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Sommario

La presente tesi verte sulla nuova generazione di refrigeranti conformi ai trattati in-
ternazionali sulle sostanze climalteranti, e ritenuti come I’alternativa promettente ai
fluidi operativi tradizionali per il settore della refrigerazione e del condizionamento
dell’aria. In particolare, questo lavoro si focalizza sulle proprieta termodinamiche
e di trasporto dei refrigeranti, attraverso una disamina della loro rilevanza ingegne-
ristica per il dimensionamento e le prestazioni dei moderni impianti HVAC basati
su cicli a compressione di vapore. Per una selezione di refrigeranti si conduce un
confronto critico tra le misure sperimentali di alcune proprieta fondamentali, tratte
da pubblicazioni scientifiche ricercate attraverso un’indagine della letteratura, e
quelle ad esse relative estrapolate attraverso REFPROP 10.0, la versione attuale del
database di fluidi che ai fini ingegneristici rappresenta lo standard di riferimento.
Lobiettivo ultimo ¢ valutare I’affidabilita delle correlazioni matematiche integrate
nel software, attraverso un’analisi delle deviazioni dei dati sperimentali da quelli
calcolati per ciascuna proprieta e per ogni refrigerante considerati. Una significativa
discrepanza tra i valori misurati e quelli calcolati ¢ stata riscontrata per le proprieta
termodinamiche di alcuni fluidi, in particolari condizioni a basse temperature
e pressioni, nonché in prossimita del punto critico e delle curve di saturazione.
Per le proprieta di trasporto, la differenza si & rivelata in generale maggiormente
accentuata. Dai risultati dello studio emerge che, per i refrigeranti esaminati, vi ¢
I’esigenza di aumentare 1’attendibilita del software, attraverso lo sviluppo di nuove
correlazioni basate su una maggiore disponibilita di dati sperimentali precisi ed
accurati, per meglio agevolare la progettazione di sistemi HVAC innovativi ed
efficienti.



Abstract

This thesis addresses the novel generation of refrigerants which comply with the
international regulations on climate-forcing pollutants and that, in the mid-long
term, are considered as promising alternatives to the traditional working fluids for
the refrigeration and air-conditioning industry. Particularly, this work focuses on
refrigerant thermodynamic and transport properties, and provides an insight on their
technical relevance for the design and performance of modern HVAC equipment
based on the refrigeration vapor-compression cycles. For a selection of refrigerants,
a comparison is critically performed between the experimental measurements of
some fundamental properties, retrieved from scientific publications by means of
a literature review, and their relative values computed with REFPROP 10.0, the
current version of the engineering reference-standard fluid database. The purpose
is to assess the effectiveness of the mathematical correlations included in the
software, by analysing the deviations for the experimental data from the calculated
values, for each considered property and refrigerant. A significant disagreement
between the available experimental measurements and the calculated values for the
thermodynamic properties of some fluids was observed, under particular conditions
at low temperatures and pressures, as well as near the critical point and the saturation
curves. For the transport properties, the difference further increased in general.
The results of the study reveal that, for the investigated refrigerants, it is necessary
to improve the software reliability, through the development of new correlations
fitted on a higher amount of precise, accurate experimental data, to better promote
the design of efficient, innovative HVAC systems.
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Introduction

Refrigeration and air-conditioning are regarded among the twenty most important
engineering achievements during the last century, along with electrification, internet,
and cars. The long-term ability to preserve food and drugs as well as to control
and adapt the environmental comfort resulted the foundation to the technological,
economical, and social development of modern society. The disruptive change
was only made possible thanks to the industrialization of appliances that have used
refrigerants as the core elements of their functioning. As the climate impact of these
working fluids was discovered and progressively better understood, research efforts
made available more sustainable, alternative molecules. This thesis addresses the
fourth generation of refrigerants, which is characterized by a low greenhouse effect
as well as a negligible ozone-depleting potential. A sound knowledge of refrigerant
properties is essential to accurately describe their behavior in the HVAC systems: it
highly influences the requirements in terms of sizing and performance, and depends
on the ability of simulation software to represent it by means of mathematical
properties correlations.

This thesis is structured in five chapters. Chapter 1 introduces to refrigerants
and depicts their background. Chapter 2 delves into the most relevant refrigerant
properties for the design of HVAC systems and their components. Chapter 3
illustrates the evolution of properties prediction correlations focusing in particular
on the state-of-the-art, and describes the relation between these tools and the effects
on some key parameters related to the equipment performance. Chapter 4 outlines
the most established methods for measuring the useful refrigerant properties from
which the mathematical correlations are derived. Chapter 5 presents the analysis
performed in this thesis on the recommended refrigerant models for promising
molecules in the HVAC sector. In light of a substantial lack of available studies
reporting key properties for a selected set of new refrigerants, the scope was to
explore the reliability of latest NIST reference database REFPROP to compute
fluid properties. The analysis, which was carried out in coordination with the
Refrigerants and Nanofluids Research Group from the Construction Technologies
Institute of the National Research Council (ITC-CNR), identified some issues of
technical concern that might suggest future software improvements.

Xi






Chapter 1

Climate change and its drivers: an
overview

1.1 Latest key findings

Droughts, floods, heatwaves and heavy rainfalls are just some of the most common
extreme natural events that human kind have been experiencing recurrently in the
last decades. They are happening more frequently than ever, and the symptoms of
a faulty environmental equilibrium can now be found anywhere, worldwide.

Since the beginning of the 19th century, several campaigns of studies have been
carried out to relate anthropic (i.e. human-induced) activities to global warming.
The evidence of severe, time-extended effects has widely been confirmed by the
scientific community and periodic reports draw widespread attention to climate
change, recognizing that it is likely the toughest challenge for the present and
immediate future, but as the time span to act effectively is narrowing, decisive,
ground-breaking solutions and strategies are to be adopted by governments in
the near term. With this purpose, the International Panel on Climate Change
(IPCC) — established in 1988 by the World Meteorological Organisation (WMO)
and the United Nations Environment Programme (UNEP) — has been working
to investigate and predict the magnitude of the environmental crisis, providing
guidelines for policymakers to coordinate the pledges in tackling climate changes.
The organization is built on the contribution of currently 195 members from all
over the world, that pertains to the assessment of full scientific, technical and
socio-economical well-established knowledge on climate change, including also
evolving and multiple perspectives in the literature.

One of the latest releases by the IPCC is an high-level summary of the current
state of the climate, provided with the Sixth Assessment Report (AR6) by the
Working Group I (WGI). To underline the awareness of climate change, the
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Human influence has warmed the climate at a rate that is unprecedented
in at least the last 2000 years

Changes in global surface temperature relative to 1850-1900

(a) Change in global surface temperature (decadal average) (b) Change in global surface temperature (annual average) as observed and
as reconstructed (1-2000) and observed (1850-2020) simulated using human & natural and only natural factors (both 1850-2020)
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Figure 1.1: Global historical temperature change (a) and close-up view of recent tempera-
ture trends (b) [1].

proceeding begins with the key finding: "It is unequivocal that human influence
has warmed the atmosphere, ocean and land. Widespread and rapid changes in
the atmosphere, ocean, cryosphere and biosphere have occurred [1]." The whole
ecosystem, in fact, has been affected by an abrupt mutation, which is in general
described in terms of temperature rise. Fig. 1.1 illustrates the recorded global
surface temperature change: the "observed" curve in panel (b) shows that, apart
from slight annual deviations, between 1850 and 1900 the temperature remained
approximately steady.

From the first decades of the 20th century, western countries underwent a
decisive population growth and industrialization, which rapidly took to an increased
demand of energy, and that paved the way to mass productions of goods. Primary
energy sources, however, were fossil fuels — and they still are nowadays (see
Fig. 1.2) — whose consumption was responsible not only for air pollution and its
severe consequences on health, but also for an increased atmospheric concentration
of gases responsible for the greenhouse effect, therefore called "greenhouse gases"
(GHGs). More lately, in the last forty years, the climate has been significantly
warmer than ever reported (see Fig. 1.1): in 2019, the best estimation of the effective
human-induced global temperature rise is of 1.07 °C [1, 3], and it is likely to reach
1.5°C between 2030 and 2052 if it continues to increase with the same rate [4].
Significantly, signs of warming have been related to an increase of "well-mixed



1.2. THE GREENHOUSE EFFECT 3

180,000 TWh

Other
renewables
Mo
Sola
Wind
Hydropower
Nuclear
Gas

160,000 TWh

(j:ern biofuels
140,000 TWh
120,000 TWh
100,000 TWh

80,000 TWh oil
60,000 TWh
40,000 TWh

Coal

20,000 TWh

Traditional
biomass

0 TWh

1800 1850 1900 1950 2019

Figure 1.2: Global primary energy consumption (also accounting inefficiencies in fossil
fuel production). Source: Vaclav Smil (2017) & BP Statistical Review of World Energy [2].

GHGs", i.e., those GHGs that remain in the atmosphere long enough to have the
same concentration all over the world.

1.2 The greenhouse effect

1.2.1 Agents of global warming

There is proof the impact on global warming depends heavily on its drivers, that are
both natural and human caused. Some GHGs are released by natural sources: for
instance, by oceans and through respiration and decomposition of plants, or they
are emitted from forest fires, wetlands and volcanoes [5]. Some of these also occur
naturally in the atmosphere, such as carbon dioxide, methane, water vapor and
nitrous oxide. Nevertheless, as depicted in Fig. 1.3 by panel (b), the contribution
from environmental phenomena like solar and volcanic activities is negligible if
compared to human-induced emissions, although the amount of anthropogenic and
natural GHGs are of the same order of magnitude [5]. Overall, each contribute
adds up to the GHGs in the atmosphere, that mainly includes:

* carbon dioxide (CO;), with the highest share of around 89% of total emission
from fossil-fuel combustion,

* methane (CHy), caused mainly by fossil-fuel production and ruminant
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Observed warming is driven by emissions from human activities, with
greenhouse gas warming partly masked by aerosol cooling

Observed warming
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Figure 1.3: Assessed contributions to observed warming in 2010-2019 relative to 1850-

1900 [1].

livestock,

* nitrous oxide (N,O), originated predominantly (about two-thirds) by agricul-
tural activities.

In numbers, in 2019 they were the 73%, 19% and 5% respectively of global
total GHG emissions [6]. These values, however, do not consider water vapor,
which is actually the most abundant gas in the atmosphere. In fact, scientists believe
that its anthropic production does not have a noticeable effect on global warming if
compared to the amount that is naturally present (i.e. in clouds), but it is rather an
important feedback to the climate: its quantity increases indirectly as a result of
global warming, and therefore it is a "mechanism" to evaluate the greenhouse effect.
Ozone (03) is technically also a GHG, but its impact mainly depends on where it
is in the atmosphere: a natural presence at high elevations in the stratosphere is
fundamental to block ultraviolet (UV) light, that is harmful for plant and animal
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life, from reaching the Earth’s surface, and this benefit prevails over its warming
effect.

Unlike the previous, halogenated gases are synthetic, human made. They
consist of hydrocarbon compounds where at least one atom of hydrogen is replaced
by halogens (bromine, chlorine, fluorine and iodine), hence they are also called
"halogenated hydrocarbons" or "halocarbons". Essentially, halogenated gases are
produced to satisfy a set of properties, (that will be discussed in Chapter 2) and
they can be found in a variety of applications, serving as aerosol propellants, foams
and insulation blowing agents, and refrigerants. These chemicals contribute with a
low share of the total GHG emissions [6], however, as described in Panel (c) of
Fig. 1.3, their impact on the climate is not negligible as it reflects effectively on
global warming.

In fact, over the last 170 years, human activities have massively increased
the amount of both natural and synthetic gases in the atmosphere, causing global
warming [1], but the greenhouse effect itself is a natural phenomenon that makes
the Earth a livable place: without it, the global surface temperature would be around
—15 °C instead of the current mean, which is around 16 °C. Nonetheless, the global
scale and the magnitude of phenomena caused by climate change suggest that to
measure, compare and control the impact of these drivers is of a major importance.
Following Sections 1.2.2 and 1.2.3 will describe two of the most common tools for
the purpose: the radiative forcing and global warming potential.

1.2.2 Radiative forcing

As mentioned previously, the increase in global surface temperature is due to
the presence of GHGs in the atmosphere; although having a low share on the
total amount if compared to that of oxygen and nitrogen naturally occurring, they
absorb an amount of the infrared (IR) thermal radiation emitted by the Earth.
The atmosphere itself emits radiation, part of which is directed downward to the
Earth and adds to the energy income by the sunlight, yielding to an additional
warming [7]. The absorbed radiation causes a net change in the energy balance of
the Earth in terms of radiative forcing (RF), measured in watts per square metre
(Wm™2), and estimated from the change between 1750 (RF set to zero) and today,
1.e., the "Industrial Era". Technically, it is the difference between the incoming and
outgoing radiation in the planet.

Different gases in the atmosphere can have either a positive or negative RF
resulting in warming or cooling of the climate system, respectively [8]. For instance,
the average RF of all the aerosol type, like sulfur compounds and organic carbon
(soot), is negative, hence it exerts a decrease in the Earth’s surface temperature
(described with blue bars in Fig. 1.3). As a result, in 2019 the mean human-caused
RF was 2.72 W m2, of which 0.34 W m~2 was related to an increase of GHG
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concentration since 2011 [1].

Despite its definition and trustworthiness is recognized by the scientific commu-
nity, radiative forcing is an instantaneous value that depicts the current atmospheric
concentration of a gas, which results from its past emissions and life in the at-
mosphere. Therefore, it does not integrate the total impact over time of current
emissions [9].

1.2.3 Global Warming Potential

To better estimate the complex phenomena responsible for the warming effect of a
gas, further considerations on atmospheric chemistry should be taken into account.
Anthropogenic GHGs exhibit different atmospheric concentrations, measured in
part per million (ppm) and lifetimes, lasting up to tens of thousands of years for
some halogenated gases. Over time, these substances in the atmosphere are removed
(or "sequestrated") by chemical reactions or by emission sinks. In particular, carbon
dioxide is subtracted and stored by vegetation through a natural process, therefore
a fair management of the land use, land use-change and forestry (LULUCEF) is
essential to offset its emissions. Because of human activities, however, GHGs in
general are being released in the atmosphere more quickly than they are being
removed; as a result, quantities keep increasing [3].

With the aim of a more tangible, scientific approach, policymakers and climate
organizations have developed several indexes to measure and compare the impact
of chemicals, including the aforementioned factors: among all, Global Warming
Potential (GWP) is widely adopted, and it estimate the amount of energy the emission
of 1 ton of a gas will absorb over a given period of time, relative to the emission
of 1 ton of CO;. The reference period is usually of 100 years. Fundamentally,
for each GHG the GWP reflects how long it remains in the atmosphere and how
intensely it absorbs energy, on average [3], compared to CO,. Therefore, the higher
the GWP, the more climate-damaging the gas. In Table 1.1 the most relevant GHGs
and relative warming potentials are listed.

For comparison purposes, CO, has a GWP of 1 (by definition) whereas
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), sulfur hexafluoride (SFg)
and nitrogen trifluoride (NF3) with the highest value are the most potent GHGs.
These are the so-called "F-gases", a subgroup of halogenated gases where at least
one atom is replaced by fluorine, and whose emissions in the atmosphere have
significantly increased in the last decades [11], as shown in Fig. 1.4.

Commonly, the GWP is intended as "direct GWP", as it measures only the
warming effect caused by the emissions of the gas itself. To also account for
"the direct effects of degradation products or the radiative effects of changes in
concentrations of greenhouse gases caused by the presence of the emitted gas or its
degradation products,” the "indirect GWP" is used [12].
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Table 1.1: Global Warming Potential (100-year time horizon) [10].

Gas GWPl()()
CO, 1
CH4 279
N>O 273

HFCs up to 14,800
PFCs up to 12,400
SFq 25,200
NF; 17,400

The indirect GWPs for most small hydrocarbon alkenes and olefins exceed
their direct GWPs [13]. A recent paper [14] published updated values of indirect
GWP for some hydrocarbons, but data for some other short-lived substances are
still scarce and are currently estimated based on simulations [15]. Additionally, the
former index is typically affected by a higher degree of uncertainty by means of
the complex chemistry and physics of atmospheric phenomena, that in general are
difficult to predict accurately [12].

1.3 Environmental commitments

1.3.1 Climate road map

F-gases have been widely used after the Montreal Protocol was adopted in 1987,
aiming to phase-down around a hundred chemical compounds including chloroflu-
orocarbons (CFCs), hydrochlorofluorocarbons (HCFCs) and halons [11], that were
identified as ozone-depleting substances or rather responsible for the reduction of
the stratospheric ozone layer. Therefore, a higher, negative impact is associated to
a greater Ozone Depleting Potential (ODP), which varies largely depending on the
substance.

Further international negotiations for the climate have been signed since the
early 1990s; nevertheless, only a few have been legally binding. These include the
Kyoto Protocol (1997), which required developed countries to limit and cut GHG
emissions in accordance with determined individual targets [16].

Successively, in 2015, the Paris Agreement was adopted by most Parties of
United Nations (currently 193 out of 197), to set the challenging goal of keeping
a maximum global surface temperature rise well below 2 °C above pre-industrial
level, and pursuing efforts to limit it to 1.5 °C. According to the international treaty,
the scope is also reaching global peaking of GHG emissions as soon as possible, to
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become a climate neutral world by mid-century [16].

The very high warming potential of F-gases was internationally recognized as
a threat to the climate later in 2016, by the Kigali Amendment of the Montreal
Protocol, which established a progressive reduction and production of HFCs, still
widely employed in a variety of application, such as: blowing agents for foams,
aerosol propellants, solvent, and fire suppressants. Particularly, such substances are
deployed as refrigerants in both stationary and mobile refrigeration, air-conditioners,
and heat pump systems [11].

The European Union set an important milestone for containing GHG emissions
with the F-Gas Regulation and the MAC Directive. The F-Gas was initially
adopted in 2006 by Regulation (EC) 842/2006, and successively replaced by current
Regulation (EU) 517/2014. It established multiple action pathways, including:
preventing accidental emissions of F-Gases, limiting their total amount that can be
sold in the EU, and banning their use in appliances where more sustainable options
are applicable [17]. As a result, in 2020, EU consumption of HFCs was already
52% below the maximum, set by Kigali Amendment for the same year [18], if
compared to the levels in 2014. Additional goals of the Regulation include further
emission cut by two-thirds by 2030. The MAC Directive was also introduced in
2006, but addressed specifically the industry of Mobile Air-Conditioning Systems
(MAGC:s), with the imposition of a progressive ban in cars and vans for F-gases with
GWP higher than 150 [17].

