, compounds having too short lifetime would result in high flammability
and high contribution to urban smog. Moreover, the decomposition materials would
give rise to safety concerns. The most suitable refrigerant depends on many constraints,
and the selected refrigerants must be reconsidered when those constraints change [8].

It is important to point out that any alternative that lowers the overall efficiency of
the system respect the original working fluid is likely to provide more adverse impact
than benefit, considering the net global warming impact (e.g. TEWI and LCCP) [2].
Usually, the alternatives are less efficient than the original refrigerants. In fact, with
a few exceptions, the efficiency gains achieved in systems that use the alternative
refrigerants derive usually from improvements in equipment design rather than the
thermodynamic properties of new working fluids. Moreover, better optimization with
the old refrigerants would have yielded even higher efficiency in most cases, and the
alternative refrigerants reduce margins for further systems efficiency improvements [28].
Consequently, besides looking for refrigerants that accomplish the GWP limitations,
safe fluids that imply low energy consumption in the different systems should be used
[2].

In the last years, different low GWP alternatives, both natural and synthetic fluids,
have been proposed and studied.

The possibility to use natural refrigerants as alternatives in air conditioning and
refrigeration systems was again investigated because of their low GWPs [29]. However,
the thermodynamic properties of these refrigerants do not always allow their use in
all the applications. For example, R744 is a low-efficiency fluid that works at very
high pressures with the need to operate in transcritical cycles when used at high
temperatures [30]. Instead, HCs, such as isobutane (R600a) and propane (R290), are
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efficient refrigerants and can be considered suitable alternatives to HFCs in several
ways. Nevertheless, their main drawback is that they are very flammable fluids [31].

A systematic and complete screening process to find potential long-term alternative
low GWP pure fluids suitable for air conditioning and refrigeration applications was
performed by McLinden et al. [24, 32] and Domanski et al. [33]. Thermodynamic
(high efficiency and high volumetric capacity), environmental (low GWP and zero
or near-zero ODP), and safety (low toxicity and low flammability) screening criteria
were used to analyze a comprehensive database of possible refrigerants. Only a
limited group of pure fluids was found to satisfy the aforementioned criteria and
potentially be used for the studied applications. It is important to note that many of
the identified potential working fluids are unsaturated halogenated hydrocarbons, such
as Hydrofluoroolefins (HFOs) and Hydrochlorofluoroolefins (HCFOs), characterized by
the presence of at least one carbon-carbon double bond in the molecules. Because of
the carbon-carbon double bond, the unsaturated fluorinated hydrocarbons are highly
reactive and rapidly decompose in the lower atmosphere, leading to short atmospheric
lifetime, low ODP and low GWP [21]. Moreover, few HCFs, such as difluoromethane
(R32) and 1,1-difluoroethane (R152a), were selected in the screening process because
of their relatively low GWPs. In particular, because of its low flammability, good
thermodynamic properties, and high system performance, R32 has been proposed as
a suitable replacement of high GWP refrigerant blend R410A for air conditioning
and heat pump applications [34]. However, its main drawback is that it has a GWP
of 675. Instead, R152a has been investigated as an option for replacing R134a in
mobile vehicle air conditioning applications, but its relatively high flammability poses a
major limitation to widespread adoption [35]. This refrigerant might also be a suitable
alternative refrigerant in commercial refrigeration applications, chillers, and industrial
refrigeration.

Even if their thermodynamic, environmental and safety characteristics have not
been thoroughly investigated yet, the main drawbacks of the identified potential
alternative refrigerants are that most of them are mildly flammable or do not have
suitable thermodynamic properties. For example, the HCFOs ensure similar low GWP
values to HFOs with reduced or avoided flammability, but they introduce a trade-off
concern with ODP even if it is still very low. In fact, none of these fluids is ideal in all
regards and trade-off between thermodynamic, environmental and safety properties is
necessary. Consequently, as pointed out by McLinden et al. [24, 32] and Domanski et
al. [33], blends containing alternative, conventional and/or natural refrigerants can
offer additional possibilities to optimize the thermodynamic, environmental and safety
characteristics of the blended working fluid for particular applications.

Since the necessity to study their properties and performances in different ap-
plications, several researches about the thermophysical properties [36, 37], system
adaptation (compatibility and flammability) [38-40], heat transfer [37, 41, 42] and
pressure drop [37, 43| characteristics and vapor compression system performance [35,
44-46] of some of the potential alternative refrigerants selected by McLinden et al. [24,
32] and Domanski et al. [33] and their blends have been performed.

While details about the thermophysical properties of these working fluids are
reported in the next section, some of the most recent review works of the manuscripts
investigating the possibility to substitute the conventional refrigerants with low-GWP
ones and their blends are briefly described below.

Oun the basis of the GWP limitations imposed by the EU Regulation No. 517/2014
[13] (F - gas Regulation), Mota-Babiloni et al. [47] reviewed and theoretically analyzed
different low GWP blends proposed by the air conditioning, heating, and refrigeration
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institute to replace the refrigerants currently employed in refrigeration and air condi-
tioning systems (R134a, R404A, and R410A). The studied blends were composed of
different HFCs and HFOs (R1234yf and R1234ze(E)). From the theoretical analysis, it
was shown that most of the low GWP blends performed under the HFC analyzed (even
if some experimental studies showed the contrary) and, in most cases, do not meet the
GWP restrictions imposed by F - gas Regulation. Besides, some of the proposed blends
would have problems due to their flammability. For these reasons, the studied working
fluids were not considered a definitive solution and additional low GWP refrigerants
and their blends should be studied.

Recently, the same authors [47] reviewed the works evaluating the performances
of low GWP synthetic refrigerants to replace the high GWP refrigerants used for
different applications, as air conditioning, stationary and domestic refrigeration, and
cascade systems. The authors showed that pure HFOs or their blends have been
mainly evaluated to replace conventional HFCs in several studies. However, only two
HFOs among the possible alternative refrigerants presented by McLinden et al. [24,
32| and Domanski et al. [33], namely 2,3,3,3-tetrafluoroprop-1-ene (R1234yf) and
trans-1,3,3,3-tetrafluoroprop-1-ene (R1234ze(E)), were analyzed in the selected studies.
In particular, these two refrigerants have already been commercialized because of
their thermodynamic properties suitable for low-temperature and medium-temperature
refrigeration and air conditioning applications. Therefore, a possible reason for this
limitation is that the properties of the other HFOs are still under analysis and they
have not been commercialized yet. Moreover, it was shown that R32 is often used in
air conditioning systems to substitute R410A. Even if R32 can only be considered a
medium-term alternative for this application, different studies showed that no other
low GWP blends alternatives to R410A offered new advantages compared to pure
R32. Therefore, the authors stated that additional studies using new refrigerants and
blends containing low GWP alternative and conventional refrigerants are necessary
and expected in the next years.

1.2 Thermophysical properties of refrigerants

Accurate values of the thermodynamic and transport properties of fluids are
necessary for the design of industrial processes and products. In particular, the
thermophysical properties of refrigerants and their blends are essential to properly
design components of refrigeration systems and to evaluate the potential performances
of these working fluids in refrigeration and air conditioning applications. During the
years, several data for refrigerants and their blends have been experimentally measured,
correlated, estimated and collected in different works and databases [48-51]. However,
considering the necessity to find suitable low GWP refrigerants or their blends in the
next years, there is still the need to determine the unavailable properties of these
alternative working fluids.

In addition to directly measuring the properties of the fluids, different models can
be used for reliable estimations of the thermophysical properties. It is not practical
to obtain all the necessary data from experimental measurements since they can
be expensive and time-consuming [52]. Therefore, some of these properties can
be estimated from suitable models of varying degrees of complexity which can be
based on theories, on correlations of experimental data or a combination of both.
Several of the best estimation models are equations based on incomplete theories with
empirical correlations for the parameters that are not provided by those theories [52].
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Consequently, in many cases, a sufficient amount of experimental data for different
properties are necessary to regress reliable parameters of the estimation models.

1.2.1 Experimental measurements of thermophysical proper-
ties

Throughout the years, the thermodynamic and transport properties of several
refrigerants and their blends have been measured in different thermodynamic conditions
and phase regions by using various experimental techniques.

In particular, the main thermodynamic properties measured for evaluating the po-
tential system performances of these working fluids and developing accurate estimation
models are:

e the properties along the phase boundaries of the thermodynamic space (i.e. critical
point, triple point, vapor pressure, saturation densities for pure refrigerants and
critical point, Vapor-Liquid Equilibrium (VLE) and Solid-Liquid Equilibrium
(SLE) properties for their blends);

e the Pressure - Specific Volume - Temperature (PvT’) and Pressure - Specific
Volume - Temperature - Composition (PvTz) behaviors of pure and blended
working fluids, respectively, in the single-phase regions.

Moreover, the measurements of specific heat capacity and speed of sound are very
useful for the developing of predictive models and for checking the thermodynamic
consistency of experimental data [36]. Among the transport properties, the values
of thermal conductivity, viscosity and surface tension are necessary for accurately
designing components, particularly heat exchangers, and optimizing the performances
of refrigeration systems.

Several experimental data of the aforementioned properties for various refrigerants
and their blends were collected in different works [36, 48] and numerical databases
containing thermophysical property data of chemicals. Among the available databases,
the DIPPR [51] and the DETHERM [50, 53] databases are some of the most reliable
and comprehensive ones. The DIPPR database contains thermophysical property data
for thousands of pure compounds, together with references, notes, and quality codes.
Therefore, its main advantage is that it collects data from a wide range of sources
and evaluates them critically. The DETHERM database provides high quality and
checked values, along with references, descriptions, and abstracts for the thermophysical
properties of a large set of fluids and blends.

As concerns the low GWP refrigerants and their blends, Bobbo et al. [36] recently
presented a review of the state-of-the-art of the thermophysical properties of different
synthetic alternative refrigerants and binary systems containing one of these fluids.
In particular, the authors surveyed the publicly available literature to evaluate the
experimentally-determined data for several important thermodynamic and transport
properties of 17 HFO and HCFO refrigerants and their blends. These working fluids are
considered the potential alternative for different refrigeration, heat pump, and organic
Rankine cycle applications. For the pure alternative refrigerants, it was showed that
the thermophysical properties of R1234yf and R1234ze(E) are the most investigated,
followed by those of cis-1,3,3,3-tetrafluoroprop-1-ene (R1234z¢(Z)) and trans-1-chloro-
3,3,3-trifluoro-1-propene (R1233ze(E)). Instead, fewer (or even none) experimental data
of the analyzed properties were found for the other refrigerants. For the binary blends
containing low GWP refrigerants, it was found that almost all the investigated blends
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contained either R1234yf or R1234ze(E) as one of the components. Ouly few papers
reported binary systems containing others of the investigated low GWP refrigerants.
Therefore, the authors pointed out that further experimental measurements of the
thermophysical properties of a large number of alternative refrigerants and their
blends are needed. Even if new papers reporting additional experimental data for the
thermophysical properties of these working fluids have been presented in the last years,
this claim is still valid.

For these reasons, the PvTz and SLE properties of different binary systems con-
taining low GWP refrigerants have been measured by our group of work by using
different experimental setups. The measured binary systems and the obtained results
are presented in Chapter 4, together with an overview of the experimental data for
these properties of the studied low GWP blends available in the open literature.

1.2.2 Modeling of thermophysical properties

The physical properties of pure and blended substances are related to molecular
structure and the bonds between atoms that determine their intermolecular forces [52,
54]. For example, it was showed that the behavior of the relationships between T,
P and v of pure substances and P, T, v and z of blends depends on intermolecular
relations [55]. Although the statistical mechanics and intermolecular force theory
are continually developing, the molecular theories cannot still provide reliable values
of all thermophysical properties of substances needed for the different engineering
applications [52]. The present quantitative relations which link the intermolecular
forces to macroscopic properties of substances are suitable only for simple and idealized
cases [54]. Therefore, several reliable and accurate models to estimate different thermo-
physical properties based on limited and empirically modified molecular theories were
developed [52, 56]. Some of the most used theories and concepts in the development
of semi-theoretical property estimation models are group contribution (GC), local
composition, corresponding states principle (CSP), solubility parameters, free volumes,
mixing and combining rules, and association theories (chemical-like, lattice and pertur-
bation theories) [56]. Among them, two of the most used theories and concepts in the
estimating models for the thermophysical properties are:

e Group contribution (GC). The dependence of all macroscopic properties on
the molecular behavior and the intermolecular forces suggests that a macroscopic
property can be calculated from group contributions [52]. In fact, since the main
characteristics of the molecular structure are related to the atoms, atomic groups,
bond type, etc, it is possible to divide a molecule into functional groups and to
assign weighting factors to them. Then the property is usually determined by
an algebraic operation that sums the contributions from the different functional
groups of the molecule. In particular, for a multi-functional component in blends,
it is assumed that each functional group behaves independently from the molecule
in which it appears [54]. Sometimes this approach is not used for the direct
calculation of properties but to correct their values calculated by some simplified
theories or empirical models [52].

e Corresponding states principle (CSP). Derived by van der Waals in 1873
from his well-known Equation of State (EoS), the classical CSP expresses the
generalization that the macroscopic equilibrium PVT properties, which depend
on certain intermolecular forces, are related to the critical properties according
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to a universal function (F) such that [52, 54]:

v T P
(U—Cai»ﬁc)—o (1.4)
where subscript c¢ refers to the critical point. In particular, van der Waals
showed that this relationship is theoretically valid for all pure fluids whose PVT
properties can be described by a two-parameter EoS.

A molecular form of the CSP bases on mathematical properties of the potential-
energy function was proposed by Pitzer [57]. It was shown that a universal
function that can be theoretically applied to all pure substances exists if the
intermolecular potential function is scaled by two characteristic parameters
[52, 54]. Moreover, it was demonstrated that the two-parameter CSP can be
derived from statistical mechanics by introducing strict simplifications into the
partition function [52]. However, to obtain a more general framework for the
development of estimation methods, less strict simplifications can be introduced
into statistical mechanics. In fact, fundamental equations for the description
of different properties (including transport properties) can be derived from the
CSP, provided that an expression for the potential-energy function for molecular
interactions is available. Even if this function could be, at least in part, empirical,
the fundamental equations for properties are not often affected by details of
the potential function from which they result and, in many cases, two-constant
potential functions are suitable [52].

However, the aforementioned forms of the CSP characterized by two independent
parameters can be applied for the estimation of the properties of fluids containing
simple molecules. Considering semi-empirical extensions with an additional
parameter, e.g. the acentric factor (w), reliable results for non-polar (or slightly
polar), non-associating and moderate size fluids where molecular orientation is
not important (called "normal" fluids) can be obtained from the CSP [52, 54].

Even if it was showed that the estimation models based on theoretical basis usually
provide more reliable and accurate results [52], different useful empirical models have
been presented. However, their main limitation is that these models must be used only
in the narrow range of thermodynamic conditions on which they are based [52].

As concern the refrigerants, very well-known and used models for the description
of their PvT behavior and the estimations of different thermodynamic properties in
single and multi-phase regions are the Equations of State (EoSs). In general, several
semi-theoretical and empirical EoSs characterized by different degrees of complexity
have been developed to accurately describe the thermodynamic properties of a great
number of fluids over wide ranges of T' and P [52, 58]. As will be explained in the
Subsection 2.2.1 of Chapter 2, some of the most used EoSs to estimate the values
of the thermodynamic properties of several refrigerants are the virial EoS [59, 60],
different cubic and generalized van der Waals EoSs [61, 62| and some multi-parameter
EoSs [63]. Moreover, the EoSs can describe the PvTz behavior and estimate different
thermodynamic properties of multi-component systems when they are extended to
these systems through specific mixing and combining rules.

Different EoSs are used in REFerence fluid PROPerties (REFPROP) [63-65] to
provide reliable estimated values of different thermodynamic properties of refrigerants
and their blends. Developed by the National Institute of Standards and Technology
(NIST), REFPROP is one of the most widespread and well-known software to estimate
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different thermodynamic and transport properties of industrially important fluids (in
particular refrigerants) and their blends. The software is based on some of the most
accurate property estimation models currently available for pure fluids and blends.
In particular, the last version of the software (REFPROP 10.0 [65]) implements two
multiparameter EoSs for the thermodynamic properties of pure fluids: fundamental
EoSs explicit in Helmholtz energy [58] specific for each fluid and the modified Benedict-
Webb-Rubin EoS [66]. The property calculations for blends are calculated on the basis
of the multi-fluid Helmholtz-energy-explicit mixture models [67].

Several additional semi-theoretical models based on the aforementioned theories have
been developed for the estimation of different thermodynamic and transport properties
of refrigerants and their blends. For example, correlations based on CSP for thermal
conductivity [68, 69], viscosity [70] and surface tension [71, 72] of refrigerants and their
blends are available in literature. Moreover, different transport and thermodynamic
properties of some refrigerants in REFPROP 10.0 [65] are modeled through fluid-specific
correlations based on extended CSP.

Among the different empirical models proposed for estimating the thermophysical
properties of refrigerants and their blends, the Artificial Neural Networks (ANNs) have
been widely used to estimate different properties [73-75]. An ANN is a mathematical
model inspired by the functioning of the human brain. This structure is trained
respecting to a dataset until it learns the patterns used as inputs and, once trained,
new patterns may be presented for prediction [76]. An ANN generally presents three
parts: the input of data, the elaboration process, and the output. Referring to the
human brain, the inputs correspond to dendrites, the information is elaborated in the
nucleus of the neuron, and the output is transmitted by the axon. In particular, an ANN
consists of a system of interconnected artificial neurons that interact with one another.
The artificial neurons are structured to process multiple inputs, including the unity
bias, in a nonlinear way, producing a single output. However, the main drawbacks of
this powerful tool are its completely empirical nature and its computational complexity.
Since the notable developments in computational techniques, the latter problem is less
relevant nowadays.

Since few experimental data are available for low GWP refrigerants and their
blends, almost all the available semi-theoretical and empirical models for refrigerants
can estimate accurate thermophysical properties for a limited number of these working
fluids.

An overview of different models that could be used for estimating the thermophysical
properties of refrigerants studied in this thesis is reported in Chapters 2 and 3.






Chapter 2

Modeling of thermodynamic
properties

This chapter presents some of the most reliable models available in the literature
for the estimation of different thermodynamic properties of refrigerants and their
blends. Besides, the capability of some of these models to estimate the properties
of low Global Warming Potential (GWP) refrigerants and blends containing these
fluids is investigated. In particular, after introducing the refrigerants studied in this
work, details about different models to describe Pressure-Specific Volume-Temperature
(PvT) and Pressure-Specific Volume-Temperature-Composition (PvTz) behaviors, the
phase equilibria (vapor pressure, Vapor-Liquid Equilibrium (VLE) and Solid-Liquid
Equilibrium (SLE)) are reported.

2.1 Refrigerants studied in this work

All the refrigerants studied in this thesis are reported in Table 2.1, together with
their values of the Ozone Depletion Potential (ODP) and GWP. In addition, Table 2.1
presents the following physical properties of the refrigerants needed in the estimation
models for the studied thermophysical properties: molar mass (M), normal boiling
point temperature (7},), critical pressure (P,), critical temperature (T¢), critical molar
volume (v,), acentric factor (w), dipole moment (1) and radius of gyration (Gr). The
reported ODP and GWP values were collected from WMO 2018 [77]. If not otherwise
stated in Table 2.1, the reported physical parameters were collected from the DIPPR
database [51|. In general, these physical properties were employed in the studied
property estimation models. However, as described below, different physical properties
collected from more suitable sources were used for some models. It is worthwhile
noting that the unsaturated halogenated hydrocarbon (halogenated alkene) refrigerants
reported in Table 2.1 are the low GWP refrigerants which are mainly investigated in
this thesis. The selection criteria of these alternative refrigerants were based on the
availability of the experimental data for the analyzed properties in open literature
and databases. In particular, almost all the studied low GWP fluids were selected by
McLinden et al. [24, 32] and Domanski et al. [33] as potential alternative refrigerants.
However, even if they could not be suitable for HVAC&R applications, five additional
low GWP fluids, namely R1140, R1130, R1113, R1120 and R1233xf, were selected
to perform a thorough investigation of this type of refrigerants. The characteristics

15
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of additional synthetic and natural refrigerants studied in this thesis are provided in
Table 2.1.

2.2 Pressure, volume, and temperature behavior

The relationship between Temperature (7'), Pressure (P) and Specific Volume
(v) (or Density (p)) due to intermolecular interactions allows to fully determine the
thermodynamic equilibrium states of pure fluids [87, 88]. The behavior of the volumetric
properties defines the different phase regions characterized by specific values of the
thermodynamic properties. In particular, in these regions, a different number of
volumetric properties are independent and it is possible to evaluate all the additional
thermodynamic properties, such as the derived properties (e.g. internal energy and
enthalpy), from the PvT relations. For example, the single-phase regions (i.e. liquid and
gas regions) are characterized by two independent volumetric properties. Therefore, if P
and T are fixed, the thermodynamic state and the other thermodynamic properties are
defined [87, 88]. Consequently, the knowledge of the relationship between the volumetric
properties is fundamental for the evaluation of the thermodynamic performances of
fluids, such as refrigerants, and the design of engineering systems.

Because of the high number of possible combinations of intermolecular interactions,
the molecular behavior of blends of fluids is more complex than that of pure species.
Consequently, the thermodynamic properties of blends depend on the nature and
amount of each of the blended fluids and their resultant intermolecular interactions.
To evaluate the thermodynamic properties of blends in the different thermodynamic
states, it is necessary to know the relationships between 7', P, v and composition,
expressed as mole (z), mass (w) or volume (¢) fractions [87, 88].

Different experimental techniques can be used to measure the PvT and PvTz
properties of pure fluids and blends, respectively. Some of the ones mainly used
to measure these thermodynamic properties of refrigerants and their blends will be
mentioned in Section 4.1 of Chapter 4. In addition, several models characterized by
different degrees of accuracy, reliability, and complexity were developed for estimating
the behaviors of PvT and PvTz properties of pure fluids and their blends, respectively,
in different phase regions when a limited number of (or no) experimental data are
available [52]. In particular, the most well-known and widespread models are semi-
theoretical models based on the Corresponding State Principle (CSP) which require a
sufficient amount of experimental data for their development. Many of the estimation
models for pure fluids can be extended to blends using specific models, (i.e. mixing
rules and combing rules) that take into account the composition dependence in the
description of their thermodynamic properties. However, the composition dependence
is described by models that complicate the modeling of the thermodynamic properties
of blends [52]. Some of the most used and reliable models for the PvT and PvTz
estimation of fluids, especially refrigerants, and their blends are the Equations of State
(EoSs), which will be described in the following subsections.

2.2.1 Equations of state

An Equation of State (EoS) is an algebraic relation between P, v (or p) and T
which can describe the PvT behavior of pure substances in different phase regions over
different temperature and pressure ranges. In particular, it can be used to estimate
different properties of pure substances (e.g. densities of liquid and vapor, vapor pressure,
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critical properties, deviations of enthalpy and entropy, etc.) [52, 89]. Currently, no EoS
is equally suitable for all the different thermodynamic properties for a high number of
substances. However, several FEoSs which ensure accurate results for specific cases have
been proposed [89].

In the nineteenth century, the observations of Charles and Gay-Lussac were com-
bined with the hypothesis of Avogadro to form the well-known ideal gas law, defined as
Pv = nRT where n is the number of moles and R is the universal gas constant [52, 89].
In addition, investigations on mixed gases led to Dalton’s law of partial pressures and
the Amagat’s law [89]. However, these simple relations are only a rough approximation
of the behavior of the volumetric properties of real gases and their blends. In particular,
the ideal gas law can closely approximate the PvT properties of gasses at low pressures
and high temperatures that implies low densities.

Consequently, during the years, hundreds of equations describing deviations from
ideal gas behavior and, therefore, the PvT behavior of real fluids have been proposed.
Since the sizes, shapes, and structure of molecules determine the intermolecular forces
and the PvT behavior of the substances, different EoSs were developed based on
the molecular behavior of the substances [89]. For example, the virial EoS was
derived from the statistical mechanic, but its range of applicability is limited to
represent only the gas behavior of substances. The EoS proposed by van der Waals [89]
presents parameters that quantitatively take into account the finite volume occupied
by the molecules and forces of attraction and repulsion between molecules, ensuring a
qualitative representation of the coexistence of liquid and vapor phases and the critical
state. Moreover, as will be described below, this EoS was the basis for several reliable
semi-theoretical EoSs which can represent both liquid and vapor behavior over different
ranges of T and P for many but not all substances [52].

A great number of empirical EoSs which are applicable on broader ranges of T and
P than that of analytic EoSs were developed. However, these non-analytic EoSs require
several parameters (also component-specific parameters) fitted to a large amount of
experimental data of several properties [52].

Besides, different kinds of mixing rules and models characterized by different degrees
of complexity and accuracy have been proposed to include the effects of composition
in the EoS parameters to represent the volumetric properties of blends in terms of the
composition and the properties of the pure components [52].

In general, the primary differences between the several EoS forms are the com-
putational complexity and quality of the results for liquids, for polar substances, for
associating substances and for polymers, especially at high pressure. While EoSs
were previously limited to vapor phase properties, they are now commonly used to
describe the liquid phase as well. Thus, the most desirable expressions give the PvT
behavior of both vapor and liquid phases and also all other pure component properties
with extensions to their blends while remaining as simple as possible for computation.
However, since not all of these constraints can be satisfied simultaneously, FEoSs are
still an active field of research and the most suitable model to use has to be carefully
chosen among the possibilities for the specific cases [52].

Some of the most well-known and widespread FEoSs used for the description of the
PvT behavior of refrigerants are described below. Moreover, different mixing rules
mainly used to extend the EoSs to blends of refrigerants are presented.
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Viral equation of state

The virial equation of state is the only equation of state known with a thoroughly
sound theoretical foundation [90]. In fact, although it was originally developed on a
purely empirical basis, this EoS was derived from a statistical-mechanical analysis of
the forces between molecules [89]. The virial EoS (in Leiden form) shows the deviations
from the ideal gas law as an infinite power series in the molar volume, v,:

Pu,, B C D
Z—ﬁ—l'l‘ﬂ‘i‘g'l‘g‘i‘... (21)

where Z is the compressibility factor, B is the second virial coefficient, C' is the third
virial coefficient, D is the forth virial coefficient, etc. Theoretical expressions for
several virial coefficients can be derived from statistical mechanics. The coefficient
B corresponds to the interaction between pairs of molecules, C' to molecular trio
interactions, etc. Thus, the importance of the virial EoS is its theoretical relation with
molecular interactions, in particular of the forces between molecules [90]. In theory,
these coefficients depend on temperature and the particular gas under consideration
and are independent of density and pressure [89]. In particular, B increases with
temperature from negative values at sufficiently low temperatures to positive values
at high temperature. The temperature at which B is equal to zero is called Boyle
temperature (Toy1e) and it is specific for each fluid. Instead, C' and higher coefficients
are positive, except at very low T where they are of little importance.

Since the virial expansion is not accurate at high pressures, it cannot represent the
liquid state and coexistence of liquid and vapor phases. Considering that the infinite
series is impracticable for purposes of calculation, the virial EoS is usually truncated at
the second or third term and applied only to single-phase gas systems. However, this
EoS, when truncated after the second term, gives a proper representation of the PvT
behavior of real gases at low and moderate pressure. Even if B can be experimentally
measured using different techniques, an accurate estimation of this coefficient is an
important task in thermodynamics.

It is possible to estimate B from complicate models based on theoretical interpre-
tations of intermolecular interactions between molecules in the gaseous state. These
models produce accurate results for simple molecules, but they usually fail when applied
to more complex molecules. To overcome the limitations of the theoretical approaches,
several empirical and semi-empirical methods were proposed in the literature for its
estimation. Some of those models will be briefly described below.

Tsonopoulos [91] modified the correlation to estimate B proposed by Pitzer & Curl
[92], based on CSP, to improve its predictive capability. The full form of the equation
is:

BP,
R—T=f0+wf1+a1f2+b1fs (2.2)

where T is the critical temperature, P, is the critical pressure, and w is the acentric
factor. For non-polar (or slightly polar), non-associating and moderate size gases,
called normal fluids, Tsonopoulos introduced the following terms:

fo=0.1445 - 0.330 7, " = 0.1385 7, > — 0.0121 7, — 0.000607 T, °  (2.3)

and
f1=0.0637 + 0.0331 72 = 0.423 7> - 0.008 T ® (2.4)
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where T} = TTC_1 is the reduced temperature. He also introduced corrective functions
to estimate B of polar gases:

fo=T, (2:5)

and
f3 = _,-er_8 (26)

The terms a; and by, which are evaluated by different equations for each chemical
family, are variable functions of the reduced dipole moment, defined as [52]:

0.987 4> P,
e = T—” (2.7)
where p is the dipole moment. In summary, the Tsonopoulos’ equation (2.2) requires 5
parameters: T, T,, P., w and u,.

Weber [93] modified Tsonopoulos’ correlation to better describe the temperature
dependence of the second virial coefficient. He removed the last term in Tsonopoulos
equation (2.2), and the terms with T]r_8 in fy and f;. He also proposed a unique a;
function for all chemical families, defined as:

)

a; = —8.766 X 10" i (2.8)

Therefore, the parameters used are the same 5 of Tsonopoulos’ correlation: T, T, P,
w and ..

Virendra et al. [94] proposed a simple generalized equation based on the similarity
in the shape of the second virial coefficient and vapor pressure curves. The equation is
similar to the Antoine’s equation for vapor pressure and requires three parameters (77,
T., P.):

BPC Cy

— =0 + —=

RT, T, +c3
The authors tried to relate cq, ¢y, and c3 to characteristic properties such as molecular
weight or critical properties, but their efforts failed.

Iglesias-Silva & Hall [95] presented an expression that satisfies the known limits of
B and does not require addition terms to encompass the effects of polar substances,
molecules with association and quantum effects. Their correlation has the following
form:

o= () () e ) e

The authors suggest the following correlation for the Boyle temperature:

(2.9)

TBoyle

1c

= 2.0525 + 0.6428 exp (—3.6167 w) (2.11)

The terms by, Bc, and n are given from the following generalized expressions:

by Ts )’ Ty
7. = 0-1368 = 0.4791w + 13.81 | 7 | exp|—1.95— (2.12)

B
=< = —1.1747 - 0.3668 w — 0.00061 /1, (2.13)
C
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n =1.4187 + 1.2058 w (2.14)

Summarizing, Equation (2.10) requires 5 parameters: T, T, v, w and p,. In a later
work [96], the authors used the Stockmayer potential to obtain a correlation requiring
5 parameters: 2 intermolecular force constants, the dipole moment pu, the experimental
temperature T and 7.

Gharagheizi et al. [97] applied the Gene Expression Programming mathematical
algorithm to obtain an expression based on the CSP to estimate the second virial
coefficient of 127 chemical compounds, mostly organic. The expression requires 5
parameters (T;, T, P., w and the reduced temperature at the normal boiling point
(T},,)) and has the following form:

BP.  [10°\[ A -2.277537T,
R—T,C = (T) |:T—rz + T, + Ty, — 269271i| (215)
where
16.382118 (1 = 17 )(2 = T,) — 2.27753
A= 8.458259w{ ( ,}( ) —(1- Tr)} (2.16)

A semi-empirical scaled correlation for B of refrigerants, based on CSP, was
proposed by Di Nicola et al. [60]. The correlation requires 5 parameters ( Ty, T, P.,
w and pu,) and its coefficients were regressed for five refrigerant subgroups, which are
representative of the different chemical structures of the studied refrigerants: single
halogenated, double halogenated, hydrocarbons, inorganics and elements. In particular,
the proposed scaled correlation has the following form:

B

) 10°RT, (alogTr+bw+cur+d) 2.17)

Pc Tr1'7

where R is the universal gas constant. It is worthwhile to note that, even if a large
experimental dataset of B for several refrigerants was used to regress the parameters
of the previous equation, only two selected refrigerants, namely R1141 and R1132a, are
potential low GWP refrigerants included in the list proposed by McLinden et al. [24,
32] and Domanski et al. [33]. This aspect is likely due to the fact that experimental
data of B for the low GWP refrigerants could be not available in the open literature.

A different approach to estimate B is based on Artificial Neural Networks (ANNs).
However, only a limited number of literature works reported an ANN for the estimation
of B [98, 99]. Oreski [98] presented an ANN for the estimation of second virial
coefficients of 20 pure gases. The model has 6 input variables (T, P., V., w, p and
T) and two hidden-layers with 10 and 4 neurons, respectively. The average ANN
estimation error between the experimental and calculated points is low (1.3%), but
only few fluids were studied. Recently, an ANN for the estimation of B for 234 organic
and inorganic fluids was presented by our research group [100]. The proposed ANN
was based on a Multilayer Perceptron (MLP) architecture consisting of one input layer
with 5 parameters (T, T¢, P., w and p,), one output layer with one parameter (B) and
2 hidden layers with 19 neurons each. To determine the number of the ANN inputs, a
deep statistical analysis of the selected data was carried out, adopting a factor analysis
approach. The proposed architecture of the ANN was built using the back-propagation
technique and ensured the smallest deviations between the calculated and experimental
values of B. In particular, the experimental points of B of the refrigerants used by Di
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Nicola et al. [60] were included in the set of experimental data used to obtain this ANN
configuration. Respect to different equations available in the literature, the proposed
ANN was usually remarkably better, but its complexity justifies its utilization only if
high accuracy is desired. Moreover, the results of the Leverage approach show that
the proposed ANN configuration is statistically valid with only few probable outliers
in the whole dataset.

A truncated form of the virial EoS was used to correlate the PvT'z properties of
different binary systems containing low GWP refrigerants measured in the superheated
vapor region employing an isochoric setup. The obtained results are reported in
Section 4.1 of Chapter 4.

Cubic equations of state

The Cubic Equations of State (CESs) are semi-theoretical expressions derived from
the original van der Waals equation of state [89] that are explicit in pressure and cubic
in molar volume (v,,). Since they are solvable analytically for v, (or the compressibility
factor (7)), these models are considered analytical equations of state that describe
both the liquid and vapor phases [52]. The ambiguity of multiple roots usually is not
a problem [89]. These equations provide one or three real roots depending on the
number of phases in the studied system. In the two-phase region, the largest real root
corresponds to the vapor phase and the smallest to the liquid phase; the intermediate
root has no physical meaning. At the critical point, all three roots are the same [89].

The CESs can be used to estimate the molar volumes of liquid and vapor phases,
vapor pressures, fugacities and deviations of thermodynamic properties from ideal
values. Since they combine the speed of computation with thermodynamic consistency,
the CESs represent a family of classical but still very useful and widely used models
in many engineering applications, especially for the representation of properties and
phase equilibria of blends of fluids [56, 58]. However, since these EoSs usually lack the
needed flexibility in the same phase regions, they are not the most suitable models for
the accurate representation of pure-fluid properties.

To enhance the prediction of the vapor pressure and volumetric properties, a large
number of CESs for pure fluids with different expression and number of parameters
were developed [52, 58]. Among them, same of the most widespread and well-known
models for the thermodynamic properties of normal substances are the two-parameter
CESs, that have the following general form:

RT a
tm—b w2 +ubvy, +wb?

P=Pg+Py= (2.18)

where Pr express the repulsive contribution to pressure, Py express the attractive
contribution to pressure and u and w are two constants that define a specific two-
parameter CES. Since they account for the attraction and repulsion forces between the
molecules of the fluid, a is the attraction parameter and b is the repulsive parameter,
called covolume.

Several two-parameters CESs characterized by different levels of accuracy have
been proposed in the literature by considering different values of u and w which were
selected following specific constrains to avoid that the CESs were thermodynamically
inconsistent [101]. Two of the most well-known two-parameters CESs are Redlich-
Kwong-Soave (RKS) EoS [102] and Peng-Robinson (PR) EoS [103]. In particular, the
PR EoS is still one of the most useful and successfully applied models for thermodynamic
and volumetric property calculations in both industrial and academic fields [104]. To
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obtain more accurate descriptions of specific properties for pure fluids and blends, many
modifications of the original CESs were proposed in literature [58]. In this respect,
the modified RKS and PR EOSs proposed by Stryjek [105, 106], which guaranteed a
better representation of the saturated vapor pressure of blends’ components, shown
accurate prediction of the Vapor-Liquid Equilibrium (VLE) and critical state for the
studied blends. Moreover, the author proposed other CESs, not systematically studied
till then, that were also found reliable models.