On 5th April 2022, the European Commission has proposed two new Reg-
ulations; one addresses ozone depleting substances (ODS), with the scopes of:
further enforcing controls over their trade, committing their recycling from old
foam construction materials, and including more substances. The other proposal
is an update to current Regulation (EU) 517/2014, whose application would, for
instance: speed up the phase down of HFCs, strengthen controls against illegal trade
of fluorinated gases, and extend restrictions to more chemicals [19]. Overall, both
measures would tighten up EU climate actions, with the attended results of saving
emissions for around 490 Mt of CO; equivalent by 2050 [20], when "net-zero"
emission target is expected to be reached.

1.3.2 Actions on HFCs

The latest report from EDGAR (Emissions Database for Global Atmospheric
Research) states that, in 2019, F-gases emissions accounted for 3% of the total
GHGs in the atmosphere, largest part of which (60%) consisted of HFCs [6],
whereas, for the same year, [IPCC ARG6 claims F-gases had a share of 2% with an
associated uncertainty of +30% [21].

In particular, HFC-134a, HFC-143a and HFC-125 are the three different
molecules that make up the most of HFCs (approximately 90%) [6], and they have
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Figure 1.4: Global F-gas emissions, per main source [6].

been extensively produced and used mainly as refrigerants. Since 1990, these
compounds underwent a massive production as a response of chemical industries to
replace CFCs (see Figure 1.4), the first to be phased out by the Montreal Protocol,
which not only has helped in safeguarding the ozone shield, but it also contributed
significantly to limit global warming, with a calculated delay of 7—12 years [22].
Future scenarios, however, can be by far more meaningful to assess the impact of
refrigerants on the climate, but also to introduce long-term solutions to mitigate the
change. Particularly, in light of a warming world, far more air-conditioning and
refrigerating equipment are expected to be used in the future, in both developed and
developing countries worldwide: according to an estimate [23], up to 14 billion
appliances will be necessary by 2050 to ensure the accessibility to cooling services
for comfort and productivity in homes and workplaces, and to support the "cold
chain", necessary for food safety and for storing and delivering vaccines. The
Covid-19 pandemic, in this sense, has boosted the development of refrigerating
systems, so that they could be both technically and economically feasible also in
countries with low pro-capita incomes, especially for the most temperature-sensitive
serums that need to be deployed quickly around the globe [23].

To further highlight the relevance of HFC phase down in mitigating the climate,
an up-to-date report [24] estimates that shrinking their emissions, through an
effective implementation of the Kigali Amendment, would potentially save from
0.3-0.5 °C in global temperature rise. The maximum 0.5 °C increase was predicted
by Velders et al., in a 2009 in-depth paper [25], in which an exponential growth of
HFCs was simulated for the forthcoming years.
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1.3.3 Mitigating the impact on the environment

What makes reduction of HFCs emissions so crucial for safeguarding the climate
is their relevant greenhouse effect, as they exhibit very high GWPs on average
(see Table 1.1), but their atmospheric lifetime is considerably short: the weighted
average value is around 15 years, whereas for CO; it varies from centuries to
millennia [26]. However, their relatively low duration in the atmosphere points out
an opportunity: if coordinated efforts were adopted in the near term to reduce the
emissions, the climate would benefit from decreasing gas concentrations within
some decades [27]. Therefore, it is decisive to investigate and prevent emissions
from their potential sources.

HFC discharge occurs mainly as leakage — or fugitive emission — from both
mobile and stationary cooling systems as a result of several causes, including [24]:

* wear,
* bad design and/or bad manufacturing, causing imperfectly sealed fittings,
* servicing operations and gas filling and/or replacements,

* disposal at end-of-life.

These situations are responsible for the "direct emissions", in contrast with the
"indirect emissions" of carbon dioxide and other GHGs, that are poured in the
atmosphere because of the energy consumption of the equipment all over its lifetime.
Noteworthy, the latter makes up the largest part of GHG emissions in the refrigerant
sector, with a share of 63% on the total [9]. Therefore, it is fundamental to consider
both the direct and indirect contributes, i.e., accounting for the overall impact of
the equipment over its lifetime, an approach that is often referred to as life cycle
assessment (LCA).

In this regard, one of the most widely accepted indexes, developed in the 1990’s,
is the Total Equivalent Warming Impact (TEWI) , which can be calculated as [28]:

TEWI (kg CO,) = (direct effect) + (indirect effect)

where GWP is the 100-year GWP, L (kg) is the leakage rate per year, m (kg) is the
refrigerant charge, « is the recycling/recovery factor (from 0 to 1), E (kWh/year) is
the power consumed by the refrigeration system in a year, £ is the indirect emission
factor, and n is the system operating lifespan.

From Eq. (1.1) for TEWI, it can be seen that it is calculated for a particular
refrigerant, and it depends on estimations of the aforementioned parameters, which
are affected by uncertainty and changes, especially for the leakage rate in a year
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and the values of GWP. These, in particular, have been updated from AR4 to
ARG6 of IPCC reports, as a result of advancements in calculation methods [29].
However, TEWI is a tool to effectively compare the environmental impact of similar
refrigeration equipment, that can be used by designer, owners and policymakers.
Interestingly, because TEWI considers system leakage, TEWI of a system using
low-GWP refrigerants can be worse than traditional equipment relying on HFCs
if it is not leak tight [28]. Moreover, the influence of a specific refrigerant to
the calculation of TEWI is further remarked with the parameter E: as already
mentioned, it measures the annual energy consumption of the system where such
refrigerant is used, but it is also related to another index, namely the COP [30], which
is one of the most relevant parameters to assess the performance of refrigerants,
and it will be described in Section 2.3.1.

A more comprehensive approach is given by the Life Cycle Coeflicient of
Performance (LCCP), that specifically include some contributes not included in
TEWI, that is, the direct fugitive emissions during the production of the equipment
and of the refrigerants, and the greenhouse emissions related to their embodied
energy [31]. LCCP is more complex to determine, but has already had successful
applications. In particular, in 2009, LCCP was adopted by SAE International to
approve the transition from HFC-134a to HFO-1234yf (a low-GWP fluid) in mobile
air conditioning, rather than to other alternatives already available at that time [31,
32].

In addition to widely agreed standards and policies, to effectively prevent the
emissions of HFCs in applications that still rely on these high-GWP operating fluids,
it is fundamental to make a distinction between direct and indirect emissions, raising
awareness on how innovative technical solutions for manufacturing refrigerating
and heat pumping systems are able to boost the sustainability transition. Besides,
proper recovery, recycling, and end-of-life disposal and destruction are the keystone
to contain direct emissions, yet these are part of the weakest "link in the chain" as
they are among the most difficult to manage [24]. Near-term solutions, however,
need to be provided also to ensure the functioning of both the existing and the new
equipment, that, as mentioned in Section 1.3.2, are expected to be produced and
sold worldwide in quantities without precedent.

1.4 Refrigerants

1.4.1 Classification

From the first applications of mechanical refrigeration, a high number of different
molecules have been developed and used as refrigerants. As a consequence, they
have been conveniently named in accordance to a common nomenclature, and the



12 1. CLIMATE CHANGE AND ITS DRIVERS: AN OVERVIEW

R, refrigerant;
composition-designating
prefixes also allowed

such as CFC, HFC, HFO) | ‘
\— R-1234ze (E)
| A=

Number of double bonds ~ Number of Number of Number  Isometric Conformation
(omit for saturated carbons -1 hydrogens +1  of d_BS’g”?t'O” (if apphcable);
compounds) (omitifNe=1) fluorines  (ifapplicable)  E,trans; Z cis

Figure 1.5: Refrigerant nomenclature based on ANSI/ASHRAE Standard 34 and ISO 817.
From [33]. Reprinted with permission from AAAS.

most widely adopted is the one aligned with ANSI/ASHRAE Standard 34-2019
and ISO 817-2021, by which each commercial, pure substance or blend is identified
with an alphanumeric code (see Fig. 1.5), that also provides additional chemical
information.

Nearly all the refrigeration systems made use of a single chemical compound,
that is, a pure refrigerant. In response to climate actions, chemical industries strove
to come up with single-equivalent substances in place of CFCs and HCFCs, that
have been progressively phased out, but it proved impossible to find substitutes
that could match, for instance, the requirements and attributes of the widely used
R-12 (CFC) and R-22 (HCFC) [34, 35]. Replacements have been mostly blends,
i.e. a mixture of two or more compounds, whose components have been chosen
based on the final desired properties [35], a part of which is regulated by law. In
fact, refrigerants and the appliances they rely on are set out by international and
local organizations, like the International Electrotechnical Commission (IEC) and
the Underwriters’ Laboratories (UL) which provide standards, i.e., definitions,
guidelines and procedures broadly shared within the field of HVAC&R (standing
for "Heating, Ventilation, Air Conditioning and Refrigeration"), or more commonly
HVAC. Table 1.2 represents the most relevant ones in western countries. Usually,
each nation adopts these standards as a basis for different, enforced local model
codes (namely, laws) [34, 36].

1.4.2 Safety codes

The environmental footprint of refrigerants is indeed only one of the major issues
that has been evaluated and regulated in relatively recent times. Other requirements,
however, became relevant as new working fluids were progressively developed,
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Table 1.2: Links between international, EU and US Standards [36, 37].

Standard type Global EU USA
Refrigerant classification ISO 817 Follows ISO 817 ASHRAE 34
Safety General ISO 5149 EN 378 ASHRAE 15

Equipment specific [EC 60335-2-24 EN 60335-2-24 UL 60335-2-24
IEC 60335-2-40 EN 60335-2-40 UL 60335-2-40
IEC 60335-2-89 EN 60335-2-89 UL 60335-2-89

commercialized, and as the equipment was consequently adapted.

During the operation of a typical refrigeration cycle, in fact, refrigerants are
subjected to multiple interaction with different materials (elastomers, metals) and
compressor lubricant, and must "resist" to intense frictional pressure drop, as well as
temperature gradients, that alter the chemical stability of the molecule. Stability is
typically considered the most important requirement for a refrigerant [34], because
other attributes would be rather worthless if the fluid decomposed or reacted with
system materials. These situations could potentially induce the malfunctioning of
the equipment, but it is also likely to generate hazards for people, properties, and
the environment.

Due to the considerable number of dangers, safety regulations have had an
essential role in securing appropriate refrigerant handling, and in determining
room conditions where the refrigerant is stored in case of accidental releases. Such
circumstances determine risks that are mainly associated to chemical and physical
properties of refrigerants, as well as to the temperature and system pressures
involved in the refrigeration cycles [38]. For these reasons, standards including
ISO 5149-2021 (equivalent to ASHRAE 15-2019) specify, as an example, the
amount of refrigerant charge in relation to room dimensions and building occupancy
(i.e. based on the different environments where the fluid operates), that could
potentially create flammable mixtures with air and determine toxic hazard if at
sufficient concentration. As an example, in a installed system, the total charge
of R-32 divided by the room volume determines its concentration in case of a
full discharge, and for occupied spaces this value should not exceed the "quantity
limit with minimum ventilation" of 0.063 kgm™>, unless appropriate measures
are taken [37]. ASHRAE Standard 34-2019 provides a similar parameter, the
"refrigerant concentration limit" (RCL) which should not be greater than 25% of the
"lower flammability level" (LFL), to be determined experimentally in accordance
with ASTM E681 [34, 39]. Proper measures, otherwise, are to be taken, and these
are primarily: ventilation (natural or mechanical), safety shut-off valves, alarms,
and gas detection devices [38].
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Toxicity and flammability are addressed specifically by ISO 817-2021 and
equivalent ASHRAE Standard 34-2019, which classify refrigerants into eight
"groups", as described in Table 1.3. Letters A and B refer to toxicity: respectively,
they identify refrigerants with a lower chronic toxicity or with an occupational
exposure limit (OEL) of 400 ppm or greater, and with an OEL lower than 400 ppm.
The OEL can be estimated by different approaches [40].

Flammability is assessed through a series of different measurements, that
overall place refrigerants into four classes. In particular, Class 2 identifies "lower
flammability" refrigerants and refrigerant blends with the following criteria:

* exhibit flame propagation when tested at 60 °C and 101.3 kPa,
* have a LFL > 3.5% by volume,
* have a heat of combustion < 19 000 kJ/kg.

Class 2L was first introduced in 2010 by ASHRAE Standard 34, and it gathers
fluids that, in addition to the aforementioned conditions, exhibit low burning velocity
(thus the L) or less than 10 cm/s, when tested at 23 °C and 101.3 kPa [41, 42]. The
aim was to allow the trade and usage of such pure and blend 2L substances, like
R-32 (in class A2L) and R-717 or ammonia (which is B2L, due to its higher toxicity)
as substitutes of the most intense, Al greenhouse gases [41]. In fact, Class Al
(with "no flame propagation") includes widely used refrigerants such as R-22 and
R-134a, whose fire-suppressant properties were specifically obtained by halogen
atoms (in the example Chlorine and Fluorine, respectively). As a side effect, such
chemical compositions involve an increased molecular stability, due to the strong
carbon-halogen chemical bond, that translates to longer atmospheric lifetimes,
therefore to higher GWPs. Thus, for most refrigerants there is a substantial trade-oft
between flammability and the warming impact [43]; actually, many low-GWP
fluids are classified as highly flammable (A3/B3), flammable (A2/B2) or mildly
flammable (A2L/B2L). A2Ls and B2Ls, however, prove much harder to ignite than
A3s, that is, they exhibit a much higher "minimum ignition energy" and are rather
less flammable than A3 substances [42].

To promote and accomplish a safe transition towards these substitutes, ASHRAE
15-2019 and the third edition of UL 60335-2-40 were updated with additional
system requirements, including: the use of circulation and ventilation devices,
leak detectors, ignition source protection, evaluation of the refrigerant charge, and
training procedures for technicians [42].

Historically, the process of replacing CFCs and HCFCs required the introduction
of refrigerant blends. In fact, finding pure fluids such as R-22 that could match its
performance seemed to be a challenge. Additionally, blending has been considered
strategic for other issues: in particular, it applies as a viable method to lower
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Table 1.3: Safety group classification under ASHRAE Standard 15-2019 and ISO
817:2014 [34, 40].

Safety group
Higher flammability A3 B3
- A2 B2
Lower flammability AOL BOL
No flame propagation Al Bl

Lower toxicity Higher toxicity

flammability for pure fluids, from Class 2L to Class 1. Mostly, R-134a and R-125
were added at substantial concentrations; however, by means of halogens, candidates
resulted with GWP1( higher than 1000 in general [34, 38].

According to ISO 817-2021, blends should be assigned to a dual safety
classification, as an expression of the different flammability that might occur
as a result of a leakage. For instance, R-410A (consisting of R-32 and R-125
with 50/50 % composition in mass) is rated A1/Al. The two classes represent
flammability and toxicity indexes for the "worst-case formulation" and the "worst-
case fractionated formulation" of the refrigerant, where term "fractionation" refers
to the change in composition of the components that is due to a preferential
evaporation or condensation of the more volatile and the less volatile substance,
respectively [40]. So, in the example of R-410A, flammability is assessed as even
in both scenarios.

Safety is therefore fundamental to ensure a large-scale access to more sustainable
refrigeration, air-conditioning and heat pumping (RACHP) equipment. To support
a timely transition, other barriers have to be solved: primarily, weak points are in
the funding, standards and regulations, and adequate training for technicians [17].
Despite the number of open issues, the volume of appliances that already rely on
2L fluids counts over 160 million units, manufactured by more than 40 companies
worldwide [44].

1.4.3 Timeline of major changes

The search for the "ideal" refrigerants has occurred systematically multiple times
from their very first use in the mechanical refrigeration, whose first applications
were for the production of ice, after pioneer vapor-compression machines became
commercially available, between 1850 and 1880 [45]. Nevertheless, the most
significant advancements were achieved as a result of three major studies in the
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1920s, 1980s, and 2010s, driven by [34]:

* new constraints and regulations (as discussed in Sections 1.3.1, 1.3.2
and 1.4.2),

* advancements in the tools and property models to identify new molecules,
* evolving equipment design.

Particularly, the introduction of CFCs was considered revolutionary if compared
to natural refrigerants, widely used at that time, as they involved higher refrigeration
cycle performances, and as they were thought (erroneously) to be completely safe
and harmlessness to the environment [45].

Most of the "new" refrigerants, however, were included in the literature decades
before they were deployed also as working fluids. A prime example is the synthesis
of dichlorodifluoromethane, namely R-12, in 1931 by Thomas Midgley: the
molecule was already listed in the chemical literature in 1907, but presumably
Midgley was unaware of this, and no other citations of such chemical were found
before in the SciFinder database [34].

Overall, the studies related to properties of refrigerants prompted their evolution
through four "generations", ranging from "whatever worked" to the present zero
or near-zero ODP, low-GWP alternatives. As represented in Figure 1.6, current
requirements for RACHP are met with a limited set of pure refrigerants, especially
by HFCs, hydrofluoroolefins (HFOs) and their mixtures (blend) and some natural
compounds [34]. At present, however, the majority of global vapor compression
RACHP systems relies predominantly on fluorocarbons (83%), whereas inorganic
fluids (such as ammonia and carbon dioxide) and hydrocarbons have a low share,
of 11% and 6%, respectively [46].

1.4.4 Natural refrigerants

Since the early applications of mechanical refrigeration, at the end of the 19th
century, some fluids have been employed as "natural" refrigerants, so called because
occurring also naturally in the environment (as mentioned in Section 1.2.1). These
include:

¢ carbon dioxide (CO5),
e ammonia (NHj3),
* hydrocarbons, especially propane (C3Hg),

* water,
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Figure 1.6: Evolution of refrigerants [34].

e air.

Although their anthropocentric emissions could cause lower, negative impact on
the climate, in general such alternatives are not free of concern (see Table 1.4).

Ammonia has been one of the most longstanding, widespread refrigerants for
food and beverage preservation and treatment. It exhibits excellent thermodynamic
properties, high heat transfer coefficient and remarkable energy performances of
the refrigeration cycle. Despite being highly available, its low cost is compensated
by the need to use expensive, corrosion-proof, welded steel piping, as ammonia
lacks material compatibility with copper and its alloys [17].