The uw and w values of the RKS, PR and some of the CESs proposed by Stryjek are
reported in Table 2.2. The capability of the CESs reported in Table 2.2 to describe
the vapor pressure of low GWP refrigerants and VLE of their binary systems was
tested and the results will be reported in Sections 2.3 and 2.4. In particular, their
description capability for the vapor pressure of the studied refrigerant was studied since
an accurate description of this property of the pure fluids over the studied temperature
range of concern is an essential requirement for reliable CESs used for multi-component
systems. Moreover, some of these CESs were used to correlate the PvTz properties of
different binary systems containing low GWP refrigerants measured with an isochoric
apparatus and the results are reported in Section 4.1 of Chapter 4.

To estimate the values of the CESs’ parameters, different approaches have been
used. Probably, the most widespread method is based on the CSP which needs only
the knowledge of the critical properties and few additional specific physical properties.
In particular, the parameter values were determined from critical-point coordinates by
applying the critical-conditions [52, 58]. However, to obtain an enhanced description
of specific properties for different fluids, such as vapor pressure, several authors used a
combination of CSP and fitting of experimental data to estimate the parameter values
[52, 58].

In addition, several expressions based on CSP for the CES parameters were proposed
to improve the representation of specific fluid-properties. One of the most important
modifications consisted of the addition of a temperature dependent function to the
attractive term to improve the vapor pressure prediction of different fluids [58]. In this
case, in contrast with the van der Waals parameters a and b which are constant and
only function of the critical properties, the parameters a and b in Equation (2.18) are
expressed as:

2,2
T
a(T) = Q, RP <o (T, w) (2.19)
RT,
b=y (2.20)

where « (T;,w) is a dimensionless function of the reduced temperature (7}) and acentric
factor (w), and Q, and Q, are numerical constants which were calculated from the
thermodynamic conditions of the critical point. The « function introduced by Soave
[102] is one of the most used ones and has the following expression:

a(Thw) = [1+k(1-1)"T (2.21)

where usually k& is a function of w. The « function proposed by Soave [102] was used
to obtain the results reported in this thesis by considering the following expression of
the parameter k:

k(w) = ¢ teiw—cow’ +03(JJS (2.22)

where ¢g, ¢1, ¢ and c3 are coefficients specific for each CES. The values of the coefficients
for the CESs used in this thesis are reported in Table 2.2.
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Table 2.2: Names, references to original work and coefficients of different CESs.

CES name Ref. u w Q. Q, Ze co cq [ c3

RKS [102] 1 0 0.4275 0.0866  0.333  0.4800 1.5740 0.1760  0.0000
PR [103] 2 -1 0.4572 0.0778 0.307 0.3746  1.5423  0.2699  0.0000
PR mod [105, 106] 2 -1 0.4572 0.0778 0.307 0.3788 1.4895 0.1709 0.0194
CES(A) [105, 106] 1 -1 0.4638 0.1074 0.333 0.3577 1.4713 0.1665 0.0183

Even if these aspects will not be deeply investigated in this thesis, further modifica-
tions of the CES parameters focused on overcoming the limitations in the description of
the volumetric properties in the supercritical region and at low reduced temperatures
and for large acentric factor were developed [52, 58].

Moreover, it is well known that the two-parameter CESs usually fail in the descrip-
tion of the liquid volumetric properties. Since the functional form of the pressure-volume
relationship is important for the representation of the volumetric properties, different
CESs with additional parameters were proposed to overcome this drawback. In partic-
ular, it was shown that three-parameter CESs with different empirical correction terms
applied to the liquid volume provided accurate values of liquid volumes except near
the critical point [58]. A group contribution volume translated PR EoS was recently
proposed by Bell et al. [107] and was applied to estimate the VLE and single-phase
densities of blends containing low GWP refrigerants. The authors showed that the
proposed EoS offered better results than the original PR and competitive results with
the more complex fundamental EoSs explicit in Helmholtz energy. Therefore, they
could be used for the study of alternative refrigerant blends for which insufficient
experimental data are available.

Besides, different CESs with four or five parameters were proposed, but they only
lead to only small improvements of the accuracy because of the fundamental limitations
of the cubic form. Moreover, the issue of which CESs with the same number of
parameters provides the best results does not have a universal answer [58]. As stated
by Martin [108] in his detailed analysis of the volumetric descriptions of different
two-parameter CESs, “no one equation stands clearly above the others”. All CESs
usually give a poor performance in a relatively wide region near the critical point [58].
Moreover, these models presented limitations in the prediction of properties of polar
and associating substances. However, it was showed that CESs with more than three
parameters obtained from critical properties and measured liquid volumes and vapor
pressures can provide a sufficiently accurate description of the volumetric properties of
complex substances [52]. But, they cannot be extrapolated outside the temperature
and pressure ranges where the parameters were fitted.

Carnahan-Starling-De Santis equation of state

Even if the original van der Waals EoS and several its modifications, such as the
CESs, were developed based on simple molecular concepts, many of these EoSs can be
considered nothing more than comprehensive empirical correlations of fluid properties
[58]. Although the CESs can provide sufficiently accurate results, their major weakness
is that neither their repulsive not their attractive terms reflect the physical reality.
Therefore, different researches tried to develop EoSs with clear physical foundations
[58].

Some of these EoSs were still based on the van der Waals theory but they had
theoretically defined terms to model the effects of repulsive forces. Among them,
Carnahan and Starling [109] proposed a famous expression for the repulsion term of
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Equation (2.18) (Pg), based on the hard-sphere theory. The expression is:

_RT1+n+9" -7’

2.23
Ymo (1) 22

R

where n = b (4vm)_1. This expression was combined with several attraction pressure
terms, such as the one proposed by De Santis et al. [110] defines as:

a

(2.24)

Therefore, the so-called Carnahan-Starling-De Santis (CSD) EoS was obtained by
combining Equations (2.23) and (2.24) and it is defined as follows:

2 3
=£1+n+n -n a (2.25)

P
Um (1 - ’17)3 Um (Um + b)

Solving Equation (2.25) for v, requires finding the roots of a fifth-degree polynomial
equation. In the two-phase region, two of these roots are related to the volume of
saturated liquid and vapor. Instead, one of the roots is in the intermediate range
between the former two values and the remaining two roots, if real, have no physical
meaning [110].

Among the several expressions developed to describe the temperature dependence
of a and b coefficients, Morrison & McLinden [111] proposed the following equations
expressly oriented to refrigerants and their blends:

a = ag exp (a1 T+ as T2) (2.26)

b=by+b, T +byT° (2.27)

The coefficients of the previous equations are determined for a specific refrigerant by
fitting them to experimental values of saturation liquid and vapor volumes and the
equilibrium vapor pressure. The CSD EoS with aforementioned expressions of the
parameters was applied to accurately estimate different thermodynamic properties
of pure refrigerants and mixtures [112, 113]. Moreover, as it will be explained in
Subection 2.4.2, this EoS was used in the flash method for the VLE assessment for
binary systems containing refrigerants from two-phase PvTz data measured with an
isochoric apparatus. This method with the CSD EoS was also used for the VLE
derivations of the binary systems containing alternative refrigerants reported in this
work and the results are provided in Section 4.1 of Chapter 4.

Multiparameter equations of state

Since the complexity of the property behavior of several fluids cannot be represented
with high accuracy with the previous described EoSs, several accurate non-analytic
EoSs characterized by high levels of complexity and several fitted parameters were
proposed [52, 58]. Among them, the multiparameter EoSs are practical empirical models
developed for accurately calculating or deriving all the thermodynamic properties of
fluids on the basis of specific thermodynamic property formulations. In particular, these
equations are empirical, even if virtually all are based upon sound theoretical principles
[58]. The development of accurate and thermodynamic consistent multiparameter
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EoSs for a pure fluid with optimized functional forms requires that these models
are fitted to different suitable and accurate experimental data (e.g. PvT properties,
phase-equilibrium data, isobaric heat capacities at gaseous and supercritical states,
speeds of sounds, etc.). Moreover, these EoSs can be constrained to exactly represent
specific properties at specific thermodynamic states, such as the critical point, by
determining their coefficients with a weighted and constrained fitting procedure [58].

Several modern multiparameter EoSs for estimating the properties of fluids are
fundamental equations explicit in the Helmholtz energy as a function of density and
temperature. By using the fundamental Helmholtz energy EoSs, all the thermodynamic
properties may be estimated without additional equations for saturation properties
through the use of the Maxwell criterion [58]. However, perhaps the most common
form of the multiparameter EoSs in technical applications is the pressure explicit for,
such as the Benedict-Webb-Rubin EoS and its modified version [66].

As mentioned in the previous chapter, different multiparameter EoSs are used in
REFPROP [63-65] for the calculation of accurate values of different thermodynamic
properties of refrigerants and their blends. In particular, the last version of the software
(REFPROP 10.0 [65]) uses the fundamental EoSs explicit in Helmholtz energy [58]
specific for each fluid and the modified Benedict-Webb-Rubin EoS [66].

Different generalized models can be used to extend the multiparameter EoSs to
blends of fluids. Among them, some mixture models use the Helmholtz-Energy EoSs for
the pure fluids and an excess function to account for the interaction between different
species [58]. In particular, multi-fluid Helmholtz-energy-explicit mixture models are
used in REFPROP 10.0 for the property calculations for blends [67].

The values calculated from REFPROP 10.0 were compared with the experimental
PvTz data of binary systems containing low GWP refrigerants measured with an
isochoric apparatus. The obtained results are reported in Section 4.1 of Chapter 4.

2.2.2 Mixing rules

To use the FEoSs for describing the thermodynamic properties and the phase
behavior of blends of fluids, a composition dependence for the EoS parameters has
to be introduced. In this regard, several mixing and combining rules have been
proposed to extend the use of EoSs developed for pure substances to blends. All
mixing and combining rules are, at least partially, empirical in nature, since there
is no exact statistical mechanical solution relating the properties of dense fluids to
their intermolecular potentials, or detailed information available about intermolecular
potential functions [58].

However, several mixing rules have been developed on the basis of some thermo-
dynamic boundary conditions [58]. In particular, it was showed from the statistical
mechanics that the only composition dependence of the coefficients of virial EoS of
Equation (2.1) for blends is given by:

B = Z Z a; x; Bi;(T) (2.28)

C = Z Z le x; xy, Cij(T) and so forth. (2.29)
i j K

Since Equations (2.28) and (2.29) are exact, they can be considered low-density
boundary conditions that should be satisfied for blends by other EoSs when expanded
into the virial form. Although there is no exact high-density boundary condition for
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EoSs for blends, another boundary condition that could be imposed is that the excess
free energy of mixing calculated from an EoS has to be equal to excess free energy of
mixing calculated from an activity coefficient model [58].

It worthwhile pointing out that, although the coefficients of the virial EoS for a
blend can be calculated from Equations (2.28) and (2.29) on the basis of the statistical
mechanics, different empirical expressions can be used to estimate the virial coefficients
of blends. For example, it is possible to assume that the second and third virial
coefficients for blends can present the following functional form in 7" and z;:

B

B=h 1nT+T2+Bgzi2+B4zi+B5 (2.30)
Co 2

C=Cl 1nT+T+C3Zi+C4Zi+C5 (231)

where the constants B; and C; (i = 1...5) are determined by minimizing the average
absolute relative deviations between the experimental and calculate values. Equa-
tions (2.30) and (2.31) were used to correlate the vapor-phase PvTz properties of
binary systems containing low GWP refrigerants measured with an isochoric apparatus.
The results are reported in Section 4.1 of Chapter 4.

Among the many mixing rules proposed over the years, the van der Waals one-fluid
mixing rules have been widely used, and are still used, to extend the two-parameter
EoSs based on van der Waals EoS and theory, such as the CESs and the CSD EoS
[110], to several hydrocarbon and refrigerant blends [58]. The basic assumption of these
mixing rules is that an EoS used for pure fluids can be used for blends if a suitable
way is found for obtaining the EoS parameters of the blends. The method for doing
this is based the boundary condition of Equation (2.28)[58]. In fact, to satisfy this
boundary condition, the composition dependence of the two parameters of the EoSs
for blends has to be expressed as follows:

]
J

%

Usually, to estimate the cross coefficients a;; and b;; from the pure component param-
eters, the following combining rules are used:

aij = (a;a;)"° (1= ky;) (2.34)

bij = %(bi + ;) (1-1) (2.35)

where k;; and [;; are the binary interaction parameters which range between -1 and
1. These parameters are usually obtained by fitting the calculated values to the
experimental phase equilibrium and volumetric data [58]. Moreover, they can be
constants, functions of T', or functions of the composition. Usually, [;; is set to zero
and Equation (2.33) becomes:

b= Z z; b, (2.36)
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Equations (2.32) and (2.36) are called the van der Waals one-fluid mixing rules with a
single binary interaction parameter, also known as the standard one-binary-parameter
mixing rules [58]. In fact, since k;; = kj;;, the mixing rules have only one binary
interaction parameter. As explained below, these mixing rules were used to extend
the studied CESs and the CSD EoS [110] to binary systems containing low GWP
refrigerants for the estimation of their VLE behaviors.

Even if this aspect is not investigated in this thesis, it is important to point out that
the van der Waals one-fluid mixing rules with a single binary interaction parameter
are usually not adequate for multi-component systems involving organic chemicals and
highly non-ideal blends [58].

An empirical approach to overcome the drawbacks of the van der Waals one-fluid
model for the EoSs based on van der Waals EoS and theory was the introduction
of more than one binary interaction parameter in the conventional mixing rules [58].
However, also these mixing rules provided inaccurate results for highly nonideal and
polar blends of organic compounds [58]. Moreover, these multiparameter mixing rules
showed several problems that limit their use for blends containing many compounds,
or to blends which contain some species with similar characteristics [58].

Later, to describe the thermodynamic properties and phase equilibria of strong
non-ideal blends [58], different mixing rules that combine the activity coefficient (or
excess Gibbs free energy) models with the CESs were proposed, such as the Huron-Vidal
mixing rules [114] and the Wong-Sandler mixing rules [115]. However, these mixing
rules are characterized by high complexity and a high number of parameters [58].

2.3 Vapor pressure

The vapor pressure, or saturation pressure, (Pi,;) is the pressure of a pure fluid
that coexists in liquid and vapor phases at thermodynamic equilibrium in a closed
system. This pressure is defined as the unique pressure condition where boiling
(bubble) can occur in the liquid and droplets (dew) can occur in the vapor at a
specific temperature. The values of the vapor pressure of different substances are
particularly important for different engineering applications, such as for designing
separation processes [55]. Moreover, as concern pure refrigerants, this property is one of
the main thermodynamic properties needed to estimate their potential thermodynamic
performances in refrigeration and air conditioning applications.

In addition to the possibility to directly measure this property by using different
experimental techniques (e.g. some of the methods used to measure the PvT behavior of
fluids), models based on thermodynamic conditions of phase equilibrium were proposed
to estimate and correlate P,,; of several fluids as a function of the temperature.

In general, a closed multi-phase system is in a state of thermodynamic equilibrium
when the thermal equilibrium, the mechanical equilibrium, and the phase equilibrium
occur simultaneously [54, 55, 88]. While the first two conditions correspond to the
equality of T" and P in all phases, the phase equilibrium is expressed as the equality
of the Gibbs energy, G, of the pure fluid in the phases [55, 88]. In particular, for a
closed system with liquid (L) and vapor (V) phases, the phase equilibrium condition is

expressed as:

L \%

G"=a (2.37)

It was demonstrated that, since the fundamental independent variable to define G are
T and P, the state of thermodynamic equilibrium implies thatG of the pure fluid at
constant T and P is minimized at a constant value, equal for all the phases [55, 88].
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The conditions for the phase equilibrium of multi-component systems will be explained
in more detail in Section 2.4.

By applying the aforementioned conditions for the phase equilibrium to closed
liquid-vapor phase systems, the Clapeyron equation for the estimation of P.,; of
pure fluids was developed [52, 55]. Several of the most well-known and used vapor
pressure estimation correlations were obtained from the Clapeyron equation, such as
a simple equation to describe the vapor pressure dependence on the temperature at
low temperature, called Clausius-Clapeyron equation [52]. An additional well-known
equation for the estimation of the vapor pressure of pure fluids as function of the
temperature, based on the Clapeyron equation and presenting coefficients regressed
on experimental data, is the Antoine equation [52]. Instead, different forms of an
empirical equation for the vapor pressure based on an elaborate statistical method,
called Wagner equation, are also widespread models for the estimation of this property
of several fluids in different temperature and pressure ranges [52].

A more general approach to estimate P,,; of pure fluid is based on a proper
application of Equation (2.37). In principle, the phase-equilibrium problems of pure
fluids could be solved by calculating the Gibbs energy from the PvT properties of
fluids [55]. However, an alternative property, called fugacity, f, has been usually
applied in phase equilibrium calculations. In fact, f can be directly related to the
measurable volumetric properties under the correct conditions and it can be calculated
from experimental PvT data or values estimated from correlations or EoSs. Moreover,
since its application to blends is a straightforward extension of its application to pure
fluids, the fugacity has one advantage over the Gibbs energy. Moreover, this property
has some empirical appeal since it is possible to show that the fugacity of an ideal
gas equals the pressure and the fugacity of a liquid in equilibrium with an ideal gas
equals the vapor pressure under common conditions; in fact, f can be considered a
"corrected pressure" of the real fluids [54, 55]. In particular, the fugacity is correlated
to the Gibbs energy departure of a fluid at a fixed 7" and P by the following equation:

f

d(G - G'®) =Rlen(ﬁ) = RTdln(¢) (2.38)

where (G — G'®) is the Gibbs energy departure, G'® is the Gibbs energy of an ideal gas
at the same T and P and ¢ is the dimensionless fugacity coefficient which is a measure
of non-ideality of fluids [55]. In practice, ¢ is directly evaluated from experimental data
or EoSs, and then the fugacity is calculated. For a closed vapor-liquid phase system of
a pure fluid, it can be showed that Equation (2.37) can be rewritten in terms of f as
follows:

=1 (2.39)

Equation (2.39) is called isofugacity condition. In general, the most common method
to estimate the properties of different phase equilibria consists of the calculation of
fugacities and equating their values in each phase. In particular, this approach can be
also used to estimate P,,; of some fluids, such as refrigerants, by iteratively calculating
¢ of liquid and vapor phases from EoSs until the isofugacity condition is fulfilled [55].

The vapor pressures of 9 low GWP refrigerants estimated using an iterative algo-
rithm based on the isofugacity condition and cubic equations of state are presented
in this thesis. In particular, the accuracy of different CESs for the vapor pressure of
these alternative refrigerants was tested. The obtained results were compared with
the experimental data available in the literature. These results have been already
presented elsewhere [116].
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Figure 2.1: Flow chart of the algorithm used to estimate the vapor pressure of pure refriger-
ants from equations of state.

2.3.1 Vapor pressure of low GWP refrigerants

An iterative algorithm based on the isofugacity condition calculated by using four
CESs was tested to estimate Pj,; for 9 low GWP refrigerants on the basis of the same
set of experimental data collected from the literature. The flow chart of the iterative
algorithm is showed in Figure 2.1. In the algorithm, the initial guess Py, called Py,
in Figure 2.1, is randomly selected in a range centered on the experimental P,,; at
the studied temperature. Instead, the compressibility factor (Z) of the liquid and
vapor phases and the P,,; calculated in each iteration are called Z L, 7"V and Psi:zr in
Figure 2.1. Moreover, the residual value, called € in Figure 2.1, is equal to a suitable
small value (usually ~ 1-107").

Table 2.2 presents the characteristics of the CESs used in the algorithm. The
well-known Redlich-Kwong-Soave EoS [102] and Peng-Robinson EoS [103], called RKS
and PR in Table 2.2, respectively, were studied. Besides, several modified and new
equations proposed by Stryjek [105, 106] were tested, but only the results of the most
accurate models are given in this work. In the end, the results of a modified PR EoS,
called PR mod in Table 2.2, and a CES proposed by Stryjek, not systematically studied
till now, called CES(A) in Table 2.2, are presented. The general expression to calculate
¢ of pure fluids with the CESs is reported in Appendix A.

Table 2.3 shows the references to the original sources, the number of experimental
points, and the temperature ranges for the selected low GWP refrigerants. In particular,
several of these experimental data were measured through an isochoric apparatus used
to measure the PvT and PvTz properties of refrigerants and their blends, respectively.
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Table 2.3: Vapor pressure experimental data for low GWP refrigerants (updated in January
2018).

Refrigerant (ASHRAE Designation) Ref. N. points T range

K
R1123 [79] 13 300 - 331
[117] 27 277 - 331
R1234yf [118] 34 224 - 366
[119] 40 246 - 343
[120] 30 250 - 320
[121] 11 310 - 360
R1243zf [122] 83 234 - 373
[117] 20 310 - 376
R1234z¢(E) [123] 78 223 - 353
[124] 10 253 - 293
[125] 30 261 - 280
[126] 17 300 - 380
[127] 7 310 - 380
[128] 15 303 - 373
R1234ze(Z) [129] 64 238 - 373
[130] 19 310 - 420
[131] 4 353 - 413
[126] 22 300 - 400
R1225ye(Z) [86] 95 233 - 366
R1233zd(E) [132] 16 263 - 353
[133] 81 234 - 375
[83] 23 280 - 438
R1336mzz(Z) [134] 13 324 - 443
R1336mzz(E) [135] 17 323 - 403

Moreover, Vapor-Liquid Equilibrium (VLE) apparatus and densimeters were used
to measure this property of pure refrigerants. The P,,; uncertainty of many of the
collected data is of the order of +1 kPa. Since they were considered suitable for
this study, almost all the adopted physical properties of the studied refrigerants were
collected from Lemmon et al. [64].

Table 2.4 summarizes the Average Absolute Relative Deviation of the pressure,
AARD(AP) %, of the four CESs for the selected alternative refrigerants. In particular,
AARD(AP) % is defined as:

Pi,exp - Pi,calc

Pi,exp

100 &
AARD (AP)% = &~ Zl (2.40)

where N is the number of the experimental data, P, is the experimental pressure
and P, is the calculated pressure.

As shown in Table 2.4, the results of all the studied CESs are sufficiently accurate and
quite similar. In particular, the AARD(AP) % obtained through the four models are less
than 2 %. However, it is possible to note that CES(A) generally gave lower deviations
between the calculated and experimental P,,; than the other models while RKS gave
slightly higher deviations. The goodness of CES(A) for most of the refrigerants is
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Table 2.4: Deviations between experimental and calculated vapor pressures of pure low
GWP refrigerants.

Refrigerant N. points AARD(AP) %
RKS PR PRmod CES(A)

R1123 40 0.426 0.524 0.474 0.603
R1234yf 115 1.099 0.286 0.372 0.256
R1243zf 103 1.082 0.313 0.31 0.206
R1234ze(E) 157 0.989 0.274 0.253 0.305
R1234ze(Z) 109 1.423 0.615 0.527 0.461
R1225ye(Z) 95 0.98 1.056 0.885 1.013
R1233zd(E) 120 1.87 1.406 1.202 1.153
R1336mzz(Z) 13 1.058 0.336 0.334 0.335
R1336mzz(E) 17 1.118 0.616 0.617 0.601
Avg. - 1.191 0.624 0.564 0.549

also visible in Figure 2.2, where the relative deviations of the vapor pressure data,
100 (Psat,exp — Pat,calc) | Psat exp» for the studied fluids versus the reduced temperature,
T, are shown. Moreover, Figure 2.2 shows that this equation provided accurate results
in all the studied reduced temperature range, except below T, = 0.6. Since the CESs
with Soave’s a function are inaccurate for the vapor pressure calculation at low reduced
temperature (less than 0.6) and large acentric factor [58], this behavior could be
expected. Moreover, as shown in the next section, the studied CESs were also tested for
the description of VLE of binary systems containing low GWP refrigerants. Therefore,
to confirm their reliability for the vapor pressure representation of the conventional
refrigerant contained in the studied binary systems, deviations for R32 were reported
in Figure 2.2 as an example. The experimental P,,; for R32 were collected from Fu et
al. [136] and Malbrunot et al. [137].

However, as can be noted both in Table 2.4 and in Figure 2.2, CES(A) gives higher
deviations for R1225ye(Z) and R1233zd(E) than the ones for the other refrigerants.
Since all the studied CESs give poor results for these two fluids, it should be considered
that this lack of accuracy is due to shortcomings in the experimental measurements or
the reliability of the physical parameters used in the work. As visible in Figure 2.2,
the high deviations for the R1233zd(E) could be caused by both the calculated data at
T, < 0.6, that are inaccurate,and the scattered point in the T, range from 0.6 to 0.8.
After an in-depth evaluation of the results, these less accurate results were obtained
from the experimental data reported in Hulse et al. [132]. Moreover, Table 2.4 shows
that the modified PR EOS proposed by Stryjek [105, 106], called PR mod in this table,
provides a better estimation of the vapor pressure for almost all the refrigerants than
the original PR EoS.

2.4 Phase equilibria of multi-component systems

The phase-equilibrium thermodynamic properties of blends of fluids, such as tem-
peratures, pressures, specific volumes and equilibrium compositions of the different
phases, are needed for the design of components of several engineering systems, e.g.
separation processes, chemical, and biochemical product design [54, 56]. In partic-
ular, to evaluate their potential performances in refrigeration and air conditioning
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Figure 2.2: Relative deviations of the vapor pressure data, 100 (Phat exp — Prat,cale) [ Psat,exp

versus the reduced temperature, T,. The data were calculated from CES(A) in
Table 2.2.

applications and select the optimal compositions for design and operation purposes, it
is necessary to know the phase-equilibrium properties of blends of refrigerants, such
as Vapor-Liquid Equilibrium (VLE) and Solid-Liquid Equilibrium (SLE) properties.
Consequently, the experimental data for the phase equilibria of multicomponent sys-
tems are requested for the aforementioned reasons. However, these data can be scarce
and the methods used for their measurements can be laborious and costly even for
well-known multi-component systems of industrial importance [56]. Therefore, several
models and techniques for the calculation of phase equilibria of different blends have
been developed based on the equations that determine the state of thermodynamic
equilibrium between all the phases.

The starting point for all the models used for phase equilibrium estimations of
multi-component systems is the phase equilibrium criterion. As well as for the pure
fluids, the phase equilibrium of a multi-component system occurs when G for each
component is minimized at a constant value equal for all the phases. However, this
condition of equilibrium for blends is usually expressed in terms of chemical potential,
1. The phase equilibrium of a component i between different phases m occur when the
following necessary condition is verified [54]:

B T
o=y = = (2.41)

Since p; is the partial molar Gibbs energy of the i-th component, it is possible to show
that the phase equilibrium condition expressed as equality of Gibbs energy of i-th
component between equilibrium phases is equivalent to the condition of Equation (2.43)
[54]. However, since the chemical potential of a component does not have a simple
relation to physically measurable properties, it is necessary to express the chemical
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potential in terms of some auxiliary property that can be directly related to the
measurable PvT properties and compositions under the correct conditions [54]. As for
the pure component, a useful auxiliary function was found in the concept of fugacity,
f- It was showed that the change in the chemical potential for an isothermal change
for any component in any system in any phase (solid, liquid or vapor or gas) can be
expressed as [54]:

fi

rn
i

i —py = RTn (2.42)

where ﬂ? and fio are the chemical potential and fugacity standard states, respectively;
even if they are arbitrary, these two values can not be chosen independently [54]. From
Equation (2.42), it is possible to show that the necessary conditions for the phase
equilibria for all components in a multi-component system can be expressed as the
equality of fugacities of the components for all phases. The resulting expression for
the i-th component is:

f=fl== (2.43)

These conditions are called isofugacity conditions. The fugacity is a "corrected partial
pressure" for a component of a blend that take into account the non-idealities that can
be interpreted by molecular considerations [54]. In fact, this value for a component of
a blend of ideal gasses is equal to the partial pressure of that component. Moreover,
the fugacity can be considered as the "tendency" of a molecule to leave from one phase
to another; in fact, phase equilibria are dynamic ones [56].

By using Equation (2.43), the mathematical problem for phase equilibria is solved
[56]. Considering the degree of freedom (e.g. independent variables) given by the
thermodynamic relations or constraints (e.g. the Gibbs-Duhem equation), the models
used the isofugacity conditions to estimate the values of some of the equilibrium
properties of the multi-component systems by fixing the remaining ones as inputs [54].

It is important to note that Equation (2.43) can be expressed in different forms
depending on the type of the phase equilibria studied and also the nature of the
thermodynamic models used for the estimations of the properties (e.g. EoSs, activity
coefficient models, etc.). In fact, even if they are all derived from Equation (2.43) by
considering suitable assumptions, the additional expressions of the phase equilibria are
sometimes simpler to use in practical problems than the general one [56]. For example,
a simplified expression known as Raoult’s law can be used to describe the VLE of ideal
liquid systems with an ideal vapor phase; instead, complex equations were proposed
for the estimation of SLE of multicomponent systems at high pressures [56].

The VLE of blends of refrigerants is usually described by using the following
equation:

v L
Yibi =T ¢ (2.44)
where the fugacity coefficients of the i-th compound for the vapor and liquid phases
are calculated from EoSs by using the equations below:

4 ol rgp T P
RTIng, = RT In L =[ {(a ) —f—}dvm—RTln( ”) (2.45)
T,vm,m4

v P ), [\on; m RT

fi JP( RT)
RTIng;, =RT In = Umi — —5— | dP 2.46
¢ v P 0 ’ P ( )

Equations (2.45) and (2.46) are suitable for EoSs of the type P = F(vy,,T) and EoSs
of the type v, = F(P,T), respectively [56].
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It is worthwhile pointing out that, in principle, the approach based on Equa-
tion (2.44) and the EoSs, called ¢ — ¢ approach, is suitable for all types of fluid phases,
thermodynamic conditions and any types of multi-component systems. However, this
approach is traditionally considered suitable only for describing VLE of rather simple
systems, such as mixtures of hydrocarbons, refrigerants, and inorganic gases, at high
and moderate pressures [54, 56|. Instead, different equations based on an approach
where the activity coefficient models are used for the description of the liquid or solid
phases (called v — ¢ approach) are traditionally employed for the description of Liquid-
Liquid Equilibrium (LLE) and SLE and also the VLE of complex systems at moderate
and low pressures [56]. However, the distinction between the two approaches is not
of a fundamental character but rather a traditional one due to model and calculation
limitations used in the previous century [56]. The ¢ — ¢ approach can be used with all
components at all conditions if more complex EoSs and mixing rules are considered in
the elaboration [138].

The models based on the ¢ — ¢ approach allow us to solve different types of VLE
problems of multi-component systems, providing the values of different equilibrium
properties by fixing the remaining ones as inputs. For example, for a multi-component
vapor-phase system, it is possible to estimate the values of P and mole fractions of
vapor phases (y;) from these models by fixing the values of T' and mole fractions of
the liquid phases (x;). This type of VLE problem is one of the most studied and is
called the bubble-point P problem [52].

The VLE properties of 25 binary systems containing low GWP refrigerants estimated
by using an iterative algorithm based on the ¢ — ¢ approach are reported below. The
CESs reported in Table 2.2 were used in the algorithm. The results were compared
with the experimental data available in the literature. These results have been already
presented elsewhere [116, 139].

A particular type of VLE problem is estimating the two-phase equilibrium properties
when either a liquid of known composition is partially vaporized or a vapor of known
composition is partially condensed due to a change in T and/or P. This problem is
generically called flash calculation [138]. Although the ¢ — ¢ approach can be used in
these cases, the partial vaporization or partial condensation problems are usually more
difficult to solve than the other VLE problems [138]. The equilibrium compositions of
liquid and vapor phases are unknown in the flash calculation. Therefore, in addition
to the equations of the isofugacity conditions and the composition restrictions, the
component mass balance equations have to be used to solve these problems at constant
temperature [138]. A more complex calculation is necessary for the flash processes that
do not take place at constant temperature; in fact, the energy balance has also to be
included in the calculation, which makes the solution much more tedious [138]. As will
be explained below, a method based on the flash calculation, so-called flash method,
have been proposed to derive the VLE properties of binary systems of refrigerants
from two-phase PvT'z properties measured by using an isochoric apparatus [140]. This
thesis presents the results obtained by applying this approach for the VLE assessment
from isochoric measurements of binary systems containing low GWP refrigerants in
the two-phase region. These results are reported in Section 4.1 of Chapter 4.

Since the SLE of multi-component systems depends both on the crystals formed
in solution and on the properties of the liquid phase, different equations for the SLE
description of multi-component systems studied in different temperature and pressure
conditions have been proposed [56]. However, it was shown that many organic binary
systems, such as several binary systems of refrigerants, present a solid phase formed
by pure system components and an eutectic point [141, 142|. The behavior of the
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temperatures where the solid crystals begin to form (liquidus) of this type of organic
systems is well described by the Schroder equation [143]. This simplified equation
describes the solubility of the solid solute in the solvent by neglecting the difference
between the heat capacity of the subcooled liquid solute and the solid solute, and it
has the following form:

In(y*2") = _A;;‘S (1 - %) (2.47)

where 7" is the activity coefficient of the solute, z* is the mole fraction of the solute,
Ahyg,s is the enthalpy of fusion at the melting point and T}, is the temperature at the
melting point. As will be shown in Section 4.2 of Chapter 4, the SLE behavior provided
by this simplified equation was compared with the experimental SLE data of a binary
system containing low GWP refrigerants measured with a specific experimental setup.

2.4.1 VLE of binary systems containing low GWP refrigerants

An iterative algorithm based on the ¢ — ¢ approach was used to describe the VLE
behavior of 25 binary systems containing low GWP refrigerants. The used algorithm
allowed to solve the bubble-point P problem for the studied binary systems and its
flow chart is reported in Figure 2.3. In the algorithm, the initial guesses for the bubble
point pressure, called P™ in Figure 2.3, and the distribution factor (or K-factor) for
the components of the binary systems (K;) were calculated through the following
expressions:

P" = @i Paya(T) (2.48)

Ki _ & _ Psat,i(T)

&g P
Equations (2.48) and (2.49) were obtained by assuming ideal liquid and vapor binary
systems. The compressibility factor (Z) of the liquid and vapor phases, the bubble
point pressure and vapor phase mole fractions calculated in each iteration are called
7%, 2V P™ and y™ in Figure 2.3, respectively. Moreover, the residual value, called
e in Figure 2.3, is equal to a suitable small value (usually ~ 1 - 10_10).

To test their accuracy for the VLE description of the selected binary systems,
the CESs reported in Table 2.2 were used in the algorithm. The van der Waals
one-fluid mixing rules with a single binary interaction parameter (k;;), described in
Subsection 2.2.2, was used to extend the CESs to the studied binary systems. In
particular, this parameter was regressed by minimizing the deviations between the
calculated and experimental pressure for complete datasets and by minimizing the
deviations for each isotherm. The Nelder-Mead algorithm [144] was used in addition
to the iterative algorithm to obtain k;; by minimizing the AARD(AP) % (defined
as Equation (4.5)). The expressions to calculate ¢ of the components of the binary
systems trough the CESs and the van der Waals one-fluid mixing rules are reported in
Appendix A.

Reliable experimental VLE data of the selected binary systems were collected from
the literature and compared with the calculated ones. In particular, the collected data
were measured employing different Vapor-Liquid Equilibrium (VLE) apparatus and
their uncertainties of P, T and mole fractions are usually of the order of +1 kPa, +0.005
K and £0.01, respectively. Since the simple EoSs under analysis are often inaccurate in
the description of the properties of asymmetric systems and the deviations between the

(2.49)
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Figure 2.3: Flow chart of the algorithm used to estimate the vapor-liquid equilibrium of
binary systems from equations of state.
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Table 2.5: Experimental VLE data for low GWP refrigerant binary systems (updated in
January 2018).

Binary system Ref.  N. isotherms T range
(N. points) K
R1233xf + R244bb [85] 3(30) 323.15 - 303.15
R1234yf + R1233xf [85] 3(30) 313.15 - 293.15
R1234yf + R152a [145] 5(60) 323.15 - 283.15
R1234yf + R227ea [146] 5(50) 323.15 - 283.15
R1234yf + R244bb [147] 3(30) 313.15 - 293.15
R1234yf + R245ch [148] 4(44) 313.15 - 283.15
R1234yf + R290 [149] 5(54) 293.15 - 253.15
R1234yf + R600a [150] 5(60) 323.15 - 283.15
R1234ze(E) + R290  [151] 4(38) 283.15 - 258.15
R1234ze(E) + R600a  [152] 4(40) 288.15 - 258.15
R125 + R1234yf [153] 7(84) 333.21 - 273.15
R134 + R1234ze(E) [154] 4(40) 288.15 - 258.15
R134 + R1234ze(Z) [155] 5(71) 343.15 - 303.15
R134a + R1234yf [153] 7(63) 333.21 - 273.31
R13I1 + R1234ze(E)  [156] 5(55) 298.15 - 258.15
R143a + R1234yf [157] 5(45) 323.15 - 283.15
R152a + R1234ze(E) [158] 4(44) 288.15 - 258.15
R161 + R1234yf [159] 5(55) 323.15 - 283.15
[160] 5(60) 323.15 - 283.15
R218 + R1234yf [161] 2(20) 272.81 - 223.08
R23 + R1234yf [161] 3(26) 273.25 - 193.19
R290 + R1234ze(Z) [162] 5(68) 293.15 - 253.15
R32 + R1234yf [159] 5(55) 323.15 - 283.15
[153] 7(77) 333.15 - 273.15
R32 + R1234ze(E) [159] 5(15) 323.15 - 283.15
[163] 5(65) 323.15 - 283.15
R600a + R1234ze(Z) [164] 6(69) 353.15 - 303.15
R717 + R1234yf [165] 4(58) 283.15 - 253.15

experimental and calculated data points are high, the calculation of VLE properties
for binary systems containing refrigerants that were studied above their critical point
was not considered. To obtain more accurate results for the aforementioned binary
systems, more complex EoSs (e.g. three-parameter CESs or non-analytic EoSs) and
mixing rules (e.g the Huron-Vidal mixing rules [114] and the Wong-Sandler mixing
rules [115]) should be tested. The number of isotherms, the number of points, the
references to the original sources and the ranges of temperature for the binary systems
under analysis are reported in Table 2.5. As already stated for the calculation of the
vapor pressure from CESs, also in this case almost all the adopted physical properties
of the studied refrigerants were collected from Lemmon et al. [64].

Table 2.6 shows the AARD(AP) % and the Average Absolute Deviation of vapor
phase mole fraction of the first component (AAD(Ay;)) for the studied binary systems
considering the binary interaction parameter (k;;) as a constant. In fact, k;; were
regressed from the complete datasets of each binary system by minimizing AARD(AP)
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%. The AAD of vapor phase mole fraction of the first component is defined as:

Y1,i,exp ~ Y1,i,calc

N
AAD (Ayy) = ) N

i=1

AARD(AP) % and AAD(Ay,) for the selected binary systems calculated adopting
a temperature dependent binary interaction parameter (k;;(7")) for the standard one-
binary-parameter mixing rules are reported in Table 2.7. In this case, k;; were regressed
by minimizing the AARD(AP) % for each isotherm.

Table 2.6 and Table 2.7 show that the CESs generally ensure a good representation of
the VLE for almost all the studied systems, adopting both constant k;; and temperature-
dependent k;;(T). In the former case, the studied CESs ensured AARD(AP) % lower
than 2 % and AAD(Ay;) lower than 0.01 for almost all the selected binary systems.
However, as expected, Table 2.7 shows that the CESs with k;;(7") generally provided
lower AARD(AP) % and AAD(Ay;) than that of CESs with constantk;;. As example,
the enhanced description provided by CES(A) with k;; regressed for each isotherm is
shown in Figure 2.4. This figure presents the behaviors of experimental and calculated
pressure versus liquid and vapor mole fractions for R134 + R1234ze(Z) binary system
at five temperatures considering both constant k;; and k;;(T) for the CES(A). It is
important to note that, as evident in Figure 2.5 for the aforementioned binary system,
a slight variation of k;; with T' guarantees an improved representation of the VLE for
the studied binary pairs. However, the CESs provided high values of AARD(AP) %
and AAD(Ay,) for R717 + R1234yf in both the cases. As previously mentioned, more
complex EoSs and mixing rules should be test to obtain a more accurate representation
of the VLE for this binary pair.

(2.50)

2.4.2 Flash method for VLE derivation

As detailed by Di Nicola et al. [140], an approach based on the flash calculation
can be used to derive the VLE behavior of binary systems of refrigerants from their
two-phase PvT z properties measured by an isochoric apparatus. This method allows to
calculate the values of P, x; and y; for each isochoric point by simultaneously ensuring
the isofugacity conditions (in the form of Equation (2.44)) and the following additional
conditions:

1. mass conservation

n=n"+n" (2.51)
where
n" =nF, (2.52)
and
n' =n(l-F) (2.53)

where n is the number of charged moles, n" is the number of moles of the liquid
phase, n" is the number of moles of the vapor phase and Fy, is overall mole
fraction of the liquid phase.

2. the balance of isochoric cell volume (Vi)

Vieo = n" ’UII;I +nY vr\:l (2.54)

where vII;l is the molar volume of the liquid phase and ’U;\I/I is the molar volume of
the vapor phase.
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Table 2.6: Deviations between experimental and calculated VLE data for binary systems of low GWP refrigerants considering constant k;;.

Binary systems RKS PR PR mod CES(A)
AARD AAD AARD AAD AARD AAD AARD AAD
(AP) % (Ay1) (AP)%  (Ay1) (AP) % (Ay1)  (AP) % (Ayi)
R1233xf (1) + R244bb (2) 0.90 0.0105 0.96 0.0102 1.00 0.0103 1.03 0.0102
R1234yf (1) + R1233xf (2) 1.16 0.0024 1.36 0.0012 1.37 0.0009 1.42 0.0010
R1234yf (1) + R152a (2) 0.62 0.0029 0.24 0.0021 0.24 0.0019 0.20 0.0021
R1234yf (1) + R227ea (2) 0.80 0.0049 0.36 0.0034 0.40 0.0035 0.33 0.0034
R1234yf (1) + R244bb (2) 0.83 0.0028 0.37 0.0031 0.44 0.0033 0.38 0.0036
R1234yf (1) + R245cb (2) 0.80 0.0106 0.38 0.0118 0.38 0.0116 0.32 0.0119
R1234yf (1) + R290 (2) 0.29 0.0016 0.19 0.0027 0.22 0.0020 0.26 0.0024
R1234yf (1) + R600a (2) 1.01 0.0063 0.57 0.0052 0.61 0.0048 0.53 0.0049
R1234ze(E) (1) + R290 (2) 0.34 0.0039 0.34 0.0041 0.32 0.0037 0.34 0.0036
R1234ze(E) (1) + R600a (2) 0.42 0.0040 0.38 0.0028 0.43 0.0030 0.49 0.0027
R125 (1) + R1234yf (2) 0.72 0.0120 0.40 0.0107 0.37 0.0110 0.35 0.0108
R134 (1) + R1234ze(E) (2) 0.37 0.0044 0.15 0.0032 0.18 0.0041 0.26 0.0041
R134 (1) + R1234ze(Z) (2) 3.58 0.0138 3.41 0.0134 3.37 0.0135 3.37 0.0135
R134a (1) + R1234yf (2) 0.81 0.0056 0.38 0.0037 0.34 0.0039 0.28 0.0036
R13I1 (1) + R1234ze(E) (2) 0.53 0.0040 0.27 0.0044 0.21 0.0038 0.23 0.0039
R143a (1) + R1234yf (2) 0.81 0.0027 0.40 0.0015 0.41 0.0014 0.34 0.0017
R152a (1) + R1234ze(E) (2) 0.64 0.0025 0.44 0.0017 0.47 0.0023 0.52 0.0023
R161 (1) + R1234yf (2) 0.84 0.0049 0.37 0.0023 0.41 0.0025 0.33 0.0022
0.84 0.0047 0.45 0.0036 0.50 0.0037 0.44 0.0036
R218 (1) + R1234yf (2) 0.72 0.0051 0.59 0.0049 0.69 0.0055 0.85 0.0056
R23 (1) + R1234yf (2) 1.94 0.0028 1.06 0.0029 1.19 0.0034 1.18 0.0037
R290 (1) + R1234ze(Z) (2) 1.09 0.0071 1.24 0.0080 1.15 0.0080 1.18 0.0080
R32 (1) + R1234yf (2) 0.89 0.0057 0.63 0.0038 0.65 0.0040 0.61 0.0038
0.82 0.0098 0.51 0.0091 0.54 0.0093 0.48 0.0092
R32 (1) + R1234ze(E) (2) 0.73 0.0051 0.67 0.0032 0.67 0.0034 0.66 0.0031
0.85 0.0055 0.59 0.0052 0.60 0.0051 0.58 0.0050
R600a (1) + R1234ze(Z) (2) 0.59 0.0077 0.57 0.0095 0.55 0.0092 0.58 0.0096
R717 (1) + R1234yf (2) 4.37 0.0419 4.19 0.0415 3.99 0.0415 3.93 0.0413
Average 1.06 0.0077 0.81 0.0071 0.81 0.0071 0.79 0.0071
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Figure 2.4: Experimental VLE data for R134 (1) + R1234ze(Z) (2) binary system and
calculated values by using CES(A) considering both a constant k;; (k;; =
0.1102) (a) and temperature variable k;;(T") (b) at five temperatures.
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Figure 2.5: k,;;(T) of the CES(A) as function of the T for R134 + R1234ze(Z) binary pair.
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3. the balance of composition

1-) z;<e (2.55)

1= yi<e (2.56)

Zi_(FinJ’-(l_FL) yz) <e€ (257)

where z; is the overall experimental mole fraction of i-th component and € is a
residual value (usually ~ 1-107"").

In particular, V**° is a known value. For the volume condition, the flash method
needs the values of ¢,, vrl;l and ’UX which are usually calculated from EoSs and mixing
rules. Therefore, the accuracy in volumetric property description is essential in this
procedure and depends on the predictive ability of the EoSs being used.

In this work, an algorithm based on the flash method was used to derive the VLE
properties from two-phase PvTz properties of different binary systems containing low
GWP refrigerant measured with an isochoric apparatus. The obtained results are
reported in Section 4.1 of Chapter 4. The flow chart of this algorithm is shown in
Figure 2.6. In particular, the PR EoS [103], the CES(A) of Table 2.2 and the CSD
EoS [110] were used in the flash method algorithm and these EoSs were extended to
the binary systems through the van der Waals one-fluid. The expressions to calculate
¢ of the components of the binary systems trough the CSD EoS and the van der Waals
one-fluid mixing rules are reported in Appendix A.

In the algorithm of Figure 2.6, Equation (2.49) was used to calculate the initial
guesses of the distribution factor (or K-factor) for the components of the binary systems
(K;). Instead, the initial guess for the bubble point pressure, called P™ in Figure 2.6,
was selected on the basis of the Nelder-Mead algorithm [144] used to minimize the
deviation between Viy, and the calculated volume, called Er(V') in Figure 2.6. During
the fitting procedure, T, z; and n are kept equal to the experimental values. The
compressibility factor (Z) of the liquid and vapor phases, the bubble point pressure,
and mole fractions of the liquid and vapor phases calculated with the algorithm are
called ZL, ZV, P"*" and x; y; in Figure 2.3, respectively. The values of k;; were
adjusted by minimizing the following objective function by using the the Nelder-Mead
algorithm [144]:

N 2
Px K P lc,i
Q= Zl (—e Ppexp;“ ) (2.58)

where N is the number of experimental data.
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Figure 2.6: Flow chart of the algorithm based on the flash method used to estimate the
vapor-liquid equilibrium of binary systems from equations of state.






Chapter 3

Modeling of transport
properties

In this chapter, different models available in the literature for the estimation of
the surface tension and the thermal conductivity of refrigerants and their blends are
studied to estimate these properties of low Global Warming Potential (GWP) working
fluids. In particular, new correlations to calculate the studied properties of refrigerants
and their blends, some of them specifically oriented to alternative working fluids, were
developed and are presented.

3.1 Surface tension

The surfaces between different phases can be characterized by surface and interfacial
tensions. On a molecular level, an explanation of this phenomenon is that, at the
interface, there is an unequal distribution of forces acting upon the molecules compared
to the forces in the bulks of the phases [166]. In particular, for a liquid-vapor interface,
the surface molecules are mainly attracted toward the bulk of the liquid and less
attracted toward the bulk of the vapor phase. And because of this, the surface layer
is in tension and there is a tendency for the liquids to conform to the shape that
corresponds to the minimum surface (i.e. spherical) compatible with the total mass,
container restraints, and external forces [166]. A measure of this tension at the liquid-
vapor interface is the surface tension (o). In general, the surface tension (or surface
energy) is defined as the work (W) necessary to isothermally increase the area of a
surface (A4) in the air by a unit amount (dW/dA) [166]. The SI unit of o is (N m™),
usually expressed as (mNm™"). However, the units (dynem ™) and (mJm™2) are
sometimes used.

Liquid-vapor interfaces and o are of relevance to diverse fields of science and
engineering, such as absorption, distillation, and colloid science [166]. Besides, this
thermophysical property is important for correlating and predicting heat transfer
during a phase change. In particular, this property plays a crucial role in the study
of phase transition and many phenomena like boiling and condensation. For these
reasons, the surface tension of refrigerants and their blends is of great importance for
the refrigeration processes (e.g. design of condensers and evaporators, heat pumps,
and organic Rankine cycles, etc.).

The surface tension of fluids at the liquid-vapor interface can be directly measured

47
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by using different experimental methods. The optimal measurement method for the
different fluids depends upon many aspects such as the nature of the liquid being
measured, the stability of its surface when it is deformed and the temperature and
pressure conditions of measurement.

However, several models have been developed for estimating o of different fluids
when a limited number of (or no) experimental data are available. In particular,
some of these models (e.g. correlations based on CSP, models based on EoSs, etc.)
are expressly oriented to describe o of refrigerants of different generations and their
blends, but none was specifically designed to predict the surface tension of low GWP
refrigerants. Therefore, since few experimental data of their o are available in literature
[36], a model for the surface tension prediction of low GWP refrigerants and their
binary systems from a limited number of known parameters can be of great attraction
for the refrigeration industry.

For the aforementioned reasons, the surface tension data of low GWP refrigerants,
both pure fluids and blends, were collected and analyzed with different correlations for
the prediction of o of refrigerants available in the literature. Some of these models will
be described below.

In addition, a simple empirical scaled equation based on the CSP, recently proposed
by our group of work for other organic and inorganic fluids [167-170], was tested for o
of low GWP refrigerants. In this equation, besides the critical properties, the radius
of gyration, G,, was considered as a parameter to calculate the surface tension. In
particular, the first expression of this scaled equation proposed to predict the surface
tension of alcohols has the following form:

o = A0 -T)F(+6%)” (3.1)
where o is the surface tension in Nm™ ', o, = (kT,)/G? is a scaled factor in Nm ™", 7.
is the critical temperature in K, k is Boltzmann’s constant in JK_I7 G, is the radius
of gyration in m, ¢ = Ny p. Gf is an adimensional term, N, is Avogadro’s number in
mol_l, pe 1s the critical molar density in mol m™> and A — D are regressed coefficients.
Equation (3.1) was also regressed to calculate the surface tension of carboxylic acids
[169]. Two additional correlations, rather similar to Equation (3.1), were provided to
calculate the surface tension of ketones [168], considering the critical compressibility
factor (Z.) as additional parameter, and to calculate the surface tension of silanes
[170], considering the acentric factor (w) as additional parameter.

The pure refrigerants under analysis were divided into two subgroups according to
their chemical structure, namely ethylene derivatives and propylene derivatives. The
same scaled equation was also considered for binary systems of low GWP refrigerants
and conventional refrigerants. The equation was re-fitted considering the o data for the
ethylene derivatives, the propylene derivatives, and their binary systems, separately.
The obtained results are described below and were also presented elsewhere [81].

3.1.1 Overview of the existing models

In the last years, detailed studies regarding o of refrigerants were proposed to find
reliable correlations. It has to be noted that the raw surface tension data (experimental,
smoothed, and predicted) of refrigerants of different generations were collected and used
in these studies. Therefore, none of the proposed correlations is specifically oriented to
low GWP refrigerants. Some of these studies will be briefly described below.

Di Nicola & Moglie [171] and Di Nicola et al. [72] proposed two equations based
on the CSP for the prediction of the temperature dependent o of pure refrigerants.
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The first equation for o (mNm ™) [171] is a general correlation with five independent
parameters (P,, T,, w, u*, and V) and seven regressed constants [171].Since almost all
refrigerants have a non zero dipole moment, the equation includes the reduced dipole
moment (1) and has the following form:

0.565

o =0.813 P 0-364

1.266
1.

0.143

(1-T,) (4.259w — 0.645 1) (3.2)

where P, is the critical pressure in bar, T, is the critical temperature in K, T, =
T|T, is the reduced temperature, w is the acentric factor, u* = (Ni p*)/(RT.v.) =
(4300 11*)/(T., V) is the reduced dipole moment, Ny is Avogadro’s number in mol ',
R is the universal gas constant in J mol ™ K_l, 1 is the dipole moment in D, and v, is
the critical volume in cm® mol™'. This equation showed a significant improvement in
the prediction of ¢ for the studied refrigerants, particularly in the low temperature
range.

The second equation [72] is a general relation for o (mNm™"), containing only three
independent parameters (P, (bar), T, (K), and w) and five constants [72]:

o = 0.658P P T (1 4 w)" (1 - T,) " (3.3)

The constants were obtained with a fitting procedure based on the (u + A) - Evolution
Strategy optimization algorithm [172] to minimize the deviation between the predicted
data and the experimental values. This simple and extremely compact equation
improved the prediction ability for the o of refrigerants when compared with existing
CSP based correlations.

Cachadina et al. [71] proposed specific correlations for o of 86 pure refrigerants.
These specific correlations contain from two to six adjustable coefficients for each fluid
to fit the raw data, appropriately selected from databases, books, and journal papers.
Accurate results (Average Absolute Relative Deviations (AARDs) of o below 2.7%)
were obtained for the temperature range covered by surface tension data.

More recently, the same authors [173, 174] presented two correlating models based
on the CSP for the prediction of the o of pure refrigerants. The first equation [173]
includes temperature and surface tension at the triple point as parameters and was
developed from an updated version of the surface tension dataset reported in [71]. This
relation is expressed as:

oy T** 1.3239 T** 1.6504
1%
= 0.13045|1 — —— ~0.029209| 1 — —— 3.4
(otp>R{ - ) - ) } (34)

where (o, )r=0.059 750Nm ™" and (T)g = (T.)r/[(T.)r - (Tip)r]=1.531276 are
respectively the surface tension of the refrigerant R142b at the triple point and the
reduced critical temperature of R142b (R142b was selected as reference fluid for the
CSP), oy, is the surface tension at the triple point in Nm_l7 T =1.531276 + (T —
T.)/(T. — Ti;,) is the defined reduced temperature and T}, is the temperature at the
triple point in K. It is possible to calculate the surface tension of those refrigerants for
which the properties at the triple point are not known by substituting (Tiin, 0(Timin))
for (T, 0vp,) where Tpy, is the minimum temperature at which a value of the surface
tension o (T, ) is available in the database. This equation is applicable over the entire
vapor-liquid temperature range for which surface tension is defined and represents the
surface tension data for 83 refrigerants from the triple point to the critical one with
AARD:s of o below 10% for almost all fluids. As indicated by the authors, the main
drawback of the model is that it needs at least one experimental o value.
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The second equation is a general corresponding states correlation model, considering
T and o values at the normal boiling point as parameters [174]. This equation was also
developed from an updated version of the database created by [71] and give AARDs of
o below 9.5% for all the 80 fluids considered. However, as mentioned by the authors,
the main shortcoming of this model is that it can only be used if the experimental or
estimated value for the surface tension at the boiling point is known.

In additions, different Artificial Neural Networks (ANNs) were developed to estimate
o of pure refrigerants [74, 175]. Nabipour & Keshavarz [175] proposed a feed-forward
back-propagation network with 4 input variables (T, T, P, and w), 1 hidden layer with
19 neurons and the output layer with 1 neuron. Since they showed to have the optimum
performance, tan-sigmoid and purelin transfer functions were used in the hidden and
output layers. The proposed architecture was trained, tested and validated on the basis
of 793 reliable experimental o values for 24 pure refrigerants by employing different
training algorithms. The obtained results showed that this ANN could correlate
and predict the surface tension of the studied refrigerants. However, these results
were compared to different well-known correlations available in the literature which
demonstrated better performances than the proposed ANN.

Mulero et al. [74] proposed an ANN for the estimation and prediction of o of
refrigerants along the liquid-vapor interphase. The architecture of the ANN that
provided the best results had 4 input variables (T}, T, P, and w), 2 hidden layers with
10 neurons each and the output layer with 1 neuron. The ANN was developed on a
total amount of 2879 data for 76 refrigerants. More accurate results were provided by
this ANN respect to different correlations available in literature.

On the other hand, only a limited number of surface tension estimation models
were published in the open literature for blends of refrigerants.

Combining the linear gradient theory with the Heyen EoS [176], Khosharay et al.
[177] developed a method to estimate the surface tension values of pure refrigerants,
and binary, ternary, and quaternary refrigerant blends. More recently, the same authors
[178] proposed a new model, combining the Laaksonen and Kulmala equation with
the phase equilibrium between the bulk liquid and the surface phases, specifically
oriented to predict the surface tension, the surface composition, and the surface mole
density of the binary refrigerant system. The results of this model (the AARDs of ¢
is approximately 4.35%) show that the predicted surface tension agrees well with the
experimental data for the studied refrigerant blends.

Di Nicola & Pierantozzi [179] developed a simple equation to predict the surface
tension of binary systems of refrigerants, based on the CSP. The experimental data of
13 refrigerant binary systems were collected for the development of this correlation. The
proposed equation is rather similar to Equation (3.3) and has the following expression:

3.449

3.28510° + P21, (1 - T,)M 2

-8 0.203
(

o =6.09810 " w; (3.5)

where w,, is the mixture acentric factor, P, is the mixture critical pressure in MPa,
and T, is the mixture critical temperature in K. These three mixture parameters were
simply approximated by the mole fraction average of the pure component properties.
The results (the AARDs of ¢ is equal to 5.51%) show that Equation (3.5) is a reliable
correlation specifically oriented to predict the surface tension of refrigerant binary
systems.
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3.1.2 Data analysis

To provide a reliable database for the experimental surface tensions of halogenated
alkene refrigerants and blends containing these low GWP refrigerants and conventional
refrigerants, a careful literature survey was performed. As first step, we collected
the experimental data for halogenated alkene refrigerants and their binary systems
available from journal papers, DIPPR database [51]|, and the DETHERM database
[50, 53]. In particular, the two databases were accessed in January 2017. Moreover,
additional experimental data were selected from recent journal papers and added in
the database.

Then a fluid by fluid analysis and selection of the collected data were performed.
In particular, among the experimental surface tension data reported in the DIPPR
database, only the ones that are considered to be acceptable by the DIPPR database
itself were selected. Applying this criterion, a total of 131 experimental points,
subdivided in 8 refrigerants derived from ethylene, and a total of 152 experimental
values, subdivided in 6 propylene derivative refrigerants, were selected. Finally, 147
available experimental data for 5 binary systems of halogenated alkene refrigerants
and conventional ones were obtained from the sources mentioned above.

Tables 3.1 - 3.2 and Table 3.3 summarize the temperature and the surface tension
data for the halogenated alkene refrigerants and the refrigerant blends, respectively,
and include the references to the sources and the number of experimental points per
dataset. In addition, the reported mole fraction ranges of the blends are provided in
Table 3.3.

From Tables 3.1 and 3.2, it is possible to note that the experimental surface tension
measurements for pure refrigerants were performed over wide surface tension (from
0.05 to 36.72 mNm ') and temperature (from 116.00 to 443.15 K) ranges. In the
same fashion, Table 3.3 shows that the measurements for refrigerant binary systems,
in spite of the limited number of binary systems measured, were performed over wide
surface tension (from 0.37 to 12.01 mNm ') and temperature (from 266.89 to 369.15
K) ranges.

The collected experimental data were generally measured through two measurement
techniques: the capillary rise method and surface light scattering.

The capillary rise method is based on the capillary action that occurs when the
forces of accession to the walls of the container are of greater magnitude than cohesion
between molecules of the liquid. The height at which the capillary action drags the
liquid in a circular pipe depends on the surface tension of the fluid, but also the density
and capillary radius. This phenomenon provides a simple and accurate technique for
the measurement of the surface tension of fluids and is studied both in differential
and singular capillary rise methods. In the differential capillary rise method, o can be
determined from the capillary radii, the differential capillary-rise-height of the liquid in
capillary tubes and the orthobaric densities by using specific correlations [181]. Usually,
the uncertainty of these methods is of the order of 0.05 - 0.1 mN m.

The surface light scattering consisting of the dynamic light scattering application
to fluid surfaces. This method allows determining, under conditions of balance, various
thermophysical properties of fluids, including surface tension, without any direct
contact. The method is based on the analysis of light diffusion caused by microscopic
fluctuations on the fluid surface. The uncertainty of the surface tension data provided
by this method is of the order of 0.2 (mNm™").

For the ethylene derivatives, all the data are coming from DIPPR and DETHERM
databases, excluding few data coming from private communications [180]. Almost
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Table 3.1: Surface tension experimental data for the refrigerants derived from ethylene.

Refrigerant Chemical Source Number T range, K o range,
formula of data mNm™*
R1150 CyH, [51] 11 137.00-116.00  25.76-21.76
[50, 53] 29 273.15-116.00 25.95-0.75
R1141 CyH3F [51] 1 288.15-288.15 5.00-5.00
[50, 53] 11 293.15-143.15 30.79-3.99
R1140 CyH3Cl [51] 12 373.15-213.15 29.50-5.40
[50, 53] 12 373.15-223.15 26.48-6.14
R1132a CyFyH, [50, 53] 11 273.15-173.15 23.38-3.85
R1123 C,yF3H [180] 16 303.55-266.95 7.41-2.40
R1130 CyH,Cy [51] 2 298.15-293.15 28.3-27.65
R1113 C,CIF3 [51] 1 293.15-293.15 12.00-12.00
R1120 C,HC3 [51] 8 303.15-288.15  29.73-27.76
[50, 53] 17 443.15-243.15  36.72-10.57
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Table 3.3: Surface tension experimental data for the refrigerant binary systems of propene derivative refrigerants with traditional refrigerants.

Binary systems Source  Number T range, K o range r1 range
of data mNm™

R134a(1) + R1234yf(2) [184] 24 363.19-293.15  8.25-0.37  0.807-0.319

R134a(1) + R1234ze(E)(2)  [184] 9 369.15-293.10  8.89-0.53  0.445-0.445

R32(1) + R1123(2) [180] 14 306.53-266.89  10.20-3.84 0.709-0.709

R32(1) + R1234yf(2) [185] 18 343.18-293.15  7.04-0.59  0.794-0.519

R32(1) + R1234ze(E)(2) [180] 35 324.72-272.91 12.01-3.74 0.695-0.508
[185] 21 348.19-293.14  8.46-0.83  0.750-0.298
[183] 26 322.87-273.21 11.10-3.96  0.687-0.687
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all the data for propylene derivatives were individually collected from journal papers.
These data are generally more recent and very reliable, being their uncertainties lower
than 0.2 mNm™ ~ or 1.5% in most cases. The same consideration is also valid for blends,
whose data are very recent and measured through the aforementioned techniques. The
corresponding uncertainties are lower than 0.015 mN m™" and than 0.2 mNm™".
Almost all the fluid physical parameters employed in this work were collected
from the DIPPR database [51] and are reported in Table 2.1. However, the physical
parameters for three fluids (R1123, R1233zd(E), and R1234ze(Z)) are unavailable in
the DIPPR database. As shown in Table 2.1, these properties were selected from recent
journal papers available in literature. It is worthwhile pointing out that the G, for
the three above-mentioned fluids was not available. As already demonstrated in the
past [170], a correlation between radius of gyration and critical density exists, thus the
three missing radii of gyration were calculated with the following regressed correlation:

595.666  643.081

2
¢ Pec

G, = —38.6119 + 3.41918 exp(2.4083 + ) (3.6)

where G| is the radius of gyration in A and pe 1s the critical molar density in mol m>.

3.1.3 Proposed scaled equation

On the basis of the equations for o developed by our group of work [167-170], the
following form was found to be the best for the low GWP refrigerants:

Z = AL -T)"(1+ %)W" (3.7)

where A — F are regressed coefficients. The optimized coefficients were obtained with
the Random Search method [186]. To minimize or maximize the objective functions of
the optimization problems, the Random Search method selects a population of points
from a feasible region using an appropriate sampling strategy, performs simulations at
the chosen points and successively uses the results to update the sampling strategy
before proceeding to the next iteration.

To improve the accuracy of the surface tension data obtained by Equation (3.7)
for the two subfamilies of refrigerants, the coefficients were regressed minimizing the
AARD of o for the ethylene derivative refrigerants and propylene derivative refrigerants
separately. The AARD of o was calculated as follows:

N
100 | Oexp,i — Ocalc,i |
AARD(0)% = - Zl -~ (3.8)

where N is the number of experimental data. The coefficients regressed for the two
subgroups are reported in Table 3.4.

Starting from Equation (3.7), the following equation for the binary systems of
halogenated alkene refrigerants with conventional refrigerants is proposed:

o B Cc\D E

O—O_m =A(1_Trm) (1+¢m) Wm (39)
where o = (KTpm ) /G2y is a mixture scaled factor in Nm™', T}, is the mixture
reduced temperature, G, is the mixture radius of gyration in m, ¢, = N, Apcmem is
a mixture adimensional term, p.,, is the mixture critical density in molm™~, and wy, is
the mixture acentric factor. The independent parameters T, Gim, Pem, and w,, were
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Table 3.4: Regressed coefficients adopted for Equation (3.7)

Refrigerant A B C D E

Ethylene derivative  16.008 1.177 -0.448 -2.188 -0.134
Propylene derivative  1.207 1.256 1.943 43.831 0.426
Binary blends 20.466 1.327 -0.962 -0.827 0.686

simply approximated by the mole fraction averages of the pure component properties
Teis Griy Peis and w;. As witnessed in [179], this simple method gave similar results in
terms of deviations as the more complex empirical literature methods for the mixtures
properties definition. The coefficients A — E were also regressed with the Random
Search method and are reported in Table 3.4.,

As explained in Subsection 3.1.2, Table 2.1 reports all the fluid physical parameters
used in Equations (3.7) and (3.9) for the regression of the coefficients.

3.1.4 Results and discussion

The prediction capability of Equations (3.2) - (3.4) and Equation (3.7) for pure
refrigerants and Equations (3.5) and (3.9) for refrigerant binary systems was analyzed
for the subgroups of selected ethylene derivatives, selected propylene derivatives and
selected binary systems of low GWP refrigerants and conventional refrigerants.

The input parameters and the number of coefficients included in the studied
equations were summarized in Table 3.5. Moreover, this table shows the number
of refrigerants and the experimental halogenated alkene refrigerants (both pure and
binary systems) considered in the development of the equations.



in the development of these equations.

Table 3.5: Summary of the input parameters and the number of the coefficients included in the equations under analysis and refrigerants considered

Equation  Input

parameters

Number of
coefficients

Number of refrigerants

under analysis

Experimental halogenated
alkene refrigerants considered

(3.2) P, T., w, u*, and V,

7

32

R1234yf

(3.3) P, T., and w

5

33

R1234yf

(3.4) T., Ty, and oy

4+42°

83

R1141
R1140
R1132a
R1113
R1120
R1243zf
R1234yf
R1234ze(E)

(3.5) Pomns Tomn, and wp,

13

(3.7) T., pe, Gy, and w

14

R1150
R1141
R1140
R1132a
R1123
R1130
R1113
R1120
R1270
R1243zf
R1234yf
R1234z¢(E)
R1234ze(Z)
R12332zd(E)

(3.9)

Terms Pems Grm, and wi,

R134a + R1234yf
R134a + R1234z¢(E)
R32 + R1123

R32 + R1234yf

R32 + R1234z¢(E)

® The numbers represent the regressed coefficients and the fixed input

parameters, respectively

Te

NOISNHI HOVAHNS
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Table 3.6: Deviations between the experimental surface tension of the ethylene derivative
refrigerants and the ones predicted by Equations (3.2), (3.3), (3.4), and (3.7).

Refrigerant ~ N. of AARD(o) % AARD(o) % AARD(o) % AARD(o) %
data  Equation (3.2)  Equation (3.3)  Equation (3.4)  Equation (3.7)

R1150 40 2.67 4.84 2.32 2.21
R1141 12 14.29 8.10 3.12 8.84
R1140 24 11.37 3.88 2.61 1.83
R1132a 11 28.93 24.12 2.01 15.62
R1123 16 2.42 5.76 3.31 3.49
R1130 2 7.87 6.31 0.25 17.78
R1113 1 26.82 25.97 0.001 26.52
R1120 25 1.21 1.58 2.33 2.54
Average - 7.49 6.25 2.49 4.51

The results for the ethylene derivative refrigerants in increasing order of molecular
mass are reported in Table 3.6, where the equations under analysis were tested on 131
points. As a general comment, it is evident that Equation (3.4) performs very well
(AARD(0) = 2.49%) and is the best equation for predicting the surface tension of almost
all the fluids. Particularly good results were achieved for fluids having a very limited
number of points, such as R1130 and R1113. This behavior was expected, as it is due
to the nature of the method itself. The predictions of Equations (3.2) and (3.3) in the
original forms are adequate (AARD(o)= 7.49% and AARD(o) = 6.25%, respectively)
considering also that the two equations are very simple and their coefficients were
mostly obtained by fitting data of conventional refrigerants. Equation (3.7) generally
shows low deviations for all the ethylene derivatives, excluding R1130, R1113, and
R1132a. The average AARD(0) is 4.51%. The results for Equation (3.7) are also
illustrated in Figure 3.1 and Figure 3.2. It is worth noting that the AARDs of o for this
equation for the ethylene derivative fluids assume very different values. Probably, this
behavior could be due to the fact that almost all the experimental data were collected
from the DIPPR and DETHERM databases, where old (but acceptable) sources are
considered.

Although the surface tension data of R1123 were not considered in the development
of Equations (3.2) and (3.4), these models seem to produce lower deviations than that
of Equation (3.7) (Figure 3.3). However, Equation (3.4) is only slightly better than the
new proposed equation, while Equation (3.2) gives, anyway, the highest global AARD
of o among all correlations. As a general comment, it is worth noting that the models
considered in the present work were built with different refrigerant sets (Table 3.5).
Therefore, particular caution should be taken in making direct comparisons between
the considered equations. Evidently, in a case such as that of R1123, Equations (3.2)
and (3.4), which can predict new refrigerants with low deviations, have an appreciable
value.

The results for the propylene derivatives, again in increasing order of molecular mass,
are reported in Table 3.7, where the equations were tested on 151 points. Probably
the most promising alternative refrigerants belong to this group. The best results were
obtained for Equation (3.7), with an average AARD(o) equal to 3.04%. The surface
tensions of the most important refrigerants (R1234yf and R1234ze(E)) are predicted
with AARD(0) = 4.81% and AAD = 2.23%, respectively. Good results were also
obtained for Equations (3.2), (3.3), and (3.4): deviations were found to be between
4-5%. The results for Equation (3.7) are also depicted in Figure 3.4 and Figure 3.5.

Finally, 147 data points for 5 blends of low GWP refrigerants and conventional
refrigerants were analyzed with Equations (3.5) and (3.9). The corresponding results
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Figure 3.1: Calculated surface tension (Equation (3.7)) versus experimental surface tension
of the ethylene derivative refrigerants.

Table 3.7: Deviations between the experimental surface tension of the propylene derivative
refrigerants and the ones predicted by Equations (3.2), (3.3), (3.4), and (3.7).

Refrigerant N. of AARD(o) % AARD(o) % AARD(o) % AARD(o) %
data  Equation (3.2)  Equation (3.3) Equation (3.4)  Equation (3.7)

R1270 32 3.31 2.69 6.17 1.59
R1243zf 11 1.43 2.61 1.38 2.70
R1234yf 38 4.77 7.12 5.71 4.81
R1234z¢(E) 45 4.74 3.42 2.72 2.23
R1234ze(Z) 13 7.93 3.41 1.24 1.23
R1233zd(E) 13 5.43 5.01 5.46 6.33

Average - 4.54 4.27 4.21 3.04
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Figure 3.2: Residuals of surface tension data of ethylene derivative refrigerants versus
reduced temperature. Notation as in Figure 3.1.
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Figure 3.3: Residuals of surface tension data of R1123 for the studied equations versus
reduced temperature.
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Figure 3.4: Calculated surface tension (Equation (3.7)) versus experimental surface tension
of the propylene derivative refrigerants.
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Table 3.8: Deviations between the experimental surface tension of the refrigerant blends
and the ones predicted by Equations (3.5) and (3.9).