Particularly, due to its high toxicity at relatively high concentrations, ammonia
refrigerating systems are in some countries subjected to regulations and standards
that might discourage plant implementation in public buildings. For this reason,
it is used mainly as a primary refrigerant in indirect refrigeration systems, where
ammonia is kept isolated into designed machine rooms, while secondary coolants
(such as glycols and salt brines) circulate inside public spaces [17]. Nevertheless,
if compared to other refrigerants, ammonia can be detected by its characteristic
smell at very low concentrations, allowing an early warning signal of its accidental
release. Recently, ammonia has gained adoption also in chillers for air conditioning
equipment in commercial and public buildings [48].

Another relevant refrigerant is carbon dioxide, that initially has been broadly
employed in ice manufacturing and refrigerating systems, from the late 19th century
to the 1930s. When synthetic working fluids were introduced, however, carbon
dioxide was rapidly abandoned, since with standard technologies available at that
time it provided mostly low efficiencies, but also because its cooling capacity proved
to be highly penalized by an increase of the ambient temperature [49]. However, in
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Table 1.4: Key characteristics for common natural refrigerants [17, 47]. The COP
(coefficient of performance) and the Qo (volumetric heat capacity) are two key parameters
discussed in Chapter 2.

Refrigerant Safety class Advantages Issues
Excellent efficiency (COP) for low Toxic
R-717 L.
. B2L temperature applications (well below
(ammonia) o
0°C)
Easy to operate and maintain Low High discharge temperatures
operating pressures
Low operating pressure
High temperature fluid for heat re- High discharge pressures
R-744 (carbon Al covery
dioxide) Compact system design due to high Very low critical temp. (31 °C)
Qvol
Non-toxic and non-corrosive More complex systems
Low maintenance systems
R-290, R-1270, High efficiency (COP) Highly flammable
R-600a A3 Availability Restricted application areas due to
(hydrocarbons) low charge limits

High Qyol

the last decades, there has been a renovated interest for research on carbon dioxide,
in light of the low toxicity, non-flammability zero ODP and negligible GWP [48],
that would inherently outreach other candidates. Besides, there have already been
successful commercial applications in the full range of compression systems, from
high temperature heat pumps [49] to low temperature freezers [48].

Hydrocarbons like propane (R-290), isobutane (R-600a) and propylene (R-1270)
are widely used in all commercial and industrial RACHP systems as both pure
refrigerants and blends thereof, to take advantage of their excellent environmental
properties and performances [48]. They also benefit from similar operating pressure
to systems using HFCs, and the compatibility with most equipment materials and
compressor lubricants. The major issue is related to their high flammability, that
requires specific system adjustments, and that mostly involve charge limits in
compliance with safety codes.

Evolving standards and constraints are therefore essential in order to leapfrog
these barriers, and smooth the path to such potential refrigerants [17]. There is
an expectation that the approval of the new edition of IEC 60335-2-40, on 29th
April 2022, "will enable R-290 to be used in many A/C and heat pump systems
which were previously blocked from using this refrigerant by the outdated version."
According to the new standard, up to 988 g of propane will be allowed in new
typical split air-conditioning systems, provided the equipment satisfies additional
safety requirements [50].
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1.4.5 Synthetic, low-GWP alternatives

Since 2012, suitable potential substitute to HFCs have been extensively investi-
gated by McLinden, Domanski, Kazakov, and coworkers at NIST. They extended
previous searches to a database of around 60 million compounds in the PubChem
database, which provided a final list of 29 pure fluids, including both natural and
synthetic molecules [34]. Nevertheless, as international treats for the climate apply
restrictions to HFC deployment and usage, the number of compliant replacements
is progressively reducing to a few groups of "low-GWP" substances. Currently, in
reference to the medium-long term goals of F-Gas (GWP < 150), potential synthetic
substitutes include: hydrofluoroolefins (HFOs), hydrochloroolefins (HCOs), hy-
drochlorofluoroolefins (HCFOs), hydrofluoroethers (HFEs) and blends thereof [31,
51]. These sets of candidates have had an increased interest in all application
sectors, since not only do they exhibit a substantially reduced direct effect on global
warming, but their use can also further improve the performance of refrigeration
and heat pump systems.

Most widespread, low-GWP refrigerants are HFOs, which derive from alkenes
(also called olefins) or unsaturated hydrocarbons with a carbon-carbon double bond,
where one or more hydrogen atoms are replaced with halogens. The double bond
between carbon atoms is responsible for a high reactivity of the molecule with
OH radical in the troposphere, that translates into shorter atmospheric lifetimes
and into lower GWP than that of HFCs, for instance, which instead have a single
carbon-carbon bond (see Fig. 1.7) [53]. Another key characteristic of halogenated
olefins is the presence of residual hydrogen atoms in the molecule, that also
increase its reactivity with radical species; again, the effect is a shorter molecular
lifespan, once the gas is emitted in the atmosphere. A higher number of hydrogens,
however, causes greater interaction with oxygen so that the molecule exhibits higher
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flammability, which is one of the major hurdles to the widespread adoption of these
novel fluids, even though other relevant issues have arisen so far.

Recently, some low-GWP refrigerants containing a functional group -CF3
such as R-1234yf, have been addressed as a source of acid trifluoroacetic (TFA),
a breakdown substance that is argued as harmful to the environment and for
organisms in aquatic ecosystems [31, 54]. It is noteworthy, however, that TFA
is commonly used in research laboratories and in industry. Additionally, it is a
degradation product of other fluorinated and perfluorinated compounds, plus it
occurs naturally from geochemical sources [54]. Although there is conflicting
evidence as to whether TFA is primarily from either anthropogenic or natural
causes [54], concentrations of this substance are regarded as too low to harm
humans and the biosphere [55]. Furthermore, some EU countries are requesting to
broaden the European REACH restriction proposal to prohibit PFAS substances,
which are chemicals "that contain at least one fully fluorinated methyl (CF3) or
methylene (CF,) group not directly attached to any hydrogen, chlorine, bromine or
iodine atom." [56] This definition addresses also refrigerants such as high-GWP
R-134a, as well as low-GWP R-1234yf and R1234ze(E). The ban of some of most
promising novel refrigerants, however, is supposed to have a heavy impact on
the HVAC&R sector that, besides, has to be aligned also to other challenging,
forthcoming goals by international regulations, such as the F-Gas and the MAC
Directive, as discussed in Section 1.3.1.

Apart from safety and environmental issues, most halogenated olefins has already
proved technically suitable for many refrigeration and heat pump applications, both
as pure refrigerants and as blends. Blends among different halogenated olefins, as
well as with other classes of fluids (e.g. hydrocarbons and HFCs) are of a major
interest, for instance, to reduce flammability or to match the properties of the fluids
they will likely replace. To assess the qualities of a refrigerant as an alternative
fluid, one of the most crucial steps is to estimate and measure its performance in a
specific equipment and under a variety of operating condition, as that contributes
to the determination of the overall power consumption. However, although some
low-GWP refrigerants have been thoroughly investigated, there are still scarce data
for other pure substances and blends, in particular, for the intrinsic properties of the
fluids [30, 54]. Properties of refrigerants are essential for building reliable models
for engineering design of HVAC&R systems, and for boosting the transition to new
generations of more sustainable refrigerants. In this regard, the following chapter
focuses on the role of refrigerants, and on the influence of their properties for the
key elements of a refrigeration cycle.



Chapter 2

The importance of refrigerants

2.1 The vapor-compression cycle

Modern refrigeration and heat pump technologies have come a long way since
the very first attempts to build a machine that, according to the second law of
thermodynamics, could reverse the natural direction of heat flow from a hot medium
source to a cold one [57]. Through the years, due to a wider scientific understanding
and fast technological changes, equipment performances and reliability have had
significant improvements, but at the core of their functioning there are the same
principles that date back to the onset of mechanical refrigeration, when in 1834
Jacob Perkins filed the patent of the first vapor-compression system, which is
regarded as one of the world’s most revolutionary engineering innovations [57]. In
fact, if compared to other compressor-free refrigerating technologies such as the
thermoelectrics, thermoionics and thermoacustics, vapor-compression systems have
seen a widespread due to their mature technology, but also for their relatively ease
of manufacturing and scalability, from small consumer appliances to large-scale
industrial systems [31, 33].

Nearly all modern air-conditioners, refrigerators as well as most heat-pumping
systems, base their functioning on the vapor-compression cycle [58], where a
refrigerant is used to absorb heat from a low temperature heat source and to
release it to a higher temperature heat sink, as represented by the thermodynamic
system in Fig. 2.1a. Practically, a basic, single-stage vapor-compression system
consists of four major components: a compressor, an expansion device (typically
a valve) and two heat exchangers, working as a condenser and as an evaporator,
as described in Fig. 2.1b. Pipelines connects the components together in order to
create a closed circuit, within which the refrigerant is cycled indefinitely. Such
components compose the ideal vapor-compression cycle, which is based on the
Carnot refrigeration cycle (or "reverse Carnot cycle") [59] and it consists of four

21
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Figure 2.1: Thermodynamic system for a basic vapor-compression cycle (a) and its
schematic representation (b).

major thermodynamic processes, as follows [58]:

* reversible adiabatic (i.e. isentropic) compression (1-2), where the refrigerant
at the suction line (1) as dry saturated vapor is compressed from pressure
P, to P, in the discharge line (2); as a result of the compression, the gas
temperature is also raised. The process requires the mechanical work W.

* reversible condensation at constant pressure P, (2-3), because of a heat
rejection (Q.) from the high-pressure, high-temperature fluid to the heat sink.
Through phase changes, the super-heated vapor returns to the liquid form (3).

* irreversible isenthalpic expansion (3—4), through which the fluid pressure
and temperature are reduced to P, and 7, respectively. Some of the liquid
is flashed during the expansion, so that not all the refrigerant is available to
vaporize in the evaporator. Therefore, at the end of the expansion (4), the
fluid is in the two-phase state.

* reversible evaporation at constant pressure (4—1), during which the refrigerant
evaporates by means of a heat absorption from the heat source, thus providing
the intended refrigeration effect.

Additionally, the ideal cycle is characterized by other assumptions: the cycle
has zero approach temperatures between evaporating line and the heat source, as
well as between the condensing line and the heat sink; there is minimum or no
pressure drop in the same heat exchangers; there is neither a subcooling nor a
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Figure 2.2: P-h (a) and T-s (b) diagrams for a basic, (single stage) ideal vapor-compression
refrigeration cycle.

suction superheating [60]. In this regard, it is important to notice that for an actual
refrigerating cycle a slightly superheated gas may be preferred, in order to avoid a
wet compression that would endanger the system reliability. Particularly, if a wet
compression occurred unintentionally, liquid droplets remaining by means of an
incomplete evaporation might damage the compressor head and cylinders and its
valves.

The refrigeration cycle is typically represented by the pressure-enthalpy (p-h)
and temperature-entropy (7-s) diagrams (see Figs. 2.2a and 2.2b), which depict
the evolution of the aggregate states of the fluid by means of thermodynamic state
variables pressure and enthalpy, and temperature and entropy, respectively. These
properties are used for calculations and analyses of heat and work transfers and to
evaluate the performance of a refrigeration cycle for a specific refrigerant. Each
working fluid exhibits different P-4 and 7-s curves, although these have a similar
dome-like shape, as shown for a comparison in Figs. 2.3a and 2.3b.

As to blends, they can be zeotropes (in the 400 series by ASHRAE classification),
azeotropes and near-azeotropes (in the 500 series). Zeotropes exhibit temperature
glides (variations) during the phase change at constant pressure, between the
inlet and the outlet of the heat exchangers. This effect is due a to change in
composition of the vapor phase and liquid phase that happens while both exist. In
this sense, zeotropes differ from the behaviour of a single-compound refrigerant.
Zeotropic refrigerants have an impact on the cycle efficiency as well as on the
system design, typically by introducing additional challenges in the optimization of
heat exchangers, especially when glides are relatively high [62, 63], that is, more
than 4-7 K [31]. The temperature glide, however, is low or negligible in the case
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Figure 2.3: P-h (a) and T-s diagrams for some pure low-GWP refrigerants. Reprinted
with permission from [61].
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Table 2.1: Main desirable properties and parameters of refrigerants [34, 64].

Category Characteristics

Environmental, Low ODP, low GWP and short atmospheric lifetime
health and safety
Non-toxic, non-flammable

Chemical Chemically stable
Non-corrosive

Thermophysical Critical temperature suitable for the application
Boiling point suitable for the application
High thermal conductivity
Low viscosity
Positive but not excessive pressures
at evaporating and condensing conditions
High vapor density at suction line
High enthalpy of vaporization
Low specific heat of the vapor

Miscellaneous Compatibility with equipment materials
Miscible with compressor lubricants
High dielectric strength of the vapor
Ease of leakage detection
Low freezing point
High efficiency (COP) and capacity (Qyo1)
Availability
Low costs of the refrigerant,
equipment operating and maintenance

of near-azeotropes and azeotropes, respectively. In general, azeotropic mixtures
are of a greater interest, as at certain pressure and temperature they behave like a
pure substance [58].

2.2 Properties of refrigerants

As mentioned in Chapter 1, there is no single ideal refrigerant that can stand out
from others in any of its characteristics, and that can suit equally regardless the
applications. In fact, when selecting a working fluid, multiple considerations
are to be made: the choice typically responds to an acceptable compromise in
terms of, mostly, economical, environmental, technical and safety criteria. Overall,
for conventional refrigeration and air-conditioning applications the most relevant
requirements for a refrigerant are listed in Table 2.1, from which it is possible
to conclude that is rather difficult to satisfy all of them, and thus a trade-off
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must somehow be accepted. Refrigeration cycles, however, rely essentially on
thermodynamics and on properties of the working fluids [33]. Among others,
thermophysical properties of refrigerants are fundamental for developing reliable
equations of state (EoS), but also for estimating the performance of refrigerants in
RACHP systems in terms of energy efficiency and capacity [65], as well as for the
design and manufacturing process of refrigeration equipment.

The most common thermophysical properties relate to the changes between to
two states of thermodynamic equilibrium, that occur, for instance, when a mass of
fluid changes its temperature by means of a heat exchange; in this case, these are
known as thermodynamic properties. Differently, the properties that address the
rate at which a fluid in a non-equilibrium state changes its state because of evolving
external conditions, or by means of the transport of mass, momentum or energy
among different portions of the fluid, are known as transport properties [66].

For the refrigeration cycle, the most relevant properties of the working fluids
are [65]:

* the thermodynamic properties at the boundaries of the thermodynamic space
(critical pressure and temperature, vapor pressure, saturation densities), the
speed of sound, the specific heat capacity and the PvT properties in the
single-phase regions. Other essential properties such as enthalpy, entropy
as well as the Helmholtz and Gibbs energies, may be derived from the PvT
correlations through appropriate EoS.

* the transport properties thermal conductivity, viscosity and surface tension.

Most common HVAC systems typically requires a critical temperature falling in
the range from 300—400 K; different critical temperatures would otherwise require
major modification to the design of the equipment. Primarily, the reason is because
the critical temperature of the refrigerant was confirmed as the most dominant
parameter in influencing the trade-off that occurs between the COP and the Qy
for an ideal refrigerating cycle [67]: refrigerant with a high critical temperature
exhibits high efficiency (COP), but low capacity (Qyo1), and vice versa. In particular,
a low-critical-temperature fluid (such as CO;) often determines a transcritical cycle
and higher expansion losses [43]. For the most common air-conditioning and
refrigeration equipment, suitable critical temperatures are in the range between
300 K and 400 K [43]. The benefit of a high critical point (CP) , however, is reduced
by means of a consequent lower density at state 1 (see Figs. 2.2a and 2.2b). In
fact, assuming that the compressor runs at constant speed, or rather that the rate at
which the refrigerant volume is being compressed is constant, a lower density at the
suction line translates to a lower mass flow rate, and thus a decreased volumetric
heat capacity. Consequently, for a new equipment design, in order to obtain the
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Figure 2.4: The effect of the vapor heat capacity (in the limit of zero pressure) on the
shape of the vapor dome in the 7-s diagram [58].

same capacity, a refrigerant with a higher CP will require an increase compressor
pumping displacement [58].

The molar heat capacity of an ideal gas (i.e., of the vapor phase of the refrigerant
in the limit of zero pressure), often referred to as "ideal-gas specific heat capacity",
has a lower influence on performance than that of the critical temperature for
an ideal cycle, but it is still relevant: it modifies the shape of the 7-s curve, so
that a relatively low specific heat allows the compression process to end in the
superheated region, thus avoiding the problems related to wet compression [68].
New synthetic refrigerants exhibit in general more complex molecular structure
than that of traditional working fluids, and for the former this translates into higher
values of molar heat capacity at constant pressure of the vapor phase. In turn, a
greater molar heat capacity is linked to a bending of the vapor saturation line, so
that its slope is negative at low pressures and positive at the higher pressures (for
reference, see Figs. 2.3b and 2.4). The saturated liquid line is also influenced;
regardless, its slope always remains positive [58]. Despite the impact of properties
on thermodynamic diagrams, in actual compressors for refrigeration units wet
compression is typically avoided, since the refrigerant at the compressor inlet is
already slightly superheated, and the compression is non-isentropic [69]. Moreover,
according to a study by McLinden et al [43], the optimal value for the ideal-gas
specific heat capacity depends on the cycle: low values are preferable with a
simple cycle, whereas configurations with a liquid-line/suction line heat exchanger
perform better with higher values of specific heat. Low values of specific heat are
preferred, in any case, to minimize the entropy change that occurs by means of the
expansion process [68]. The normal boiling point (NBP) of the refrigerant (or
bubble point, for blends [63]), i.e., the temperature at which the vapor pressure
equals the atmospheric pressure so that the liquid refrigerant starts to boil [68],
must be appropriate for a given application, so that the refrigerant is volatile enough
to provide the cooling effect. This requisite is typically met by small molecules
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Figure 2.5: Normal boiling point and critical temperature for the main low-GWP refriger-
ants [70].

(based on one to four carbons), with NBP generally between —50 °C and 30 °C [33].
NBP is useful also when looking for a substitute fluid in place of a previous one
with similar thermodynamic properties, as it is a first-order estimate of suitability.
In fact, the industry preference is to find a single-component replacement with
a comparable value of NBP, since such a refrigerant change would require fewer
product redesign and retooling of the manufacturing plant [63]. Figure x depicts
the normal boiling point and the critical temperature for some

Viscosity is another important parameter that ultimately affects the performance
of the systems: in general, low dynamic viscosity is desirable in order to minimize
the frictional pressure drops, but also to attain a higher coeflicient of convective
heat transfer, both in the evaporator and the condenser [71].

The pressure in the system should be neither too high or too low: values below
atmospheric are undesirable, especially at the evaporator where the lowest pressure
occurs, to prevent any air from entering into the refrigeration system [72, 73].
The co-presence of non-condensable gas negatively affects the performance of the
system, as even in low quantities it increases the thermal resistance at the condenser,
causing the heat transfer coefficient to diminish [74].