Mixture N.of AARD(o) % AARD(0) %
data  Equation (3.5) Equation (3.9)
R134a(1) + R1234y£(2) 24 10.19 2.19
R134a(1) + R1234ze(E)(2) 9 6.70 2.55
R32(1) + R1123(2) 14 14.81 2.03
R32(1) + R1234y£(2) 18 9.19 9.42
R32(1) + R1234z¢(E)(2) 82 13.78 3.09
Average - 12.30 3.58

are reported in Table 3.8 and further information for Equation (3.9) is provided in
Figure 3.6 and Figure 3.7. The improvements of Equation (3.9) with respect to
Equation (3.5) are evident (AARD(o) = 3.58% and AARD(0) = 12.30%, respectively).
However, since none of the binary systems studied in the present work was considered
to develop Equation (3.5) (Table 3.5), all the results obtained with this equation
should be considered predictive for the studied blends. The achieved results are of
the same level of the ones obtained by Khosharay et al. [177] (AAD = 4.35%) which
were obtained for blends of HFCs and with an entirely different approach. The best
and the poorest results for Equation (3.9) are visible in Figure 3.8 and Figure 3.9,
that show a comparison between experimental and calculated data of R32 + R1123
(AARD(0 = 2.03%) and R32 + R1234yf (AARD(o = 9.42%), respectively. However,
from Figure 3.9, it clear that most of the experimental surface tension data are very
small in value, thus their percentage deviations are high.
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Figure 3.6: Calculated surface tension (Equation (3.9)) versus experimental surface tension
of binary systems.
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Figure 3.7: Residuals of surface tension data of binary systems versus reduced temperature.
Notation as in Figure 3.6.
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Figure 3.8: Calculated surface tension (Equation (3.9)) versus experimental surface tension
of R32 + R1123.
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Figure 3.9: Calculated surface tension (Equation (3.9)) versus experimental surface tension
of R32 + R1234yf.
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3.2 Thermal conductivity

On the basis of the Fourier’s law of heat conduction, the thermal conductivity ())
can be defined as a measure of the ability of a material or substance to transfer heat
through conduction. For this reason, thermal conductivity knowledge is essential for
heat transfer processes, especially for refrigerating operations. Therefore, in addition
to its experimental determination, estimation of A for several substances, especially in
the liquid and gas phases, has been the subject of many studies. The SI unit of X is
Wm ' K. For several simple organic liquids, their thermal conductivities (\p) are
between 10 and 100 times larger than those of the same substance in the gaseous state
(Av) at low pressure and same temperature [52].

Equations to predict the thermal conductivity of gasses are historically based on the
kinetic theory of gases [187, 188]. A good compilation of the main historical equations
is given in a past book [189]. Recently, a gene expression programming mathematical
strategy was utilized for gases at atmospheric pressure [190]. As predicted by the kinetic
theory of gasses and confirmed by experimental data, A of low-pressure gasses increases
with increasing temperature [52]. Instead, at high pressure, increasing temperature
results in a smaller thermal conductivity. Besides, Ay increases with pressure, but the
effect is relatively small at low and moderate pressures [52]. Near the critical point, A
is quite sensitive to both temperature and pressure and shows an unusual behavior.

During the last century, several theories that provide equations to predict the
thermal conductivity of liquids have appeared. These theories include equations based
on specific material properties such as density and/or heat capacity [191, 192] and
temperature, and theoretical calculations which consider intermolecular distances [193].
As for the gasses, the two properties that mostly influence \;, are temperature and
pressure. In particular, A;, of most liquids decreases with increasing temperature, but
water and some aqueous solutions are exceptions. Its variation for liquids is usually
linear with the variation of temperature under the normal boiling point or near it
[52]. Instead, at moderate pressure (up to values of 5-6 MPa), even if it increases with
pressure, the effect of pressure on A, is usually neglected, except near the critical point
that represents a singularity where the behavior of the liquid is like that of a dense gas
[52]. Some of the theories for A;, prediction are briefly described below.

Bridgman in 1923 proposed an equation for the calculation of A, starting from
simple physical concepts [193]. A “cubic-like” distribution for molecules of liquids was
assumed. Moreover, the author assumed that the difference in energy between adjacent
molecules is transferred along a row of molecules in the direction of the temperature
gradient with the velocity of sound. The Bridgman equation for thermal conductivity
of liquid has the following form:

QQWL
AL = 52

where « is a constant, W7, is the speed of sound in liquid in ms~" and § is the average
distance between the centers of molecules in m. ¢ is the key parameter of the equation

and is defined as:
m 1033
5= (p—L) (3.11)

where m is the absolute weight of one molecule of the liquids and py, is the liquid
density.

Equation (3.10) gives approximately correct values of A;, at atmospheric pressure
(differences ranging from -13% to +29%). Instead, probably due to excessive equation
simplifications, it provides inaccurate values for liquids under pressure.

(3.10)



70 CHAPTER 3. MODELING OF TRANSPORT PROPERTIES

Kardos in 1934 presented a theoretical equation for the estimation of A;, based
on the Debye theory for heat conduction in nonmetallic solids [194]. This theory
establishes a certain apparent analogy between the heat conduction mechanism in solid
insulators and gases. Kardos modified Equation (3.10) to avoid specifying the amount
of molecular energy. Besides, the author assumed that the temperature drops in the
liquid changes exponentially and that the energy drop occurs in the intermolecular
spaces. Then it was assumed that the molecules in the liquid layer are oriented end to
end on long chains in a two-dimensional pattern and that the heat is transferred along
a row of molecules with the velocity of sound, as in Equation (3.10). The chains or
layers repeat themselves. The author considered the distance [ between the surfaces
of adjacent molecules, instead of the distance of their centers §. The Kardos scaled
equation is:

>\L = pPL CpL WL l (312)

where pr, is the critical density in kg m_?’7 Cpr, is the heat capacity of liquids at constant
pressure in kJ K' and [ is expressed in m. Deviations of the Kardos equation from
the experimental data were checked by Vargaftik [195] for 11 liquids. These deviations
were found to be about 40 % when [ was assumed to be constant for all liquids, and
from (6 to 18) % when individual values of [ for each liquid were used. The same kind
of deviations was confirmed also by Sakiadis & Coates [196, 197].

Although the Kardos equation has a strong theoretical basis and it was considered
as a starting point to many other studies, the proposed formulas led often to very
poor results or contained parameters difficult to manage and do not appear useful for
engineering purposes [196]. It is worthwhile pointing out that theories have not been
successful in formulating useful and accurate equations to estimate A, [52]. For this
reason, empirical or semi-empirical estimation models are usually employed to evaluate
Ap, for engineering applications at specific temperature and pressure conditions.

An empirically modified version of the Kardos equation for A, specifically oriented to
refrigerants is presented in this thesis. This formula was correlated and was found to be
valid both for the liquid and the vapor thermal conductivity estimation along saturation
for different refrigerants, namely R12, R22, R23, R32, R123, R124, R125, R134a, R143a,
R152a, R245fa, R1234yf, R1234ze(E), R717, R744, R50, R170, R290, R600, R600a,
R1150 and R1270 (information about these fluids are reported in Table 2.1). In the
proposed equation, the thermal conductivity is a function of two constant parameters,
namely the critical density and the radius of gyration, substituting the liquid molar
volume and the distance of adjacent molecules, respectively. Consequently, the resulting
equation is much simpler, still being a scaled equation. In the proposed equations,
an adimensional factor was regressed to minimize the deviations. To evaluate the
goodness of the proposed correlation, the deviations between the selected data and the
values calculated from these equations and different correlations specifically oriented
to refrigerants available in literature were calculated and compared. These results
have been also presented elsewhere [198]. Moreover, the results provided by the
presented correlation were compared with the REFPROP 10.0 [65] predictions, which
are calculated from fluid-specific correlations, a modification of the extended CSP
model, or the friction theory model.

It is important to note that the thermal conductivity data of refrigerants of different
generations were collected and used in the development of the proposed equation.
Therefore, this equation is not specifically oriented to low GWP refrigerants.
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3.2.1 Overview of the existing models

Some of the most well-known and widespread models available in the literature
that can be used for the evaluation of A of refrigerants are briefly described below. It is
worth to point out that the selected models are based on a different approach, making
use of certain fixed parameters to evaluate A.

Recently, Khosharay et al. [199] carried out a literature survey of the available
data of A for 31 refrigerants both in liquid and vapor phases. Based on the similarity
between the PvT and TAP diagrams for fluids, a thermal conductivity model based on
Heyen EoS [176] was developed for pure refrigerants and their blends. In this model, a
genetic algorithm was used to determine the adjustable parameters of the model.

The Sato-Riedel equation [200] is a rather simple equation to estimate the thermal
conductivity of liquids that requires knowledge of a limited number of properties and
is defined as:

_ 111 3+20(1-17)"%
AL = 0.5 0.66 (3.13)
M3 4+20(1-T,)

where M is the molecular mass, T} is the reduced temperature and Tj, is the reduced
temperature at the boiling point.

The Sheffy & Johnson equation [201] is also a very simple equation for A, which
has the following form:

1-0.00126 (1 — T},)
TO.216 M0.3

AL = 1.951 (3.14)

where Ty, is the melting temperature. In general, Equation (3.14) provides sufficiently
accurate values for A;, when the reduced temperature is less than 0.7.

The Latini equation is probably the most commonly known and widespread equation
for A, of organic liquids [202] and is generally recommended [52]. This equation
was proposed for several chemical families of compounds including olefins, saturated
hydrocarbons, cycloparaffins, aromatics, alcohols, ketones, carboxylic acids, refrigerants
and esters, but its main drawback is that it is inaccurate for reduced temperatures
above 0.65. In particular, the most recent equation for Ap, of refrigerants has the
following expression:

AL = A{ﬁ%} (3.15)

where ® is the golden ratio whose value is linked with the Fibonacci’s sequence,
a is a parameter specif for each series of refrigerants and A is the value of the
thermal conductivity of the specific fluid at the reduced temperature corresponding
to the mantissa of the golden ratio. However, the main limit of A is the need for
an experimental A\;, value of the studied fluids. To overcome this limit, the following
expression for A was proposed [202]:

o
A=A (3.16)

where A'7 a, B and ~y are regressed parameters for each series of refrigerants.
A recent equation that overcomes prediction limitations near the critical point was
proposed by Gharagheizi et al. [203]|, who adopted a GEP [204] mathematical strategy:
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_ 1.009 B>\ 3.9287M* A
)\L:1~1041Ow+2PC—2T+4+1.908(Tb+ )+ + }

M? B*
(3.17)
where
A = 3.8588 M®° (1.0045 B + 6.5152 M — 8.9756) (3.18)
and
B =16.0407T M + 2T}, — 27.9074 (3.19)

This equation was also used for A\;, estimation of amines, silanes/siloxanes, inorganic
compounds, sulfides/thiophenes, mercaptanes, epoxides, peroxides, nitriles, elements,
and aldehydes. On the other hand, the main drawback of this equation is that it was
based on an empirical approach, with a huge number of coefficients being correlated.
In a recent paper proposed by Di Nicola et al. [69], a simple empirical correlation
to represent \p, of refrigerants was presented and has the following expression:
i—zzaTr+bPC+cw+(%)d+fu (3.20)
where w is the acentric factor, P, is the critical pressure, p is the dipole moment and
a,b,c,d, e, f and \g are the coefficients of the correlation specific for each series of
refrigerants. In fact, the refrigerants were divided into four subgroups according to the
different chemical halogen forming the compounds, and analyzed separately.

3.2.2 Proposed equation

Initially, the values of thermal conductivity, critical density, speed of sound and
heat capacity at constant pressure for different refrigerants were collected from the
2013 ASHRAE handbook [205]. During the data collection, a fluid-by-fluid analysis
was performed. The available data were smoothed from the triple point temperature
up to the critical point both for the liquid and the vapor phases along saturation.
Moreover, as explained in the original book, different EoSs were used to obtain the
values of the critical density, heat capacity and speed of sound.

The values of the radius of gyration (G,) for the studied refrigerants were collected
from the DIPPR database [51] and are reported in Table 2.1. From the general
definition, G, can be calculated as the root mean square distance of the objects’
parts from either a given axis or its center of gravity. This physical property can be
defined as the radial distance from a given axis at which the mass of a body could be
concentrated without altering the rotational inertia of the body about that axis. For
a planar distribution of mass rotating about the same axis in the plane of the mass,
G, can be considered as the equivalent distance of the mass from the axis of rotation.
G, plays an important role in chemistry. It is usually a better estimate of the chain
dimensions than the root-mean-squared end-to-end distance. The end-to-end distance
is difficult to measure, while this property can be measured by a light scattering
technique. Furthermore, excluding carbon dioxide, the radius of gyration is well related
to molar mass, as witnessed by Figure 3.10, where G, is showed as a function of M.

It is worthwhile pointing out that a great number of selected G, values were obtained
from Stuper et al. [206] where the radii of gyration of the compounds were derived
from a molecular mechanics algorithm based on the strain function minimization.
This algorithm simulates the actual structural shape of a molecule by an iterative
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Figure 3.10: Radius of gyration as a function of the molar mass.
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minimization of the potential energy functions, which define the simple harmonic and
elastic forces that hold together the particles of a molecule. In the original book, it is
pointed out that when the results of the molecular modeling program are compared
with reliable experimental data and other molecular modeling routines, acceptable
deviations were obtained. As indicated in the DIPPR database [51], the uncertainty of
G, calculated from the Stuper et al. [206] algorithm is less than 3 %.
Starting from these considerations, the following modified Kardos equation for Ap,
was proposed:
)‘L = €L Pc CpL WL Gr (321)

where €r, is an adimensional factor regressed fluid by fluid for each liquid refrigerant at
reduced temperatures up to 0.90. To optimize this factor, the Levenberg-Marquardt
curve-fitting method [207] was adopted. This method is a combination of two mini-
mization methods: the gradient descent method and the Gauss-Newton method. The
Root Mean Square Deviation of the thermal conductivity (RMSD())) was minimized
and is defined as:

2

™M=

(Aexp,i - )‘calc,i )
N

RMSD(\) = | =2

(3.22)

1 where N is the number of experimental data.

It is well known that the liquid state differs from the gas state in that the individual
molecules are affected considerably by the presence of their neighboring molecules and
that Kardos model considered the molecules to be aligned and perpendicular to the
direction of the heat flow. However, a similar modified Kardos equation for the vapor
thermal conductivity (Av) is proposed:

)‘V = €v Pc va WV Gr (323)

where Cpy is the heat capacity of vapor at constant pressure, W, the speed of sound
in the vapor phase and ey is an adimensional factor regressed fluid by fluid for the
vapor refrigerant, optimized again by the Levenberg-Marquardt curve-fitting method
by minimizing RMSD(A) at reduced temperatures up to 0.90.

The coefficients for liquids and vapors are reported in Table 3.9, together with the
deviations between the experimental and the calculated A for each fluid. In particular,
the Average Absolute Relative Deviation of the thermal conductivity (AARD()))
reported in Table 3.9 for each fluid was calculated according to:

Aexp,i

100 & | Aexp,i = Acalesi |
AARD(A)%zW; b e (3.24)

3.2.3 Results and discussion

From the results of Table 3.9, it is possible to state that, even if G, replaces the
intermolecular distance for chain compounds in the proposed equations, the Kardos
assumption is still valid for the liquid refrigerants: the molecules can be considered
to be aligned, like rods in a bundle, perpendicular to the direction of the heat flow.
This arrangement is a reliable approximation for long-chain molecules. For shorter
molecules, the disorder increases and the molecular arrangement changes. This is
probably the reason why fluids with lower radii of gyration (i.e. R50, R717, R170, R744,
R23 and R1150), corresponding to smaller molecular masses, generally showed higher
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Table 3.9: Adopted parameters and deviations for Equations (3.21) and (3.23).

Refrigerant €L, AARD(AL) %  RMSD(AL) ev AARD(A\y) %  RMSD(Ay)
(Wm™K™) (Wm™ K™
R12 0.77641 0.8 0.0008 0.62636 8.1 0.0008
R22 0.86914 0.4 0.0007 0.56705 6.4 0.0006
R23 1.06893 7.6 0.0147 0.54491 2.6 0.0003
R32 1.43009 1.9 0.0051 0.5591 6.2 0.0014
R123 0.52532 3.5 0.003 0.54673 14.1 0.0014
R124 0.5839 2.3 0.0019 0.60065 10.7 0.0013
R125 0.6503 1.7 0.0015 0.58118 9.3 0.001
R134a 0.73318 1.9 0.002 0.59879 13.7 0.0013
R143a 0.86548 15 0.0017 0.65242 9.7 0.0011
R152a 0.91102 1.5 0.0017 0.6777 - 0.002
R245fa 0.53365 3.9 0.0039 0.57561 5.1 0.0009
R1234yf 0.6907 3.6 0.003 0.6354 8.2 0.0011
R1234ze (E)  0.70283 4.1 0.0038 0.67749 8 0.0012
R717 4.13607 7.3 0.0435 1.06528 7.7 0.0024
R744 3.07933 4.1 0.0063 1.81605 2.5 0.0004
R50 2.02643 9.8 0.0149 1.15924 7.3 0.0011
R170 1.37046 7.3 0.0115 0.81834 19.7 0.0018
R290 0.92499 2.6 0.0039 0.77607 13.5 0.0016
R600 0.7443 2.3 0.0028 0.71549 12.8 0.0021
R600a 0.69095 2.3 0.0026 0.71694 12.8 0.0019
R1150 1.7536 5.2 0.0094 0.90406 3.1 0.0004
R1270 1.15227 2.8 0.0047 0.83963 13.6 0.0018
Average 1.2 3.6 0.0065 0.8 9.3 0.0013

AARD(\p), as witnessed also by Figure 3.11, where AARD(\,) for each refrigerant
are reported as a function of G,. However, in general, deviations for liquids are very
low (average AARD(\p) = 3.6 %).

For the liquid refrigerants, the model generally works for reduced temperatures up
to 0.90. In some cases, the model overestimates A;, approaching the critical point, as
shown in Figure 3.12 for R22. In particular, the model describes very well the trend of
Ar for the methane derivatives, ethane derivatives, R290, R600 and R600a, as showed
in Figure 3.13, where the experimental values from DIPPR [51], smoothed values from
ASHRAE [205] and calculated Ar, values are reported for R134a as example. For R744,
R717, R50, R170, R1150, R1234yf and R1234ze(E), the model slightly underestimates
AL at lower reduced temperatures and overestimates A, at higher reduced temperatures.

Instead, as expected, due to the increasing of the molecular disorder, deviations for
vapor refrigerants are higher (average AARD(Ay) = 9.8 %). In this case, deviations
are rather scattered and do not seem to be depending on G,. Figure 3.14 shows the
AARD(M\y) values as function of G,. However, even if the equation was not originally
developed for vapors, it was found to be surprisingly accurate for many refrigerants in
the vapor phase, with the deviations being well below 10 % for the main part of them.
An example of behavior of Ay is reported in Figure 3.15, where the experimental values
from DIPPR [51], smoothed values from ASHRAE [205] and calculated Ay values are
reported for R290. However, the proposed equation was not working for R152a, with
the deviations being higher than 100 %.

In addition, Figures 3.16 and 3.17 show the adimensional factors €, and ey versus
G, for each refrigerant. From these figures, a strong dependence of the adimensional
factors on G, is evident, especially for the liquid refrigerants.

The chemical reason for this behavior is probably related to the general different
shapes of the molecules of some refrigerants, such as R717, R744, R50 and R1150.
These fluids have molecules with a general compact shape and show a ¢;, coefficient very
far from unity (from 4.1 to 1.7 as shown in Table 3.9). On the other hand, the other
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Figure 3.11: Deviations for each liquid refrigerant as a function of radius of gyration.
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for propane (R290).
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Figure 3.16: Adimensional factor e, versus the radius of gyration. The dashed line represents
the polynomial regression.

selected refrigerants have a linear or a branched molecular shape and their coefficient
er, is generally very close to unity (from 0.5 to 1.3 as shown in Table 3.9). It has to be
considered that, since the refrigerant category is very heterogeneous, these fluids are
very different in terms of chemical structure. The different shapes of the molecules
of refrigerants together with the polarity are strongly influencing the thermophysical
properties, especially A\. G, is well related to the shape of the molecules and this is
probably the reason way e, was found to be so sensitive to G, as visible in Figure 3.16.

For the liquid refrigerants, the following polynomial regressing equation for eg, as
function of G, was obtained:

L = —0.2941 G2 + 2.44G? - 6.9302 G, + 7.5856 (3.25)

To simplify Equation (3.25), G, was considered in angstrom (A) units. Since the
adimensional factorer, can be described with Equation (3.25) without significant loss
of accuracy, Equation (3.21) could be extended to other organic liquids for which G, is
known. From Figure 3.17, the dependence of ey on G, is still evident. However, the
regression brought a significant increase of deviations for Equation (3.23) during Ay
prediction, and in this case the polynomial regression was not considered.

To compare the goodness of the aforementioned literature models [69, 194, 199-203],
REFPROP 10.0 [65], and the proposed equation for Ap, the deviations between the
calculated and experimental data were calculated and their AARD(Ar,) are reported in
Table 3.10.
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Figure 3.17: Adimensional factor ey versus the radius of gyration.
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As a starting comparison for Ap, prediction, the original Kardos equation [194] where
the original constant value was assigned to [, was considered. From the analysis of the
results reported in Table 3.10, the higher prediction capability of the proposed model
is evident (overall AARD(\p) = 18.5 % and AARD(\) = 3.6 % for Equations (3.12)
and (3.21), respectively).

As shown in Table 3.10, all the studied literature correlations provided similar
results apart from the Sheffy & Johnson equation [201] that, probably because of its
simplicity, showed rather high deviations. Instead, good quality of prediction was
shown by Latini et al. [202] and Di Nicola et al. [69] equations.

Moreover, the results provided by Equation (3.21) were compared with the ones
obtained by Khosharay et al. [199]. Higher deviations were obtained for the model
proposed by Khosharay et al. [199] for the liquids (overall AARD(X) = 6.6 %) when
results are compared with the results obtained with the proposed equation, while
slightly lower deviations (overall AARD(A\) = 7.8 %) for the vapors were obtained,
confirming the validity of the proposed model. However, it has to be pointed out that
the datasets under analysis in the two studies are rather different.

Finally, a comparison between the results given by Equation (3.21) and by REF-
PROP 10.0 [65] was performed. As shown in Table 3.10, REFPROP 10.0 usually
ensured lower deviations for A;, of the selected refrigerants than the proposed cor-
relation. This outcome was expected since REFPROP 10.0 uses accurate models
developed for each fluid. A similar outcome was also obtained for the Ay predicted
from REFPROP 10.0 (overall AARD(X) = 1.6 %).

It is important to point out that, as mentioned above, the presented equations
for A, and Ay are not specifically oriented to low GWP refrigerants. However, since
few values of critical density, speed of sound and heat capacity at constant pressure
for these alternative working fluids are available in literature, these equations can
be used for a very limited number of low GWP refrigerants, such as R1234yf and
R1234z¢e(E) (already considered in the development of the equation). Therefore, it
could be important to study the prediction capability of the simpler literature models
for this type of refrigerants and, if necessary for obtaining more accurate A descriptions,
to develop a new correlation specifically oriented to these fluids.
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Chapter 4

Experimental measurements of
thermodynamic properties

This chapter presents the experimental values of the Pressure - Specific Volume -
Temperature - Composition (PvT'z) properties of nine binary systems containing six
different low GWP refrigerants measured both in the two-phase and superheated vapor
regions through an isochoric apparatus. Furthermore, the triple point temperature of
a low GWP refrigerant and the Solid-Liquid Equilibrium (SLE) of a binary system
containing this fluid measured with an experimental apparatus specifically built for this
purpose are reported. The measured data were compared with the values calculated
with different models. A discussion about the obtained results is presented. Besides,
the measured properties of the studied refrigerants and binary systems were compared
with the experimental data available in literature and the results are reported.

4.1 PovTz measurements of binary systems

As mentioned in the previous chapters, the experimental data of the thermodynamic
properties of blends containing low GWP refrigerants are fundamental for evaluating
their potential performance in different HVAC&R applications and developing accurate
models for their description. For these reasons, the PvTz measurements of nine binary
systems of synthetic low GWP refrigerants and conventional or natural refrigerants
were carried out by using an isochoric apparatus.

In particular, the vapor-phase PvTz properties for binary systems containing
isobutane (R600a) and six fluorinated propene isomers were measured along different
isochores for different compositions, usually in the temperature range from (303 to
383) K. The studied fluorinated propene isomers are:

e 23,3 3-tetrafluoroprop-1-ene (R1234yf);

trans-1,3,3,3-tetrafluoroprop-1-ene (R1234ze(E));

cis-1,3,3,3-tetrafluoroprop-1-ene (R1234ze(Z));

trans-1-chloro-3,3,3-trifluoroprop-1-ene (R1233zd(E));

cis-1,2,3,3.3-pentafluoroprop-1-ene (R1225ye(Z));

3,3,3-trifluoropropene (R1243zf).
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The values of the direct environmental impact and physical properties of these re-
frigerants are reported in Table 2.1. Since it is becoming increasingly necessary to
blend working fluids to achieve the right combination of environmental characteristics,
thermophysical properties, and safety characteristics, the knowledge base of blends
containing hydrocarbons and fluorinated propene isomers can be useful to evaluate
their potential use in different applications. In particular, blends of hydrocarbons
and unsaturated halocarbons can offer potential benefits over the single-component
refrigerants alone. For example, these blends could potentially allow for the tailoring
of thermodynamic and transport properties, flammability, and toxicity in ways that
could allow for the blends to be used in a particular application even though the
single-component options may not be appropriate or adequate for the application.
Moreover, for many applications, these blends could potentially lower cost, increase
lubricant solubility, and improve heat exchanger performance when compared to the
single-component halogenated propene isomer working fluid options. An additional
motive for undertaking these measurements is simply to expand the scientific knowledge
of low-GWP blends consisting of a variety of working fluids.

Moreover, the PvT'z properties for different compositions of binary systems con-
taining difluoromethane (R32) and three HFOs (R1234yf, R1234ze(E),
and R1234ze(Z)) were measured both in two-phase and superheated vapor regions
along different isochores for different compositions at temperatures from (263 to 373)
K. To overcome the potential limitations of different low GWP synthetic refrigerants
and to improve their thermodynamic performances, blends of these alternative refriger-
ants, especially fluorinated propene isomers, and other more traditional refrigerants
possessing better thermophysical properties, and higher, but still sufficiently low, GWP
values are investigated. In particular, because of its high performance, relatively low
GWP and excellent thermodynamic properties among all HFCs, R32 is considered as
one of the most suitable components for low GWP refrigerant blends.

After presenting an overview of the thermophysical properties for the studied
binary systems available in the literature, information about the studied samples, the
experimental setup, and the measurement procedure is given. Then, the measured
data for the studied binary systems are reported. Finally, the results obtained by
correlating these experimental data with some models presented in Chapter 2 are
presented and discussed. Moreover, the experimental values were compared with the
experimentally-determined data available in the open literature.

Part of the reported PvTz measurements for the nine binary systems have been
already presented elsewhere [208-211].

4.1.1 Overview of measured thermophysical properties

Table 4.1 summarizes the publicly available literature of experimentally-determined
data for different thermophysical properties of the measured binary systems (R1234yf +
R600a, R1234z¢(E) + R600a, R600a + R1233zd(E), R600a + R1234ze(Z), R1225ye(Z) +
R600a, R1243zf + R600a, R32 + R1234yf, R32 + R1234ze(E), and R32 + R1234ze(Z)).
It is important to point out that, although the search of the publicly available literature
provided in this section is not exhaustive, a wide-ranging analysis was conducted. In
particular, Table 4.1 shows the references reported in the review work of experimentally-
determined thermophysical properties for low GWP working fluids and their blends
proposed by Bobbo et al. [36]. Moreover, some of the most recent works available
in the open literature that present experimental values of different thermophysical
properties for the studied binary systems are reported in this table.
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Table 4.1: Available experimental data for the binary systems measured with the isochoric
apparatus.a

Base component
2" component Property R600a  R32

R1234yf VLE [150]  [159]
[153]
PuTz [212]  [213]
[214]
[215]
[216]
o [185]
[217]
p [185]
[218]
[219]
[220]
cp [213]
R1234z2¢(E)  VLE [152]  [159]
[163]
[221]
[222]
PuTz [223]  [224]
[225]
[226]
o [185]
[180]
[183]
[217]
p [185]
p [227]
CP [228]
¢ [225]
cy [229]
R1234z¢(Z) VLE [164]

*The following thermophysical property nomen-
clature is used in the table: Vapor-Liquid Equilib-
rium (VLE), Pressure - Specific volume - Temper-
ature - Composition (PvT'z), surface tension (o),
dynamic viscosity (i), thermal conductivity (A),
isobaric specific heat capacity (c;,), isochoric spe-
cific heat capacity (¢, ), and Critical Point (CP).
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From Table 4.1, it is possible to note that no experimental have been found for
R600a + R1233zd(E), R1225ye(Z) + R600a, R1243zf + R600a, and R32 + R1234ze(Z)
binary systems in the open literature. Only a limited number of thermophysical
properties for R1234yf + R600a, R1234ze(E) + R600a, and R600a + R1234ze(Z)
binary systems were measured and reported in the open literature. In particular,
Hu et al. [150] measured the VLE of R1234yf + R600a in the temperature range
from (283 to 323 ) K founding an azeotropic behavior at R1234yf mole fraction of
approximately 0.88. Zhang et al. [212] measured the gaseous densities of R1234yf +
R600a binary systems at temperatures from (270.105 to 300.214) K by using a compact
single-sinker densimeter based on the Archimedes’ buoyancy principle. Dong et al.
[152] characterized the VLE behavior of R1234ze(E) + R600a binary systems over
the temperature range from (258 to 288) K, funding an azeotropic behavior. The
vapor-phase PvTz properties of R1234ze(E) + R600a binary systems were measured
by Cao et al. [223] at temperatures from (280.15 to 330.15) K through the Burnett
isothermal expansion method. The VLE behavior of R1234ze(Z) + R600a binary
systems was characterized by Zhang et al. [164] at temperatures from (303 to 353) K.

Instead, different works reporting experimentally determined data for thermody-
namic and transport properties of R32 + R1234yf and R32 + R1234ze(E) binary
systems has been reported in the open literature. In particular, Kamiaka et al. [153]
and Hu et al. [159] characterized the VLE behavior of R32 + R1234yf binary systems
in the temperature ranges from (273 to 333) K and (283 to 323) K, respectively.
The saturated liquid and vapor densities of R1234yf + R32 binary systems in the
critical region and the vapor-liquid coexistence curves were measured for three different
compositions by Akasaka [213]. Kayukawa [214] measured the liquid densities of R32
+ R1234yf binary systems over the temperature range from (283 to 373) K by using
a vibrating-tube measurement technique. Moreover, Cai et al. [215] and Yang et
al. [216] measured vapor-phase PvTz data for this binary pair over the temperature
ranges from (280 to 348) K and (298 to 383) K, respectively, through a single sinker
magnetic suspension densimeter and a Burnett apparatus. The VLE behavior of R32
+ R1234ze(E) binary pair was measured by Hu et al. [159, 163], Koyama et al. [221]
and Kou et al. [222] in the temperature ranges of (283.15 to 323.15) K, (243 to 313) K
and (283.15 to 323.14) K, respectively. Jia et al. [224] measured the compressed liquid
density for five compositions of R32 + R1234ze(E) binary systems at temperatures from
(283 to 363) K and at pressures up to 100 MPa by using a vibrating-tube densimeter.
Tanaka et al. [225] measured the liquid density and isobaric specific heat capacity of
this binary pair in the temperature range from (310 to 350) K and the pressure range
from (1.4 to 5.0) MPa with a metal-bellows calorimeter. The PvTz measurements for
R1234ze(E) + R32 binary systems at only two different mass fractions were measured
by Kobayashi et. al. [226].

4.1.2 Measured Samples

Table 4.2 presents the characteristics of the following samples:

isobutane (R600a, CH(CHgz)3, CAS number 75-28-5);

difluoromethane (R32, CHyF5, CAS number 75-10-5);

2,3,3,3-tetrafluoroprop-1-ene (R1234yf, CF3CF=CH,, CAS number 754-12-1);

trans-1,3,3,3-tetrafluoroprop-1-ene (R1234ze(E), CF3CH = CHF, CAS number
20118-24-9);
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e trans-1-chloro-3,3,3-trifluoroprop-1-ene (R1233zd(E), CF3CH=CHCI, CAS
number 102687-65-0);

o cis-1,3,3,3-tetrafluoroprop-1-ene, (R1234ze(Z), CF3CH=CHF, CAS number
29118-25-0);

e cis-1,2,3,3,3-pentafluoroprop-1-ene (R1225ye(Z), CF3CF=CHF, CAS number
5528-43-8);

e 3,3,3-trifluoropropene (R1243zf, CF3CH=CH,, CAS number 677-21-4).

The purity of the samples, with the exception of the R600a sample, was measured
by Gas Chromatography (GC) using a thermal conductivity detector. To remove
non-condensable gases, almost all the measured samples were subjected to several
cycles of freezing, evacuation, thawing, and ultrasonic stirring.

4.1.3 Experimental apparatus

The experimental apparatus used for the PvTz measurements of the studied
refrigerant binary systems is shown in Figure 4.1. Since details of this apparatus have
been previously reported [230, 231], only the main information is reported below.

The core of the experimental apparatus consisted of a constant-volume spherical cell
(1) made of AISI 304 stainless steel and two temperature baths (7) filled with different
silicone oils (Baysilone M10 and Baysilone M100, Bayer): one of which operated at
temperatures from (210 to 290) K while the other operated at temperatures from (290
to 390) K. An auxiliary thermostat (14) is used to reach below-ambient temperatures.
The isochoric cell (1) containing the refrigerant sample is connected to a differential
diaphragm pressure transducer (Ruska 7000) (4) connected to an electronic null
indicator (5). The transducer and sphere were placed vertically, and a magnetic pump
(3) for mixing the sample was connected to the sphere. A second spherical cell (2)
was also connected and used for volume calibration. Because of the complex volume
of the constant-volume spherical cell (1), its total volume (including the piping, the
pressure transducer cavity, and magnetic pump volumes) was calibrated according to
the classic Burnett calibration procedure, using helium as the reference fluid [231]. The
volume of the measurement cell (Vig,) was found to be 273.5 cm® at room temperature.
As described elsewhere [230], a correction for the thermal expansion and pressure
distortion of the measurement cell was considered. The spherical cells and pressure
transducer are immersed in one of the two thermostatic baths (7). The temperature
of the thermostatic baths is controlled by a PID device (9,15) and measured with a
calibrated 25 €2 platinum resistance thermometer (Hart Scientific 5680) (8).

4.1.4 Experimental procedure

Since details regarding this procedure are reported elsewhere [230, 231], a summary
of the experimental procedure is provided here. A gravimetric method was used to
prepare the different compositions of the studied binary system samples. For each
pure refrigerant, two vacuumed titanium bottles were used as the charging bottle and
recovery bottle. The required amount of refrigerant was charged into the charging bottle
and weighed using a Gibertini E42S-B analytical balance (uncertainty of +0.3 mg),
while the vacuumed recovery bottle was also weighed. After connecting both bottles to
the connection tubing (6), the measurement cell (1) and tubing were evacuated. Part of
the mass of refrigerant contained in the charging bottle was charged into the isochoric
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Table 4.2: R600a, R32, R1234yf, R1234ze(E), R1233zd(E), R1234ze(Z), R1225ye(Z), and R1243zf Sample Descriptions.

Chemical Source Initial Mole Purification Final Mole Analysis
Name Fraction Purity = Method Fraction Purity Method
R600a™ Matheson Gas 0.999 none

Products
R32° Ausimont SpA 0.9957 several cycles of freezing, 0.9998 GC

evacuation, melting,
and ultrasonic agitation

R1234yf° Arkema, France 0.9995 several cycles of freezing, 0.9997 GC
evacuation, melting,
and ultrasonic agitation

WHmw%Nm@uva Honeywell 0.995 several cycles of freezing, 0.999 GC
evacuation, melting,
and ultrasonic agitation

R1233zd(E)® Central Glass, Ltd. >0.995 several cycles of freezing, >0.995 GC
evacuation, melting,
and ultrasonic agitation

Wumw%NoANvm Central Glass, Ltd. >0.99 several cycles of freezing, >0.99 GC
evacuation, melting,
and ultrasonic agitation

R1225ye(Z)® Mexichem Fluor >0.97 several cycles of freezing, >0.98 GC
S.A. de C.V. evacuation, melting,
and ultrasonic agitation
R1243zf" Mexichem Fluor 0.995 several cycles of freezing, 0.9975 GC
S.A. de C.V. evacuation, melting,

and ultrasonic agitation

* isobutane ® difluoromethane ©2,3,3,3-tetrafluoroprop-1-ene d trans-1,3,3,3-tetrafluoroprop-1-ene
¢ trans-1-chloro-3,3,3-trifluoroprop-1-ene f cis-1,3,3,3-tetrafluoroprop-1-ene

8 ¢is-1,2,3,3,3-pentafluoroprop-1-ene h 3,3,3-trifluoropropene
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Figure 4.1: Schematic view of the experimental setup.
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cell. Once the refrigerant was charged and the isochoric cell was isolated, the amount
of refrigerant remained in the connection tubing was recovered into the recovery bottle.
Then, these two bottles were weighted again. The masses of the two bottles before
and after the charging process were used to determine both the refrigerant amount
removed from the charging bottle and the refrigerant collected in the recovery bottle.
The difference between these values provided the mass of refrigerant charged into the
isochoric cell. To perform the measurements, the thermostatic bath (7) was allowed to
reach stable conditions. Once the temperature set-point of the thermostatic bath was
achieved, but before making measurements, a circulating pump (3) within the isochoric
cell was activated for fifteen minutes to mix the sample. Afterward, the sample was
allowed to stabilize for an hour before the values of pressure and temperature were
recorded. After recording the measured values, the set-point of the thermostatic bath
was changed to the next set temperature. The measurement procedure was then
repeated.

4.1.5 Experimental uncertainties

Details about the calculation of the temperature, volume, and pressure uncertainties
are reported elsewhere [230, 231]. The expanded uncertainty at the 95 % confidence
level (coverage factor of 2) for the temperature was found to be 0.03 K. This uncertainty
for the temperature measurement is due to the thermometer and the bath instability
and was estimated based on the propagation of uncertainty. The uncertainty in the
pressure measurements is due to the uncertainty of the transducer and null indicator
system and the pressure gauges. Moreover, this uncertainty includes a contribution to
fluctuations in the thermostatic bath temperature. The expanded uncertainty at the
95 % confidence level for pressure was found to be 1 kPa. Based on the calibration
procedure to estimate Vi, the expanded uncertainty of the volume at the 95 %
confidence level was found to be 0.3 cm®.

Considering the charging procedure described above, the combined uncertainty of
the mass was calculated according to the propagation of uncertainty as:

u(m) = Vadm(uy)? (4.1)

where u(m) is the combined uncertainty of the charged mass in mg and u(my) is
the uncertainty of the analytical balance in mg. From Equation (4.1), the expanded
uncertainty in mass at the 95 % confidence level was determined to be 1.2 mg.

The uncertainty in the specific volume is a function of the uncertainties in the
volume estimation and the mass measurement. The expanded uncertainty in the
specific volume for the measured binary systems was calculated for each isochore from

the following equation
U( )2 _ 2 U(Viso) 2+ U(m*)v ’ (4 2)
R AT Vieo '

where the U(v) is the expanded specific volume uncertainty in m* kg™', U(V) is the

T . A D .
expanded volume uncertainty in m”, v is the sample specific volume in m” kg ~, Viy, is
the total volume of the isochoric cell, tubing, and pressure transducer cavity and U(m™)
is twice the expanded uncertainty in mass in kg. From Equation (4.2), the following
ranges for the expanded specific volume uncertainties at 95 % level of confidence were
found for the studied binary systems:
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e (0.000097 to 0.000266) m° kg~ " for R1234yf + R600a;

e (0.000104 to 0.000138) m® kg ™" for R1234ze(E) + R600a;

(0.000057 to 0.000276) m” kg™ for R600a + R1233zd(E);

(0.000091 to 0.000225) m® kg ™" for R600a + R1234ze(Z);

(0.000068 to 0.000165) m” kg™ for R1225ye(Z) + R600a;

(0.000119 to 0.002562) m®kg ™" for R1243zf + R600a;

(0.000034 to 0.000753) m® kg™ " for R32 + R1234yf;

(0.000015 to 0.000186) m” kg™ for R32 + R1234ze(E);

(0.000015 to 0.000091) m* kg ™" for R32 + R1234ze(Z).

The uncertainty in the mole fraction is a function of the mass of the sample charged
into the isochoric sphere, of the specific volume of the binary system sample, and of the
mole fraction itself. The expanded uncertainties in the mole fraction were determined
as:

U(2)? = (”L‘?(m) )2 {(1 + é)z F(1+ a)ﬂ (4.3)
" % (14)

where U(z;) is the expanded mole fraction uncertainty of the i-th component, M; is
the molar mass of the i-th component, Mj; is the molar mass of the other component,
and z; is the overall mole fraction of the i-th component. From Equation (4.3), the
following ranges for the expanded mole fraction uncertainties at 95 % level of confidence
were found for the studied binary systems:

e (0.0011 to 0.0023) for zs of R1234yf (1) + R600a (2) binary systems;

e (0.0009 to 0.0018) for zo of R1234ze(E) (1) + R600a (2) binary systems;

(0.0005 to 0.0096) for z; of R600a (1) + R1233zd(E) (2) binary systems;

(0.0007 to 0.0078) for z; of R600a (1) + R1234ze(Z) (2) binary systems;

(0.0007 to 0.0024) for z, of R1225ye(Z) (1) + R600a (2) binary systems;

(0.0018 to 0.0108) for 2z of R1243zf (1) + R600a (2) binary systems;

(0.0004 to 0.0046) for z; of R32 (1) + R1234yf (2) binary systems;

(0.0004 to 0.0044) for z; of R32 (1) + R1234ze(E) (2) binary systems;

(0.0005 to 0.0016) for z; of R32 (1) + R1234ze(Z) (2) binary systems.
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4.1.6 Experimental data

The following experimental data for the studied refrigerant binary systems were
measured through the isochoric apparatus:

e 96 vapor-phase PvT'z data points for R1234yf + R600a binary systems along six
isochores of (0.079806, 0.094104, 0.094392, 0.128013, 0.166637, 0.170142) m® kg~ "
for temperatures from (303 to 383) K for six R600a mole fractions (0.2340, 0.4005,
0.4723, 0.6061, 0.7720, 0.8504);

e 102 vapor-phase PvT'z data points for R1234ze(E) 4+ R600a binary systems along
six isochores of (0.084552, 0.085765, 0.089171, 0.089681, 0.100595, 0.106374)

m® kg™ for temperatures from (303 to 383) K for six R600a mole fractions
(0.2899, 0.4275, 0.5156, 0.6124, 0.6851, 0.7551);

e 84 vapor-phase PvTz data points for R600a + R1233zd(E) binary systems along
six isochores of (0.049946, 0.053587, 0.092697, 0.126329, 0.143141, 0.174350)

m’ kg™ for temperatures from (303 to 383) K for six R600a mole fractions
(0.1245, 0.4527, 0.5638, 0.6438, 0.7460, 0.8647);

e 97 vapor-phase PvT'z data points for R600a + R1234ze(Z) binary systems along
six isochores of (0.075853, 0.090738, 0.127222, 0.128793, 0.151676, 0.152283)
m® kg™ for temperatures from (303 to 383) K for six R600a mole fractions
(0.1176, 0.2220, 0.4271, 0.5095, 0.6585, 0.7250);

e 97 vapor-phase PvT'z data points for R1225ye(Z) + R600a binary systems along
six isochores of (0.058601, 0.063330, 0.071820, 0.090234, 0.107550, and 0.121791)
m’ kg™ for temperatures from (303 to 383) K for six R600a mole fractions
(0.1747, 0.3453, 0.4768, 0.5041, 0.7969, 0.9160)

e (66 vapor-phase PvTz data points for R1243zf + R600a binary systems along
four isochores of (0.094396, 0.161341, 0.230619, and 0.614524) m” kg™ " for tem-
peratures from (303 to 383) K for four R600a mole fractions (0.2254, 0.2821,
0.4342, 0.8982).

e 217 two-phase and vapor-phase PvTz data points for R32 + R1234yf binary
systems along eleven isochores (0.029794, 0.029936, 0.030724, 0.032113, 0.061323,
0.063915, 0.102150, 0.111536, 0.116592, 0.144796, 0.280627) m® kg71 for temper-
atures from (263 to 383) K for eleven R32 mole fractions (0.1214, 0.1330, 0.1792,
0.2712, 0.3432, 0.5229, 0.6231, 0.6489, 0.7020, 0.8122, 0.9460).

e 182 two-phase and vapor-phase PvT'z data points for R32 + R1234ze(E) binary
systems along ten isochores (0.013173, 0.039422, 0.043115, 0.046522, 0.062966,
0.068225, 0.068959, 0.110447, 0.115156, 0.121732) m® kg_l for temperatures from
(263 to 373) K for ten R32 mole fractions (0.1677, 0.2360, 0.2551, 0.4634, 0.5374,
0.6715, 0.7383, 0.7544, 0.9532, 0.9533)

e 150 two-phase and vapor-phase PvT'z data points for R32 + R1234ze(Z) binary
systems along seven isochores (0.013352, 0.016365, 0.023746, 0.026769, 0.035001,
0.070089, 0.071713) m® kg ™" for temperatures from (263 to 373) K for seven R32
mole fractions (0.0871, 0.2980, 0.3620, 0.5232, 0.7138, 0.8025, 0.8973).
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Table 4.3: Bulk mole fractions (z), temperature ranges (AT'), pressure ranges (AP), numbers
of charged moles n, and amounts of charged masses m for R1234yf (1) + R600a

(2) binary systems.

Series 2 AT AP n my my
K kPa mol g g

1 0.2340 303.15 - 383.15 246.7 - 317.4 0.0289 2.521 0.393

2 0.4005 303.15 - 383.15 269.3 - 3474 0.0317 2.167 0.738

3 0.4723 303.15 - 383.15 163.5-208.5 0.0184 1.107 0.505

4 0.6061 303.15 - 383.15 180.2 - 230.6 0.0205 0.922 0.723

5 0.7720 303.15 - 358.15 260.6 - 312.6 0.0302 0.785 1.356

6 0.8504 308.15 - 383.15 426.8 - 552.4 0.0517 0.882 2.554

Table 4.4: Bulk mole fractions (z), temperature ranges (AT), pressure ranges (AP), numbers
of charged moles n, and amounts of charged masses m for R1234ze(E) (1) +
R600a (2) binary systems.

Series 2 AT AP n my My
K kPa mol g g

1 0.2899 303.15 - 383.15 267.9 - 346.2 0.0313 2.531 0.527

2 0.4275 303.15 - 383.15 305.5-396.3 0.0350 2.349 0.894

3 0.5156  303.15 - 383.15 259.6 - 335.1 0.0303 1.671 0.907

4 0.6124 303.15 - 383.15 321.0-417.6 0.0385 1.703 1.372

5 0.6851 303.15 - 383.15 304.9 - 395.9 0.0360 1.293 1.433

6 0.7551 303.15 - 383.15 367.4-481.6 0.0445 1.243 1.954

Tables 4.3, 4.4, 4.5, 4.6, 4.7, 4.8, 4.9, 4.10, and 4.11 present the temperature ranges,
the pressure ranges, the compositions of the studied binary systems, the number
of moles charged, and the masses charged for the measured isochores of the binary
systems.

The T, P behaviors of the several isochores for the measured binary systems are
shown in Figures 4.2, 4.3, 4.4, 4.5, 4.6, 4.7, 4.8, 4.9, and 4.10. From Figures 4.8 and 4.9,
it is possible to note that different isochores of R32 + R1234yf binary systems with R32
mole fractions equal to (0.1214, 0.2712, 0.3432, 0.6231, 0.7020, 0.9460) and six isochores
of R32 + R1234ze(E) with R32 mole fractions equal to (0.2360, 0.4634, 0.5374, 0.6715,
0.7544, 0.9533) were measured only in the superheated vapor region. After analyzing
the slope of the T', P sequences of the additional series of R32 + R1234yf and R32 +
R1234ze(E) binary systems, the experimental PvTz properties were attributed either
to the two-phase and superheated vapor regions. As shown in Figure 4.10, almost all
the isochores of R32 + R1234ze(Z) binary pair were measured both in the two-phase
and superheated vapor regions. The experimental PvTz properties of these binary
systems were attributed either to the two-phase and superheated vapor regions on the
basis of the slope of the T', P sequences.

All the experimental data of the studied binary pairs measured both in the two-phase
and in the superheated vapor regions are reported in Appendix B



96 CHAPTER 4. MEASUREMENTS OF THERMODYNAMIC PROPERTIES

Table 4.5: Bulk mole fractions (z), temperature ranges (A7), pressure ranges (AP), numbers
of charged moles n, and amounts of charged masses m for R600a (1) + R1233zd(E)

(2) binary systems.

Series

21

AT
K

AP
kPa

n
mol

my
g

ma
g

Uk W N =

0.1245
0.4527
0.5638
0.6438
0.7460
0.8647

303.15 - 383.15
313.15 - 383.15
303.15 - 383.15
338.15 - 383.15
318.15 - 383.15
333.15 - 383.15

113.3 - 146.5
197.4 - 246.4
186.5 - 241.7
576.1 - 675.0
340.9 - 423.2
648.1 - 776.5

0.0129
0.0222
0.0214
0.0655
0.0387
0.0754

0.094
0.584
0.700
2.450
1.677
3.789

1.479
1.587
1.216
3.044
1.282
1.331

Table 4.6: Bulk mole fractions (z), temperature ranges (AT), pressure ranges (AP), numbers
of charged moles n, and amounts of charged masses m for R600a (1) + R1234ze(Z)

(2) binary systems.

Series

<1

AT
K

AP
kPa

n
mol

my
g

mo
g

S T W N =

0.1176
0.2220
0.4271
0.5095
0.6585
0.7250

303.15 - 383.15
303.15 - 383.15
303.15 - 383.15
303.15 - 383.15
313.15 - 383.15
318.15 - 383.15

145.9 - 188.1
155.7 - 200.5
206.5 - 267.4
213.5 - 275.5
398.1 - 505.8
362.3 - 448.3

0.0168
0.0178
0.0239
0.0249
0.0468
0.0411

0.115
0.230
0.594
0.737
1.792
1.733

1.686
1.578
1.562
1.392
1.824
1.290

Table 4.7: Bulk mole fractions (z), temperature ranges (AT), pressure ranges (AP), numbers
of charged moles n, and amounts of charged masses m for R1225ye(Z) (1) +

R600a (2) binary systems.

Series

Z2

AT
K

AP
kPa

n
mol

my
g

mo
g

S T W N =

0.1747
0.3453
0.4768
0.5041
0.7969
0.9160

308.15 - 383.15
308.15 - 383.15
308.15 - 383.15
303.15 - 383.15
308.15 - 383.15
308.15 - 383.15

316.0 - 403.1
309.8 - 394.6
410.6 - 529.0
207.0 - 265.6
303.6 - 387.0
394.7 - 509.9

0.0364
0.0358
0.0483
0.0238
0.0349
0.0472

3.961
3.099
3.340
1.555
0.935
0.524

0.369
0.719
1.340
0.696
1.615
2.515

Table 4.8: Bulk mole fractions (z), temperature ranges (AT), pressure ranges (AP), numbers
of charged moles n, and amounts of charged masses m for R1243zf (1) + R600a

(2) binary systems.

Series

22

AT
K

AP
kPa

n
mol

g

g

=W N =

0.2254
0.2821
0.4342
0.8982

308.15 - 383.15
303.15 - 383.15
308.15 - 383.15
303.15 - 383.15

289.5 - 367.5
47.6 - 60.5
192.7 - 240.1
169.8 - 217.1

0.0332
0.0052
0.0214
0.0192

2.470
0.361
1.161
0.188

0.435
0.086
0.539
1.000
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Table 4.9: Bulk mole fractions (z), temperature ranges (AT), pressure ranges (AP), numbers
of charged moles n, and amounts of charged masses m for R32 (1) + R1234yf (2)
binary systems.

Series 21 AT AP n my Mo

K kPa mol g g
1 0.1214 303.15 - 383.15  357.6 - 465.7 0.0420 0.265 4.206
2 0.1330 263.15 - 373.15  248.8 - 438.6  0.0405 0.28 4.005
3 0.1792 263.15 - 373.15 285.0 - 915.2  0.0889 0.829 8.321
4 0.2712 303.15 - 383.15 1749 -223.2 0.0195 0.275 1.619
5 0.3432 303.15 - 383.15  234.0 - 300.1  0.0265 0.473 1.985
6 0.5229 263.15 - 373.15 426.1 - 1131.5 0.1092 2971 5.944
7 0.6231 303.15 - 383.15 117.3 - 149.0 0.0130 0.420 0.557
8 0.6489 263.15 - 373.15 480.9 - 1283.0 0.1246 4.205 4.988
9 0.7020 303.15 - 383.15 294.7-378.1 0.0334 1.218 1.134
10 0.8122 263.15 - 373.15 537.4 - 1385.8 0.1340 5.661 2.868
11 0.9460 303.15 - 383.15  422.8 - 545.6  0.0485 2.386 0.299

Table 4.10: Bulk mole fractions (z), temperature ranges (AT'), pressure ranges (AP), num-
bers of charged moles n, and amounts of charged masses m for R32 (1) +
R1234ze(E) (2) binary systems.

Series 1 AT AP n my mo

K kPa mol g g
1 0.1677 263.15 - 373.15  190.9 - 604.5 0.0568 0.496 5.392
2 0.2360 303.15 - 373.15  200.6 - 250.6  0.0227 0.278 1.974
3 0.2551  263.15 - 373.15  256.7 - 1933.5 0.2117 2.810 17.982
4 0.4634 303.15 - 373.15  400.5 - 506.1  0.0466 1.124  2.852
5 0.5374 303.15 - 373.15  271.4-339.4 0.0308 0.860 1.622
6 0.6715 303.15-373.15 2914 -364.3 0.0329 1.149 1.232
7 0.7383  263.15 - 373.15 432.1 - 1070.6 0.1018 3.910 3.038
8 0.7544 303.15 - 373.15  512.1-648.1 0.0597 2.345 1.673
10 0.9532 263.15 - 373.15  552.2 - 1213.9 0.1157 5.735 0.618
11 0.9533 303.15 - 373.15  669.1 - 852.3  0.0793 3.932 0.422

Table 4.11: Bulk mole fractions (z), temperature ranges (AT'), pressure ranges (AP), num-
bers of charged moles n, and amounts of charged masses m for R32 (1) +
R1234ze(Z) (2) binary systems.

AT

AP

Series 1 n mq Mo
K kPa mol g g

1 0.0871 263.15-353.15  79.5-976.6  0.1887 0.855 19.649

2 0.2980 263.15 - 353.15 170.4 - 1270.8 0.1751 2.714 14.016

3 0.3620 263.15 - 373.15  123.8 - 443.2  0.0417 0.785 3.034

4 0.5232 268.15 - 373.15  276.8 - 981.0  0.0959 2.610 5.214

5 0.7128 263.15 - 373.15  264.9 - 600.6  0.0560 2.075 1.833

6 0.8015 268.15 - 373.15 498.2 - 1752.9 0.1793 7.477 4.059

7 0.8973 268.15 - 373.15 579.9 - 1747.3 0.1753 8.181 2.052
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Figure 4.2: Pressure (P), specific volume (v), temperature ("), and bulk mole fraction (z)
data (Table B.4) for R1234yf (1) + R600a (2) binary systems measured in the
superheated vapor region; +, zo = 0.2340 and v = 0.094104 m® kg_l; A, 2 =
0.4005 and v = 0.094392 m’ kg™ '; @, 2z = 0.4723 and v = 0.170142 m’ kg ';
0, 25 = 0.6061 and v = 0.166637 m° kg '; X, 2z = 0.7720 and v = 0.128013
m® kg '; A, 2o = 0.8504 and v = 0.079806 m® kg .
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Figure 4.3: Pressure (P), specific volume (v), temperature ("), and bulk mole fraction (z)
data (Table B.5) for R1234ze(E) (1) + R600a (2) binary systems measured in
the superheated vapor region; O, z, = 0.2899 and v = 0.089681 m® kg_lg +, 29
= 0.4275 and v = 0.084552 m° kg™ '; @, 2, = 0.5156 and v = 0.106374 m’ kg '
A, 2 — 0.6124 and v = 0.089171 m’ kg™ "; X, z, = 0.6851 and v = 0.100595
m® kg_lg A, z5 = 0.7551 and v = 0.085765 m® kg_l.
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Figure 4.4: Pressure (P), specific volume (v), temperature (T"), and bulk mole fraction (z)
data (Table B.6) for R600a (1) + R1233zd(E) (2) binary systems measured in
the superheated vapor region; @, z; = 0.1245 and v = 0.174350 m® kg_l; X, 21
= 0.4527 and v = 0.126329 m° kg™ '; +, z; = 0.5638 and v — 0.143141 m’ kg™ ';
0, z; = 0.6438 and v = 0.049946 m® kg '; A, z; = 0.7460 and v = 0.092697
m’kg ™ A, 2, = 0.8647 and v = 0.053587 m® kg .
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Figure 4.5: Pressure (P), specific volume (v), temperature ("), and bulk mole fraction (z)
data (Table B.7) for R600a (1) + R1234ze(Z) (2) binary systems measured in
the superheated vapor region; O, z; = 0.1176 and v = 0.152283 m® kg_l; +, 21
= 0.2220 and v = 0.151676 m* kg™ '; @, 2; = 0.4271 and v = 0.127222 m’ kg ';
X, 2z, = 0.5095 and v = 0.127222 m kg '; A, z; = 0.6585 and v = 0.075853

m’kg™; A, 2, = 0.7250 and v = 0.090738 m® kg™ .
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Figure 4.6: Pressure (P), specific volume (v), temperature ("), and bulk mole fraction (z)
data (Table B.8) for R1225ye(Z) (1) + R600a (2) binary systems measured in
the superheated vapor region; +, z, = 0.1747 and v = 0.063330 m® kg_l; A, 2
= 0.3453 and v = 0.071820 m* kg™ '; @, 2, = 0.4768 and v = 0.058601 m° kg ';
0, z5 = 0.5041 and v = 0.121791 m® kg_l; X, zo = 0.7969 and v = 0.107550
m® kg_l; A, z = 0.9160 and v = 0.090234 m® kg_l.
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Figure 4.7: Pressure (P), specific volume (v), temperature ("), and bulk mole fraction (z)
data (Table B.9) for R1243zf (1) + R600a (2) binary systems measured in the
superheated vapor region; O, 2z, = 0.2254 and v = 0.094396 m® kgfl; +, 29 =
0.2821 and v = 0.614524 m* kg '; @, 2z, = 0.4342 and v = 0.161341 m° kg ';
A, 2 — 0.8982 and v = 0.230619 m® kg .
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Figure 4.8: Pressure (P), specific volume (v), temperature ("), and bulk mole fraction (z)
data (Tables B.1 and B.10) for five isochores of R32 (1) + R1234yf (2) binary
systems measured both in the two-phase and superheated vapor regions (a) and
six isochores measured in the superheated vapor region (b); @, z; = 0.1214
and v = 0.061323 m* kg™ '; X, z; = 0.1330 and v = 0.063915 m* kg™ '; +, 2z, =
0.1792 and v = 0.029936 m’ kg '; O, 2z, = 0.2712 and v = 0.144796 m° kg ';
A, z; = 0.3432 and v = 0.111536 m® kg_l; A, z;1 = 0.5229 and v = 0.030724
m’kg™'; W, 2; = 0.6231 and v = 0.280627 m’ kg '; O, 2, = 0.6489 and v —
0.029794 m’kg™'; ¥, z, = 0.7020 and v = 0.116592 m’ kg™ '; V, 2z, = 0.8122
and v = 0.032113 m® kg '; @, z; = 0.9460 and v = 0.102150 m® kg™ ".
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Figure 4.9: Pressure (P), specific volume (v), temperature ("), and bulk mole fraction (z)
data (Tables B.2 and B.11) for five isochores of R32 (1) + R1234ze(E) (2) binary
systems measured both in the two-phase and superheated vapor regions (a) and
six isochores measured in the superheated vapor region (b); @, z; = 0.1677
and v = 0.046522 m° kg™ '; X, z; = 0.2360 and v = 0.121732 m* kg™ '; V, 2, =
0.2551 and v = 0.013173 m®*kg™'; 0, z; = 0.4634 and v = 0.068959 m> kg ';
A, 2z — 05374 and v — 0.110447 m°kg™'; A, 2, — 0.6715 and v — 0.115156
m’kg™'; W, 2z, = 0.7383 and v = 0.039422 m’ kg '; O, z, = 0.7544 and v =
0.068225 m’ kg™ '; W, 2, = 0.9532 and v = 0.043115 m*kg™'; @, 2, = 0.9533
and v = 0.062966 m° kg
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Figure 4.10: Pressure (P), specific volume (v), temperature (T"), and bulk mole fraction
(z) data (Table B.3 and B.12) for R32 (1) + R1234ze(Z) (2) binary systems
measured both in the two-phase and superheated vapor regions; m, z; = 0.0871
and v = 0.013352 m° kg '; @, z; = 0.2980 and v = 0.016365 m kg '; A, 2
=0.3620 and v = 0.071713 m kg '; X, 2; = 0.5232 and v = 0.035001 m® kg™ ';
O, 2, = 0.7128 and v = 0.070089 m*kg™'; &, z; = 0.8015 and v = 0.023746
m’kg™'; A, 2z = 0.8973 and v = 0.026769 m® kg .
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Table 4.12: Coefficients of the Carnahan - Starling - De Santis EoS for R32, R1234yf,
R1234ze(E), and R1234ze(Z).

Coef. R32 R1234yf R1234ze(E) R1234ze(Z)
ag 1.66227 - 10° 3.93994 - 10° 4.16116 - 10° 4.30402 - 10°
a, -2.19752-107%  -2.67820-10"% -2.51800-10"° —1.66809-10"%
as -1.88903-10% -1.54750-107% -1.92770-10"° -2.20567-107°
bo 7.79879 - 1072 1.71700- 107" 1.63000 - 107+ 1.64124 107"
by —7.52381-107°  -2.14670-10"* -1.53150-10"* -1.30312-107*
by -5.30107-10"%  -5.07060-10™®  -1.49710-10""  —1.10866-107"

4.1.7 Vapor-liquid equilibrium derivation

The Vapor-Liquid Equilibrium (VLE) of R32 + R1234yf, R32 + R1234z¢(E), and
R32 + R1234ze(Z) binary systems was derived from the two-phase isochoric data
points by using the flash method with three Equations of State (EoSs). Details
regarding the flash method are reported in Subsection 2.4.2 of Chapter 2. The EoSs
used in this method for the VLE assessment are the Carnahan - Starling - De Santis
(CSD) EoS [110], the Peng Robinson (PR) EoS [103], and a two-parameter cubic
EoS proposed by Stryjek [105, 106]. The expressions of these EoSs are reported in
Subsection 2.2.1 of Chapter 2. In particular, the CES proposed by Stryjek is called
CES(A) in Table 2.2 of Subsection 2.2.1. Table 4.12 reports the CSD coefficients for
R32, R1234yf, R1234ze(E), and R1234ze(Z) used in this work. The EoSs were extended
to the studied binary systems through the van der Waals one-fluid mixing rules with
a single binary interaction parameter (k;; = kj;), described in Subsection 2.2.2 of
Chapter 2. Almost all the physical properties of the pure refrigerants used in the EoSs
were collected from Lemmon et al. [64, 65].

The average values of k;; for the flash method with CSD EoS, PR EoS, and CES(A)
and the Average Absolute Relative Deviation of the pressure (AARD (AP) %) obtained
for the three binary pairs are reported in Table 4.13. The average absolute relative
deviation of the pressure is defined as:

100 ¢
N

=1

Pi,exp - Pi,calc

AARD (AP)% =
Pi,exp

(4.5)

where NV is the number of the experimental data, Py, is the experimental pressure
and P.,. is the calculated pressure.

The VLE properties (pressures and compositions of liquid and vapor phases) of the
studied binary pairs derived from the flash method with the three EoSs are reported
in Tables 4.14, 4.15, and 4.16. Figures 4.11, 4.12, and 4.13 show the relative deviations
between the experimental pressures and the values calculated with the selected EoSs
for R32 + R1234yf, R32 + R1234ze(E), and R32 + R1234ze(Z) binary systems,
respectively.

For R32 + R1234yf binary systems, it is possible to state from Tables 4.13 and
4.14 and Figure 4.11 that the three EoSs provided similar and accurate results, since
the pressure deviations never exceeded 1.5 % for all of the series. However, CES(A)
provided the most accurate results for this binary pair. Also for R32 + R1234ze(E)
binary systems, Tables 4.13 and 4.15 and Figure 4.12 show that the studied EoSs
provided similar and accurate descriptions, since the pressure deviations exceeded 1 %
for few data of the series. In particular, it is possible to note that the PR EoS and
CES(A) provided slightly lower pressure deviations for these binary systems. Instead,
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Table 4.13: Binary interaction parameter (k;;) for the flash method with CSD EoS, PR EoS, and CES(A) and Average Absolute Relative Deviation
of the pressure (AARD (AP) %) obtained for R32 + R1234yf, R32 + R1234ze(E), and R32 + R1234ze(Z) binary systems.

CSD EoS PR EoS CES(A) REFPROP 10.0
Binary system ki AARD (AP) % ki AARD (AP) % ki AARD (AP) % AARD (AP) %
R32 + R1234yf 0.01528 0.53 0.03860 0.42 0.03769 0.39 1.34
R32 + R1234ze(E)  0.00040 0.63 0.02047 0.46 0.01838 0.45 2.16
R32 + R1234ze(Z) -0.02243 1.25 0.00281 1.04 -0.00037 1.08 7.12
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as shown in Tables 4.13 and 4.16 and Figure 4.13, slightly higher deviations between
the experimental pressures for R32 + R1234ze(Z) binary pair and the values calculated
from the three EoSs were obtained. However, it is possible to note that all the models
provided similar results. The reasons behind these higher deviations could be that a
high number of data points in wide ranges of temperature and pressures were analyzed
for this binary pair. In this case, to perform a more detailed study of the EoS capability
to describe these properties, temperature and/or composition-dependent k;; for the
used mixing rules could be regressed and studied.

Furthermore, the experimental pressures of the three binary pairs were compared
with the REFPROP 10.0 [65] predictions and the obtained AARD (AP)) are reported
in Table 4.13. As explained in Subsection 2.2.1 of Chapter 2, REFPROP 10.0 property
estimation is based on EoSs explicit in reduced Helmholtz energy. As shown in
Table 4.13 and Figures 4.11 and 4.12, even if the results are slightly less accurate than
those of the EoSs, the REFPROP 10.0 predictions for R32 + R1234yf and R32 +
R1234ze(E) binary systems generally agree with experimental data, since the pressure
deviations exceeded 3 % only for few points. Therefore, the software can provide
a sufficiently accurate description of the two binary pairs in the two-phase region.
Instead, as evident in Table 4.13 and Figure 4.13, very high deviations between the
experimental pressures of R32 + R1234ze(Z) binary systems and REFPROP 10.0
predictions were obtained. Therefore, it can be stated that the software cannot provide
an accurate description of this pair of refrigerants in the studied pressure, temperature,
and specific volume conditions. A possible reason for this software limitation could be
that mixing models with parameters unsuitable for this binary pair are adopted.



Table 4.14: Pressures (P, ), mole fractions of the liquid phase (z,), and mole fractions of the vapor phase (y;) obtained from the flash method with
the studied EoSs in the two-phase region for the experimental temperatures (1) and bulk mole fraction (z;) of the R32 (1) + R1234yf (2)

binary systems.

CSD EoS PR EoS CES(A)
T Peare z1 Y1 Peac 1 Y1 Pealc 1 Y1
K kPa kPa kPa

z1 = 0.1330

263.15 250.8 0.0491 0.1496 250.3 0.0480 0.1504 251.0 0.0482 0.1504
268.15 296.4 0.0454 0.1346 295.8 0.0442 0.1353 296.4 0.0444 0.1353
2 = 0.1792

263.15 282.5 0.1050 0.2803 282.7 0.1036 0.2826 283.5 0.1041 0.2828
268.15 331.8 0.0995 0.2607 331.9 0.0979 0.2628 332.7 0.0984 0.2631
273.15 387.4 0.0942 0.2420 387.5 0.0924 0.2438 388.2 0.0929 0.2443
278.15 450.1 0.0892 0.2242 449.8 0.0872 0.2257 450.5 0.0877 0.2262
283.15 520.4 0.0844 0.2074 519.7 0.0822 0.2085 520.2 0.0827 0.2092
288.15 599.0 0.0798 0.1915 597.6 0.0776 0.1924 598.0 0.0780 0.1930
z1 = 0.5229

263.15 422.8 0.3905 0.6437 423.0 0.3908 0.6436 423.9 0.3920 0.6438
268.15 489.4 0.3734 0.6216 490.3 0.3728 0.6216 491.2 0.3741 0.6221
273.15 562.5 0.3559 0.5978 563.9 0.3542 0.5979 564.8 0.3557 0.5986
278.15 642.2 0.3382 0.5728 644.0 0.3355 0.5726 645.0 0.3371 0.5735
283.15 729.2 0.3207 0.5467 731.1 0.3169 0.5461 732.1 0.3186 0.5472
21 — 0.6489

263.15 480.9 0.5414 0.7466 479.5 0.5435 0.7453 480.4 0.5446 0.7455
268.15 559.0 0.5233 0.7303 558.6 0.5248 0.7293 559.5 0.5262 0.7297
273.15 644.4 0.5035 0.7118 645.1 0.5042 0.7109 645.9 0.5058 0.7115
278.15 737.0 0.4823 0.6910 738.6 0.4819 0.6900 739.5 0.4838 0.6909
283.15 836.8 0.4601 0.6681 839.2 0.4584 0.6667 840.2 0.4605 0.6678
2 — 0.8122

263.15 543.4 0.7571 0.8567 540.2 0.7587 0.8559 540.9 0.7593 0.8560
268.15 638.1 0.7443 0.8491 635.5 0.7462 0.8482 636.1 0.7470 0.8485
273.15 742.9 0.7285 0.8395 741.4 0.7307 0.8386 741.8 0.7318 0.8389
278.15 857.7 0.7093 0.8273 857.4 0.7116 0.8263 857.8 0.7131 0.8269
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Table 4.15: Pressures (P.,.), mole fractions of the liquid phase (z,), and mole fractions of the vapor phase (y;) obtained from the flash method with
the studied EoSs in the two-phase region for the experimental temperatures (7') and bulk mole fraction (z;) of the R32 (1) + R1234ze(E)

(2) binary systems.

CSD EoS PR EoS CES(A)
T Peale z1 Y1 Peaie 1 Y1 Peare 1 Y1
K kPa kPa kPa

z1 = 0.1677

263.15 190.6 0.0811 0.2783 190.6 0.0811 0.2790 191.0 0.0820 0.2783
268.15 225.8 0.0757 0.2540 225.8 0.0755 0.2549 226.1 0.0764 0.2546
273.15 266.1 0.0707 0.2314 266.0 0.0703 0.2324 266.3 0.0712 0.2323
278.15 312.0 0.0660 0.2106 311.8 0.0655 0.2115 312.1 0.0663 0.2116
z1 = 0.2551

263.15 255.6 0.2073 0.5225 255.1 0.2074 0.5226 254.9 0.2087 0.5213
268.15 301.1 0.2019 0.5022 300.9 0.2019 0.5029 300.7 0.2033 0.5020
273.15 352.5 0.1963 0.4817 352.4 0.1961 0.4830 352.1 0.1976 0.4824
278.15 410.0 0.1906 0.4612 410.1 0.1902 0.4628 409.8 0.1919 0.4626
283.15 474.2 0.1849 0.4406 474.5 0.1843 0.4425 474.2 0.1860 0.4427
288.15 545.5 0.1792 0.4202 546.1 0.1783 0.4221 545.7 0.1801 0.4227
293.15 624.5 0.1734 0.4001 625.2 0.1724 0.4019 624.8 0.1743 0.4027
298.15 711.7 0.1678 0.3802 712.6 0.1665 0.3818 712.2 0.1685 0.3829
303.15 807.6 0.1622 0.3606 808.8 0.1608 0.3619 808.3 0.1627 0.3633
308.15 912.9 0.1567 0.3416 914.4 0.1552 0.3424 913.8 0.1572 0.3440
313.15 1028.1 0.1514 0.3231 1030.0 0.1497 0.3234 1029.3 0.1517 0.3251
318.15 1153.8 0.1463 0.3051 1156.3 0.1445 0.3048 1155.6 0.1465 0.3067
323.15 1290.7 0.1414 0.2878 1294.0 0.1395 0.2868 1293.2 0.1415 0.2888
z1 = 0.7383

263.15 435.9 0.6013 0.8396 432.7 0.6038 0.8395 432.2 0.6054 0.8400
268.15 503.7 0.5767 0.8216 500.8 0.5790 0.8216 500.3 0.5810 0.8223
273.15 576.3 0.5499 0.8008 573.9 0.5518 0.8008 573.3 0.5543 0.8018
278.15 653.4 0.5216 0.7772 651.5 0.5228 0.7771 650.9 0.5258 0.7783
z1 = 0.9532

263.15 556.4 0.9243 0.9684 554.2 0.9230 0.9691 554.5 0.9228 0.9694
268.15 655.9 0.9159 0.9643 653.7 0.9141 0.9648 653.6 0.9140 0.9651
273.15 766.3 0.9041 0.9588 763.9 0.9018 0.9588 763.4 0.9018 0.9592
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Table 4.16: Pressures (P, ), mole fractions of the liquid phase (z;), and mole fractions of the vapor phase (y;) obtained from the flash method with
the studied EoSs in the two-phase region for the experimental temperatures (7') and bulk mole fraction (z;) of the R32 (1) + R1234ze(Z)

(2) binary systems.