One of the most important properties for refrigerants and its performance is
the thermal conductivity: high values are required in order to improve the fluid
heat transfer coefficient, thus, to maximise the heat exchange in the evaporator and
the condenser. Especially in a two-phase flow, the liquid conductivity is the most
influential parameter for the heat transfer coefficient, whereas the vapor conductivity
has a relatively negligible effect [75].

Other important properties concerned with the equipment functioning include,
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for instance, the refrigerant miscibility with compressor lubricant. In fact, in most
vapor-compression HVAC systems the working fluid is a mixture consisting of the
refrigerant and the compressor lubricant, essential for lubricating moving parts of
compressors. Consequently, both must be circulated throughout the equipment
simultaneously, so the lubricant must be miscible with the refrigerant.

A rather large number of factors are therefore to be considered when choosing
a refrigerant for a specific application. In particular, the technical interest of
thermophysical properties and their relevance are further covered in Section 2.4.3.

2.3 Performance of refrigeration systems

2.3.1 Analysis of an ideal basic vapor-compression cycle

According to the first law of thermodynamics and assuming a steady-state refrigerant
flow, as regard to the basic vapor compression cycle (see Figs. 2.2a and 2.2b), the
specific compression work w and the refrigeration effect g, can be determined
as [62]:

w=hy—h [Kl/kg] @2.1)
qe = h1 — hy  [KI/kg] (2.2)

These parameters allow an evaluation of the COP (Coefficient of Performance) of
the refrigerating system, given by the formula:

ge _ hi—hy
COP = — = 23
w h2 - h] ( )
and the volumetric heat capacity Qyo], defined as:
Quol = p1ge  [kI/m’] (2.4)

where the indexes 1, 2, 3, and 4 refer to properties of the fluid in the respective four
states in Figs. 2.2a and 2.2b. The coefficient of performance (COP) and volumetric
capacity are two parameters that stem from thermodynamic properties [76]: COP
determines the energy efficiency of the system, therefore it reflects its operating cost,
whereas Q,,, particularly when volumetric compressors are involved, influences
the physical size of the equipment, with implication on the plant cost [69]. High
values of both COP and Q,, are sought in general but, as previously mentioned,
one must consider that a compromise between the two is observed when referring
to an ideal cycle, that suggests an inevitable compromise in terms of efficiency and
size of the refrigerating equipment [58]. A representative example of the trade-off
is depicted in Fig. 2.6, concerning a simple vapor-compression cycle and working
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Figure 2.6: Pareto front (x) and selected refrigerants (o) for the simple vapor compression
cycle with temperatures representative of an air-conditioning application (7, = 10°C,
T. = 40°C). Reprinted with permission from [43].

conditions that are representative for air conditioning applications. The "best"
refrigerants, i.e., the ones showing the most favorable compromise between the
COP and the Qy, lie closer to the Pareto front, which expresses the thermodynamic
limit to performance for the cycle [43]. Significantly, Fig. 2.6 also reveals that the
refrigerants involved in the study [77] were far from the Pareto front, implying that
better fluids could at least be allowed by thermodynamics.
The refrigerant mass flow rate si1 can be determined from the relation between

the refrigeration capacity Q, and the refrigeration effect ¢, as:

= Qe [kg/s] (2.5)

qe

whereas the power required for the isentropic compression Pjg is given by the
following:

Pis =mw [kW] (2.6)

The non-isentropic compression process involved in actual compressors is consid-
ered by means of the isentropic efficiency 7, therefore the effective power P, on
the compressor shaft is higher and may be calculated as.

P:
P.p=—[kW] (2.7)
Nis

2.3.2 Efficiency and capacity for different refrigerants

Various cycle performance can be achieved using different refrigerants within
their working conditions and based on their thermophysical properties. Table 2.2
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illustrates an example. Among the other traditional refrigerants, at fixed condensing
temperature and evaporating temperature, two exhibits rather different character-
istics. One is R-717, being one of the fluids showing better efficiency, but as a
drawback it has a very high discharge temperature, which is attributable to the
low molecular mass of ammonia. Indeed, high discharge temperature should be
limited in order to avoid, primarily, the deterioration of lubricant properties or even
lubricant burnout, that can ultimately affect the system reliability [62].

The other peculiar working fluid is R-744, which exhibits the highest volumetric
capacity, that is more than six times higher than that for R-12. Volumetric capacity,
in general, should be as high as possible in order to benefit from the use of
compressors with reduced displacement. Due to the high vapor density at the
suction side of the compressor, necessary pipe dimensions can be very small, and
the mass flow rate reduced, with equal refrigeration capacity. Additionally, due to
the high operating pressure, pressure drops occuring within the system are relatively
low, which translates into less required pumping work [78]. However, for such
working conditions, i.e., with a condensing temperature approaching the critical
temperature, the COP for R-744 is very low if compared to that for other working
fluids, as a result of non-optimal thermodynamic properties for usual applications in
refrigeration and air conditioning [78]. Furthermore, the pressure at the condenser
pc is relatively very high, which technically involves thicker piping wall, appropriate
brazing methods, equipment materials [17], and compressors, that overall cause
higher equipment costs [78]. Economically feasible and efficient solutions for
carbon dioxide typically requires transcritical or subcritical cascade plants: in the
latter, R-744 is used as a secondary fluid at significantly lower condensing and
evaporating temperatures, so as to achieve higher performance [78].

2.3.3 Thermodynamic irreversibilities

As mentioned in Section 2.1, the basic ideal vapor-compression cycle is based on
the reverse Carnot cycle. However, the first differs from the latter as a result of
two, principal causes of performance detriment or irreversibilities: the isenthalpic
expansion, and the superheating of the refrigerant vapor during compression [79].
An actual refrigeration system, however, exhibits additional phenomena responsible
for a decrease of capacity and efficiency, which are mainly [80, 81]:

* heat transfer in the pipeline and in the compressor,

* frictional pressure drops along the circuit and pressure drops at the suction
and discharge line of the compressor, at the inlet/outlet of headers, manifolds,
tanks and so on,

* heat transfer and pressure drops in the heat exchangers.
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Table 2.2: Performance comparison of an ideal, single stage, basic vapor-compression
cycle for different refrigerants, assuming 7, of —15 °C and ¢, of 30 °C [62].

Refrigerant P. P. P./P. Qvor corp ts
(bar) (bar) (kJ/kg) O
R-717 11.672 2.362 4.942 2167.6 4.76 99.08
R-744 72.1 22.9 3.149 7979 2.69 69.5
R-12 7.437 1.823 4.079 1273.4 4.70 37.81
R-22 11.919 2.962 4.024 2096.9 4.66 52.95
R-32 19.275 4.881 3.949 3420.0 4.52 68.54
R-134A 7.702 1.639 4.698 1225.7 4.60 36.61
R-404A 14.283 3.610 3.956 2099.1 4.16 36.01
R-507 14.60 3.773 3.870 2163.2 4.18 35.25
R-290 10.79 2.916 3.700 1814.5 4.55 36.60

For these reasons, ideal COP and Q. are not representative of an actual
system [64]. Several models, however, have been developed to describe the real
performance under specified conditions that account for cycle penalties. A prime
example is given in the study by Domanski et al. [77], who carried out "optimized"
simulations that included forced-convection, air-to-refrigerant heat exchangers as
well as a refrigerant-dependent isentropic efficiency of the compressor and the
effect of pressure drops, for a typical air-conditioning application; Fig. 2.7 shows
that, once a more realistic system is considered, the trade-off between COP and
Qvor vanishes. In this case, higher efficiencies were obtained at relatively high
volumetric heat capacities, approximately from 60-110 % to that of R-410A, that
was set for a common reference [82].

2.4 Heat exchangers

To reduce the footprint of refrigerants on the environment, a transition to low-GWP
alternatives has been under way in the RACHP sector as a reaction to regulatory
changes worldwide. Nevertheless, the latest key outcomes from the International
Institute of Refrigeration (IIR) [63] underline how the selection of a new refrigerant
should be weighed and accomplished with a comprehensive approach. In fact,
in addition to considerations on the value of GWP, other potential opportunities
for mitigating global warming can be drawn, for instance, from the paramount
terms in the expression of TEWI (see Eq. (1.1) on Page 10), and particularly
from the refrigerant charge, whose reduction in a refrigerating system implies a
substantial decrease of the direct effect of TEWI. To provide an insight, nowadays
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Figure 2.7: Coeflicient of performance and volumetric capacity of selected low-global-
warming-potential fluids, calculated with an "optimized" model for the basic vapor
compression cycle, in the study by Domanski et al. [77]. Values are relative to those for
R-410A [82].

the RACHP sector encompasses a wide range of systems in temperature levels and
sizes. For instance, domestic refrigerators typically rely on a refrigerant charge
in the range from 30-150 g, with power consumption from 50-250 W, depending
mainly on refrigerant type and size of the appliance. Differently, the industrial
cold chain for standard applications involves temperatures from —10-—40 °C; in
this case, the refrigerant content may be of several hundreds of kilograms and the
maximum electrical power consumption reaches is in the order of megawatts [31].
Air conditioning, that include also reversible air heat pumps — or "reversible heat
pumps" — encompasses units with power mostly in the range from 1-1.100 kW,
the majority of which are less than 70 kW. The refrigerant charge may vary greatly,
depending on the system and of the specific installation [31]: indicatively, a small,
self-contained air conditioner has a minimum charge of around 0.3 g, whereas a
ducted commercial split could contain up to 300 kg of refrigerant.

The reduction of the refrigerant charge can then be accomplished through
indirect refrigeration systems that use lower-GWP, secondary refrigerants, such
as the traditional glycols and salt brines as well as CO, [48], but another relevant
option is in the careful design of key, refrigeration components [48], especially
of heat exchangers, where the heat transfer process also very often represents the
bottleneck on improving the equipment efficiency and capacity [48, 83]. Proper
design techniques, therefore, are relevant also for the indirect effect of TEWI, as a
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Figure 2.8: Common heat exchangers: (a) double-pipe heat exchanger, (b) shell-and-tube
heat exchanger, (c) brazed plate heat exchanger, (d) circular-finned tube heat exchanger and
(e) plate-fin heat exchanger. Reprinted with permission from [84].

contribute to the reduction of power consumption in the system.

2.4.1 Design methods

Heat exchangers are devices that are used to transfer thermal energy in the process
of heating, cooling, heat recovery and heat rejection, typically between two or
(less often) more fluids, but also between a solid surface and a fluid, as well as
between solid particulates and a fluid, that are each at different temperatures and
in thermal contact. In most heat exchangers, the heat transfer occurs between
two fluids through a separating wall, whose surfaces are fundamental for the heat
transfer. They are custom designed for virtually any refrigeration capacity and
operating conditions, and there is a wide variety of sizes and geometries, ranging
from the double-pipe and shell-in-tube heat exchanger to the more compact plate
heat exchanger, and heat exchangers with surface enhancements (see Fig. 2.8).

The process of manufacturing a heat exchanger involves several considerations,
which can be collected and structured in a framework, as the one represented
in Fig. 2.9.

Complex analyses are carried out in the thermal and hydraulic design, and these
primarily pertain to the determination of heat transfer and pressure drop (in transient
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state rather than in steady state), and to the sizing of heat exchangers. Especially,
if phase transitions are involved, such as in most common heat exchangers for
refrigerating units, the uncertainties that arise to the complex behavior of multi-
phase flow may significantly affect the design of the refrigerating system [83], so
in today’s scope of design optimization, the analyses typically involve advanced
modeling with Computational Fluid Dynamics (CFD), but, at the core of the heat
exchange process, fundamental relations are applied regardless the specific design
method (such as the LMTD and the e-NTU). Ultimately, as highlighted in Fig. 2.9,
thermophysical properties of the working fluids play a major role in the thermal
and hydraulic design, and they possess multiple interdependencies with other key
aspects, including the equipment sizing and cost estimation [85].

2.4.2 Fundamental equations

The effects of thermophysical properties can be found in the heat transfer theory
applied to heat exchangers, that provides two important relationships for the
entire thermal design procedure. Concerning the most common two-fluid heat
exchangers relying on the heat transfer mechanism of convection and conduction
(when radiation can be negligible), and based on a series of assumptions [81], the
relations are the enthalpy rate equation, expressed as:

Q = Q; = ritjAh; (2.8)

for each working fluid (j = 1, 2) involved in the heat exchange, and the heat transfer
rate equation, given by the following:

Q = UAAT, (2.9)

where Eq. (2.8) relates the heat transfer rate O to the mass flow rate i ;j and the
specific enthalpy change Ah; occurring in a heat exchanger at constant pressure,
whereas Eq. (2.9) expresses the same quantity in a heat transfer phenomenon
involving convection and conduction. U is the overall heat transfer coefficient, A is
the heat transfer surface and AT}, is a mean temperature difference, calculated from
the inlet and outlet temperatures of both fluids, and it can be a log-mean temperature
difference (for counter-flow and parallel-flow heat exchangers), or related to it so
that the terminal temperature differences between the fluids are accounted for [81].
The heat transfer rate equation can be used, for instance, to calculate the required
heat transfer area with different fluids, for certain inlet and outlet temperatures as
well as for different types and arrangements of heat exchangers.

The expression of U varies with different geometries of heat exchangers, but its
general form allows a distinction among each contribute to the global heat transfer
coefficient. Considering the heat transfer between a hot and a cold fluid separated
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Figure 2.10: Typical configuration of a heat transfer process and its equivalent thermal
circuit. Reprinted with permission from [84].

by a wall (as shown in Fig. 2.10), U can be referred either to the surface A; at the
hot side (U) to or the surface A, at the cold side (U;) of the same separating wall.
In the latter case, the expression is the following [84]:

1/A
U= — [A2 1 (2.10)
ma Rt g

where h; and h, are the convective heat transfer coefficient of the hot and the
cold fluids, respectively. The terms 1/(h;A;), 1/(hA3) and R, represent the
thermal resistances to the heat flow offered by the two fluids and the separating
wall, respectively. The higher their values the lower the heat transfer rate coefficient
will result. It is important to notice that the thermal resistance R,,, that depends
on the sizes and the thermal conductivity of the wall (which is mostly made of
metallic materials), is generally low so that it can often be considered negligible if
compared to those given by the fluids [86], which therefore are the ones exerting a
major influence on the heat transfer process.

2.4.3 Effects of thermophysical properties

The convective heat transfer coefficients (k) is affected by a number of factors,
including the flow rate, the flow geometry and particularly by the fluid properties;
the existing relations are mostly in terms of empirical equations, some of which
make use of several dimensionless numbers. In particular, these are:

the Reynolds number:

Re = PVE @2.11)
u
the Prandtl number:
CpM
Pr=— (2.12)
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and the Nusselt number:
hL
Nu=—
A

where p, w, u and A are the density, mean velocity, dynamic viscosity and thermal
conductivity of the fluid, respectively; L is a characteristic length that depends on
the heat exchanger geometry (for instance, for a flow in a circular pipe, L is the pipe
diameter). The three dimensionless numbers, which may have different expressions
for single- or two-phase flow and for different flow arrangements (such as counter
flow and cross flow), can be found in equations in the following form:

(2.13)

Nu = CRe"Pr" (2.14)

which is a generalized, empirical correlation between 4 and the aforementioned
properties involved in a single-phase, forced convection heat transfer. The coef-
ficient C, m and n are determined experimentally [69]. Equivalently, to explicit
the convective heat transfer coefficient as a function of the properties in the
dimensionless numbers, Eq. (2.14) can be written as:
pwL\m cpu\n A
n=c(22)"(2L5) - 2.15
p 1) 1 (2.15)
For the condensation and evaporation in a heat exchanger, the thermophysical
properties of the fluids that influence the heat transfer coefficient / and the pressure
drops are [75]:

* liquid thermal conductivity,

* liquid and vapor density,

* liquid and vapor viscosity,

* liquid specific heat at constant pressure,
* surface tension (only for evaporation).

The surface tension affects the nucleate boiling phase during evaporation: a low
surface tension leads to a higher 4 but, overall, its effect is secondary to that of
other properties. In fact, a forced-convection heat transfer with two-phase flow (the
type of flow that often occurs in common heat exchangers) is governed primarily
by the liquid conductivity and the vapor density: the higher their value, the higher
the two-phase heat transfer coefficient is. In general, pressure drop increases as the
vapor density decreases and as vapor and liquid viscosity increase. The effect of
liquid viscosity depends on the refrigerant and operating conditions, whereas the
contribute of vapor viscosity is small [75].
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The evaluation of pressure drops is addressed specifically in the hydraulic
design of a heat exchanger and it is of great interest, for instance, to adequately
sustain the fluid flow in the desired working conditions, but ultimately it affects
other key aspects, such as the compressor power requirements, that in turn impacts
on the overall performance of the refrigerating system. Additionally, pressure drops
influence the heat transfer rate for a condensing/evaporating fluid: the saturation
temperature changes with shifts in saturation pressure, therefore, differently from
an ideal cycle where the two-phase heat transfer is assumed to be isobaric, pressure
drops cause the saturation temperature to diminish. That, in turn, influences the
mean temperature difference AT, with a consequent effect on the heat transfer rate.
Moreover, the saturation temperature drop in the condenser and in the evaporator
results in a greater pressure lift seen by the compressor, so that a higher pumping
power is required at the expense of the COP [77].

A primary objective, therefore, is often the maximization of the heat transfer
while maintaining low pressure drops. Equivalently, the goal can be translated into
the minimization of entropy generation that arises by means of the heat transfer
and pressure drop. With thermal performance and geometry fixed in an actual heat
exchanger, a design choice could be modifying the overall heat transfer coefficient
and the driving temperature difference between the two fluids. In general, however,
the larger the temperature difference the more irreversible the heat transfer process
is. Therefore, to limit the entropy generation while using the same heat exchanger
and providing the desired thermal performance, the driving temperature difference
should be kept low, while the overall heat transfer coefficient should be maximized;
this can be achieved mainly through a proper control over the refrigerant mass
velocity, and with fluids with suitable thermophysical properties [79].