CSD EoS PR EoS CES(A)
T Peare zy Y1 Peatc £ Y1 Poalc E21 Y1
K kPa kPa kPa

z; = 0.0871

263.15 78.9 0.0676 0.4529 78.4 0.0675 0.4687 78.5 0.0668 0.4735
268.15 94.3 0.0655 0.4287 93.9 0.0654 0.4423 93.9 0.0646 0.4465
273.15 112.0 0.0633 0.4046 111.6 0.0632 0.4164 111.7 0.0624 0.4199
278.15 132.2 0.0612 0.3809 132.0 0.0610 0.3910 132.0 0.0602 0.3939
283.15 155.3 0.0590 0.3577 155.2 0.0589 0.3664 155.2 0.0580 0.3687
288.15 181.4 0.0568 0.3351 181.6 0.0567 0.3426 181.5 0.0559 0.3443
293.15 211.1 0.0547 0.3132 211.4 0.0546 0.3197 211.3 0.0537 0.3209
298.15 244.6 0.0526 0.2922 245.0 0.0526 0.2978 244.9 0.0517 0.2985
303.15 282.3 0.0506 0.2721 282.8 0.0506 0.2769 282.6 0.0497 0.2773
308.15 324.6 0.0486 0.2529 325.0 0.0487 0.2572 324.9 0.0478 0.2571
313.15 372.0 0.0468 0.2347 372.2 0.0468 0.2385 372.1 0.0459 0.2382
318.15 424.9 0.0450 0.2175 424.8 0.0451 0.2209 424.7 0.0442 0.2204
323.15 483.8 0.0432 0.2014 483.1 0.0434 0.2045 483.0 0.0425 0.2037
328.15 549.3 0.0416 0.1863 547.6 0.0418 0.1891 547.6 0.0409 0.1882
333.15 621.9 0.0400 0.1721 618.8 0.0403 0.1747 618.9 0.0394 0.1737
338.15 702.1 0.0386 0.1590 697.2 0.0388 0.1614 697.4 0.0380 0.1602
343.15 790.7 0.0372 0.1467 783.2 0.0375 0.1489 783.6 0.0367 0.1477
348.15 888.1 0.0359 0.1353 877.5 0.0362 0.1374 878.1 0.0354 0.1362
353.15 995.2 0.0346 0.1248 980.5 0.0350 0.1267 981.3 0.0343 0.1254
z1 = 0.2980

263.15 163.2 0.2360 0.7752 165.0 0.2353 0.7853 166.0 0.2334 0.7877
268.15 189.5 0.2285 0.7560 191.7 0.2278 0.7652 192.7 0.2257 0.7674
273.15 218.5 0.2208 0.7355 221.1 0.2200 0.7439 222.0 0.2178 0.7458
278.15 250.4 0.2130 0.7138 253.3 0.2122 0.7214 254.2 0.2098 0.7230
283.15 285.4 0.2051 0.6909 288.6 0.2043 0.6977 289.4 0.2018 0.6989
288.15 323.6 0.1972 0.6669 327.1 0.1964 0.6730 327.8 0.1938 0.6738
293.15 365.2 0.1894 0.6420 369.0 0.1887 0.6474 369.6 0.1860 0.6478
298.15 410.6 0.1818 0.6163 414.6 0.1811 0.6211 415.0 0.1783 0.6211
303.15 460.1 0.1743 0.5901 464.2 0.1737 0.5943 464.5 0.1709 0.5939
308.15 514.1 0.1671 0.5634 518.2 0.1666 0.5671 518.3 0.1638 0.5664
313.15 572.8 0.1601 0.5366 576.8 0.1597 0.5398 576.7 0.1569 0.5387
318.15 636.9 0.1535 0.5097 640.5 0.1532 0.5126 640.3 0.1504 0.5112
323.15 706.8 0.1471 0.4830 709.7 0.1469 0.4856 709.3 0.1442 0.4839
328.15 782.9 0.1411 0.4567 784.8 0.1410 0.4590 784.3 0.1383 0.4570
333.15 865.8 0.1354 0.4309 866.4 0.1355 0.4329 865.8 0.1328 0.4308
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CSD EoS PR EoS CES(A)
T Peale T Y1 Peare T Y1 Peare T Y1
K kPa kPa kPa

338.15 956.2 0.1300 0.4057 954.8 0.1302 0.4075 954.1 0.1277 0.4052
343.15 1054.6 0.1250 0.3813 1050.7 0.1253 0.3829 1049.9 0.1228 0.3804
348.15 1161.6 0.1202 0.3577 1154.5 0.1207 0.3591 1153.7 0.1183 0.3566
353.15 1278.0 0.1158 0.3350 1266.9 0.1164 0.3363 1266.0 0.1141 0.3336
2 — 0.3620

263.15 125.5 0.1612 0.6842 125.0 0.1582 0.6933 125.1 0.1557 0.6952
268.15 142.1 0.1480 0.6475 141.6 0.1451 0.6553 141.6 0.1426 0.6569
273.15 160.6 0.1358 0.6095 160.0 0.1331 0.6160 159.9 0.1307 0.6173
278.15 181.2 0.1246 0.5709 180.6 0.1221 0.5762 180.4 0.1199 0.5771
283.15 204.2 0.1145 0.5323 203.7 0.1122 0.5364 203.4 0.1101 0.5370
288.15 230.0 0.1054 0.4941 229.5 0.1033 0.4972 229.3 0.1013 0.4975
293.15 259.1 0.0972 0.4569 258.6 0.0953 0.4591 258.3 0.0934 0.4592
298.15 291.7 0.0898 0.4210 291.2 0.0881 0.4226 290.9 0.0863 0.4224
303.15 328.3 0.0831 0.3869 327.8 0.0816 0.3879 327.5 0.0800 0.3875
21 — 0.5232

268.15 263.0 0.3511 0.8478 265.5 0.3479 0.8524 266.5 0.3446 0.8531
273.15 296.2 0.3323 0.8278 298.8 0.3290 0.8320 299.6 0.3254 0.8324
278.15 331.3 0.3137 0.8058 334.0 0.3103 0.8093 334.7 0.3065 0.8096
283.15 368.5 0.2956 0.7817 371.2 0.2921 0.7847 371.8 0.2883 0.7847
288.15 408.0 0.2782 0.7558 410.8 0.2747 0.7581 411.2 0.2708 0.7579
293.15 450.2 0.2615 0.7282 453.0 0.2582 0.7300 453.2 0.2542 0.7295
298.15 495.5 0.2458 0.6992 498.1 0.2426 0.7004 498.1 0.2387 0.6997
303.15 544.2 0.2311 0.6691 546.7 0.2280 0.6698 546.5 0.2242 0.6688
308.15 596.8 0.2173 0.6382 599.0 0.2145 0.6385 598.7 0.2108 0.6372
313.15 653.9 0.2046 0.6068 655.7 0.2020 0.6067 655.3 0.1984 0.6052
318.15 716.0 0.1928 0.5753 717.1 0.1905 0.5748 716.6 0.1870 0.5731
2, = 0.7128

263.15 263.2 0.4299 0.8916 264.4 0.4238 0.8944 264.8 0.4197 0.8945
268.15 290.8 0.3964 0.8705 291.8 0.3901 0.8730 292.1 0.3856 0.8729
273.15 319.1 0.3646 0.8466 319.9 0.3582 0.8486 320.1 0.3535 0.8484
278.15 348.5 0.3349 0.8200 349.2 0.3286 0.8215 349.2 0.3239 0.8211
283.15 379.7 0.3076 0.7910 380.2 0.3015 0.7919 380.0 0.2969 0.7913
288.15 412.9 0.2828 0.7598 413.3 0.2770 0.7601 413.0 0.2725 0.7594
293.15 448.7 0.2603 0.7270 449.0 0.2549 0.7267 448.6 0.2505 0.7258
2 — 0.8015

268.15 493.7 0.7133 0.9611 498.1 0.7130 0.9615 499.0 0.7113 0.9612
273.15 567.0 0.6967 0.9551 572.2 0.6962 0.9554 573.3 0.6941 0.9550
278.15 644.6 0.6780 0.9480 650.8 0.6771 0.9481 652.0 0.6744 0.9475
283.15 725.8 0.6572 0.9395 732.7 0.6558 0.9393 733.9 0.6526 0.9386
288.15 809.6 0.6344 0.9293 817.2 0.6325 0.9288 818.2 0.6287 0.9280
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CSD EoS PR EoS CES(A)

T Peare z1 Y1 Peale T Y1 Peale T Y1

K kPa kPa kPa
293.15 895.4 0.6102 0.9174 903.3 0.6077 0.9165 903.9 0.6032 0.9155
298.15 982.8 0.5849 0.9037 990.7 0.5818 0.9023 990.8 0.5768 0.9010
303.15 1071.5 0.5592 0.8881 1079.1 0.5555 0.8862 1078.6 0.5500 0.8846
308.15 1161.9 0.5334 0.8705 1168.8 0.5292 0.8680 1167.6 0.5235 0.8662
313.15 1254.3 0.5081 0.8512 1260.2 0.5036 0.8480 1258.2 0.4976 0.8460
318.15 1349.3 0.4836 0.8301 1353.9 0.4789 0.8263 1351.2 0.4727 0.8239
2 — 0.8973
268.15 575.6 0.8342 0.9802 578.6 0.8344 0.9800 578.9 0.8335 0.9797
273.15 664.8 0.8193 0.9765 668.6 0.8194 0.9762 669.1 0.8182 0.9758
278.15 759.3 0.8012 0.9718 764.1 0.8010 0.9713 764.8 0.7992 0.9708
283.15 857.5 0.7793 0.9658 863.1 0.7786 0.9650 863.8 0.7762 0.9644
288.15 957.2 0.7536 0.9580 963.4 0.7522 0.9570 963.8 0.7491 0.9561
293.15 1056.6 0.7246 0.9483 1063.0 0.7222 0.9468 1063.0 0.7183 0.9457
298.15 1154.6 0.6929 0.9365 1160.6 0.6895 0.9344 1159.9 0.6848 0.9331
303.15 1250.8 0.6598 0.9224 1256.0 0.6553 0.9196 1254.4 0.6498 0.9180
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4.1. PvTz MEASUREMENTS OF BINARY SYSTEMS 115

The VLE behaviors of R32 + R1234yf (k;; = 0.03769), R32 + R1234ze(E) (k;;
= 0.01838), and R32 + R1234ze(Z) (k;; = -0.00037) binary systems estimated with
CES(A) at different temperatures are showed in Figures 4.14, 4.15, and 4.16. Moreover,
the experimental VLE data for R32 + R1234yf and R32 + R1234ze(E) binary pairs
available in the open literature [153, 159, 163, 222] at the studied temperatures are
shown in Figures 4.14 and 4.15. It is possible to note that the VLE of both binary
systems obtained from CES(A) agree with the experimental data. Instead, since no
experimental VLE data are available in literature, it was not possible to compare
the estimated description of the VLE of R32 + R1234ze(Z) binary pair with the
experimental VLE behavior. It is worthwhile pointing out that also the other studied
EoSs with k;; calculated from the flash method result in reliable descriptions of VLE
of the studied binary systems.
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Figure 4.11: Deviations between experimental pressures for the R32 (1) + R1234yf (2)

binary systems of Table B.1 (P,y,) and values calculated (P,,.) from the flash
method with the Carnahan - Starling - De Santis EoS (a), Peng Robinson
EoS (b), CES(A) (c), and from REFPROP 10.0 (d); X, z; = 0.1330 and v =
0.063915 m® kg™ '; +, z; = 0.1792 and v = 0.029936 m° kg™"; A, z; = 0.5229
and v = 0.030724 m*kg™'; O, z; = 0.6489 and v — 0.029794 m* kg™ '; Vv, 2z
= 0.8122 and v = 0.032113 m® kg™ ".
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Figure 4.12: Deviations between experimental pressures for the R32 (1) + R1234ze(E) (2)

binary systems of Table B.2 (P,,,) and values calculated (P.,.) from the flash
method with the Carnahan - Starling - De Santis EoS (a), Peng Robinson
EoS (b), CES(A) (c), and from REFPROP 10.0 (d); ®, z; = 0.1677 and v =
0.046522 m® kg™ '; V, z; = 0.2551 and v = 0.013173 m* kg™ "; m, z; = 0.7383
and v = 0.039422 m*kg™"'; ¥, z; = 0.9532 and v = 0.043115 m® kg™ .



120 CHAPTER 4. MEASUREMENTS OF THERMODYNAMIC PROPERTIES

(a)
%
L 2
4F7 &
* e
‘e
* e
X * s,
R X
il:2 ><X T -
Q. w X X "
g D%...I x “
90 L.O .llII.. ’¢
Dﬁ%%OOGO " *
‘AEAA n
A‘AA iy [CY ..
2k |
-4 1 1 1 1 1
260 280 300 320 340 360
T/K
4
(b) «
3F
* 4 x
<
2} ‘00,
M IS
Q. b x
- X *
Q . MRS
S 1F mmg ¥~ X * *
8 I:X x * o0
— N ...-. +*
0 o L
< i m
O ..l
- AAEDAA
-1-;‘@@ o o
Aﬁgiﬁé o ©
2 i i i i i
260 280 300 320 340 360



4.1. PvTz MEASUREMENTS OF BINARY SYSTEMS 121

5
(c)
4k x
3-‘¢
‘0
*
EZ- "¢
Q X *e
< [ x &
= - PSR
‘o_‘l- g w o % *
-. ® * o0
o A I I *
0 .y
L
D% DDD . | |
A A A
_1-.‘1-‘@
FiN A o @
-2 1 1 1 1 1
260 280 300 320 340 360
T/K
(d)
0
&& DAAXXXI..z"‘
A A [
5} <><> ﬁﬂ‘ﬁ%ﬁg.%”
Q <><><><>{} g
DD w ] *
E a A w n *
3 -0p & x X -"
8 A I’
- [ ]
15k *
" e
IR 2
20F ¢
| ]
+»
25 1 i i i 1
260 280 300 320 340 360
T/K

Figure 4.13: Deviations between experimental pressures for the R32 (1) + R1234ze(Z) (2)

binary systems of Table B.3 (

P,,,) and values calculated (P.,.) from the flash

method with the Carnahan - Starling - De Santis EoS (a), Peng Robinson
EoS (b), CES(A) (c), and from REFPROP 10.0 (d); m, z; = 0.0871 and v =
0.013352 m° kg™ ; @, 2z, = 0.2980 and v = 0.016365 m° kg '; A, z; = 0.3620
and v = 0.071713 m®* kg™ '; X, 2z, = 0.5232 and v = 0.035001 m* kg™ *; O, 2, =
0.7128 and v = 0.070089 m® kg™ '; ©, 2, = 0.8015 and v = 0.023746 m° kg™ ';
A, z = 0.8973 and v = 0.026769 m® kg™ '.
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Figure 4.14: VLE representation for the R32 (1) + R1234yf (2) binary pair using CES(A)

(dashed lines) at two temperatures: 7" = 273.15 K and 7" = 283.15 K. Black
circles (@) and white circles (O) are the experimental data reported in Kamiaka
et al. [153] and Hu et al. [159], respectively.
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Figure 4.15: VLE representation for the R32 (1) + R1234ze(E) (2) binary pair using CES(A)

(dashed lines) at two temperatures: 7" = 293.15 K and 7" = 313.15 K. Black
circles (@) and white circles (0), and white triangles (A) are experimental data
reported in Hu et al. [163], Hu et al. [159], and Kou et al. [222], respectively.



124 CHAPTER 4. MEASUREMENTS OF THERMODYNAMIC PROPERTIES

1200
]
<
1000 | ol
- I
// J
// /
800 | L /g
-~ //;P !
- T=283.15K /,’ - /
0 -~ //’ / /
f oor /// /’, roy
Qac // P // 7
- — /
400 | P 7,
- - - Ve
// /./, ,,, //
,/ - - -
200 o7~ T -
g":zi_—-————""_____.~——” T=273.15K
0 1 1 1 y
0.0 0.2 04 0.6 038 10
X‘]Jy‘]

Figure 4.16: VLE representation for the R32 (1) 4+ R1234ze(Z) (2) binary pair using CES(A)
(dashed lines) at two temperatures: T' = 273.15 K and 7' = 283.15 K.
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Table 4.17: Average Absolute Relative Deviation of the pressure (AARD (AP) %) obtained
for vapor-phase PvTz data of the measured binary systems and their binary
interaction parameter (k;;) for PR EoS.

PR EoS Virial EoS REFPROP 10.0
Binary system AARD (AP) % ki AARD (AP) %  AARD (AP) %
R1234yf + R600a 0.60 -0.3161 0.04 1.27
R1234ze(E) + R600a 0.25 -0.2215 0.02 1.31
R600a + R1233zd(E) 0.58 -0.1865 0.09 1.09
R600a + R1234ze(Z) 0.60 -0.1841 0.06 0.35
R1225ye(Z) + R600a 0.46 0.0039 0.03 0.76 *
R1243zf + R600a 0.37 0.1232 0.07 0.37
R32 + R1234yf 0.30 0.0077 0.18 0.25
R32 + R1234ze(E) 0.31 -0.0210 0.16 0.14
R32 + R1234ze(Z) 0.49 -0.11090 0.10 0.77

? Obtained from REFPROP 9.1.

4.1.8 Vapor-phase PvTz calculation

The experimental vapor-phase PvTz data for the studied binary pairs were corre-
lated with the PR EoS [103] and a truncated virial EoS. The PR EoS was coupled with
the van der Waals one-fluid mixing rules with a single k;; calculated by minimizing the
AARD (AP) % of the selected data sets. Instead, the empirical mixing rules described
in Subsection 2.2.2 of Chapter 2 were used to extend the virial EoS to the measured
binary systems. Moreover, the experimental data were compared with the REFPROP
10.0 [65] predictions. Since it was not possible to use this version of the software for
the property estimation of R1225ye(Z) + R600a, the measured data of this binary pair
were compared with the REFPROP 9.1 [64] predictions. Having showed much higher
pressure deviations, the experimental data for R32 + R1234yf, R32 + R1234ze(E), and
R32 + R1234ze(Z) binary systems in the proximity of the two-phase region (denoted in
Tables B.10, B.11, and B.12 with a “b”) were neglected in the calculations. Table 4.17
presents the AARD (AP) % for the selected models for the different binary systems,
together with the k;; obtained for the van der Waals one-fluid mixing rules used in
the PR EoS. Instead, the coefficients of the mixing rules coupled with the virial EoS,
which were determined by minimizing the AARD (AP) % for the studied binary pairs,
are reported in Table 4.18.

The deviations between the experimental pressures of the binary pairs measured in
the superheated vapor region and the values calculated from the selected models are
shown from Figure 4.17 to Figure 4.25.

From these figures and Table 4.17, it can be stated that the truncated virial EoS
provided the most accurate PvT 'z description of all the studied binary systems in the
superheated vapor region among the selected models. This outcome was expected
since the mixing rules used for extending this EoS to the measured binary systems
present several coefficients regressed on the experimental data. Moreover, accurate
vapor-phase PvT'z values for all the binary pairs were given by the PR Eos, ensuring
deviations within +2 % for all the series, except for few points.

Although REFPROP 10.0 generally provided accurate predictions in agreement with
the experimental data, slightly higher deviations between the measured pressures and
the REFPROP 10.0 values were obtained for R1234yf + R600a, R1234ze(E) + R600a,
and R600a + R1233zd(E) binary systems. As shown in Figures 4.17¢ and 4.19¢ for
R1234yf + R600a and R600a + R1233zd(E) binary systems, only the deviations for some
series are higher than +2 %. This result can be due to the model inaccuracy, but also
to possible inaccuracies during the experimental measurements. Instead, Figure 4.18c
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Table 4.18: Coefficients for B [Eq. (2.30)] and for C' [Eq. (2.31)] for the measured binary systems.

Binary system B B> B3 B, By Cq Cy C3 C, Cs

R1234yf + R600a -0.81425  -490.49  8.1658  -11.116  9.3180  -2.5532  -1429.7 -82.357  112.44  -17.479
R1234ze(E) + R600a  1.2044 142.11  -9.9051 14.035  -12.407 -16.436 -5865.6  99.518  -133.96  154.43
R600a + R1233zd(E)  -3.7808  -1786.1  0.16910  -5.5388  30.348  9.1326  3570.5  -141.45 234.06  -156.41
R600a + R1234ze(Z)  0.51083  -269.91  -7.3826 7.5947  -4.9763 -22.690 -7295.9  95.182  -108.62  186.82
R1225ye(Z) + R600a  0.78614  -12.372  -8.0381 12.419  -9.3286 -13.354  -4840.1  63.906  -97.185  125.41
R1243zf + R600a -1.2596  -1221.3  541.76  -690.12  160.47  -6.9015  2717.5  -6091.1  7812.3  -1600.7
R32 + R1234yf -3.3975  -1459.6  -0.2065 0.3920  23.668  5.1850  1985.1  0.2528  -0.2850  -35.945
R32 + R1234ze(E) -6.2182  -2364.0  -0.2214 0.4647  42.749  14.724  5116.0  0.3192  -0.4754  -100.72
R32 | R1234ze(Z) -1.7750  -923.871  -98.6313  100.3795 -8.3694 -3.6723  1371.08  3.6659  -70.491  -29.8528
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shows that the deviations for R1234ze(E) + R600a binary pair are systematically lower
than -0.5 %. This outcome is more likely due to the inaccuracy of the REFPROP
10.0 mixing models used to extend the EoSs for the pure refrigerants to the studied
binary systems. In general, the obtained deviations between the experimental data and
REFPROP 10.0 predictions for these three binary pairs are still adequate for many
engineering calculations.
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Finally, the measured data for R1234yf + R600a, R1234ze(E) + R600a, and R32 +
R1234yf binary systems were compared with the vapor-phase PvTz values available
in literature. In particular, the measurements reported in this work with the data
presented by Zhang et al. [212] for R1234yf + R600a binary pair, the data measured
by Cao et al. [223] for R1234ze(E) + R600a binary pair, and the values reported by
Cai et al. [215] and Yang et al. [216] for R32 + R1234yf binary pair were correlated
separately with the PR EoS coupled with the van der Waals one-fluid mixing rules
with a single k;;. Values of k;; equal to -0.0599 and -0.0974 were obtained for R1234yf
+ R600a and R1234ze(E) + R600a binary systems, respectively, providing an AARD
(AP) = 0.50 % for the former refrigerant pair and an AARD (AP) = 0.38 % for the
latter refrigerant pair. The agreement between the selected data of the two pairs is
evident for the PR EoS also in Figures 4.26 and 4.27 where almost all the deviations
are within £1.5 %. For R32 + R1234yf, k;; was obtained equal to 0.0583, yielding
an AARD (AP) = 0.53 %. As also shown in Figure 4.28, the agreement between all
datasets is evident for this model, having deviations well within +2 %, excluding a few
points of Yang et al. [216].

Since the PvTz measurements for the R32 + R1234ze(E) binary systems presented
by Kobayashi et. al. [226] are not accessible, they were not compared with the
presented experimental data.
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Figure 4.17: Deviations (AP/P = (Pexp — Preale)/ Poxp) between vapor-phase experimental

pressures for the R1234yf (1) + R600a (2) binary systems of Table B.4 (Peu,)
and values calculated (P,,.) with the Peng Robinson EoS (a), the virial EoS
(b), and from REFPROP 10.0 (c); +, 2o = 0.2340 and v = 0.094104 m® kg™ ";
A, 2 — 0.4005 and v = 0.094392 m*kg™'; @, 2, = 0.4723 and v = 0.170142
m® kgfl; 0, zo = 0.6061 and v = 0.166637 m® kgfl; X, 2o = 0.7720 and v =
0.128013 m* kg™ '; A, 25 = 0.8504 and v = 0.079806 m” kg .
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Figure 4.18: Deviations (AP/P = (Peyxp — Preale)/ Poxp) between vapor-phase experimental
pressures for the R1234ze(E) (1) + R600a (2) binary systems of Table B.5
(Pexp) and values calculated (Pe,.) with the Peng Robinson EoS (a), the virial
EoS (b), and from REFPROP 10.0 (¢); O, z, = 0.2899 and v = 0.089681
m’kg™'; +, 2o = 0.4275 and v = 0.084552 m’ kg '; @, 2o — 0.5156 and v —
0.106374 m kg™ "; A, 2, = 0.6124 and v = 0.089171 m® kg '; X, z, = 0.6851
and v = 0.100595 m® kg_l; A, zo = 0.7551 and v = 0.085765 m® kg_l.
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Figure 4.19: Deviations (AP/P = (Peyxp — Preale)/ Poxp) between vapor-phase experimental
pressures for the R600a (1) + R1233zd(E) (2) binary systems of Table B.6
(Pexp) and values calculated (Pe,.) with the Peng Robinson EoS (a), the virial
EoS (b), and from REFPROP 10.0 (c); @, z; = 0.1245 and v = 0.174350
m’kg™'; X, z; = 0.4527 and v = 0.126329 m® kg™ '; +, z; — 0.5638 and v —
0.143141 m®* kg™ '; 0, 2; = 0.6438 and v = 0.049946 m’ kg '; A, z; = 0.7460
and v = 0.092697 m’ kg '; A, 2; = 0.8647 and v = 0.053587 m’ kg .
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Figure 4.20: Deviations (AP/P = (Peyxp — Prealc)/ Poxp) between vapor-phase experimental
pressures for the R600a (1) + R1234ze(Z) (2) binary systems of Table B.7
(Pexp) and values calculated (Pe,.) with the Peng Robinson EoS (a), the virial
EoS (b), and from REFPROP 10.0 (c); O, z; = 0.1176 and v = 0.152283
m’kg™'; +, 2, = 0.2220 and v = 0.151676 m’ kg '; @, z; — 0.4271 and v =
0.127222 m* kg™ '; X, z; = 0.5095 and v = 0.127222 m kg™ '; A, z; = 0.6585
and v = 0.075853 m’ kg '; A, 2; = 0.7250 and v = 0.090738 m” kg .
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Figure 4.21: Deviations (AP/P = (Peyxp — Preale)/ Poxp) between vapor-phase experimental
pressures for the R1225ye(Z) (1) + R600a (2) binary systems of Table B.8
(Pexp) and values calculated (P.,.) with the Peng Robinson EoS (a), the
virial EoS (b), and from REFPROP 9.1 (c); +, 2z, = 0.1747 and v = 0.063330
m’kg™'; A, 2o = 0.3453 and v = 0.071820 m’ kg '; @, z, — 0.4768 and v —
0.058601 m° kg '; O, 2, = 0.5041 and v = 0.121791 m® kg™ '; X, 2, = 0.7969
and v = 0.107550 m® kg_l; A, zo = 0.9160 and v = 0.090234 m® kg_l.
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Figure 4.22: Deviations (AP /P = (Poyp — Peaic)/ Pexp) between vapor-phase experimental
pressures for the R1243zf (1) + R600a (2) binary systems of Table B.9 (Pey,)
and values calculated (P,,.) with the Peng Robinson EoS (a), the virial EoS
(b), and from REFPROP 10.0 (c); O, z5 = 0.2254 and v = 0.094396 m° kg™ ";
+, 2 = 0.2821 and v = 0.614524 m° kg™ '; @, 2, = 0.4342 and v = 0.161341
m’kg™'; A, 2o = 0.8982 and v = 0.230619 m® kg .
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Figure 4.23: Deviations (AP /P = (Peyp — Peaic)/ Pexp) between vapor-phase experimental
pressures for the R32 (1) + R1234yf (2) binary systems of Table B.10 (P,y,)
and values calculated (P,,.) with the Peng Robinson EoS (a), the virial EoS
(b), and from REFPROP 10.0 (c); @, 2, = 0.1214 and v = 0.061323 m’ kg™ ';
X, z; = 0.1330 and v = 0.063915 m* kg '; +, z; = 0.1792 and v = 0.029936
m’kg™'; 0, z; = 0.2712 and v = 0.144796 m* kg™'; A, z; = 0.3432 and v =
0.111536 m kg™ '; A, z; = 0.5229 and v = 0.030724 m° kg '; m, z, = 0.6231
and v = 0.280627 m® kg™ '; O, 2; = 0.6489 and v = 0.029794 m* kg™ '; W, 2, =
0.7020 and v = 0.116592 m®* kg™ '; V, z; = 0.8122 and v = 0.032113 m° kg ';
¢, 2 = 0.9460 and v = 0.102150 m® kg™ '.
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Figure 4.24: Deviations (AP/P = (Peyp — Preale)/ Poxp) between vapor-phase experimental
pressures for the R32 (1) 4+ R1234ze(E) (2) binary systems of Table B.11 (Pey,,)
and values calculated (P,,.) with the Peng Robinson EoS (a), the virial EoS
(b), and from REFPROP 10.0 (c); @, z; = 0.1677 and v = 0.046522 m’ kg™ ;
X, z; = 0.2360 and v = 0.121732 m® kg_lg V, z; = 0.2551 and v = 0.013173
m’kg™'; 0, z; = 0.4634 and v = 0.068959 m° kg™ '; A, z; = 0.5374 and v =
0.110447 m*kg™"; A, z; = 0.6715 and v = 0.115156 m° kg '; m, z; — 0.7383
and v = 0.039422 m* kg™ '; O, z; = 0.7544 and v = 0.068225 m° kg™ '; ¥, 2, =
0.9532 and v = 0.043115 m* kg™ '; @, z; = 0.9533 and v = 0.062966 m° kg
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Figure 4.25: Deviations (AP/P = (Peyxp — Preale)/ Poxp) between vapor-phase experimental
pressures for the R32 (1) + R1234ze(Z) (2) binary systems of Table B.12 (Pey,)
and values calculated (P,,.) with the Peng Robinson EoS (a), the virial EoS
(b), and from REFPROP 10.0 (c); A, z; = 0.3620 and v = 0.071713 m® kg™ ";
X, z; = 0.5232 and v = 0.035001 m kg™ '; O, 2; = 0.7128 and v = 0.070089
m’kg™; O, z; = 0.8015 and v = 0.023746 m° kg™ ; A, 2, = 0.8973 and v —
0.026769 m® kg .
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Figure 4.26: Deviations between the vapor-phase pressures (P,y,,) for R1234yf (1) + R600a
(2) binary systems of this work and the open literature and the values calculated
(P.a1c) with the Peng-Robinson EoS coupled with a van der Waals one-fluid
linear mixing model with a mean interaction parameter of -0.0599; @, this
work; X, Zhang et al. [212].



148 CHAPTER 4. MEASUREMENTS OF THERMODYNAMIC PROPERTIES

15

1.0

05

0.0

100 AP /P

Figure 4.27:

X
%
L %X
XX%%¥X§XX
- §%X%%% g
%X
il
¥ a2k
Y
R OO LIS IINTTY
K é &'lanantopg.
| ¥ -':§ SRR EERE L
5 B *
o x w
o
N X
.....I.lﬂﬂg....'.
¥
280 300 320 340 360 380 400
TIK

Deviations between the vapor-phase pressures (Pey,) for R1234ze(E) (1) +
R600a (2) binary systems of this work and the open literature and the values
calculated (P.,;.) with the Peng-Robinson EoS coupled with a van der Waals
one-fluid linear mixing model with a mean interaction parameter of -0.0974;
@, this work; x, Cao et al. [223].
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Figure 4.28: Deviations between the vapor-phase pressures (Pe.y,) for R32 (1) + R1234yf
(2) pairs of this work and the open literature and the values calculated (Pe,.)
with the Peng-Robinson EoS coupled with a van der Waals one-fluid linear
mixing model with a mean interaction parameter of 0.0583; @, this work; X,
Cai et al. [215]; +, Yang et al. [216].
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4.2 'Triple points and solid-liquid equilibrium mea-
surements

Triple point data and Solid-Liquid Equilibrium (SLE) data of refrigerants and
their blends are fundamental in the refrigerating industry, in particular for very low-
temperature applications (i.e., cascade refrigerating units). In fact, these properties
define the lowest temperature limit at which these working fluids can be used in a fluid
state. In more general terms, the SLE of multicomponent systems of fluids provides
useful information for the chemical and petrochemical industries, such as for pipelines
design and in the transport of liquid gases in which the formation of solids could lead
to safety problems. Moreover, the SLE data generally plays an important role for the
comprehensive thermodynamic description of the studied systems. Specifically, these
properties are necessary to give the theoretical behavior of the activity coefficients for
the studied systems at low temperatures and to develop more accurate models (e.g.,
equations of state) for the thermodynamic description of the multicomponent systems.

Some of the most well-known and widely used experimental techniques for the
triple point temperature measurements of refrigerants are the calorimetry technique
[232] and the cooling curve method [233, 234]. The calorimetry technique allows
performing accurate static heat capacity measurements of fluids in wide temperature
and pressure ranges that can be used to evaluate their triple point temperatures [235].
Instead, the cooling curve method is based on a dynamic technique of measurement
that allows measuring the triple point temperature without the visual observation of
phase behavior. It is important to note that the accuracy and the reproducibility of
this method can be lower than that of other techniques. However, the cooling curve
method can be also used to measure the freezing temperatures of refrigerant blends
down to very low temperatures. It is also possible to measure the melting temperatures
of refrigerant blends with the experimental setups based on this method.

It is worthwhile pointing out that properties for low GWP refrigerants and their
blends at low temperatures, such as triple points and SLE, are very scarce in the
literature. Recently, experimental data of these properties for some low GWP working
fluids were given in studies previously presented by our group of research [236, 237].

The SLE for the R32 + R1234ze(E) binary system measured down to temperatures
of 132 K is presented in this thesis. These measurements were performed with an
apparatus based on the cooling curve method built to reach temperatures down to
about 100 K. The predicted values for the SLE of this binary pair provided by the
Schréder equation [143] were compared with the experimental data. Besides, to test the
validity of the experimental setup, the triple point temperatures of the components of
the binary system and four well-known refrigerants (namely R125, R152a, R143a, and
R41) were measured. These experimental data have already been presented elsewhere
[238].

4.2.1 Measured samples

Table 4.19 reports information for the following measured samples:
e fluoromethane (R41, CH3F, CAS number 593-53-3);
e difluoromethane (R32, CHyF5, CAS number 75-10-5);

e 1 1-difluoroethane (R152a, CoH,F5, CAS number 75-37-6);
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Table 4.19: Descriptions of the measured samples.

Chemical Source Final Mole Analysis
Name Fraction Purity Method
R41* Lancaster Inc 0.999 GC
R32° Ausimont SpA 0.9998 GC
R152a° Union Carbide 0.9994 GC
R143a° Ausimont SpA 0.999 GC
R1234ze(E)° Honeywell 0.999 GC
R125° Ausimont SpA 0.9996 GC

* Auoromethane P difluoromethane  °© 1,1-difluoroethane
d 1,1,1-trifluoroethane  © trans-1,3,3,3-tetrafluoroprop-1-ene
£ pentafluoroethane

e 1,1,1-trifluoroethane (R143a, CoH3F3, CAS number 420-46-2);

e trans-1,3,3,3-tetrafluoroprop-1-ene (R1234z¢e(E), CF3CH = CHF, CAS number
29118-24-9);

e pentafluoroethane (R125, CoHF5, CAS number 354-33-6).

The purity of the samples was measured by GC using a thermal conductivity detector.
To remove non-condensable gases from samples, they were subjected to several cycles
of freezing, evacuation, thawing, and ultrasonic stirring.