2.4.4 Compact heat exchangers

Research is working on the development of advanced heat exchangers with more
complex surfaces for the intensification of the heat transfer, some of which in
recent years have been developed by virtue of the rise of topology optimization and
additive manufacturing techniques. The most traditional compact heat exchangers,
such as circular-finned tubes heat exchangers and plate-fin heat exchangers are
developed and used to provide a very large heat transfer area per volume, as
well as to achieve high overall heat transfer coefficients. Their implementation
is a key to reduce the refrigerant charge, which is an effective approach to curb
global warming, but the design may often require modifications in order to achieve
optimum performance; especially, with some low-GWP refrigerants is currently
not well grasped. For instance, this was observed in a study [87] that investigated
the capacity and pressure drop of two ultra-low-GWP HFOs, namely R-1234yf
and R-1234ze(E) in finned-tube heat exchangers originally designed for R-410A.
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The results showed that, in comparison to the design with R-410A, to increase the
cooling capacity and decrease the pressure drop at the refrigerant side, the tube
diameter should be decreased, whereas the fin density, and the number of tubes
should be increased.

The design and the performance of the refrigeration equipment are therefore
closely linked to that of their working fluids. As discussed in Chapter 1, regulatory
changes on global scale are calling for air conditioning and heat pump equipment
manufactures to switch refrigerants to alternatives with reduced GWP; hence, in
order to hold up the ongoing transition to low-GWP alternatives, it is crucial
to widen the knowledge of their thermophysical properties and their behavior
in applications where they could potentially be used. In light of this, the next
chapter focuses on the equations of state, the fundamental tools that to calculate
properties of refrigerants and predict the energy performance of refrigeration and
air-conditioning equipment.



Chapter 3

Equations of state

3.1 Introduction

In the previous chapter, the prominent thermophysical properties of refrigerants
have been discussed in relation to their impact on the basic refrigeration cycle.
Accurate property measurements of fluids are essential, in general, for many
industrial and natural processes, to develop consistent models capable to assess
the functioning of energy systems. However, the availability of properties over a
wide range of operating conditions would require sampling of likewise amounts
of data, that is either impossible or too time-consuming and expensive [66, 88].
In the past, once thermophysical properties were measured for a specific fluid,
the data were processed with early computers and provided in the forms of tables
and charts, from which engineers had to interpolate data to obtain needed missing
values. As the number of pure fluids started to increase, and more sophisticated
numerical methods became available, this traditional approach progressively proved
inconvenient and thus was later superseded [34].

The breakthrough of modern computers was revolutionary also in this field: far
more flexible and faster implementation of mathematical expressions for correlating
and predicting fluid properties was possible, yielding to higher accuracy, consistency,
computational speed, and robustness. Properties could be extracted directly from
equations, and this introduced also better predictive abilities, so that required values
can be estimated from a limited set of fitted, directly measured data [88]. Among
all mathematical formulations, equations of state (EOSs) have been the typical
method to correlate and calculate all thermodynamic properties of fluids, that,
as mentioned in Section 2.2, refer to the properties that characterize a fluid in
its state of thermodynamic equilibrium. More in general, an equation of state is
intended as any mathematical relation among the pressure, the volume, and the
temperature of a thermodynamic system (e.g., represented by a mass of fluid inside
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an enclosed vessel) [89], and, as mentioned before, it has been preferred over the
traditional charts and tables because it can be implemented in computer programs
and employed directly to extract fluid properties; this is fundamental, especially for
those properties that cannot be obtained directly with measuring instruments, such
as for the internal energy, enthalpy and entropy, which are essential information
for the analyses of refrigeration cycles [89, 90]. In any case, a specific process
simulation, such as for a two-phase heat transfer in heat exchangers, can be highly
influenced by the qualities of such relations [88]; therefore, among other requisites,
the models must be able to represent measured data within their experimental
uncertainties [90].

A lot of different EOSs have appeared in the literature: some apply to pure fluids,
whereas others extend to mixtures; nevertheless, in general, none is able to represent
equivalently any substance or is adequate for all applications [91]. Furthermore,
even though the vast majority of correlations is developed from solid theoretical
principles, modern EOSs are empirical or semi-empirical, based on available data.
As a consequence, typically the effectiveness of a specific EOS diminishes when
properties of the fluids are computed outside the domain of temperatures and
pressures where the behavior of the fluid has been investigated [92]. To highlight
the importance of equations of state for HVAC&R equipment design and simulation,
in the present chapter the prominent models for pure fluids will be discussed
in relation to their applications; additionally, their impact on the estimation of
performance indicators for equipment relying on the vapor-compression cycle will
be presented.

3.1.1 The ideal gas law

The evolution of mathematical equations for the correlation of thermodynamic
equilibrium properties started with Boyle’s studies, who first noted that, at a specific
temperature, the volume of a certain mass of gas is inversely proportional to its
pressure; afterward, in 1802, its linear dependence in temperature at a fixed pressure
was postulated by Gay-Lussac. By bridging the previous outcomes with Dalton’s
law of partial pressure, the first EOS was postulated for an ideal gas, and thus it is
known as the ideal gas law, which can be written as [93]:

PV,, = RT (3.1)

where P, V,,, and T are the pressure, molar volume (given by the ratio between the
gas volume and its number of moles), and absolute (or thermodynamic) temperature
of the ideal gas, respectively, whereas R is the universal gas constant.

Eq. (3.1) provides the simplest form for an EOS. Although it has been widely
employed for several practical applications, for instance, with air and hydrogen, it
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has significant shortcomings: it can be representative of the PvT correlation only
for gases, whose behavior closely reflects that of an ideal gas. In general, this occurs
the lower the pressure and molecular mass are, and the higher the temperature (in
relation to the critical temperature) is [94]. As a result, to describe the properties
of a fluid when its thermodynamic state is far from the conditions of an ideal gas,
other relations are needed.

3.1.2 The virial equation of state

As mentioned before, a wide number of EOS have been developed in the last
decades. Actually, the ideal gas law can be seen as a specific form of a more general
equation: the virial equation of state. The relation can be written as follows [94]:

B C D
PV, =All+ —+—=+

AR V—%+ (3.2)

where A = RT and B, C, ...are the virial coefficients, which depend on the
temperature and composition of the fluid. Consistently, in the limit of zero pressure
P, the molar volume V,,, in Eq. (3.2) approaches infinity, and the virial equation can
be reduced to the ideal gas law [94].

The virial equation of state is one of the several generalized equations that
have been proposed in order to represent the thermodynamic properties of real
gases, i.e., of gases that do not follow the conditions of an ideal gas, over a greater
domain of P and T. For the purpose, a substantial database of virial coeflicients,
determined both experimentally and analytically, has been attained to accurately
estimate the thermodynamic properties of pure substances and mixtures [95]. In
broad terms, the high relevance the virial equation has had is due to its sound
theoretical basis, that grants exact analytical relations to describe the behavior of a
thermodynamic system [95]. Besides, many common EOSs can be expressed as
specific developments of the virial equation, but in general, each EOS includes,
with a specific degree of complexity, the effects that distinguish a real gas from an
ideal one. These will be discussed for some of the prominent EOS in the following
section.

3.2 Cubic equations of state

3.2.1 Van der Waals equation

In real gases at high pressure and in liquids, both the volume of molecules and the
intermolecular forces are no longer negligible; consequently, in such circumstances
the model of an ideal gas cannot be representative, and other mathematical relations
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historically had to be used [89]. Initially, a solution came when J.D. van der
Waals proposed the idea of continuity between the vapor and the liquid phases,
and suggested that the PvT properties of fluids could be described by a single
semi-empirical EOS. In 1873, he formulated his renowned EOS, that is commonly
expressed as follows [89, 96]:

RT a

P= -—
Vim—0b V2

(3.3)

According to van der Waals, molecules could be represented by hard spheres
with finite dimensions, and that overall occupy the volume b (called "covolume"),
causing the reduction of space (V,,, — b) available to molecular motion; differently, a
is a temperature-dependent parameter to include the contribute of attractive forces
between molecules, which are assumed to be inversely proportional to v? [89].
Actually, the two constants a and b, which can be obtained by the properties of the
fluid at its critical point, allow to formulate a pressure-explicit EOS made of two
distinct terms: the ratios RT/(V,, — b) and —a/V?, which express the repulsive and
attractive effects of intermolecular forces, respectively, that collectively contribute
to the pressure P [97, 98].

A remarkable fact is that the van der Waals equation was the first cubic EOS
(i.e., equations that can be written as an explicit function that is cubic in volume)
able to qualitatively characterize the liquid and the vapor phase as well as the phase
transition of a fluid, although it fails in estimating quantitatively the saturation
and single-phase properties, especially with polar substances. Consequently, the
equation was later superseded by other, more advanced PvT correlations, although
many of these stemmed from the van der Waals model in terms of modifications to
its expression [97].

3.2.2 Modern cubic formulations

Substantial enhancements to the van der Waals EOS were introduced 1949, when
the Redlich-Kwong model [99] was made available. The equation, still cubic
in volume and consisting in a two-parameter (a and b) formulation, retained the
same repulsive term of the van der Waals equation, but introduced a temperature-
dependent modification to the attractive expression so that the PvT correlation

could be stated as:
RT a

“Vu—b TSV, (V,+b)
where constant a@ and b are again related to the fluid critical temperature and

pressure [89]. Noteworthy, the Redlich-Kwong EOS has been used to calculate
the vapor-phase enthalpies for a multitude of substances, including polar and

P

(3.4)
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non-spherically simmetric molecules, overcoming some major issues of the van
der Waals EOS. Additionally, it can also extend to mixtures by applying proper
mixing rules [97].

The achievements the Redlich-Kwong model has had fostered plenty of empirical
advancements for EOS. Afterwards, in the 1970s, especially the oil and gas industry
often made use of the Soave-Redlich-Kwong equation of state [100], which is a
modification to the Redlich-Kwong model that specifically addresses the parameter
a [34, 89]. Soave calculated parameter a in Eq. (3.4) for several pure fluids and
related it to an additional parameter: the acentric factor, that is representative of the
fluid molecular complexity [89] and is related to the slope of the vapor saturation
curve on the 7-S diagram [101]. Overall, the Soave-Redlich-Kwong proved good
capabilities in estimating vapor-liquid equilibrium properties, but as a drawback it
heavily underestimates liquid densities [89].

In 1974 Peng and Robinson [102] developed a new EOS (known as the Peng-
Robinson EOS), still widely used in the refrigeration industry and for research
purposes [103]. The two-constant EOS was proposed in the following form [102]:

RT a

P= -
Vin—b Vu(Vy+b)+b(V,, —b)

(3.5)

where constants a and b are obtained similarly to the Soave-Redlich-Kwong
EOS. The intention that took to the development of the Peng-Robinson EOS was to
enhance the estimating capabilities of the liquid density [89]. However, although
it proves better results for medium-size hydrocarbons and with substances with
intermediate values of the acentric factor, its accuracy for substances with small
acentric factors is lower than that provided by Soave-Redlich-Kwong [98].

The strengths and weaknesses of each EOS discussed so far further highlight
the need of specific equations of state to predict and verify fluid properties. Cubic
equations of state, in general, are not the most accurate models to represent
thermodynamic properties of fluids, but because of their convenient compromise in
terms of reliability, simplicity and computational speed, they are still among the
most widely used in practical applications, such as in semi-quantitative predictions
of equilibrium states, as well as in process design and in simulations [98, 104].

3.3 Multiparameter equations of state

3.3.1 Pressure-explicit relations

If the prediction accuracy of thermodynamic properties has a priority over the
model ease, other approaches have to be pursued. These include the use of more
sophisticated, empirical multiparameter EOSs, most of which became available
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in the 1970s. All of these equations are non-cubic, and are formulated with up to
60 or even more parameters to be calculated [104]. Additionally, they typically
require numerous datasets of low-uncertainty experimental data in order to compute
fluid properties accurately [105]. The Martin-Hou equation of state, in particular,
falls into this category; the EOS, which has frequently been used to correlate the
thermodynamic properties especially of halogenated refrigerants, has the following
general form [106]:

RT | i A; + BiT + Cexp(=KT/T.)
Vi —

b= (Vm_b)i

5 (3.6)

i=2

As it can be seen from Eq. (3.6), the repulsive term is kept from the van der
Waals equation, whereas the more advanced attractive contribute relies on fitted
parameters A;, B;, C;, and K, where T is the fluid critical temperature. Differently
from the cubic EOS, the Martin-Hou model lacks the ability to compute fluid
properties in the liquid region and requires auxiliary equations to obtain saturated
pressure and saturated liquid density [34].

Before moving to another category of EOS, two more correlations are mentioned.
These are the Carnahan-Starling-DeSantis [107] and the modified Bennedict-Webb-
Rubin EOS [108]. The first is a successful six-parameter equation that is able to
represent both the liquid and vapor phases, and because it has a solid theoretical
basis it proves a reliable model to predict the thermodynamic properties even when
experimental data are scarce. The second, as the name suggests, is a modification
to the earlier Bennedict-Webb-Rubin EOS: this consists of a more advanced 32-
parameter expression, that came into use when research focused on alternative
refrigerants in place of CFCs and HCFCs. Significantly, it improved the fitting
of experimental data for properties of more polar substances, such as R-134a, for
which the Carnahan-Starling-DeSantis showed hindrances [34].

3.3.2 Models based on Helmholtz energy

Traditionally, equations of state have been developed in a form so that the ther-
modynamic variables pressure, volume (or density) and temperature could be
related to each other implicitly or explicitly, such as for the aforementioned van der
Waals-based formulations. In fact, the pressure (P) and temperature (7'), primarily,
are those properties that can be measured directly and with relative ease in a
thermodynamic system, and that constitute the most accessible variables repre-
senting the operating conditions in refrigeration and air-conditioning systems [34].
Nevertheless, as discussed in Section 2.2, in evaluating the performance of these
thermal equipment, other properties are required, and these include the entropy (s)
and enthalpy (/) of the refrigerants, which according to the theory can be obtained
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in any thermodynamic state as a function of two independent variables pressure P
and density p of the fluid, by the followings [90]:

T /0 PIR 1\({O0P
=i [ (B + [ (1)) o

PI( P 1 P P — pRT r
o=t () G o+ (£52)
o [\Tp p*J\OT |, |1 P Ty

where terms s%) and h%) are the reference values of entropy and enthalpy of the gas

under ideal conditions at temperature 7y and pressure Py, that must be defined for
the specific refrigerant. From the expressions above of s and 7', it can be noticed
that the relation for the ideal-gas specific heat capacity c(}) is required, and this in
turn make use of a specific auxiliary equation.

To overcome the limits of such approach, a new class of EOSs have been
developed. These are referred to as fundamental equations, which include c(},
and fluid reference information, so that absolute values of all thermodynamic
properties can be computed without the need of additional sources and from
a single mathematical correlation [90, 109]. The fundamental equations may
have different forms, but the only able to represent the fluid over the whole
domain of pressures and temperatures are the ones based on the Helmholtz free
energy (or Helmholtz energy), whose development started in the 1940s [90]. In
particular, nowadays the most accurate thermodynamic properties are computed
using multiparameter Helmholtz-energy equations explicit in fluid properties P, p
and T [53].

The Helmholtz energy is one of the four thermodynamic potential along with
the internal energy, enthalpy, and entropy, that allows to express a fundamental
EOS in the following form [110]:

a(p,T) =a’(p,T) +a" (p,T) (3.7)

for which the molar Helmholtz energy a(p, T) of a real gas is obtained by the sum
of the ideal gas a® (p, T) contribution, and a residual term a” (p, T), which accounts
for the effects of intermolecular forces. In other words, this formulation allows a
real gas to be described as the sum of its ideal behavior and what distinguishes it
from an ideal gas. The expression for a in Eq. (3.7) is often non-dimensionalized
by the product of the universal gas constant R and gas temperature 7', yielding the

relation:
a(p,T)

RT
where the independent variables are non-dimensionalized as well, and expressed as
the reduced density 6 = p/p* and temperature T = T/T* [105]. Properties p* and

=a(8,7) =a%(6,7) + (6, 7) (3.8)
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T™ are typically determined as part of the data fitting procedure, but for pure fluids
they correspond mostly to the critical density and temperature, respectively [111].

As a result of such formulation, thermodynamic properties can be obtained
conveniently taking analytic derivatives of the o and o” functions [111]. For
instance, the pressure can be obtained as [110]:

0
P:pz(—a) (3.9)
op )y
or in reduced form [105]:
P oa"
— =140 3.10
pRT ~ (55 )T G0

whereas the enthalpy 4 and entropy s can be obtained by the followings [105]:

9a® oa” oa”
— 1 A1
T(aT)5+(aT)5]+6(85)T+ G-AD

s _[{0a° da” 0o -
E_T[(a_‘r)d-'-( o7 )6:| -—a —a (312)

Similarly, all the other thermodynamic properties can be obtained analytically [111],
once the expressions for a” and o” are defined. The availability of enough accurate
data for the ideal-gas isobaric specific heat capacity c%(T), which are obtained
experimentally, allow to formulate a correlation for c(},(T) and derive the ideal-gas
contribution (o) quite simply [92]; this can be expressed by the following:

T o s 1 T (T T (T
aO:—l+lnp—+—0——0+—/ P()dT—/ P()dT (3.13)
polo RT R TJ; R n, RT

h —
RT

where pg, Tp, hg and s8 are parameters to be defined in order to set the desired
values of enthalpy and entropy at the gas reference state [111].

The most demanding correlative process is instead for the residual term of the
reduced Helmholtz energy [92], which is mostly formulated as a sum of contributes
having different forms [111]; a meaningful example of the residual term formulation
may be presented in relation for a low-GWP refrigerant, such as R-1234ze(E), for
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which Akasaka and Lemmon [112] provide the following expression:

K] K2
r _ i d; ti od; e;
a’ (6,7)= ) mTioY + T 6% exp(—9°t)
i=1 i=K+1
polynomial exponential

K3
+ > mrioYexp[-ni(6 — &) - Bi(r - y)*] (3.14)
i=K>+1

Gaussian

where each type of term composing o’ (9, 7) is identified. The number of
terms K, K3, K3, coeflicients n; as well as exponents t;, d;, e;, 1;, €;, Bi and y;
are ascertained by fitting experimental data, typically using linear and non-linear
least-squares fitting algorithms. The polynomial and exponential terms in Eq. (3.14)
compose the conventional expression of modern fundamental EOSs that apply
also to other fluids [112]; instead, the Gaussian bell-shaped (or Gaussian) term
was introduced to better represent the region around the critical point, where
the singularity of the fluid behavior is generally a concern for users of property
correlations [90]; nevertheless, this class of equations is able to represent critical
properties within the experimental uncertainties of most accurate experimental
data [92].

In general, several different properties are fitted, including the vapor pressure,
liquid and vapor density, speed of sound, heat capacities and critical parameters [90].
The selected data by the correlator to formulate the EOS, however, is a subset of the
available experimental data for the specific refrigerant, which is identified for each
property in the sets of values showing the lowest experimental uncertainty [110].