4.2.2 Experimental apparatus and procedure

The apparatus used for the triple point and SLE measurements is based on the
cooling curve method. As previously mentioned, this method allows measuring the
freezing and melting points with no visual observation of the phase behavior. Figure 4.29
shows the experimental setup. Since details regarding the experimental setup and the
testing procedure were given elsewhere [141, 142, 237], only a summary description of
the apparatus and procedure is reported below.

The apparatus includes a measuring cell (1) consisting of a stainless-steel cylinder
with a volume of approximately 47 cm®. The body of the cylinder is surrounded by
a cover with three holes, which is welded to the cell. To charge the sample in the
cell, a stainless-steel tube (4 mm diameter) was inserted through and welded to one
of the holes. The remaining two holes, instead, house two T-type thermocouples (2),
protected with a 316 stainless steel sheath (1.2 mm diameter). These thermocouples
measure the temperature at the center and the boundary of the cell. Before starting
the new series of measurements, the calibration of the thermocouples was performed by
comparison with a 25 Q platinum resistance thermometer (model: 5680, SN1083, Hart
Scientific) having an uncertainty of 0.0016 K. An absolute pressure transducer (HBM,
Mod. P8A) (6) was installed in the charging tube. While the pressures were acquired
as described elsewhere [141], a Pico Technology T'C-08 thermocouple data logger was
used for recording the signals of the T-type thermocouples. Since the recorded vapor
pressure values were very low at the studied temperatures, even lower than the declared
precision of the instrument, these data were not reported.

To avoid any premature stratification of the components of the studied systems and
to ensure homogeneity during the samples liquefaction and crystallization, a stirrer
(3) was placed inside the cell. The stirrer is turned by a magnet (4) connected to the
shaft of an electric engine (5). The measuring cell is surrounded by a copper coil that
exchanges heat with the cell through its contact surface and a working fluid (air or
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Figure 4.29: Schematic view of the solid-liquid equilibrium apparatus. Notation: 1. measur-
ing cell; 2. Type T thermocouples; 3. stirrer; 4. magnet; 5. electric engine; 6.
pressure transducer; 7. Dewar flask; 8. dry air supplier; 9. mass flow controller;
10. rotameter; 11. liquid nitrogen Dewar tank; 12. liquid nitrogen Dewar
manometer; 13. external heating coil; 14. nitrogen outlet; 15. charging bottle;
16. vacuum pump system; 17. recovering bottle; 18. acquisition system.
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liquid nitrogen). The cell and the copper coil are placed inside a Dewar flask (7). To
assure thermal insulation, the whole system is covered with neoprene foam.

The apparatus has two separate circuits: a compressed air circuit and a liquid
nitrogen circuit. One end of the compressed air circuit is connected to the dry air
supplier (8). A mass flow control (9) was installed downstream of the dry air supplier
to adjust the airflow rate, while a rotameter (10) measures the airflow rate. On the
other end, the compressed air circuit is connected both to the thermally insulated
liquid nitrogen Dewar tank (11) and to an external heating coil (13) that is connected
to the copper coil surrounding the measuring cell. The airflow direction is established
by opening and closing two valves: one valve installed upstream the liquid nitrogen
tank and one valve installed upstream the heating coil. One end of the liquid nitrogen
circuit is connected to the liquid nitrogen Dewar tank through a hose including a
faucet, while its other end is directly connected to the copper coil.

The two circuits allowed to perform measurements in the cooling and heating
operating modes. During the cooling mode, the compressed air passes through several
dehumidifier filters and is then delivered to the liquid nitrogen Dewar tank. Since the
dry compressed air creates a positive pressure in the tank (controlled by a manometer
(12)), the liquid nitrogen begins to flow through a polyvinyl chloride hose. When
a steady state is reached, the refrigerant fluid flows through a silicone-made circuit
capillary, then moves through the copper coil surrounding the cell and finally flows out
from the nitrogen outlet (14). Flowing in the circuit, the liquid nitrogen cools all the
circuit surfaces down to temperatures of 100 K and exchanges heat with the measuring
cell by evaporation. In this configuration, the valve upstream of the liquid nitrogen
tank is open and the valve upstream of the heating coil is closed. During the heating
mode, instead, the dry compressed air circuit is directly connected to the heating
exchanger and the air, acting as a carrier fluid, flows in the copper coil warming the
measuring cell. Therefore, in this case, the valve upstream the liquid nitrogen tank
remains closed. The external copper coil can be heated by the operator to accelerate
the process.

The charging of the apparatus is the first step carried out during experimental tests
and is performed as follows. Firstly, a titanium bottle (15) is charged with the sample.
A gravimetrical method is used to identify the charged masses and to determine the
composition of the studied sample. In particular, the titanium bottle is weighted
on an analytical balance (uncertainty of +0.3 mg) during each step of the charging
process. Then, the bottle containing the sample, either a pure refrigerant or a system,
is connected to the apparatus and a vacuum pump (16) (Vacuumbrand RZ2). The
sample is charged inside the measuring system by opening the bottle valve after that
a vacuum is created in the apparatus itself. To charge all the fluid contained in the
bottle and to insert the whole mass in the cell, the charging bottle remains open
and connected to the apparatus during the entire measurement. In this way, only a
negligible amount of mass remains in the charging tube and the bottle as the pressure
in the cell drops below the atmospheric value.

Once the valve of the charging bottle is open, the cooling phase begins and a cooling
curve is drawn in real-time. During the sample solidification, the heat removed by
cooling is compensated by the latent heat of the phase change, resulting in a slope
modification of the temperature trend in correspondence to the freezing point. After the
sample is brought in the solid state, the cooling mode is arrested and the measuring cell
is heated through compressed dry air. During the heating period, the sample melting
point is identified on the time-temperature curve. When binary systems are tested,
the collected freezing and melting temperatures can be plotted versus the composition
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to obtain a phase diagram. In particular, the values of freezing and melting points are
numerically determined by selecting the first recorded points that showed significant
reductions of the cooling/heating rate among the points recorded in proximity of the
changes of the slope of the temperature trend.

When the measurement run is over, both the cell and the charging tube are emptied
by recovering the sample in another bottle (17), cooled by liquid nitrogen.

4.2.3 Experimental uncertainties

As already explained in Di Nicola et al. [141], the uncertainties of the reported
properties were calculated using the law of propagation of uncertainty. In particular,
the combined uncertainty of the sample mass charged in the titanium bottle, u(m),
was calculated from the following expression:

u(m) = Vnm(uy)? (4.6)

where u(my,) is the uncertainty of the analytical balance (equal to #0.3 mg) and n is
the number of times that the charging bottle is weighted. For a pure refrigerant, n is
equal to 2 since the titanium bottle is weighted twice: when it is empty and when it
is charged. Instead, n is equal to 4 for the binary systems because, to estimate the
masses of the two components, the bottle is weighted four times. Therefore, u(m) are
equal to +£0.4 mg and +0.6 for a pure refrigerant and a binary system, respectively.
The combined uncertainty in mole fraction estimations depends on the mass of
binary system charged into the apparatus and on the mole fraction itself. The mole
fraction uncertainties for the studied compositions were calculated as follows:

u(z)? = (“(T;n) )2 {(1 + $)2 +(1+ a)ﬂ (4.7)

_ (5=)
S (1-2)

where u(z;) is the combined mole fraction uncertainty of R32, M; is the molar mass
of R32, M5 is the molar mass of R1234ze(E), and z; is the mole fraction of R32. From
this equation, the combined mole fraction uncertainties for the studied compositions of
R32 (1) + R1234ze(E) (2) ranged from (+0.0001 to +£0.001).

The uncertainty of the measured temperatures was estimated from the uncertainty
of the reference instrument (25 Q platinum resistance thermometer) of £0.0016 K,
the interpolated standard deviation of +0.4 K which was established from the data
obtained by the calibration procedure, and the accuracy of the Pico Technology TC-08
thermocouple data logger of £0.8 K at low temperatures. Using the law of propagation
of uncertainty, the combined uncertainty for the thermocouples was determined to be
+0.9 K; however, a more conservative value of +1 K was finally used.

o (4.8)

4.2.4 Triple point temperatures

The triple point temperatures (7;,,) of the components of the studied binary systems
were measured along with different runs. To not interfere with the solidification of
the sample [236], the tests were carried out switching off the stirrer at about 40 - 50
K before reaching the temperature at which the T, is expected. Since the difference
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Table 4.20: Triple point temperatures of different pure refrigerants.”

Fluid Ther  Ref. of Tier  Thies T, T, ™
K K K K K
R41 129.8 [239] 129.8  129.7 129.6 129.6
R32 136.3 [240] 136 136.3 136.3  136.3
R152a 154.3 [241] 154.3  154.7 155  154.8
R143a 161.3 [241] 161.5  161.3 161.7 161.5
R1234ze(E)  168.6 [64] 169.1  167.5 168.2 167.9
R125 172.5 [240] 172.67 171.7  172.2 171.9

® The combined uncertainty of the temperature u(7T) is +1 K

between the temperature measurements achieved in the middle of the cell and along its
boundary was found to be very low and always well within the experimental uncertainty,
only the values recorded with the thermocouple placed in the center of the cell are
reported in this thesis.

To check the functional efficiency and the reliability of the experimental setup,
the measurements of T, for four well-known refrigerants (R41, R152a, R143a, and
R125) were performed. Four runs were performed for each pure fluid. Since during
the tests none of the studied refrigerants showed a metastable phase (supercooling
effect), the reproducibility of the results was considered not dependent on the cooling
rate. However, the cooling rate was always monitored during the runs and kept as low
as possible (approximately 0.03 Ks_l). Table 4.20 presents the average experimental
values of the triple points for the seven pure refrigerants obtained in the cooling
mode (Tt,) (freezing point temperatures), in the heating mode (Tt};) (melting point
temperatures) and their mean values (T;,). These results were compared with the
experimental data available in literature (Tj;;;) and the mean values (Tjj2) of the data
proposed by our research group [237]. In particular, the values of Tjj;5 reported in
Table 4.20 are mean values of the data obtained with a platinum resistance thermometer
and thermocouples reported in the original paper.

The values of Table 4.20 prove that the results obtained in the cooling mode and the
heating mode are mutually consistent. However, the triple point temperatures obtained
in the heating mode were generally found to be slightly higher than those obtained in
the cooling mode, as also appeared in the work by Skau [242] where it is stated that this
phenomenon occurs when crystallization does not take place very rapidly. Moreover,
the author pointed out that, since the values of the cooling curves were more dependent
on the cooling rate and the purity of the samples, the results from the heating curves
were more reproducible and generally more accurate than those from the cooling curves.
However, considering that the real triple point temperatures would lie between the
heating curve and cooling curve values [242] and that the differences between the
heating curve and cooling curve values are always lower than the uncertainty of the
measured temperatures, the triple point temperatures presented in this work are taken
as the mean of the values obtained in the two measurement modes.

Going into details, R32 (a run is shown in Figure 4.30), R41, R152a showed
differences between the two modes always lower than 0.3 K, while R1234ze(E), R125
and R143a showed slightly higher deviations, however always lower than the declared
experimental uncertainty of +1 K.

As shown in Table 4.20, the measured values for the selected refrigerants generally
show a consistency with the literature values, both the ones measured through a static
calorimetric method [239-241] and the ones previously measured through a dynamic
and no-visual method [237].
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Figure 4.30: An example of measurement for R32.

In particular, the average results achieved for R32, R152a, R143a, and R41 are
in very good agreement with data coming from different sources [239-241], while
higher differences were found for R1234ze(E) and R125, however always well within
the experimental uncertainty. About R1234ze(E), it has to be considered that for this
fluid the only literature source available, excluding results reported in Di Nicola et al.
[237], was collected from REFPROP [64] and it is not declared if it is an experimental
or a calculated value. In fact, from the present measurements, the freezing point
temperature of R1234ze(E) seems to appear at a value slightly lower than Tj;; (1.1 K
in the cooling mode and 0.4 K in the heating mode).

Finally, it can be stated that the results achieved for the pure fluids were found
to be reliable since deviations with literature always well within the experimental
uncertainties.

4.2.5 SLE measurements for R32 + R1234ze(E)

Several tests on different compositions of R32 + R1234ze(E) were performed,
obtaining a sufficient number of temperature values to accurately describe the points
where the solid crystals begin to form (liguidus) and the points where the system is
completely solid (solidus) as a function of the composition. As for the pure fluids, the
tests were again carried out by switching off the stirrer at a temperature higher than
that of phase transition.

It was generally possible to detect clear changes of slope in the temperature trend
at the temperatures that represent the liquidus and the solidus of the system. This
aspect is shown in Figure 4.31, where an example of the temperature data acquisitions
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Figure 4.31: An example of measurement for R32 (1) + R1234ze(E) (2) binary system at
z; = 0.576.

as function of the time for R32 + R1234ze(E) is reported. This figure witnesses that
it was not always possible to record the solid-liquid transition. In fact, Figure 4.31
does not show a clear change of slope in the temperature trend in the heating mode
which represents the melting point. A significant reduction in the heating rate was
not detected in this case. This aspect is probably due to a small amount of sample
charged.

The temperatures of liquidus (T};,) and solidus (T4,) of R32 + R1234ze(E) measured
in the cooling mode for different compositions are reported in Table 4.21. Table 4.22
presents the temperatures of liquidus (Tl}fq) and solidus (TS}Z)I) of the binary pair obtained
in the heating mode for different compositions. As stated above, the tables confirm
that it was not always possible to observe the changes of slope in the temperature trend
in the cooling mode or in the heating mode. Figure 4.32 shows the liquidus and solidus
temperatures measured in the two modes as function of the compositions. From these
experimental data, it was possible to detect the eutectic point which was estimated
at approximately 7' = 132.00 + 1 K in the range of mole fractions of R32, z{, from
(0.814 + 0.001 to 0.819 + 0.001). In particular, the proposed value of temperature for
the eutectic point is in good agreement with the solidus temperatures measured at
different compositions, showing deviations well within the experimental uncertainty.
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Table 4.21: T - z data for R32 (1) + R1234ze(E) (2) measured in the cooling mode (freezing
points).”

21 ﬂfq Tscol
K K

0 167.5 -
0.055 165.3 -
0.123 164.6 -
0.181 162.2 -
0.262 160.9 -
0.357 156.5 -
0.456 151 -
0.468 150.2 -
0.576 147.1 1324
0.692 140.1 132.6
0.697 139.9 132.2
0.758 135.8 132
0.807 132.2 -
0.814 1323 -
0.819 131.9 -
0873 133.3 132.2
0.926 133.5 -
0.97 1348 -

1 136.3 -

*The combined uncer-
tainties are: u(T) = *1
K and u(z;) = +£0.001
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Table 4.22: T - z data for R32 (1) + R1234ze(E) (2) measured in the heating mode (melting

points)

a

21

h
,-rliq
K

h
Tsol

K

0
0.055
0.123
0.181
0.262
0.357
0.456
0.468
0.576
0.624
0.692
0.697
0.758
0.807
0.814
0.819
0.873
0.926

0.97

1

168.2
165.6
164.7

160.1

151.5

143.3
141.1
139.9
135.8
132.6
132.2
132.1
133.1
133.3

136.2

132
132.6
132.8

132.7
131.4

132.5

132.8
132.7
132.5

132.4
132.6

*The combined uncer-
tainties are: u(7) = +1

K and u(z;) = +0.001
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Figure 4.32: SLE for the R32 (1) + R1234ze(E) (2) binary pair.

4.2.6 Discussion of the binary system results

As explained in Subsection 2.4 of Chapter 2, the behavior of the liquidus of an
organic system with an eutectic and a solid phase formed by pure system components
is usually well described by the Schréder equation [143] defined as Equation (2.47).

At first, it can be assumed that the solubility of the solid solute is independent of
the solvent. This implies that the activity coefficient of the solute (’y*) can be set equal
to 1. The enthalpies of fusion at the melting point (Ahg,s) used for the studied binary
pair are equal to 4356 Jmol ' [240] and 7890 Jmol ' [51] for R32 and R1234ze(E),
respectively. It is worthwhile pointing out that Ahg, of R1234z¢(E) was not measured,
but it was predicted using the method proposed by Chickos et al. [243] and has an
uncertainty of 25 % of its value. Instead, the value for R32 is more accurate, since it
has been experimentally determined.

The liquidus behavior calculated according to the Schréder equation is shown in
Figure 4.32. Tt is possible to note an agreement (generally within 2 - 3 K) between the
equation predictions and the experimental results at almost all compositions. Higher
deviations (about 4 - 5 K) with respect to the Schréder equation were obtained near
the eutectic point (0.758 < z; < 0.873), confirmed also by a shift in the eutectic con-
centration. This higher discrepancy between the experimental data and the prediction
of the simplified model may be due to the high uncertainty of the predicted Ahg,s for
R1234ze(E) and to the assumption that v* = 1.



Chapter 5

Conclusions

The purpose of the work presented in this thesis was to theoretically and experi-
mentally investigate the thermophysical properties of low Global Warming Potential
(GWP) refrigerants and their blends.

About the theoretical part, the prediction capability of some of the main models
for different properties was analyzed for the alternative working fluids. In particular,
their vapor pressure and Vapor-Liquid Equilibrium (VLE) were calculated with four
two-parameters Cubic Equations of State (CESs), including the original Redlich-Kwong-
Soave (RKS) EoS and Peng-Robinson (PR) EoS, a modified PR EOS proposed by
Stryjek and a CES proposed by Stryjek. The calculated properties were compared with
the experimental data for the studied pure refrigerants and binary systems collected
from the literature. In general, the results were generally accurate and confirm the
representation ability of the CESs, in spite of their simplicity. For the vapor pressure,
even if all the studied models were good, the CES proposed by Stryjek provided the
lowest deviations between the experimental and calculated data. About the VLE,
all the models provide satisfactory and similar results both when the standard one-
binary-parameter mixing rules independent on temperature and the same mixing rules
dependent on temperature were used.

Then, the experimental surface tension data of low GWP refrigerants, both pure
fluids and blends, were collected and compared with the values calculated from equations
available in literature. The studied literature equations were expressly oriented to
refrigerants of different generations, but none was specifically designed to predict the
surface tension of alternative refrigerants. These equations, mainly oriented to HFCs,
showed a good prediction capability for these fluids. Moreover, a simple empirical scaled
equation, recently proposed for other organic and inorganic fluids, was considered and
tested for those alternative working fluids. The same scaled equation was also considered
for binary systems containing low GWP refrigerants and conventional refrigerants. The
equation was re-fitted considering the surface tension data for the ethylene derivatives,
the propylene derivatives, and the blends, separately. It confirmed its accuracy for the
studied working fluids, giving low deviations between the experimental and calculated
values.

Successively, an empirical Kardos equation specifically oriented to estimate the
thermal conductivities of saturated liquid refrigerants and saturated vapor refrigerants
was presented. This scaled equation is very simple and predicted the thermal conduc-
tivity with very low deviations for the selected refrigerants, especially for liquids. It
is worthwhile pointing out that this equation was not specifically designed to predict
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the surface tension of alternative refrigerants. A future step will be the study of
the prediction capability of the proposed equation and additional literature models
for low GWP refrigerants. Moreover, a new correlation specifically oriented to these
fluids could be developed for obtaining more accurate descriptions of the thermal
conductivity.

About the experimental study, the following measurements were performed for
different compositions using an isochoric apparatus:

e 96 vapor-phase PvT'z data for R1234yf + R600a binary pair;

e 102 vapor-phase PvT'z data for R1234ze(E) + R600a binary pair;

e 84 vapor-phase PvT'z data for R600a + R1233zd(E) binary pair;

e 97 vapor-phase PvT'z data for R600a + R1234ze(Z) binary pair;

e 97 vapor-phase PvT'z data for R1225ye(Z) + R600a binary pair;

e (66 vapor-phase PvT'z data for R1243zf + R600a binary pair;

e 217 two-phase and vapor-phase PvT'z data for R32 + R1234yf binary pair;

e 182 two-phase and vapor-phase PvTz data for R32 + R1234ze(E) binary pair;

e 150 two-phase and vapor-phase PvTz data for R32 + R1234ze(Z) binary pair.

The VLE behaviors of R32 + R1234yf, R32 + R1234ze(E), and R32 + R1234ze(Z)
binary pairs were derived from the data measured in the two-phase region through
the flash method with the Carnahan-Starling-De Santis EoS, the Peng-Robinson EoS
and a two-parameter CES proposed by Stryjek. Accurate results were obtained for
all the EoSs. A good agreement between the behavior of the calculated VLE and the
VLE experimental data collected from the literature was found. The properties of the
different binary systems measured in the superheated vapor region were compared
with the values estimated from the Peng-Robinson EoS, a truncated virial EoS, and
REFPROP 10.0. In general, low deviations between the experimental and calculated
values were found, showing good accuracy of these models in the vapor-phase PvTz
description.

The Solid-Liquid Equilibrium (SLE) for R32 + R1234ze(E) binary pair, together
with the liquidus and the solidus, were measured down to temperatures of about 132.00
K, using an apparatus that operates both in the cooling and in heating mode. The
results obtained from these two configurations were found to be mutually consistent.
The deviations between the experimental data and the predictions from the Schréder
equation were generally within 2-3 K, confirming that the assumptions made for the
model are appropriate. To test the accuracy of the apparatus, the triple point of
the two binary system components and four additional well-known refrigerants were
measured. The measured triple point temperatures showed consistency with the data
available in the literature.

In the next future, the thermophysical properties of additional low GWP refrigerants
and their blends for specific applications will be therotically and experimentally
investigated. In particular, the PvTz and SLE properties of blends containing R1132a
that could be potentially suitable low GWP alternatives for very low temperature
applications will be measured with the experimental apparatuses described in this
thesis.



Appendix A

Fugacity coeflicients calculated
from equations of state

The fugacity coefficients (¢) of a pure fluid both for vapor and liquid phases
calculated from a general two-parameter Cubic Equation of State (CES) have the
following expressions:

2 Z+(u—A) B
Aln [ 2Z+(u+A)B]

Ing=Z-1-In(Z-B)+ A B (A1)
2A
1n¢=Z—1—hl(Z—B)—m (AQ)

Equations (A.1) and (A.2) are valid for A = (u2 - 4w)0'5 > 0 and A = 0, respectively.
In these equations, Z = Pu,, R™'T7" is the compressibility factor, A = aPR?T?
and B=bPR 'T™" are parameters of CESs, a is the attraction parameter of CESs, b
is the repulsive parameter of CESs, called covolume, v and w are two constants that
define a specific two-parameter CES, R is the universal gas constant, P is the pressure,
VU, 18 the molar volume and T is the temperature.

The fugacity coefficients (¢) of a component 4 in a homogeneous blend both for
vapor and liquid phases calculated from a general two-parameter CES by using the
van der Waals one-fluid mixing rules have following expressions:

lthbi:%(Z—l)—ln(Z—B)
N Zjag . u (A.3)
LA (2 Y 2 ai bl)l [2Z+( +A)B}

AB a )M 2Z+ (u-A)B

ln(bi:%(Z—l)—ln(Z—B)— (A.4)

(2Z +uB) a D)

24 (2 Y o1 Zj i g)

Equations (A.3) and (A.4) are valid for A > 0 and A = 0, respectively. In the equations,
Z; represents both the mole fractions of the liquid phase (x;) and vapor phase (y;) for
the j-th component of the blend.
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The fugacity coefficients (¢) of a component i in a homogeneous blend both for
vapor and liquid phases calculated from the Carnahan-Starling-De Santis (CSD) EoS
[110] by using the van der Waals one-fluid mixing rules have following expressions:

— 2 n
1n¢i_477—37]2+bi(477 2n%) 2 szaj,»ln Um

= +
(1_77)2 5(1_77)3 RTbj:l Um +0

b;a Um + b b; a
In —

~nz
TRTP T 0n T RT (ot 0?)

where 1 = b (dv,,) "

(A.5)
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Appendix B

Experimental isochoric PvT'z
data of binary systems

The experimental PvTz data for R32 + R1234yf, R32 + R1234ze(E), and R32
+ R1234ze(Z) measured in the two-phase region through the isochoric apparatus
described in Section 4.1 of Chapter 4 are reported in Tables B.1, B.2, and B.3,
respectively. Instead, Tables B.4, B.5, B.6, B.7, B.8, B.9, B.10, B.11, and B.12 present
the vapor-phase experimental data for R1234yf + R600a, R1234ze(E) + R600a, R600a
+ R1233zd(E), R600a + R1234ze(Z), R1225ye(Z) + R600a, R1243zf + R600a, R32 +
R1234yf, R32 + R1234z¢(E), and R32 + R1234ze(Z) binary pairs, respectively.



166 APPENDIX B. EXPERIMENTAL ISOCHORIC PvTz DATA

Table B.1: Experimental values of pressure (P), specific volume (v), temperature (T), and
bulk mole fraction (z) in the two-phase region for R32 (1) + R1234yf (2) binary

sys‘cems.a
T P v T P v
K kPa m kg™’ K kPa m kg™’
2 = 0.1330 2 = 0.6489
263.15 248.8 0.064 263.15 480.9 0.03
268.15 294.5 0.064 268.15 558.4 0.03
273.15 644.3 0.03
278.15 739.4 0.03
283.15 828.7 0.03
2 = 0.1792 2 = 0.8122
263.15 285 0.03 263.15 537.4 0.032
268.15 333.9 0.03 268.15 632.3 0.032
273.15 389 0.03 273.15 736.8 0.032
278.15 451.3 0.03 278.15 851.5 0.032

283.15 520.6  0.03
288.15 596.1  0.03
2 = 0.5229

263.15  426.1  0.031
268.15 491.8  0.031
273.15  564.9  0.031
278.15 645  0.031
283.15 732.2  0.031

* Expanded uncertainties are U(T) = 0.03 K and U(P) =
1 kPa, U(v) = (0.000034 to 0.000753) m® kg™, and U(z)
= (0.0004 to 0.0046) at the 95 % confidence level.
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Table B.2: Experimental values of pressure (P), specific volume (v), temperature ("), and
bulk mole fraction (z) in the two-phase region for R32 (1) + R1234ze(E) (2)
binary systems.”

T P v T P v

K kPa m® kg_1 K kPa m® kg_l
z1 = 0.1677 z; = 0.7383
263.15 190.9  0.046409 263.15 432.1 0.039327
268.15  226.2  0.04642 268.15 496  0.039336

273.15  266.8  0.04643 273.15 569.4 0.039344
278.15 312.6  0.04644 278.15 645.1 0.039353
283.15" 360.0° 0.046450°  283.15" 696.3" 0.039362"
288.15"  410.8" 0.046460"
2 = 0.2551 2, = 0.9532
263.15 256.7 0.013142 263.15 552.2 0.043011
268.15 302.5 0.013144 268.15  649.5  0.04302
273.15 3541 0.013147  273.15 753.6  0.04303
278.15 412 0.01315
283.15 476.6  0.013153
288.15 548.2  0.013156
293.15 628  0.013159
298.15 7159 0.013162
303.15 811.8 0.013165
308.15 914.8 0.013168
313.15 1033.8 0.01317
318.15 1157.7 0.013173
323.15 12949 0.013176
328.15" 1426.2° 0.013179"
*Expanded uncertainties are U(T) = 0.03 K and U(P) =
1 kPa, U(v) = (0.000015 to 0.000186) m*kg™", and U(z) =
(0.0004 to 0.0044) at the 95 % confidence level.
" Not considered in the regression.
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Table B.3: Experimental values of pressure (P), specific volume (v), temperature ("), and
bulk mole fraction (z) in the two-phase region for R32 (1) + R1234ze(Z) (2)
binary systems.”

T P v T P v
K kPa m’kg ! K kPa m’kg '
z = 0.0871 2 = 0.7128

263.15  79.5  0.013326 263.15 264.9  0.069920
268.15 94.9  0.013329 268.15 290.7  0.069935
273.15 112.8  0.013332 273.15 317.1  0.069951
278.15 133.2  0.013335 278.15  345.7  0.069966
283.15 1564  0.013338 283.15 378.2  0.069981
288.15 182.6  0.013341 288.15 410.9  0.069997
293.15 2121 0.013344 293.15  445.7  0.070012
298.15 2455  0.013346

303.15 283.5  0.013349

308.15  326.0 0.013352

313.15 373.6  0.013355

318.15 4259 0.013358

323.15 483.6 0.013361

328.15 547.7  0.013364

333.15  618.2  0.013367

338.15  696.4 0.013370

343.15 781.3  0.013373

348.15 875.0 0.013376

353.15 976.6 0.013379

21 = 0.2980 2 = 0.8015

263.15 170.4  0.016332 268.15 498.2  0.023692
268.15 197.5  0.016336 273.15  568.3  0.023697
273.15  227.1  0.016340 278.15  645.0  0.023702
278.15 259.9  0.016343 283.15 724.6  0.023707
283.15  295.5  0.016347 288.15  807.4  0.023712
288.15  334.6  0.016350 293.15 892.7  0.023718
293.15  376.9 0.016354 298.15 978.1  0.023723
298.15 422.9  0.016357 303.15 1065.5 0.023728
303.15 472.8  0.016361 308.15 1153.6 0.023733
308.15 527.4  0.016365 313.15 1240.7 0.023739
313.15 585.3  0.016368 318.15 1333.9 0.023744
318.15 648.6  0.016372

323.15 717.2  0.016375

328.15 793.6  0.016379

333.15 874.9 0.016383

338.15 961.2  0.016386

343.15 1057.3  0.016390

348.15 1162.0 0.016393

353.15 1270.8 0.016397

2, = 0.3620 2 = 0.8973

263.15 123.8  0.071540 268.15 579.9  0.026708
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T P v T P v
K kPa  m’kg ™ K kPa m’kg "
268.15 140.3  0.071556 273.15  663.8  0.026714
273.15 158.3  0.071571 278.15  754.6  0.026719
278.15 179.1  0.071587 283.15 851.7  0.026725
283.15 202.0 0.071603 288.15  949.7  0.026731
288.15  227.7  0.071619 293.15  1046.9 0.026737
293.15 256.6 0.071634 298.15 1145.0 0.026743
298.15 289.0  0.071650 303.15 1236.5 0.026749
303.15 3255 0.071666

7 = 0.5232

268.15 276.8  0.034920

273.15  307.3  0.034936

278.15  340.2  0.034936

283.15  375.8  0.034943

288.15 414.6  0.034951

293.15  456.4  0.034959

298.15  502.4  0.034966

303.15 552.2  0.034974

308.15  607.6  0.034982

313.15  666.1  0.034989

318.15  722.2  0.034997

* Expanded uncertainties are U(T) = 0.03 K and U(P) = 1 kPa,
U(v) = (0.000015 to 0.000091) m*kg ™", and U(z) = (0.0005

to 0.0016) at the 95 % confidence level.
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Table B.4: Experimental values of pressure (P), specific volume (v), temperature ("), and
bulk mole fraction (z) in the vapor-phase region for R1234yf (1) + R600a (2)
binary systems.”

T P v T P v
K kPa m kg K kPa m kg "
2o = 0.2340 2o = 0.6061

303.15 246.7 0.093939 303.15 180.2 0.166345
308.15 251.2  0.093960 308.15 183.3 0.166381
313.15 255.6 0.093981 313.15 186.5 0.166418
318.15 260.1 0.094001 318.15 189.7 0.166454
323.15 264.6  0.094022 323.15 192.9 0.166491
328.15 269.0  0.094042 328.15 196.0 0.166527
333.15 273.4  0.094063 333.15 199.2 0.166564
338.15 277.8  0.094084 338.15 202.3 0.166600
343.15 282.2  0.094104 343.15 205.5 0.166637
348.15 286.6 0.094125 348.15 208.6 0.166673
353.15 291.0 0.094145 353.15 211.8 0.166710
358.15 295.4  0.094166 358.15 214.9 0.166746
363.15 299.8 0.094187 363.15 218.0 0.166783
368.15 304.1 0.094207 368.15 221.1 0.166819
373.15 308.5 0.094228 373.15 224.3  0.166856
378.15 313.0  0.094248 378.15 227.5 0.166892
383.15 317.4  0.094269 383.15 230.6 0.166929
2o = 0.4005 2o = 0.7720

303.15 269.3 0.094227 303.15 260.6 0.127859
308.15 274.3 0.094248 308.15 265.4 0.127887
313.15 279.2  0.094268 313.15 270.2  0.127915
318.15 284.2  0.094289 318.15 2751 0.127943
323.15 289.2 0.094310 323.15 279.9 0.127971
328.15 294.1 0.094330 328.15 284.6 0.127999
333.15 299.0 0.094351 333.15 289.4 0.128027
338.15 303.9 0.004372 338.15 294.2  0.128055
343.15 308.8 0.094392 343.15 298.9 0.128083
348.15 313.5 0.094413 348.15 303.6 0.128111
353.15 318.3 0.094434 353.15 308.1 0.128139
358.15 323.2  0.094455 358.15 312.6 0.128167
363.15 328.1 0.094475

368.15 332.9  0.094496

373.15 337.7  0.094517

378.15 342.6 0.094537

383.15 347.4 0.094558

2o = 0.4723 zo = 0.8504

303.15 163.5 0.169844 308.15 426.8 0.079675
308.15 166.4 0.169881 313.15 435.6 0.079693
313.15  169.2 0.169918 318.15 444.2 0.079710
318.15 172.1 0.169956 323.15 452.8 0.079728
323.15 174.7 0.169993 328.15 461.2 0.079745
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T P v T P v

K kPa m’kg ™' K kPa m’kg ™'
328.15 177.5 0.170030 333.15 469.7 0.079763
333.15 180.3 0.170067  338.15 477.9 0.079780
338.15 183.1 0.170105 343.15 486.3 0.079798
343.15 185.9 0.170142 348.15 494.6 0.079815
348.15 188.7 0.170179 353.15 502.9 0.079833
353.15 191.5 0.170216 358.15 5112 0.079850
358.15 194.3 0.170254  363.15 519.5 0.079868
363.15 197.1 0.170291 368.15 527.7 0.079885
368.15 200.1 0.170328 373.15 535.9 0.079903
373.15 202.9 0.170366 378.15 544.1 0.079920
378.15 205.7 0.170403 383.15 5524  0.079937
383.15 208.5 0.170440

* Expanded uncertainties are U(7T) = 0.03 K and U(P) =
1 kPa, U(v) = (0.000097 to 0.000266) m*kg ™", and U(z) =

(0.0011 to 0.0023) at the 95 % confidence level.

171



172 APPENDIX B. EXPERIMENTAL ISOCHORIC PvTz DATA

Table B.5: Experimental values of pressure (P), specific volume (v), temperature ("), and
bulk mole fraction (z) in the vapor-phase region for R1234ze(E) (1) + R600a (2)
binary systems.”

T P v T P v
K kPa m kg K kPa m kg "
2o = 0.2899 zo = 0.6124

303.15 267.9 0.089524 303.15 321.0 0.089015
308.15 273.0 0.089544 308.15 327.2 0.089034
313.15 277.9 0.089564 313.15 333.4 0.089054
318.15 282.8 0.089583 318.15 339.5 0.089073
323.15 287.8 0.089603 323.15 345.6 0.089093
328.15 292.7 0.089622 328.15 351.7 0.089112
333.15 297.6 0.089642 333.15 357.8 0.089132
338.15 302.5 0.089662 338.15 363.8 0.089151
343.15 307.4 0.089681 343.15 369.8 0.089171
348.15 312.2  0.089701 348.15 375.8 0.089191
353.15 317.1 0.089721 353.15 381.8  0.089210
358.15 321.9  0.08974 358.15 387.8 0.089230
363.15 326.8 0.08976 363.15 393.7 0.089249
368.15 331.6 0.08978 368.15 399.7 0.089269
373.15 336.5 0.089799 373.15 405.6 0.089288
378.15 341.4 0.089819 378.15 411.7 0.089308
383.15 346.2 0.089838 383.15 417.6 0.089327
2y = 0.4275 2o = 0.6851

303.15 305.5 0.084403 303.15 304.9 0.100418
308.15 311.3 0.084422 308.15 310.7 0.100440
313.15 317.1  0.084440 313.15 316.5 0.100462
318.15 322.8 0.084459 318.15 322.2  0.100484
323.15 328.5 0.084478 323.15 328.0 0.100506
328.15 334.2  0.084496 328.15 333.7 0.100529
333.15 339.9 0.084515 333.15  339.5 0.100551
338.15 345.6 0.084533 338.15 345.1 0.100573
343.15 351.2  0.084552 343.15 350.8 0.100595
348.15 356.9 0.084570 348.15 356.5 0.100617
353.15 362.6 0.084589 353.15 362.1 0.100639
358.15 368.2 0.084607 358.15 367.7 0.100661
363.15 373.9 0.084626 363.15 373.3 0.100683
368.15 379.5 0.084644 368.15 379.0 0.100705
373.15 385.1 0.084663 373.15 384.7 0.100727
378.15 390.7 0.084681 378.15 390.3 0.100749
383.15 396.3 0.084700 383.15 395.9 0.100771
2o = 0.5156 2o = 0.7551

303.15 259.6 0.106188 303.15 367.4 0.085615
308.15 264.5 0.106211 308.15 374.9 0.085634
313.15  269.2  0.106234 313.15 382.2 0.085653
318.15 274.0 0.106258 318.15 389.5 0.085672
323.15 278.8 0.106281 323.15 396.8 0.085690
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T P v T P v

K kPa m’kg ™' K kPa m’kg ™'
328.15 283.5 0.106304  328.15 404.0 0.085709
333.15 288.2 0.106328 333.15 411.2 0.085728
338.15 292.9 0.106351 338.15 418.3  0.085747
343.15 297.6 0.106374  343.15 425.4 0.085765
348.15 302.3 0.106397  348.15 432.4 0.085784
353.15 307.0 0.106421 353.15 439.4  0.085803
358.15 311.7 0.106444  358.15 446.5 0.085822
363.15 316.4 0.106467  363.15 453.5 0.085841
368.15 321.1 0.106491 368.15 460.5 0.085859
373.15 325.7 0.106514  373.15 467.6 0.085878
378.15 3304 0.106537 37815 474.5 0.085897
383.15 335.1 0.106561 383.15 481.6 0.085916

* Expanded uncertainties are U(7T) = 0.03 K and U(P) =
1 kPa, U(v) = (0.000104 to 0.000138) m*kg ™", and U(z) =
(0.0009 to 0.0018) at the 95 % confidence level.
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Table B.6: Experimental values of pressure (P), specific volume (v), temperature ("), and
bulk mole fraction (z) in the vapor-phase region for R600a (1) + R1233zd(E)
(2) binary systems.”