3.4 Equations of state and equipment simulation

3.4.1 Program software accounting for refrigerant properties

In the previous Section, the Helmholtz energy-based EOSs were discussed and said
to be the most accurate models to calculate refrigerant properties. Because of the
success of these methods, nowadays the most common libraries for thermophysical
properties of fluids and fluid mixtures rely especially on this type of equations.
Noteworthy, it is the case of REFPROP (acronym for "reference fluid properties"),
a program developed by NIST [113], and the open-source software CoolProp [111].
The software can be queried by the user to obtain fluid properties, that are computed
by the program with a specific EOS, for instance, at certain conditions of pressures
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2: R12432: V/L sat. T=210, to 370, K [ ]
~N
Liguid | Wapor | Liguid | Yapor | Liguid | “apor
Temperature | Pressure | Density | Density | Enthalpy | Enthalpy | Entropy | Entropy
(K} MPa) | (ka/m?) | (ka/m?) | (kdika) | (kdfka) | tkdikgK) | (kdfkg-K)
1 210,00 0014227 | 1189.3 | 079134 | 12067 | 35816 | 0.67200 | 1.8030
2 215,00 0019325 11791 | 1.0529 | 12642 | 361,44 | 0,69305 | 1.7922
3 220,00 00256832 | 11687 | 1.3799 | 13226 | 36473 | 0,72588 | 1.7826
4 225,00 0.034019| 11582 | 1.7836 | 13819 | 368,06 | 075249 | 1.7741
5 230,00 0044187 | 11476 | 2.2762 | 144.21 | 371,42 | 0,77890 | 1.7668
6 235,00 0.056664 | 11367 | 28710 | 15032 | 37479 | 0.80512 | 1.7603
7 240,00 0071803 11257 | 356821 | 15651 | 37819 | 083116 | 1.7548
8 245,00 0089985 | 11146 | 4.424% | 162,80 | 381,59 | 0.85703 | 1.7500
9 250,00 011161 | 11031 | 54161 | 16918 | 38500 | 0.88274 | 1.7460
10 255,00 013712 | 10916 | 5735 | 17666 | 388,41 | 090830 | 1.7426
11 260,00 016694 | 10796 | 79162 | 18224 | 391,82 | 093372 | 1.7398
12 265,00 020156 | 10675 | 94651 | 18891 | 39522 | 095301 | 1.7376 |«
(a)
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Figure 3.1: Anexample of refrigerant thermodynamic properties computed with REFPROP
10.0 in table (a) and plot (b) output.
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and temperatures, and display them in tables and plots (see Figs. 3.1a and 3.1b). In
other words, they do not collect datasets of fluid properties, but rather they include
the most updated, reliable models to correlate and compute the properties that
are available in the literature. Nowadays, a variety of applications including the
chemical process industry and the RACHP sector rely heavily on these databases to
perform cycle modeling and simulations, from the specific design optimization of
components (for instance, in CFD simulation to optimize heat exchangers) to the
overall process design. For this purpose, in particular, a number of simulation tools
is available: as an example, the software provided by the NIST (called "CYCLE_D-
HX" [114], whose GUI is depicted in Figs. 3.2a and 3.2b) is a semi-theoretical
model for a vapor-compression cycle, that make use of REFPROP database to
include the thermophysical properties of refrigerants within the simulation. The
software allows to simulate the performance of a system with either pure refrigerants
or refrigerant mixtures based on user-defined parameters, so that it is possible
to evaluate an ample variety of operating conditions, from a single-stage vapor-
compression cycle to multistage configurations, as well as to consider intermediate
heat exchangers, economizers, pressure drops and compressor efficiencies, heat
exchanger features and flow arrangements, etc. Indeed, this approach is fundamental
for fine-tuning the design and the functioning of air conditioners, heat pumps and
refrigerators, especially to maximize their energy efficiency and reduce their power
consumption [115]. Other prominent program software with additional advanced
features are Simulink® [116] and the tools provided by Modelica® [117].

3.4.2 The influence of equations of state on equipment design

Accurate refrigerant property measurements, advanced mathematical property
correlations and process simulation have been discussed so far as a fundamental
prerequisite for today’s product innovation in the HVAC&R sector. While the
accountancy of the effects thermophysical properties have in the design process
is quite straightforward, and (as seen in Chapter 2) it is regularly included in the
design methodology of key components such as heat exchangers, the use of different
models to correlate and compute fluid properties has an impact on the equipment
sizing and features that is still not thoroughly investigated.

Concerning this fact, in a recent study [118] the main performance indicators
(COP, compressor displacement and heat exchanger capacity) of a hypothetical
equipment based on a basic vapor-compression cycle and with refrigerant mixtures
were calculated; the parameters were computed with fluid properties obtained
with different EOSs and through specific mixture models. For the purpose, a
fundamental multiparameter EOS in the Helmholtz energy formulation was used as
a benchmark to compare the predictive accuracy of the different models (including
the Soave-Redlich-Kwong and Peng-Robinson EOSs), that are expressed in terms
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Figure 3.2: Simulation of a vapor-compression cycle with "CYCLE_D-HX", a program
software developed by NIST, where Figure (a) shows a schematic representation of the
equiment and Figure (b) depicts the simulated cycle on the T-s diagram.
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of absolute average relative deviation (AARD):
n Ui
AARD = — 3.15
5 o

where 7 is the number of the refrigerant mixtures considered in the survey, whereas
U, is calculated as:

v, = et = Y10, (3.16)

YRer

that represents the relative deviation between the calculated parameter or thermo-
dynamic property ¥; with different EOSs and the reference value Yrer computed
with the reference EOS. Some results of the study are shown in Fig. 3.3a, Fig. 3.3b
and Fig. 3.3c. In regard to the COP (Fig. 3.3a), the study showed that the highest
AARD (AARD = 3.56%) (representing the worst property prediction) is achieved
with cubic EOS (the "SRK;COS" model), whereas the better estimation is obtained
with the "SAFT;SAFT" case, with AARD = 0.05%. The authors of the study point
out that, despite the absolute deviations among all EOSs are relatively small, an
improvement in COP estimation, even for a couple of percentage points, can be
attributed to the choice of the model to compute the properties and parameters.
For the UA-coefficient, useful in the design process of heat exchangers, Fig. 3.3b
shows that large deviations among different models occur, with a maximum AARD
of 14.31 %. In particular, it was found the EOS being the main reason for such
deviations. In the case of the volumetric heat capacity (Qyo]), the choice of the EOS
turned out to have a lower impact than that of the mixture model on the AARDs.
These outcomes report that in the procedure of refrigerant screening to find the
best alternative for a specific application, the EOS used to predict the refrigerant
properties differently estimate key cycle parameters, and, as a consequence, the
design of the equipment might be affected notably [118].

In summary, the availability of mathematical correlations for predicting ther-
mophysical properties of refrigerants is of a great importance for engineering,
but, although the state-of-the-art of property modeling is believed to be quite
mature [111], new correlations are continuously being proposed and the existing
ones are updated as soon as more accurate data are available. From the standpoint of
transport properties, modeling is instead less developed, and the reasons are several:
among all thermophysical properties, thermal conductivity, viscosity, and surface
tension are affected by the largest uncertainties [70], in addition to the fact that
typically there are less quality data for transport properties than for thermodynamic
ones [34]; moreover, there is a lack of theory that is able to quantitatively represent
transport properties of fluids over a full domain of temperatures and pressures, so the
available tools for property prediction are empirical correlations or semi-empirical
models [34]. Among others, the extended corresponding states (ECS) model has
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been successfully applied to pure fluids and mixture, but to formulate accurate
equations for transport properties, the ECS model requires reliable correlations
of thermodynamic properties (in particular, for temperature and density), i.e.,
equations of state [34, 111].






Chapter 4

Methods for measuring refrigerant
properties

In the previous chapter, the categories of most widely adopted correlations for
properties of refrigerants have been discussed, as well as their importance for the
HVAC sector. The accuracy, consistency, and robustness of mathematical models
are important to reliably correlate available data and make prediction of missing
values, but these characteristics are affected to a great extent by the quality of
experimental measurements: systematical errors in the measuring process propagate
across the data fitting algorithms, and thus the final mathematical correlations
implemented in simulation software will also be influenced [90].

Laboratories and companies all over the world have developed several different
apparatus for measuring refrigerant properties. This chapter will review the state-
of-the-art methodologies for measuring the main thermophysical properties of pure
refrigerants, focusing primarily on the methods adopted at the Thermodynamic
Properties Laboratory of ITC-CNR.

4.1 PvT properties

Among all properties of refrigerants that are required for building accurate property
correlations, density is a key information for HVAC&R engineering. Density is
generally required at different P-T coordinates in the subcooled (compressed) liquid,
saturated vapor and superheated regions of the phase diagram. For this reason,
density measurements are often referred to as "PvT properties measurements”,
or equivalently as PpT properties measurements", where v refers to the specific
volume and p to the density of the refrigerant. In particular, as discussed in
Chapter 2, refrigerant density affects the pressure drop as well as the heat transfer
process in vapor-compression systems, but its data are necessary also to implement

57



58 4. METHODS FOR MEASURING REFRIGERANT PROPERTIES

10» 3 T 4
[ 1197 kg-m 1107 kg'm™
I
m A &
@ A
A & N
- m 7 103 kg-m’
=¥ b &
= l - =) 55 kg_-in |
~ K 48 kg'm™
~ e i
05l - y O 22kgm? ]
L A~ FooH
L F,
| RIZAyA(Z) 0 O
CF;CF=CHCl F
-
0. : ‘ |
200 400 500

/K

Figure 4.1: PvT property data for R-1224yd(Z): the red marks represents the experimental
measurements of density along the liquid-vapor saturation curve (in black), whereas the
data above and below the curve are the densities in the compressed liquid and superheated
vapor region, respectively; the red mark at the top end of the curve depicts the data at the
critical point. In the figure, different colors and signs are used to group the data based on
the distinct isochores (or equivalently, constant density) along which the measurements are
performed. Reprinted with permission from [119].

correlations for other important properties, including the viscosity and thermal
conductivity [115]. In order to have a quick overview of the amount of experimental
measurements and the fluid domain in which studies have been performed, available
PvT data for a specific refrigerant are typically represented in P-T" diagrams, such
as the one depicted in Fig. 4.1.

4.1.1 Vibrating-tube densimeter

Density is an intrinsic properties of matter that is usually measured by densimeters of
based on different techniques. For refrigerants in the liquid, vapor, and supercritical
states it can be measured with a vibrating-tube densimeter. The working principle
of this instrument lies on a constant relation, at fixed pressures P and temperatures
T, between the density p of the fluid contained inside of a hollow, stainless-steel,
U-shaped tube, and the vibration period r of the tube filled with the fluid, that acts
as a mass-spring oscillator. A representation of the setup for the vibrating-tube
densimeter available at ITC-CNR is provided in Fig. 4.2. A refrigerant sample is
charged in the densimeter through a circuit of stainless-steel tubes from an external
refrigerant cylinder.

Inside the densimeter, the U-shaped tube is supported at each of its ends, and it
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Figure 4.2: A scheme of the vibrating-tube densimeter apparatus used at ITC-CNR. VTD,
vibrating tube densimeter; PM, frequency meter; DAC, data acquisition and control; MT,
temperature measurement sensor; M, multimeter; LTB, liquid thermostatic bath; HR,
heating resistance; SB, sample bottle; PG, pressure gauge; VP, vacuum pump; SP, syringe
pump; NC nitrogen cylinder. Reprinted with permission from [120].

is "excited" mechanically so that the system, consisting of the tube and the liquid
contained therein, vibrates at its natural frequency [121]. A preliminary calibration,
however, is needed to determine the natural frequency of the hollow tube under
vacuum conditions, and the relation between the resonance frequency and the
known density of a reference fluids, such as water, in a range of temperatures and
pressures that will encompass that of the investigated refrigerant. In the case of the
setup depicted in Fig. 4.2, the pressure is measured by a differential pressure gauge,
whereas the temperature is tested with a PT 100 Q resistance thermometer (MT).
The pressure is controlled by means of a syringe pump, whereas the temperature
is reached and maintained at the desired value with an external thermostatic bath,
but it can be more finely adjusted by an electric heating resistance. Overall, the
temperature is controlled by means of a Proportional-Integral-Derivative (PID)
control system. The densimeter is connected to a device for measuring the oscillating
period; this, along with the temperature and pressure, is acquired with a dedicated
program software in the computer (DAC). The experimental density p of the fluid
is then obtained by the following calibration equation:

n? = (aP*+bP+c)p+B 4.1)

where 7 is the measured oscillation period and P is the pressure. Parameters a, b,
¢, and B are determined through the preliminary calibration phase. In particular, a,
b, c are regressed by correlating the known density of water at different pressures
and temperatures with the measured oscillating period 7, whilst B depends only on
the experimental oscillating period measured when the instrument is under vacuum
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Figure 4.3: A schematic representation of the experimental isochoric apparatus. (A)
sample vessel; (B) pressure transducer; (C) pressure indicator; (D) 25 Q standard platinum
resistance thermometer; (E) thermometer bridge; (F) PID controller; (G) digital multi meter;
(H) computer; (I) main heater; (J) sub heater; (K) stirrer; (L) cooler; (M) voltage transformer;
(N) vacuum pump; (O) vacuum indicator. Reprinted with permission from [123].

conditions [120, 122].

4.1.2 Isochoric apparatus

In order to measure the PpT properties by fixing the density (or equivalently, the
specific volume) and varying the P-T coordinates, other methods are adopted.
Among others, the isochoric method is widely employed for measuring single
phase density correlations. The setup used by Higashi et. al [123] (represented in
Fig. 4.3) will be here discussed.

A definite mass of a refrigerant sample is charged in a stainless-steel pressure
vessel, that is immersed in a thermostatic bath containing a silicon oil. A resistance
thermometer is placed in proximity of the steel vessel to test the fluid temperature
(when in thermal equilibrium), whereas a pressure transducer is connected directly
to the vessel inlet. Both the pressure and temperature sensors are connected to
external signal acquisition units. The bath temperature is maintained at the desired
value by means of a stirrer, two heaters, a cooler, and a PID system. Prior to the
measurements with the fluid under investigation, the inner volume of the vessel,
the volume of the pressure transducer as well as that of the tubing are evaluated
with a reference fluid in a range of temperatures, that allows to express the volume
as function of the temperature. Therefore, because the refrigerant mass is constant,
and the volume undergoes minor changes only, overall the density (or the specific
volume) is maintained approximately constant. As a consequence, by varying the
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temperature, the pressure changes along a specific isochoric curve.

The experimental measurements of the refrigerant density in the liquid or vapor
phase are therefore obtained at various temperatures and pressures of the refrigerant
by calculating the ratio between the known refrigerant mass and the total inner
vessel volume, dedicated tubing included [123, 124].

4.2 Saturated densities and critical properties

The measurements of saturated liquid and vapor densities are typically determined
through different procedures. In general, the densities along the saturation curve
can be obtained graphically from the intersection of the vapor pressure curve and the
isochores of PpT for available experimental data [123] (for reference, see Fig. 4.1):
specifically, the break point of both the liquid phase and vapor phase isochores on
the vapor pressure curve provides the saturated liquid and vapor densities, as shown
in Fig. 4.4. Differently, as it is generally too complicated to distinguish the break
points of isochores near the critical point, in this region the density measurements
can be performed with the equipment represented in Fig. 4.5, through the technique
referred to as the "visual observation of the liquid-vapor meniscus disappearance".
In the apparatus, three stainless-steel, high-pressure vessels are installed inside of a
thermostatted silicone-oil bath. The optical cell, whose inner volume is measured
by charging a reference fluid (such as water) at room temperature, has two windows
that allows to observe the refrigerant behavior contained therein. The expansion
vessel and the supplying vessel are used to modify the refrigerant density being
studied in the optical cell without charging further refrigerant. The temperature
of the sample is measured by a platinum resistance thermometer in the vicinity of
the optical cell, and it is controlled by means of two heaters, linked to an external
PID system. The refrigerant density can thus be computed from the sample mass
and the inner volume of the three vessels for each measurement [123, 125]. The
meniscus position is then observed at different temperature and pressure: by means
of the phenomena of the meniscus appearance and disappearance, it is possible
to known whether the fluid is in the liquid, vapor, or in saturation state, and thus
to calculate the density in that conditions. The critical parameters (temperature,
pressure, and density) can also be determined by the visual observation of the
liquid-vapor meniscus disappearance [119, 123, 125]. For the critical region, in
particular, property modeling might often experience difficulties in representing
data accurately, due to the fact that there the fluid density varies much more intensely
by the temperature and pressure than elsewhere. Experimental measurements of
critical properties, therefore, may overcome that issue, providing in general more
reliable data than that predicted with property models [126].
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Figure 4.4: Saturated vapor and liquid densities for R1224yd(Z). Data outside the dashed-
line box are obtained by the intersections of the liquid-vapor coexistence curve and the
isochores of the PpT data, whilst properties inside the box are mostly measured by the
visual observation of the meniscus disappearance. Red symbol ® is the critical point.
Reprinted with permission from [119].
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Figure 4.5: An experimental equipment for measuring saturated densities and the density
at the critical point: (A) supplying vessel; (B) expansion vessel; (C) optical cell; (D) voltage
transformer; (E) main heater; (F) sub heater; (G) stirrer; (H, I) 25 Q standard platinum
resistance thermometer; (J) rocking unit; (K) PID controller; (L) voltage output setting
unit; (M) digital multi meter; (N, O) thermometer bridge; (P) 25 Q standard resistance; (q)
computer; (v) high-pressure valves. Reprinted with permission from [123].
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Figure 4.6: Schematic representation of the VLE apparatus in use at the Thermodynamic
Properties Laboratory of ITC-CNR: 1, equilibrium cell; 2, magnetic pump; 3, cooler; 4,
ohmic heater; 5, temperature control sensor; 6, measurements thermometer; 7, diaphragm;
8, stirrers. Reprinted with permission from [127].

4.3 Saturated vapor pressure

The formulation of equations of state and other property models requires another
refrigerant property: the saturated vapor pressure (or vapor pressure) [54].

At ITC-CNR, experimental vapor pressure measurements are conducted with a
vapor-liquid equilibrium (VLE) apparatus, represented in Fig. 4.6. The equipment
consists of a windowed, stainless-steel cell, with an inner volume of around 50 cm?.
Connected to the cell, a magnetic pump allows the vapor to flow through the
liquid, so as to speed up the reaching of the equilibrium. Both the cell and the
pump are installed inside of a thermostatic bath, whose inner volume is of about
0.1 m?, ensuring a thermal stability of +1 mK. Two stirrers are adopted to promote
temperature uniformity throughout the thermostatic bath. The temperature is
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measured with a 100 Q platinum resistance thermometer, whereas for pressure a
pressure controller based on a quartz bourdon tube reference sensor is used. Both
the temperature sensor and the pressure controller are connected to two digital
multimeters, that sample the temperature and pressure, and send the data to an
external acquisition unit [127].

Prior to the experimental measurements, the cell and the piping are purged with
nitrogen, and put under vacuum to remove any undesired leftovers. Successively,
the cell is charged with the refrigerant sample for the experimental measurements.
The system is controlled in temperature by means of two heaters: one is powered
by a fluid, that is heated or cooled by an additional, external thermostatic bath,
whereas the other is an electrical resistance. The pressure gauge senses the pressure
at one side of a diaphragm, whilst the other side is connected to the cell. In
this way, the pressure controller is kept isolated from the refrigerant. When the
temperature proves stable for sufficient period of time, the pressure at the nitrogen
side is adjusted to counterbalance the pressure at the refrigerant side. A pressure
control box and a null detector are used for the purpose. As soon as the pressure
also stabilizes, multiple vapor pressure measurements are performed with time.
The value of vapor pressure for a specific temperature is then considered to be the
average of multiple vapor pressure measurements [127].

4.4 Specific heat capacity

Different types of calorimeters are commonly used to measure the isobaric heat
capacity and the isobaric heat capacity, both essential properties for evaluating the
accuracy of an equation of state, and for calculating the enthalpy and entropy, that
are fundamental in engineering calculations and system simulations [128].

4.4.1 Isobaric specific heat capacity

For the experimental measurements of the constant-pressure specific heat capacity,
the adiabatic steady-flow calorimeter is among the most employed techniques [128].
In the apparatus used by Sheng et al. [129], represented in Fig. 4.7, the main
components are a thermostatted liquid bath, a calorimetric cell, a flow system, and
a data acquisition unit. Noteworthy, apparatus has been built to measure the liquid
specific heat capacity, but similar flow calorimeters has been used to measure the
¢ also in the vapor phase as well as in the supercritical region [129].

The experimental procedure consists on a refrigerant sample flowing with a
constant mass flow rate inside the thermostatic bath, so as to reach the desired
temperature at a target pressure. Successively, the refrigerant enters the calorimetric
cell at an inlet temperature and exits with an outlet temperature. Between the inlet
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Figure 4.7: Schematic diagram of the apparatus for the adiabatic steady-flow calorimeter:
1, sample bottle; 2, double plunger-type pump; 3, filter; 4, 100 Q platinum resistance
thermometer; 5, magnetic stirrer; 6, heater; 7, refrigerator; 8—9 microheater; 10-11, 1000
platinum resistance thermometer; 12, digital pressure transducer; 13, mass flow meter;
14-15, needle valve; 16—17, Keithley 2002 multimeter; 18, DC power supply; 19, Fluke
1594 A super thermometer; 20, computer; 21, thermostatic bath; 22, calorimetric cell; 23,
vacuum cylinder. Reprinted with permission from [129].
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and the outlet, the fluid temperature slightly increases due to a microheater. The
mass flow rate, the heating voltage, the pressure, and the two temperatures are then
acquired.

The experimental isobaric specific heat capacity ¢, is calculated with the

relation:
_ P 1 aP

P g AT g - (AT = AT))
where P is the actual thermal power absorbed by the fluid, that differs from the
electric power P provided by the microheater; coefficient @ accounts for such
temperature-dependent deviation, and it is measured beforehand with reference
fluids; g, is the refrigerant mass flow rate; AT, is calculated as the temperature
difference the fluid experiences without heating in a preliminary test, whereas AT},
is the temperature rise measured between the inlet and the outlet of the calorimetric
cell for the actual experimental measurements [129].

(4.2)

4.4.2 Isochoric specific heat capacity

Experimental constant-volume specific heat capacity of refrigerants is typically
determined with an adiabatic calorimeter with intermittent heating [129]. Fig. 4.8
depicts an apparatus used by Zhong et al. [128] to implement the experimental
method. A cell (called "bomb") contains a determined mass of refrigerant sample,
and it is installed inside a chamber (inner), in turn displaced inside another chamber
(outer). By evacuting the chambers, in addition to the use of two adiabatic shields,
internal heat losses are minimized. Similarly to the determination of the isobaric
specific heat capacity, the principle is to measure the temperature lift the fluid
undergoes by means of a heat absorption; in this case, however, the fluid is not
continuously circulated, but rather confined within the bomb, whose volume has to
be measured, and expressed as a function of temperature and pressure to account
for slight expansions.
The experimental isochoric specific heat capacity is calculated as:

:Q_QO_WPV

AT (4.3)

Cy
where Q is the electric energy provided for a certain amount of time to the bomb
by the DC power unit, with an electrical resistances applied to the outer side of the
cell; Qg is the thermal energy supplied to the empty bomb, that is determined prior
to the ¢, measurements of the investigated fluid; m is the refrigerant sample mass,
and AT is the temperature difference measured by the thermometer; Wp, is the
work related to the cell expansion, calculated separately by a function that consider
the temperature and pressure contributes [128].



68 4. METHODS FOR MEASURING REFRIGERANT PROPERTIES

.

I o]
I 1 °Soo |
! | 8
i .
=T 10
14 2000 7
3 I |
13
1 12
oo 11 5 6

Figure 4.8: Representation of an equipment for measuring the isochoric specific heat
capacity: 1, refrigerating machine; 2, scale; 3, gas cylinder; 4-6, vacuum pump; 7, DC
power system; 8, multimeter; 9, pressure transducer; 10, computer; 11, outer adiabatic
shield; 12, inner adiabatic shield; 13, bomb; 14, thermometer. Reprinted with permission
from [128].

4.5 Speed of sound

Amid other thermophysical properties, sound speed of refrigerants is essential for
the development and verification of equations of state. The ability to experimentally
determine the speed of sound with high accuracy is also fundamental to derive
those properties that cannot be measured directly, especially the ideal-gas specific
heat capacity [90, 130].

Sound speed of fluids has been mostly measured with the method of acoustic
resonators, which may typically be implemented with two different shapes: spherical,
that boast precise measurement capabilities, and cylindrical. The latter exhibits
lower qualities overall, but are easier to fabricate and assemble [131].

The apparatus used in a study by Peng et al. [130] for measuring speed of sound
is depicted in Fig. 4.9. It consists mainly of a cylindrical resonator, a frequency
measurement unit, a thermostatic bath, measurement systems for pressure and
temperature, a vacuum system, and a data acquisition unit. The cylindrical resonator
has a specific inner length and radius. Overall, the cavity dimension is related to
the temperature and pressure variables, based on preliminary tests conducted with
reference fluids, for which accurate sound speed data are available. Both heads of
the cylinder consist of thin diaphragms, on each of which a sonic generator and a



4.5. SPEED OF SOUND 69

TB PC

—

ROOOOOOD
Gooiiooid 9000 0000

MTa

MTg | 5. /X\L

°
2 O
°

i

°

o

o°
o

ST
MS [ l V2
Vi
V3 V4
D S—
%
[ | SC
VP N2
7 (oooo
LI
=@
2 B
CHL )

Figure 4.9: An equipment for the acoustic cylindrical resonator: B, thermostatic bath; DPI,
differential pressure transducer; FG, function generator; H/CP, heater/cooler; LA, lock-in
amplifier; MS, mechanical stirrer; MTa, absolute pressure digital manometer; MTg, gauge
pressure digital manometer; PC, personal computer; PV, pressure vessel; R, resonator;
SC, sample cylinder; ST, super thermometer; T, platinum resistance thermometer; TB,
thermometer bridge; VA, voltage amplifier; VP, vacuum pump; V1 to V4, valves. Adapted
with permission from [130].

sensor are connected.

For the measurements of resonance frequencies, a standard sinusoidal wave is
generated by the function generator, and transmitted to the sonic generator applied
to the upper diaphragm of the resonator. That produces a mechanical vibration, that
in turn generates a sound wave within the fluid. To the other side of the resonator,
the sound wave is detected and converted back to a mechanical vibration by the
diaphragm, whose frequency is measured by the sensor, processed by an amplifier,
and acquired by the data acquisition unit. The speed of sound is then calculated
using an expression that considers the sampled resonance frequency, and other
parameters, including characteristics of the waves and the resonator length and
inner radius [130, 131].
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Figure 4.10: Schematic representation of a tandem capillary tube viscometer: A, viscometer
vessel; B, capillary tube; C, electric heater; D, pressure vessel; E, sight glass; F, 3-way
valve; G, knob of 3-way valve; H, nonpulsation pump; I, Coriolis flowmeter; J, cooler; K,
heater; L, stirrer; M, thermostatic bath; N, thermometer; O, differential pressure gauge; P,
pressure gauge. Adapted with permission from [133].

4.6 Viscosity

Another important transport property of refrigerant for the design process of HVAC
systems is viscosity. As discussed in Chapter 2, it relates to the refrigerant flow
behavior by contributing to the pressure drop, but it also influences the convective
heat transfer, thus the overall heat exchange in the equipment.

Different methods are currently employed to measure viscosity of refrigerants,
that include vibrating-wire viscometer, rotating viscometer, surface light scattering
viscometer, and tandem capillary tube viscometer. The tandem capillary tube is
used to measure dynamic viscosity of refrigerants either in the liquid or vapor state,
and it is among the most accustomed techniques based upon Hagen-Poiseuille
theory [132]. An illustrative example of this apparatus, sourced from a study by
Alam et al. [133], is represented in Fig. 4.10. In this setup, a mass of refrigerant
sample is charged within a closed circuit, and circulated by a nonpulsation pump
with a low flow rate, measured by a flowmeter, so that the fluid exhibits a laminar
flow. In vessel A, the refrigerant flows in two different-length capillaries, connected
in series. By means of the thermostatted bath, the experimental temperature is
controlled and maintained at the desired value, whereas a helium cylinder connected
to the piping allow to set the pressure. For measuring the temperature, a PT 100 Q
resistance thermometer is employed, while pressure transducers are used to obtain
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pressure measurements. Because of the fluid passing through the capillary tubes,
a pressure drop will occur in each. These pressure drops are measured by a
differential pressure gauge. Therefore, given the mass flow rate g, the inner radiuses
as and ay, lengths Ly and L;, pressure drops AP and AP; for the shorter (s) and
longer (1) capillary tube, the experimental (dynamic) viscosity is determined by the
following:

_ ﬂ(a;‘APl — atAPy)
8q(L; — Ly)

As seen with the appartus for other thermopysical properties, preliminary
measurements are performed with a reference fluid to verify the reliability and
stability of the experimental equipment [133].

4.4)

4.7 Surface tension

In Chapter 2, surface tension is discussed as a property of refrigerants that affects
the phase change processes, and thus influences the heat exchange phenomena.

A conventional approach for measuring the surface tension is the differential
capillary rise method, that can be executed with an apparatus such as the one
represented in Fig. 4.11, sourced from a study by Liu et al. [134]. The key
components in the equipment are three glass capillaries, with different inner
diameter, installed vertically inside a pressure vessel, wherein the liquid refrigerant
is charged. The pressure vessel is placed inside a thermostatic bath, filled with a
propylene glycol aqueous solution, to set the system at the desired temperature and
control the thermal stability. For the purpose, a chiller and an electric heater are
employed to control the solution temperature through a PID controller, whereas
the temperature is measured in the vicinity of the pressure vessel by means of a
PT 100 Q resistance thermometer. Additionally, in order to maintain an uniform
temperature throughout the thermostatted bath, three stirrers are used.

Surface tension is determined experimentally under saturation conditions by
measuring the differential capillary heights, using a microscope and a CCD
camera (an image example taken by the camera is represented in Fig. 4.11). The
meniscus bottom is considered as the reference point for experimental measurements;
therefore, the differential height between two meniscus bottoms is referred to as
Ah,,. By using the methodology of Rayleigh, A#h,, is corrected, resulting in the
following:

(rp = r1)
3
where r, and r; are the inner radiuses of two capillaries among the three available
(assuming r, > rp), as described in Fig. 4.11. The corrected differential height A,

Ah. = Ah, + 4.5)
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Figure 4.11: A schematic view of experimental setup for the differential capillary rise
technique, and a typical CCD image to determine the differential capillary height. The
equipment consists of: A, pressure vessel; B, thermostatic bath; C, thermometer bridge;
D, traveling microscope; E, stirrers; F, electric heater; G, chiller; H, LED illumination; I,
CCD camera; J, computer; K, PID temperature control system; L, sheathed thermocouple;
M, PT 100 Q resistance thermometer. Reprinted with permission from [134].
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is used to calculate the capillary constant a as follows:

2 _ gAhc
gn(1/r1 = 1/r2)

where g is the local gravitational acceleration (that is, the gravitational acceleration
where surface tension is measured) and g, is the normal gravitational acceleration
(gn = 9.806 65ms~2). The experimental surface tension measurements are then
provided by the relation:

a (4.6)

_ galpL — py)a®
o=——"
2
that requires the data for the saturated liquid and vapor densities p;, and py. The use
of three capillaries allow to calculate an average value of surface tension obtained
by three, different combinations of capillaries [134].

(4.7)

4.8 Thermal conductivity

Heat transfer capabilities of refrigerants are closely related to their thermal con-
ductivity, as described in Chapter 2. Therefore, quality data of the property are
fundamental to accurately simulate heat exchange phenomena involved in the
vapor-compression cycle, and optimize the design of components.

A conventional approach to measure the thermal conductivity of refrigerants is
the transient hot-wire method (THW). It is a common belief that first applications
of this technique began in 1931, with studies by Stalhane and Pyk [135] on thermal
conductivity of solids, powders, and some liquids. However, according to Assael et
al. [136], pioneer implementations of this technique can be dated back to 1780, at a
time when gas capabilities to conduct heat was still controversial. Nowadays, the
transient hot-wire method finds widespread use for measuring thermal conductivity
of liquid and gases, as well as nanofluids, melts, and solids. In addition to such
an ample variety of applications, the strength of this technique lies in its very
low experimental uncertainty, that apart from the troublesome critical region and
low pressure region of gases, can be well below 1% for thermal conductivity
measurements for gases and liquids [136].

In the Thermodynamic Properties Laboratory at ITC-CNR, the transient hot-
wire technique is used with the equipment represented in Fig. 4.12a. For measuring
the thermal conductivity of a refrigerant, a sample of the same fluid is charged
in a stainless-steel pressure vessel, so that the wires are completely in contact
with the fluid, whether it is in the vapor or liquid state. The pressure vessel is
installed inside another vessel; the latter is filled with a liquid, that is maintained at a
desired temperature (with maximum fluctuation of 0.02 K) by means of an external
thermostatic bath. It is important for the refrigerant sample to reach and maintain
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(b)

Figure 4.12: The THW apparatus (a) in use at ITC-CNR, and a close-up of the hot-wire
sensor in cutaway view (b) [137]: MM, multimeter; HW, Hot Wire instrument, PC, personal
computer; C, pressure cell; TS, PT 100 € thermometers; V, pressure vessel; SB, sample
bottle; MP, manual press; TB, thermostatic bath.
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an uniform temperature all across the pressure vessel. For the purpose, two PT
100 Q resistance thermometers are in contact with the pressure vessel, and measure
the temperature at the top and the bottom of it, respectively; the experimental
temperature value is then given by the average of the two temperatures. A manual
press is connected with piping to the upper side of the pressure vessel, to set the
pressure at the desired value, measured by a pressure transducer connected to the
same piping. Therefore, thermal conductivity is measured for a fixed temperature
and pressure by the how-wire sensor, the key component of the apparatus (Fig. 4.12b).
It consists of two Tanatalum wires having same diameter (25 pm) but different
length, and its function is twofold: the two wires serve as a line source of heat
flux to determine a temperature rise in the fluid, but at the same time they are used
as a thermometer by correlating the temperature to their electric resistance. The
different lengths are set to exclude the end effects a finite section of wire exhibits in
the determination of the electric resistance. Consequently, if the difference of the
two resistances is measured with time, that value will correspond to the resistance
variation of an infinite wire, as the end effects of the two finite-length sections,
being approximately the same, will be subtracted. Such resistance difference is
then measured by a Wheatstone bridge, implemented in a dedicated instrument,
that in turn provides the thermal conductivity measurements to the computer.
Differently, pressure and temperature signals are first gathered by a multimeter, and
then processed by the computer [136, 137].






Chapter 5

Thermophysical properties analysis
for novel low-GWP refrigerants

In light of the relevance of reliable refrigerant properties models for the effective
functioning of HVAC equipment, in this thesis the properties of some of the most
promising pure fluids as low-GWP refrigerants have been investigated. The work
that is being presented in this chapter develops from two previous studies: a
detailed examination of publicly available data for refrigerant properties up to
2018, conducted by Bobbo et al. [65], followed by the recent work by Fedele et
al. [138], an extensive update in the period 2018-2021 to the properties of the most
considered low-GWP refrigerants as well as for the least surveyed.

As outlined by the aforementioned studies, current pure-fluid alternatives to the
most potent climate-harming substances are restricted to a handful of candidates,
most of which are unsaturated HFC, i.e., organic compounds with a carbon-carbon
double bond, as discussed in Chapter 1. This characteristic is essential for synthetic
molecules to limit their atmospheric lifetime, and thus to match the requirements of
low GWP and ODP set by the international regulations to curb the climate change,
and power energy-efficient equipment in the mid-long term.

In particular, in the study by Bobbo et al. [65], a total of 17 pure substances
were considered as potential candidates in a number of applications, including
heat-pumping, air-conditioning, refrigeration, and ORC systems. Based on the new
studies appeared in the literature since 2018, the work in this thesis intentionally
include most of these fluids in the broader domain of refrigerants for which to
perform the analysis, to be described in this chapter.
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5.1 Literature review

To widen the analysis of experimentally determined thermophysical properties to
the most recent publications (articles, conference proceedings, technical reports,
etc.), a preliminary phase consisted in exploring the literature and retrieve the data
sets for the properties of technical interest, that have been made publicly available.
This search added to the literature review for low-GWP refrigerant properties
initiated previously at ITC-CNR during 2022.