T P v T P v
K kPa m kg K kPa m kg "
2, = 0.1245 2 = 0.6438

303.15 113.3 0.174045 338.15 576.1 0.049897
308.15 1154 0.174083 343.15 587.5 0.049908
313.15 1175 0.174121 348.15 598.7  0.049919
318.15 119.6 0.174159 353.15 609.8 0.049930
323.15 121.8 0.174198 358.15  620.8 0.049941
328.15 123.8 0.174236 363.15 631.1 0.049952
333.15  125.8 0.174274 368.15 642.6 0.049963
338.15  128.2 0.174312 373.15  653.2 0.049974
343.15 130.2 0.174350 378.15 664.1 0.049985
348.15 132.2 0.174389 383.15 675.0 0.049996
353.15 1344 0.174427

358.15 136.3 0.174465

363.15 138.3 0.174503

368.15 140.4 0.174541

373.15 142.3 0.174579

378.15 1444 0.174618

383.15 146.5 0.174656

2z = 0.4527 z1 = 0.7460

313.15 1974 0.126136 318.15 340.9 0.092565
318.15 200.9 0.126163 323.15 347.6 0.092586
323.15 204.5 0.126191 328.15 3539 0.092606
328.15 208.0 0.126219 333.15 360.6 0.092626
333.15 2114 0.126246 338.15 366.9 0.092646
338.15 2149 0.126274 343.15 373.2  0.092667
343.15  218.5 0.126302 348.15 379.5 0.092687
348.15  222.0 0.126329 353.15 385.8 0.092707
353.15 225.5 0.126357 358.15 391.8 0.092728
358.15  229.0 0.126385 363.15 398.1 0.092748
363.15  232.1 0.126412 368.15 404.2 0.092768
368.15  235.6 0.126440 373.15  410.7  0.092788
373.15  239.1 0.126468 378.15 416.9 0.092809
378.15 242.6 0.126495 383.15 423.2 0.092829
383.15 246.4 0.126523

z1 = 0.5638 zp = 0.8647

303.15 186.5 0.142890 333.15  648.1 0.053528
308.15 190.1 0.142921 338.15 661.4 0.053540
313.15 193.7  0.142953 343.15 674.5 0.053552
318.15 1975 0.142984 348.15 687.5 0.053563
323.15 200.9 0.143016 353.15 700.5 0.053575
328.15 204.3 0.143047 358.15  713.3 0.053587
333.15 207.8 0.143078 363.15 726.1 0.053599
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T P v T P v
K kPa m’kg ™' K kPa m’kg ™'

338.15 211.1 0.143110 368.15 738.7 0.053610
343.15 214.6 0.143141 373.15 7514 0.053622
348.15 218.0 0.143172 378.15  763.9 0.053634
363.16 221.4 0.143204 383.15 776.5 0.053646
358.15 224.6 0.143235
363.15 228.1 0.143266
368.15  231.5 0.143298
373.15  234.8 0.143329
378.15  238.2  0.143360
383.15  241.7  0.143392

* Expanded uncertainties are U(T) = 0.03 K and U(P) =
1 kPa, U(v) = (0.000057 to 0.000276) m*kg ™", and U(z) =
(0.0005 to 0.0096) at the 95 % confidence level.




176 APPENDIX B. EXPERIMENTAL ISOCHORIC PvTz DATA

Table B.7: Experimental values of pressure (P), specific volume (v), temperature ("), and
bulk mole fraction (z) in the vapor-phase region for R600a (1) + R1234ze(Z) (2)
binary systems.”

T P v T P v
K kPa m kg K kPa m kg "
z = 0.1176 21 = 0.5095

303.15 145.9 0.152016 303.15 213.5 0.128568
308.15 148.7 0.152050 308.15 217.4 0.128596
313.15 151.4 0.152083 313.15 221.3  0.128624
318.15 154.0 0.152116 318.15 225.2 0.128652
323.15 156.8 0.152150 323.15 229.2  0.128680
328.15 159.4 0.152183 328.15 233.1 0.128709
333.15 162.0 0.152216 333.15 237.0 0.128737
338.15 164.6 0.152250 338.15 240.9 0.128765
343.15 167.2 0.152283 343.15 244.7 0.128793
348.15 169.8 0.152316 348.15 248.6 0.128821
353.15 172.5  0.152350 353.15 252.4  0.128850
358.15 175.1 0.152383 358.15 256.3 0.128878
363.15 177.7 0.152416 363.15 260.1 0.128906
368.15 180.3 0.152450 368.15 263.9 0.128934
373.15 182.9 0.152483 373.15 267.8 0.128962
378.15 185.5 0.152516 378.15 271.7 0.128991
383.15 188.1 0.152550 383.15 2755 0.129019
2 = 0.2220 2 = 0.6585

303.15 155.7 0.151411 313.15 398.1 0.075736
308.15 158.6 0.151444 318.15 406.6 0.075753
313.15 161.5 0.151477 323.15 414.5 0.075770
318.15 164.3 0.151510 328.15 423.1 0.075786
323.15 167.2 0.151544 333.15 430.7 0.075803
328.15 170.0 0.151577 338.15 438.4 0.075820
333.15  172.7 0.151610 343.15 446.0 0.075836
338.15 1754 0.151643 348.15 453.6 0.075853
343.15 178.2 0.151676 353.15 461.2  0.075869
348.15 180.8 0.151710 358.15 468.5 0.075886
353.15 183.7 0.151743 363.15 476.0 0.075903
358.15 186.5 0.151776 368.15 483.4 0.075919
363.15 189.4 0.151809 373.15  490.9 0.075936
368.15 192.1 0.151843 378.15 498.2 0.075952
373.15 194.9 0.151876 383.15 505.8 0.075969
378.15 197.7 0.151909

383.15 200.5 0.151942

2 = 0.4271 21 = 0.7250

303.15 206.5 0.126999 318.15 362.3  0.090609
308.15 210.5 0.127027 323.15 369.1 0.090628
313.15 214.4  0.127054 328.15 375.8  0.090648
318.15 218.3 0.127082 333.15 382.5 0.090668
323.15 222.2 0.127110 338.15 389.1 0.090688
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T P v T P v

K kPa m’kg ™' K kPa m’kg ™'
328.15 226.0 0.127138 343.15 395.8  0.090708
333.15 229.8 0.127166 348.15 402.5 0.090728
338.15 233.6 0.127194  353.15 409.1 0.090748
343.15 237.3  0.127222 358.15 415.6  0.090767
348.15 241.1 0.127249 363.15 422.1  0.090787
353.15 244.7 0.127277  368.15 428.6 0.090807
358.15 248.6 0.127305 373.15 4352 0.090827
363.15 252.3 0.127333 378.15 441.7 0.090847
368.15 256.0 0.127361 383.15 448.3  0.090867
373.15  259.8 0.127389
378.15 263.6 0.127417
383.15 267.4 0.127445

* Expanded uncertainties are U(7T) = 0.03 K and U(P) =
1 kPa, U(v) = (0.000091 to 0.000225) m*kg ™", and U(z) =

(0.0007 to 0.0078) at the 95 % confidence level.
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Table B.8: Experimental values of pressure (P), specific volume (v), temperature ("), and
bulk mole fraction (z) in the vapor-phase region for R1225ye(Z) (1) + R600a (2)
binary systems.”

T P v T P v
K kPa m kg K kPa m kg "
2o = 0.1747 zo = 0.5041

308.15 316.0 0.063226 303.15 207.0 0.121578
313.15 3219 0.063240 308.15 210.7 0.121605
318.15 327.8 0.063254 313.15 2144 0.121631
323.15 333.7 0.063267 318.15 218.0 0.121658
328.15 339.5 0.063281 323.15 221.7  0.121685
333.15 346.4 0.063295 328.15 2253 0.121711
338.15 351.2  0.063309 333.15  229.0 0.121738
343.15 357.0 0.063323 338.15 2326 0.121765
348.15 362.8 0.063337 343.15 236.3 0.121791
353.15 368.6 0.063351 348.15 2399 0.121818
358.15 374.3 0.063364 353.15 243.6 0.121845
363.15 380.1 0.063378 358.15 2473 0.121871
368.15 3859 0.063392 363.15 251.0 0.121898
373.15 391.6 0.063406 368.15 254.6 0.121925
378.15 397.3 0.063420 373.15  258.3 0.121951
383.15 403.1 0.063434 378.15  262.0 0.121978
383.15 265.6 0.122005
2y = 0.3453 2o = 0.7969
308.15 309.8 0.071702 308.15 303.6 0.107373
313.15 315.5 0.071718 313.15 309.3 0.107397
318.15 321.3 0.071734 318.15 315.0 0.107420
323.15 327.0 0.071749 323.15 320.6 0.107444
328.15 3329 0.071765 328.15 326.2 0.107467
333.15 338.6 0.071781 333.15  331.8 0.107491
338.15  344.2 0.071797 338.15 3374 0.107515
343.15 349.8 0.071812 343.15 3429 0.107538
348.15 355.4 0.071828 348.15 348.5 0.107562
353.15 361.0 0.071844 353.15 354.1 0.107585
358.15 366.6 0.071859 358.15 359.6 0.107609
363.15 372.2 0.071875 363.15 365.1 0.107632
368.15 377.8 0.071891 368.15 370.4 0.107656
373.15 383.4 0.071907 373.15 3759 0.107679
378.15 389.0 0.071922 378.15 381.6 0.107703
383.15 394.6 0.071938 383.15 387.0 0.107727
2o = 0.4768 2o = 0.9160
308.15 410.6 0.058505 308.15 394.7 0.090086
313.15 418.8 0.058518 313.15 402.8 0.090106
318.15 426.9 0.058531 318.15 410.7 0.090126
323.15 4349 0.058544 323.15 418.5 0.090145
328.15 442.8 0.058556 328.15 426.4 0.090165
333.15 450.8 0.058569 333.15  434.0 0.090185
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T P v T P v

K kPa m’kg ™' K kPa m’kg ™'
338.15 458.7 0.058582 338.15 441.7 0.090205
343.15 466.6 0.058595 343.15 449.4 0.090224
348.15 474.5 0.058608 348.15 457.0  0.090244
353.15 482.3 0.058621 353.15 464.6  0.090264
358.15 490.2 0.058633 358.15 472.2  0.090284
363.15 4979 0.058646 363.15 479.8  0.090303
368.15 505.7 0.058659 368.15 487.3  0.090323
373.15 5135 0.058672 373.15 4949 0.090343
378.15 521.3  0.058685 378.15 502.4  0.090363
383.15 529.0 0.058698 383.15 509.9  0.090382

* Expanded uncertainties are U(T) = 0.03 K and U(P) =
1 kPa, U(v) = (0.000068 to 0.000165) m*kg ™", and U(z) =

(0.0007 to 0.0024) at the 95 % confidence level.
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Table B.9: Experimental values of pressure (P), specific volume (v), temperature ("), and
bulk mole fraction (z) in the vapor-phase region for R1243zf(Z) (1) + R600a (2)
binary systems.”

T P v T P v
K kPa m kg K kPa m kg "
2o = 0.2254 zo = 0.4342

308.15 289.5 0.094241 308.15 192.7 0.161076
313.15 294.8 0.094262  313.15 196.0 0.161111
318.15 300.1 0.094283  318.15 199.4 0.161146
323.15 305.3 0.094303  323.15 2024 0.161182
328.15 3105 0.094324 32815 205.9 0.161217
333.15 315.8 0.094345  333.15 209.4 0.161252
338.15 3209 0.094365  338.15 212.0 0.161288
343.15 326.1 0.094386  343.15 2155 0.161323
348.15 331.3 0.094407  348.15 218.9 0.161358
353.15 336.5 0.094427  353.15 2224 0.161394
358.15 341.6 0.094448  358.15 225.0 0.161429
363.15 346.8 0.094469  363.15 228.5 0.161464
368.15 3519 0.094489  368.15 2319 0.161500
373.15 357.1 0.094510  373.15 235.2 0.161535
378.15 362.3 0.094531 378.15 236.9 0.161570
383.15 367.5 0.094551 383.15 240.1 0.161606
2o = 0.2821 2o = 0.8982

303.15 47.6 0.613448  303.15 169.8 0.230215
308.15 484 0.613582  308.15 172.8 0.230265
313.15 49.2 0.613717  313.15 175.8 0.230316
318.15  50.0 0.613851 318.15 178.7 0.230366
323.15 50.8 0.613986  323.15 1817 0.230417
328.15 51.6 0.614121 328.15 184.7 0.230467
333.15 524  0.614255  333.15 187.6 0.230518
338.15 53.2  0.614390  338.15 190.4 0.230568
343.15 54.0 0.614524  343.15 1934 0.230619
348.15 54.8 0.614659  348.15 196.3 0.230669
353.15  55.6 0.614794  353.15 199.4 0.230720
358.15 564 0.614928  358.15 202.3 0.230770
363.15 57.2  0.615063  363.15 205.3 0.230821
368.15 58.1 0.615197  368.15 208.1 0.230871
373.15 58.8 0.615332  373.15 211.1 0.230922
378.15  59.7 0.615466  378.15 213.4 0.230972
383.15  60.5 0.615601 383.15 217.1 0.231023

* Expanded uncertainties are U(T') = 0.03 K and U(P) =
1 kPa, U(v) = (0.000119 to 0.002562) m*kg ™", and U(z) =
(0.0018 to 0.0108) at the 95 % confidence level.
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Table B.10: Experimental values of pressure (P), specific volume (v), temperature (T), and
bulk mole fraction (z) in the vapor-phase region for R32 (1) + R1234yf (1)
binary systems.”

T P v T P v
K kPa m’kg ! K kPa m’kg '
2 = 0.1214 21 = 0.6231

303.15 357.6  0.061216 303.15 1173 0.280135
308.15 364.6  0.061229 308.15 1193  0.280197
313.15  371.5 0.061243 313.15  121.2  0.280258
318.15 378.3  0.061256 318.15  123.2  0.280320
323.15 385.1  0.061270 323.15  125.1  0.280381
328.15  391.9 0.061283 328.15  127.1  0.280443
333.15  398.7  0.061296 333.15  129.1  0.280504
338.15  405.5 0.061310 338.15  131.1  0.280566
343.15 412.2  0.061323 343.15  133.1  0.280627
348.15 418.9  0.061337 348.15  135.0  0.280689
353.15  425.6  0.061350 353.15  137.0  0.280750
358.15  432.3 0.061364 358.15  139.0 0.280812
363.15  439.0 0.061377 363.15 141.0  0.280873
368.15  445.7  0.061390 368.15 142.9  0.280934
373.15 4524  0.061404 373.15  145.0  0.280996
378.15 458.9  0.061417 378.15  147.0  0.281057
383.15  465.7 0.061431 383.15 149.0 0.281119
z; = 0.1330 z1 = 0.6489

273.15  305.3 0.063789 288.15” 880.5" 0.029755"

278.15  312.8  0.063803 293.15>  920.6" 0.029762"
283.15 3185 0.063817  298.15 954.3  0.029768
288.15  325.9  0.063831 303.15 976.8  0.029775
293.15 3315 0.063845  308.15 999.6  0.029781
298.15  339.1 0.063859  313.15 1022.3 0.029788
303.15 345.6 0.063873  318.15 1044.8 0.029794
308.15 3535  0.063887  323.15 1067.1 0.029801
313.15  359.2  0.063901 328.15 1089.4 0.029808
318.15 3659 0.063915  333.15 1111.9 0.029814
323.15  372.6 0.063929  338.15 1133.8 0.029821
328.15  379.6 0.063943  343.15 1155.1 0.029827
333.15  386.3 0.063957  348.15 1176.7 0.029834
338.15  392.9 0.063971 353.15 1198.2  0.029840
343.15  399.4  0.063985  358.15 1219.5 0.029847
348.15 4059 0.063999  363.15 1240.8 0.029853
353.15  411.8 0.064013  368.15 1262.0 0.029860
358.15 4184 0.064027  373.15 1283.0 0.029866
363.15  425.0  0.064041

368.15 432.0  0.064055

373.15  438.6  0.064069

2 = 0.1792 2 = 0.7020

203.15°  644.7° 0.020903°  303.15 294.7 0.116388

b
b
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T P v T P v
K kPa m’kg ™ K kPa m kg

298.15  681.6  0.029910 308.15 300.0 0.116413
303.15  698.5  0.029916 313.15  305.3  0.116439
308.15 7152 0.029923 318.15 310.6  0.116464
313.15  731.3  0.029930 323.15 3158  0.116490
318.15  747.3  0.029936 328.15 321.1  0.116515
323.15  763.0  0.029943 333.15  326.3  0.116541
328.15  777.7  0.029949 338.15 3315  0.116566
333.15  793.3  0.029956 343.15  336.7  0.116592
338.15 808.9  0.029962 34815 341.9 0.116617
343.15  824.4  0.029969 353.15  347.1  0.116643
348.15  839.7  0.029975 358.15 352.3  0.116668
353.15  854.9  0.029982 363.15 357.5 0.116694
358.15  870.1  0.029989 368.15 362.7 0.116720
363.15 885.2  0.029995 373.15 3679 0.116745
368.15  900.2  0.030002 378.15 373.0 0.116771
373.15 9152 0.030008 383.15 378.1 0.116796
2 — 0.2712 2 — 0.8122
303.15  174.9  0.144543 283.15°  934.7°  0.032064"
308.15 177.9  0.144574 288.15 979.8  0.032071
313.15 181.0  0.144606 293.15 1004.8 0.032078
318.15 184.0  0.144638 208.15 10304 0.032085
323.15 187.1  0.144669 303.15 1055.1  0.032092
328.15 190.1  0.144701 308.15 1080.2  0.032099
333.15  193.1  0.144733 313.15 11049 0.032106
338.15 196.1  0.144765 318.15 1129.2 0.032113
343.15  199.2  0.144796 323.15 1152.1 0.032120
348.15  202.2  0.144828 328.15 11754 0.032127
353.15  205.2  0.144860 333.15 1199.4 0.032134
358.15 208.3  0.144891 338.15 1223.5 0.032141
363.15 211.3  0.144923 343.15 1247.0  0.032148
368.15 214.3  0.144955 348.15 1270.4  0.032155
373.15 217.3  0.144987 353.15 1293.6 0.032162
378.15 220.3  0.145018 358.15 1316.8 0.032169
383.15  223.2  0.145050 363.15 1339.6 0.032176
368.15 1362.9 0.032183
373.15 1385.8  0.032190
2 — 0.3432 21 = 0.9460
303.15 234.0 0.111341 303.15  422.8  0.101971
308.15 238.2  0.111365 308.15 430.6  0.101993
313.15 2424 0.111390 313.15 4384  0.102016
318.15 246.5 0.111414 318.15  446.2  0.102038
323.15  250.6  0.111439 323.15  454.0  0.102060
328.15 254.7  0.111463 328.15 461.8  0.102083
333.15 258.8  0.111487 333.15  469.5  0.102105
338.15  263.0 0.111512 338.15 4771  0.102127

b
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T P ) T P v
K kPa  m’kg ™ K kPa m’kg "
343.15  267.1  0.111536 343.15  484.8  0.102150
348.15 271.2  0.111561 348.15 4925  0.102172
353.15  275.3  0.111585 353.15  500.1  0.102195
358.15 279.4  0.111610 358.15  507.7  0.102217
363.15 283.5 0.111634 363.15 5153  0.102239
368.15 287.6 0.111658 368.15  522.9  0.102262
373.15  291.7  0.111683 373.15 5305 0.102284
378.15 295.9  0.111707 378.15 538.0  0.102306
383.15 300.1 0.111732 383.15  545.6  0.102329
2 = 0.5229

288.15"  774.9° 0.030683"

293.15" 808.4" 0.030690"

298.15  844.7  0.030697

303.15 864.8  0.030703

308.15 884.5  0.030710

313.15  904.3  0.030717

318.15  923.9  0.030724

323.15  943.2  0.030730

328.15 962.5 0.030737

333.15  981.7  0.030744

338.15 1000.8 0.030751

343.15 1019.7 0.030757

348.15 1038.5 0.030764

353.15 1057.2  0.030771

358.15 1075.8  0.030777

363.15 1094.4 0.030784

368.15 1113.2  0.030791

373.15 1131.5  0.030798

* Expanded uncertainties are U(T) = 0.03 K and U(P) = 1 kPa,
U(v) = (0.000034 to 0.000753) m*kg ™", and U(z) = (0.0004

to 0.0046) at the 95 % confidence level.
the regression.

Not considered in

183



184 APPENDIX B. EXPERIMENTAL ISOCHORIC PvTz DATA

Table B.11: Experimental values of pressure (P), specific volume (v), temperature (T), and
bulk mole fraction (z) in the vapor-phase region for R32 (1) + R1234ze(E) (1)
binary systems.”

T P v T P v
K kPa m’kg ! K kPa m’kg '
2 = 0.1677 2 = 6715

293.15°  440.3" 0.046471°  303.15 291.4  0.11498
298.15 460  0.046481 308.15  296.6  0.115005
303.15 470.1  0.046491 313.15 301.9  0.11503
308.15 480.1  0.046501 318.15 307.1  0.115055
313.15 490  0.046511 323.15 3124  0.11508
318.15  499.9  0.046522 328.15 317.6  0.115106
323.15  509.6  0.046532 333.15  322.8 0.115131
328.15 519.3  0.046542 338.15 328  0.115156
333.15  528.9  0.046552 343.15 333.2  0.115181
338.15 5385  0.046562 348.15 3385  0.115207
343.15  547.9  0.046573 353.15  343.7  0.115232
348.15 5574 0.046583 358.15  348.9  0.115257
353.15 567  0.046593 363.15 354 0.115282
358.15 576.4  0.046603 368.15 359.2  0.115307
363.15 585.7  0.046613 373.15  364.3  0.115333
368.15 595.1  0.046624

373.15  604.5  0.046634

2, = 0.2360 2 = 0.7383

303.15  200.6 0.121545 288.15"  736.4> 0.039370"
308.15  204.2  0.121572 293.15"  764.5° 0.039379"

313.15  207.8  0.121599 298.15° 801.0° 0.039387"
318.15 211.4  0.121625 303.15 825.3  0.039396
323.15 2151  0.121652 308.15 843.8  0.039405
328.15 218.6  0.121679 313.15  861.9  0.039413
333.15  222.2  0.121705 318.15 879.8  0.039422
338.15 2258  0.121732 323.15 898.6  0.039431
343.15  229.3  0.121759 328.15 9153  0.039439
348.15 232.9  0.121785 333.15  932.9  0.039448
353.15 2365  0.121812 338.15 9504  0.039457
358.15 240  0.121839 343.15  967.8  0.039465
363.15 243.6  0.121865 348.15 985.1  0.039474
368.15 247.1  0.121892 353.15 1002.3  0.039483
373.15  250.6  0.121919 358.15 1019.4  0.039491
363.15 1036.6  0.0395
368.15 1053.5 0.039508
373.15 1070.6 0.039517
2, = 0.2551 2 = 0.7544
333.15" 1565.5° 0.013182°  303.15 512.1  0.06812
338.15 1630.9 0.013185 308.15 521.8  0.068135
343.15 1677  0.013188 313.15 531.7  0.06815

Continues to the following page
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T P ) T P v

K kPa  m’kg ™ K kPa m’kg "
348.15 1721.2 0.013191 318.15 541.6  0.068165
353.15 1764.7 0.013194 323.15 5514  0.06818
358.15 1807.8 0.013196 328.15  561.2  0.068195
363.15 1850.1 0.013199 333.15 571 0.06821
368.15 1892  0.013202 338.15  580.7  0.068225
373.15 1933.5  0.013205 343.15 5904  0.06824
348.15  600.1  0.068255
353.15  609.7  0.06827
358.15  619.4  0.068285
363.15  629.1  0.068299
368.15 638.6 0.068314
373.15  648.1  0.068329

2 — 0.4634 2 = 0.9532
303.15  400.5 0.068854 278.15” 813.8” 0.043039"
308.15  408.2  0.068869 283.15°  849.0" 0.043049"
313.15  415.9  0.068884 288.15" 871.8" 0.043058"
318.15 423.6  0.068899 293.15"  893.3" 0.043068"
323.15 431.2  0.068914 298.15  914.7  0.043077
328.15 438.8  0.068929 303.15  935.6  0.043087
333.15  446.4  0.068944 308.15  956.3  0.043096
338.15  453.9  0.068959 313.15  976.9  0.043105
343.15 461.4  0.068974 318.15  997.3  0.043115
348.15  468.9  0.068989 323.15 1017.6 0.043124
353.15  476.3  0.069005 328.15 1037.7 0.043134
358.15  483.8  0.069020 333.15  1057.7 0.043143
363.15  491.2  0.069035 338.15 1077.6 0.043153
368.15 498.8  0.069050 343.15  1097.3  0.043162
373.15  506.1  0.069065 348.15 1117.1  0.043172
353.15 1136.6 0.043181
358.15 1156.1 0.043191
363.15 11755  0.043200
368.15 1194.7 0.043209
373.15 1213.9 0.043219

2 — 0.5374 2 = 0.9533
303.15 2714  0.110278 303.15  669.1  0.062869
308.15 276.3  0.110302 308.15  682.5  0.062883
313.15 281.3  0.110326 313.15  695.9  0.062897
318.15  286.2  0.110350 318.15  709.2  0.062911
323.15 291.1  0.110375 323.15 7225 0.062924
328.15 295.9  0.110399 328.15 7357  0.062938
333.15  300.8  0.110423 333.15  748.8  0.062952
338.15 305.6  0.110447 338.15  761.9  0.062966
343.15 3104  0.110471 343.15  774.9  0.062980
348.15 3153  0.110495 348.15 787.9  0.062993

Continues to the following page
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T P v T P v
K kPa m’kg ™ K kPa m kg

353.15  320.2  0.110520 353.15  800.9  0.063007
358.15  325.0 0.110544 358.15  813.8  0.063021
363.15  329.8  0.110568 363.15 826.6  0.063035
368.15  334.5 0.110592 368.15 8394  0.063049
373.15  339.4 0.110616 373.15  852.3  0.063062

* Expanded uncertainties are U(T') = 0.03 K and U(P) = 1 kPa,
U(v) = (0.000015 to 0.000186) m*kg ™", and U(z) = (0.0004
to 0.0044) at the 95 % confidence level. " Not considered in
the regression.



187

Table B.12: Experimental values of pressure (P), specific volume (v), temperature (T), and
bulk mole fraction (z) in the vapor-phase region for R32 (1) + R1234ze(Z) (1)
binary systems.”

T P v T P v
K kPa m kg " K kPa m’kg !
21 = 0.3620 2 = 0.8015

308.15° 348.4° 0.071682°  323.15" 1411.0° 0.023749"

313.15" 358.7° 0.071697°  328.15 1450.1 0.023754

318.15" 366.4° 0.071713°  333.15 1485.3 0.023759

323.15" 373.6° 0.071729°  338.15 1519.9 0.023765

328.15 380.7 0.071744 343.15 1554.1 0.023770

333.15 387.8 0.071760 348.15 1587.9 0.023775

338.15 394.8 0.071776 353.15 1621.4  0.023780

343.15 401.7 0.071792 358.15 1654.6 0.023785

348.15 408.8 0.071807 363.15 1687.8 0.023791

353.15 415.9 0.071823 368.15 17205  0.023796

358.15 422.9 0.071839 373.15  1752.9 0.023801

363.15 429.8 0.071854

368.15 436.5 0.071870

373.15 443.2 0.071886

2 = 0.5232 2 — 0.8973

323.15> 791.3" 0.035005°  308.15" 1318.8" 0.026755"

328.15 823.9 0.035012 313.15" 1358.1° 0.026761"

333.15  842.5 0.035020 318.15" 1393.0° 0.026766"

338.15 860.4 0.035028 323.15  1427.2  0.026772

343.15 878.1 0.035035 328.15 1460.5 0.026778

348.15 895.6 0.035043 333.15  1493.5  0.026784

353.15  912.6 0.035051 338.15 1526.1  0.026790

358.15 930.1 0.035058 343.15 1558.4  0.026796

363.15  947.2  0.035066 348.15 15904  0.026802

368.15 964.3 0.035074 353.15 1622.2  0.026807

373.15 981.0  0.035081 358.15 1653.8 0.026813
363.15 1685.1 0.026819
368.15 1716.3  0.026825
373.15 1747.3  0.026831

2 — 0.7128

208.15" 460.5” 0.070027°

303.15  470.5 0.070043

308.15 480.3 0.070058

313.15 489.8 0.070074

318.15 499.3 0.070089

323.15 508.8 0.070104

328.15 518.2  0.070120

333.15  527.5 0.070135

338.15 536.8 0.070150

343.15 546.0 0.070166

Continues to the following page
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Continues from the previous page

T P v
K kPa m’kg

348.15 555.2 0.070181
353.15 564.4 0.070196
358.15 573.5 0.070212
363.15 582.6 0.070227
368.15 591.7 0.070243
373.15 600.6 0.070258

* Expanded uncertainties are U(T) = 0.03 K and U(P) =
1 kPa, U(v) = (0.000015 to 0.000091) m*kg™", and U(z) =
(0.0005 to 0.0016) at the 95 % confidence level.

b . . .
Not considered in the regression.

~

kPa m"” kg




Appendix C

Nomenclature

C.1 Latin Symbols

A

bo
by

Parameter of equations of state, term related to the equation of Gharagheizi
et al., coeflicient of the proposed surface tension equation, Latini equation’s
parameter

Parameter of the equations of state (kJ m® kmol_2), Latini equation’s
parameter

Term related to the reduced dipole moment
Radiative forcing for unit of mass (Wm “kg™")

Parameter of equations of state, second virial coefficient (cm3 mol_l),
coefficient of the proposed surface tension equation

Term related to the equation of Iglesias-Silva and Hall
Parameter of equations of state (m” kmol )
Term related to the equation of Iglesias-Silva and Hall
Term related to the reduced dipole moment

Third virial coefficient (cm6 mol_z), coefficient of the proposed surface
tension equation

Isobaric heat capacity (JK )

Coefficients of cubic equations of state, terms related to the equation of
Virendra et al.

Concentration

Fourth virial coefficient (cm9 mol_s), coefficient of the proposed surface
tension equation

Coefficient of the proposed surface tension equation

189
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E” Energy consumption per year (kWh a_l)

Er Error

F Fraction of dissociated compound in the stratosphere
Fr, Overall mole fraction of the liquid phase

f Fugacity (kPa)

fi Terms related to the Tsonopoulos’ equation

G Gibbs energy (J)

Gr Radius of gyration (A)

Ahgyg Enthalpy of fusion at the melting point (J Inol_l)

K Distribution factor

k Parameter of cubic equations of state, Boltzmann constant (J K_l)

k;; k;;  Binary interaction parameter

L Annual system leakage rate (kg)

l distance between the surfaces of adjacent molecules (m)

lLij s Binary interaction parameter

M Molar mass (kg kmol_l)

m Mass (g)

my, Mass measured by the analytical balance (g)

N Number of points

N** System lifetime (a)

Na Avogadro’s number (mol ™)

n Number of moles (mol), term related to the equation of Iglesias-Silva and
Hall, number of times that the charging bottle is weighted

n* Number of years

n** System running time (a)

Nhal Number of halogen atoms

P Pressure (kPa)

Py Pressure attractive contribution (kPa)

Pr Pressure repulsive contribution (kPa)

P Vapor pressure (kPa)

Q Objective function of the flash method
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R Universal gas constant (JK ™" mol )

T Temperature (K)

m Literature triple point temperature (K)

T Temperature at the melting point (K)

t Time (a)

ts Time for a molecule for transportation to the stratosphere region (a)
U Expanded uncertainty

U Uncertainty, constant of cubic equations of state
Viso Volume of the isochoric cell (cmS)

v Specific volume (m’kg™")

Ve Critical molar volume (m”kmol ™)

U Molar volume (m°kmol ")

w Work (J), speed of sound (ms™ )

w Constant of cubic equations of state

x Liquid phase mole fraction

Y Vapor phase mole fraction

Z Compressibility factor

z Overall mole fraction

C.2 Greek Symbols

« Function of cubic equations of state, parameter for the calculation of the
mole fraction uncertainty, Bridgman equation’s constant, Latini equation’s
parameter

Enhancement factor for the relative efficiency of ozone destruction

Latini equation’s parameter

*
*

™ ™ L

CO, emission factor (gkWh™")
Activity coefficient, Latini equation’s parameter

Parameter of activity coefficient calculated from cubic equations of state

ST

Average distance between the centers of molecules (m)

Function of Carnahan-Starling-De Santis

3
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Pc

B

©

€

C.3

Boyle

b
c
calc

exp

ig

n

iter

liq

min

sat

APPENDIX C. NOMENCLATURE
Residual value, dimensionless factor of the proposed thermal conductivity
equation
Thermal conductivity (Wm™ ' K™")
Dipole moment (D), chemical potential (Jmol ")
Density (kgm™°)
Critical molar density (molm™?)
Surface tension (Nm™")
Total atmospheric lifetimes (a)
Golden ratio
Fugacity coefficient ,volume fraction, surface tension dimensionless term
Acentric factor
Constant of cubic equation of state

Constant of cubic equation of state

Subscripts /Superscripts

Boyle

Normal boiling point
Critical, cooling
Calculated
Experimental
Heating

Ideal gas

Initial

Iteration

Liquid

Liquidus

Molar, mean value, mixture
Minimum

Reduced

Saturated
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sol Solidus

tp Triple point
\% Vapor

X Compound X
* Solute

C.4 Acronyms

AAD Average absolute deviation

AARD Average absolute relative deviation (%)

ANN Artificial neural network

ASHRAE American Society of Heating, Refrigerating and Air-Conditioning
Engineers

CES Cubic equation of state

CFC Chlorofluorocarbon

COP Conference of Parties

CSp Corresponding states principle

EoS Equation of state

EU European Union

GC Group contribution, gas chromatography

GHG Greenhouse gas

GWP Global warming potential

HC Hydrocarbon

HCFC Hydrochlorofluorocarbon

HCFO Hydrochlorofluoroolefin

HFC Hydrofluorocarbon

HFO Hydrofluoroolefin

HVAC&R Heating, Ventilating, Air Conditioning & Refrigeration

LCCP Life-cycle climate performance

LLE Liquid-liquid equilibrium

MLP Multi-layers perceptron
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ODP
ODS
PR
RKS
RMSD
SLE
TEWI
UNEP
UNFCCC
VLE
WMO

APPENDIX C. NOMENCLATURE

Ozone depletion potential

Ozone-depleting substance

Peng Robinson

Redlich Kwong Soave

Root mean square deviation

Solid-liquid equilibrium

Total equivalent warming impact

United Nations Environment Programme

United Nations Framework Convention on Climate Change
Vapor-liquid equilibrium

World Meteorological Organization
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