5.1.1 Methodology

To collect new data sets of relevant thermophysical properties, online journals
were accessed from the web by means of specific keywords addressing the re-
frigerants with their conventional name, such as "R1233zd(E)", or with their
IUPAC nomenclature (for instance, "trans-1-Chloro-3,3,3-trifluoropropene" in the
case of R1233zd(E)) in order to broaden the search, and include studies for the
intended refrigerants that were published before ASHRAE Standard 34 became
the ordinary designation system. To refine the queries, words such as "viscosity",
"PvT", "thermal conductivity" were mostly included in the search to look for the
availability of studies addressing particular properties. Web search engine Google
Scholar and IIR database Fridoc were used largely to look for useful publications,
but also authors referencing for previous articles proved effective in obtaining sets
of data for the considered properties, especially for studies that did not include the
typical keywords in the title or in the abstract, and thus that very likely otherwise
would not have been identified.

Although a variety of studies reporting thermophysical properties of refrigerants
can be found in the literature, for instance, concerning the investigation of the
Vapor-Liquid Equilibrium (VLE) for refrigerant mixtures, the survey in this work
deliberately focused on publications reporting properties for pure fluid only.

The thermophysical properties that are considered in this work are the main
involved in the formulation of properties models and equations of state. For the
thermodynamic properties, these are: the PvT properties, saturated pressure (Py,;),
specific heat capacities (¢, and c,), and speed of sound (w). The investigated
transport properties are: viscosities (¢, dynamic and v, kinematic), thermal
conductivity (1), and surface tension (o).

5.1.2 Update on available studies

The search started from a subset of pure refrigerants that have been issued in the
last years for potential technical applications, as replacements with low GWP (<
150) for traditional working fluids. These were selected among the pure fluids



5.1. LITERATURE REVIEW 79

identified in the study by Bobbo et al. [65] and in the subsequent update by Fedele
et al. [138], whereas other two molecules, namely, R-1311 and R-1130(E) were
added to the scope.

The categories of reviewed fluids primarily include hydrofluoroolefins (HFOs)
and hydrochloroofluorolefins (HCFOs). Comprehensively, a total of 21 pure
refrigerants were initially involved in the search. Each is listed in Table 5.1, with
its main inherent properties (if available). Actually, several fluids have not been
added yet to ASHRAE Standard 34; consequently, their safety class is not currently
available, an thus has not been reported. Similarly for the experimental normal
boiling points and critical temperatures for some relatively new refrigerants, whose
data still have not been found in the literature.

Refrigerants R-1132(Z), R-1141, R-1225ye(E), and R-1234ye(E) have been
issued in recent studies as low-GWP candidates [54]; however, to date no experi-
mental data for thermophysical properties among the aforementioned have been
found in the literature.

A similar situation is for R-1354mzy(E), R-1354mfy(E), and R-1225ye(Z): new
experimental data have not been found in the literature since the latest search [138]
for the period 2018-2021. Moreover, available data for these fluids to date are
rather scarce: for studies on thermodynamic properties, R-1354mzy(E) is the one
that presents the most, with only 5 data sets, whilst for transport properties, none of
these refrigerant have been investigated so far.

As a result of the search, at present the studies reporting experimental data for
the investigated thermophysical properties relate to 17 of the 21 refrigerants. The
updated number of literature references for each refrigerant is provided in Table 5.2.

Overall, the most investigated fluids are still (as it was observed in the 2018’s
review [65]) R-1234ze(E) and R-1234yf, with 53 and 51 sets of experimental
properties, respectively.

For the period 2021-2022, in particular, the newly identified studies are
presented as follows:

* new experimental specific heat capacity measurements for R-1234yf are
reported by Sheng et al. [129], consisting of 33 data, whereas Liu et al. [134]
reported 66 saturated density measurements and 33 data for surface tension.

* R-1234ze(E) exhibits 57 new specific heat measurements by Sheng et al. [142],
and 51 data of thermal conductivity by Scattolini et al. [137].

* new data for R-1234ze(Z) consist of 58 sound speed measurements by Peng
et al. [130], and 90 viscosity data by Alam et al. [143].

* new data sets for R-1336mzz(E) have been introduced for viscosity (Mondal
etal. [144], Zhang et al. [145], and Xu et al. [146], with 124 new experimental
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Table 5.1: Overview of the refrigerants considered in the search. Entries are referred
from [65], unless noted otherwise.

ASHRAE/ISO Refrigerant NBP (K) T (K) Safety GWPqg

designation category class P

R-1141 HFO 209.71 327.2 0.0242
R-1132(E) HFO 220.51 348.82 1
R-1234yf HFO 243.7 367.85 A2L 0.501%
R-1243zf HFO 247.7 376.93 0.2612
R-1234ye(E) HFO 252.39 382.66 2.3
R-1234ze(E) HFO 254.18 382.51 A2L 1.372
R-1225ye(Z) HFO 255.44 383.97 0.3444
R-1132(2) HFO 259.8 405.77 1
R-1225ye(E) HFO 259.89 390.83 0.1182
R-1336mzz(E) HFO 280.58 403.37 Al 17.92
R-1234ze(Z) HFO 282.9 423.27 0.3152
R-1233zd(E) HCFO 291.41 438.86° Al 3.882
R-1336mzz(Z) HFO 306.6 4445 Al 2.08%
RE-356mmz  HFE 323.99¢  459.584 8.13%
R-1123 HFO 214.06 331.73 0.005%
R-13I1 other 251.29¢ 396.44° Al 1
R-1224yd(Z) HCFO 287.77°¢ 428.69¢ Al 0.882
R-1354mzy(E) HFO 289-291 424.73

R-1132a HFO 302.81 A2 0.0522
R-1130(E) HCO B2 5

R-1354myf(E) HFO

2 AR6 by IPCC WGI [139]
®1SO 5149 [38]

¢ REFPROP 10.0 [113]

d Sako et al. [140]

¢ Tanaka and Akasaka [141]
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Table 5.2: Updated number of literature references reporting experimental measurements
for the considered thermophysical properties of low-GWP refrigerants.

Refrigerant Thermodynamic properties Transport properties
CP Py, PVT cp w A ulv o

R-1141

R-1132(E) 1 1 1

R-1234yf 2 12 13 9 5 1 2

R-1243zf 2 3 2 1 1 1 2

R-1234ye(E)

R-1234ze(E) 2 13 15 9 4 3 4 3

R-1225ye(Z) 1 1

R-1132(Z)

R-1225ye(E)

R-1336mzz(E) 2 2 2 1 2 3 1

R-1234ze(Z) 2 9 7 3 I 3 1

R-1233zd(E) 2 8 7 2 5 2 5 4

R-1336mzz(Z) 1 7 3 2 2 3 1

RE-356mmz 1 1 3 1 1 1 1

R-1123 2 3 4 1 2

R-1311 2 2 4 I 1 1

R-1224yd(Z) 2 3 3 1 I 2 2

R-1354mzy(E) 1 1 3

R-1132a 1 1 1

R-1130(E) 2 1 1

R-1354myf(E) 1
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measurements in total), speed of sound (Peng et al. [147], 98 measurements),
surface tension (Zhang et al. [145], 22 experimental data), and thermal
conductivity (Mondal et al. [148] and Haowen et al. [149], with a total of 263
experimental measurements). Sakoda et al. [150] reported 60 PvT properties,
26 vapor pressure, and measurements of the critical parameters.

 for R-1132(E), Sakoda et al. [124] published new PvT measurements (58
experimental densities) and saturated densities (18 data) as well as measure-
ments for the critical parameters, whereas Perera et al. [151] reported novel
measurements for vapor pressure (24 experimental data).

* R-1130(E) provides new data sets by Tanaka et al. [152]: 73 PvT prop-
erties, 14 vapor pressure and 14 saturated densities, and 38 experimental
measurements for surface tension.

* R-13I1 exhibits new data sets by Perera et al. [153], that report 47 PvT
measurements, 37 experimental vapor pressures, 24 saturated densities and
the measurements for the critical parameters.

» for R-1123, Liu et al. [134] reported 28 surface tension measurements.

* R-1233zd(E) exhibits novel studies for sound speed (Peng et al. [147] and
Kano [154], with 128 measurements overall), and for the critical parameters
(Tanaka and Akasaka [141]).

* for R-1224yd(Z), new measurements were published for the critical parame-
ters (Tanaka et al [141]), vapor pressure (Beltramino et al. [155], 66 data),
and PvT properties (Lago et al., to be published, 80 measurements).

* R-1336mzz(Z) presents a new study by Zhang et al. [145], reporting experi-
mental measurements of kinematic viscosity (20 data) and surface tension
(20 data).

* R-1243zf provided new references for specific heat capacity (Sheng et
al. [156], 64 data, and Ding et al. [157], 86 measurements), speed of sound
(Chen et al. [158], 92 data), and thermal conductivity (Kim et al. [159]).

Notably, for the same period 2021-2022, R-1336mzz(E) and R-1243zf present
the highest number of new studies overall (7 and 4, respectively). For refrigerants
R-1233zd(E), R-1224yd(Z), R-1336mzz(Z), and R-1243zf a significant number of
references reporting experimental measurements have appeared in the literature
since 2018. Besides, these refrigerant have already been implemented into
REFPROP, which allows to make a comparison between the collected experimental
data and the EOS and models/correlations implemented in the NIST software.
These four refrigerants were therefore involved in a more detailed examination.
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5.1.3 Overview of the selected refrigerant

R-1233zd(E) has been studied as a suitable low-GWP refrigerant in chillers, ORC
systems, and it is already in use in commercial high-temperature heat pumps [160],
due toits relatively high NBP (291.41 K), as a drop-in replacement for R-245fa [147],
an HFC molecule [160]. Particularly, it is classified in safety class A1 [38], and
because of its very low GWP and close-to-zero ODP, it is considered a safe next
generation fluid [54].

R-1224yd(Z) is an HFCO molecule containing a chlorine atom, which is harmful
for the stratospheric ozone. However, due to the short lifetime in the atmosphere,
the ODP is very limited and near zero, whereas the GWP is also very low (0.88).
By showing similar properties to that of R-245fa and R-123, it is considered as
a valid alternative for centrifugal chillers, heat pumps, and ORC equipment, but
it has also risen interests in the refrigeration and air-conditioning industry [69,
155]. More recently, it has been investigated for the two-phase loop thermosyphon
(TPLT), a promising highly effective method for cooling in electronics [161].

Refrigerant R-1336mzz(Z) has been considered as a potential substitute to
R-245fa, that because of its high NBP (306.6 K), is a regarded as suitable working
fluid for next generation of high-temperature ORC systems and heat pumps [145].
Besides, it is classified A1 (lower toxicity and no flame propagation) [38].

R-1243zf has been regarded as a suitable alternative refrigerants for room air
conditioners, in place of the widely used R-134a, an HFC, having similar critical
temperature and NBP. Additionally, it is characterized by very low GWP and ODP,
however its high flammability (not yet classified under ASHRAE Standard 34) is
of major concern for the fluid to be used as a pure refrigerant, thus to date it is
currently considered mainly as a component for blends [156].

In the following section, the available experimental data for vapor pressure, PvT
properties, viscosity and thermal conductivity are presented and analyzed for the
four low-GWP refrigerants. These properties are the ones for which a significant
number of new studies have been found in the literature. Because refrigerant
R-1233zd(E) was already reviewed in the 2018’s article by Bobbo et al. [65], for
this fluid only the sets of data identified subsequently are further analyzed and
discussed. Specifically, REFPROP version 10.0 was used for the properties analysis
of the four fluids, and the same software edition is intended hereafter when referring
to the EOSs.

5.2 Thermodynamic properties

For each refrigerant considered in the analysis, Table 5.3 lists the EOSs implemented
in REFPROP that were used to compute the reference properties from which to
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Table 5.3: Equations of state used in the analysis.

Refrigerant EOS EOS uncertainties
Vapor PvT properties Speed of sound
pressure

R-1233zd(E)  Mondéjaretal. 0.22%  0.020% 0.131%

(2015) [162]

R-1224yd(Z)  Akasakaetal. 0.05% 0.5% (saturated liquid density) 0.03% (vapor)
(2017) 0.1% (liquid density)
in the critical region,
may exceed 1%?

R-1336mzz(Z) McLinden 0.05% 0.01% (liquid densities) 0.05% (vapor)
and Akasaka 0.02% (vapor)
(2018)

R-1243zf Akasaka 0.10% 0.05% (liquid densities) n.d.
(2017) 0.6% (vapor densities)

> 1% in the critical region

2 because of a lack of reliable experimental data in the critical region, as originally reported by the
authors.

calculate the deviations of the experimental data. The declared uncertainties for
the ranges of validity of each EOS are also reported.

5.2.1 Vapor pressure

Table 5.4 lists the available data sets of experimentally measured vapor pressure for
the selected refrigerants. A new set, by Beltramino et al. [155], was identified in
this work for R-1224yd(Z), covering the temperature range 274-338 K, whereas
the others were found in the two previous studies, mentioned at the beginning of
this chapter. Figs. 5.1a-5.1d represent the calculated deviations.

R-1233zd(E)

For R-1233zd(E), four more data sets were added from the previous study by
Bobbo et al. [65], namely, the ones by Yin et al. [163], Sakoda et al. [164], Li et
al. [165], and Tanaka et al. [166], resulting in a total number of 256 vapor pressure
data. Fig. 5.1a shows that, overall, the better agreement between the experimental
measurements and the EOS is within the range between the NBP and 7,;;. Instead,
in the region at lower temperatures, in particular, the highest deviations occur. This
is evident with the set by Li et al. [165], that reports 95 data over the reduced
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Table 5.4: Data sets of experimental vapor pressure considered in the study.

85

Refrigerant

Reference

No. data Tyapge (K) AAD%

R-1233zd(E)

R-1224yd(Z)

R-1336mzz(Z)

R-1243zf

Yin et al. (2021)

Sakoda et al. (2020)

Liet al. (2019)

Tanaka (2017)

Di Nicola et al. (2017) (CNR-ITC)
Di Nicola et al. (2017) (UnivPM)
Mondéjar et al. (2015)

Hulse et al. (2012)

Beltramino et al. (2022)
Bobbo et el. (2020)
Sakoda and Higashi (2019)

Li et al. (2020)

McLinden and Akasaka (2020)
Sakoda et al. (2020)

Tanaka et al. (2016)

Yin et al. (2020)
Yang et al. (2019)
Higashi et al. (2018)
Brown et al. (2013)

18
12
95
11
32
49
23
16

66
31
15

91
18
17
13

26
17
20
83

288-373
300410
253-431
300400
293-353
234-375
280438
263-353

274-338
293-353
310410

278-443
330440
290410
324-443

253-376
273-353
310-377
234-373

0.12
0.21
0.15
0.29
0.33
0.59
0.09
1.93

0.45
0.42
0.35

0.23
0.03
0.18
0.10

0.11
0.16
0.03
0.16
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temperature range 7, = 0.58—0.98 with an average absolute deviation (AAD%)
equal to 0.15 %, and a maximum absolute deviation (MAD%) of 2.71 %. Similarly,
this was observed for the set by Di Nicola et al. (UnivPM) [167], consisting of 49
measurements (7, = 0.53-0.86) with AAD% = 0.59 % and MAD% = 18.41 %.

Differently, the set by Sakoda et al. [164] provides 12 measurements at higher
temperatures in the range 7, = 0.68-0.93, with AAD% = 0.21% and MAD% =
0.41%. The best agreement with the used EOS is with the set by Mondéjar et
al. [162], reporting 23 experimental data (AAD% = 0.09% and MAD% = 0.92%)
and by Yin et al. [165], with AADY% = 0.12%, MAD% = 0.15%. Actually, the
very low AAD% and MADY% for the measurements by Mondéjar et al. [162] is
attributable to the fact that the EOS was formulated on this data set only, due to a
lack of accurate experimental measurements [162].

R-1224yd(Z)

As to R-1224yd(Z), only three studies reported vapor pressure measurements,
consisting in a total of 112 experimental data. Fig. 5.1b shows that in this case
many vapor pressure data present an absolute deviation within +0.5 %. In terms of
AADY%, the three studies are quite comparable: 0.45%, 0.42%, and 0.35%, for the
study by Beltramino et al. [155] (66 measurements, with MAD% = 0.63 %), Bobbo
et al. [127] (31 measurements, MAD% = 0.79 %), and Sakoda and Higashi [119],
reporting 15 experimental data. The best correspondence for the EOS is found with
this set, having MAD% = 0.53% and the lowest AAD% among the three studies.

R-1336mzz(Z)

For R-1336mzz(Z) (Fig. 5.1c), the analysis comprised four data sets, with 139
experimental data overall. Relative deviations are mostly well within +0.25 %.
Sakoda et al. [164] report 17 experimental data over the range 7, = 0.65-0.92,
with AAD% = 0.18 % and MAD% = 0.36 %. McLinden and Akasaka [168]
presented 18 vapor pressure measurements in the range of reduced temperature
T, = 0.74-0.99, with AAD% = 0.03 % and MAD% = 0.09 %, representing the
best agreement between the experimental data and the reference EOS. In a similar
range of reduced temperature 7, = 0.73—-1.00, Tanaka et al. [169] provided 13
vapor pressure measurements, with AAD% = 0.10 %, and MADY% = 0.30 % that
occurs at 7, = 0.77. Differently, Li et al. [170] reported 91 data covering also the
lower-temperature region (7, = 0.63—1.00), for which the AAD% is 0.23 %, and the
MADY% is 3.00 % at the lowest investigated temperature (278.18 K) and pressure
(0.030 MPa), representing the measurements with the highest discrepancy between
the experimental data sets and the EOS. The bias is negative for all the studies:
—0.176 %, —0.014 %, —0.188 %, for the sets by Sakoda et al. [164], McLinden
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and Akasaka [168], and Li et al. [170], except for the one by Tanaka et al. [169]
(0.104 %).

R-1243zf

Fig. 5.1d represents the vapor pressure deviations for R-1243zf. The four identified
data sets provide a total of 146 experimental data. Very good agreement for the
EOS is with the measurements by Higashi et al. [171] (AAD% = 0.03 %, MAD% =
0.07 %), which reports 20 experimental data in the range of reduced temperature 7,
=(.82-1. Deviations are scattered and higher for temperatures approximately below
300K for the set by Brown et al. [172] (83 vapor pressure data for 7, = 0.62-0.99),
with values increasing as the temperature diminishes, resulting in a maximum
deviation MADY% = 0.82 % at the lowest vapor pressure data (0.053 MPa). Good
correspondence between the EOS and the experimental values is for the data by
Yin et al. [172] (26 experimental vapor pressure, for 7, = 0.67-1.00), with AAD%
=0.11 % and MAD% = 0.18 %. In the case of the data set by Yang et al. [173],
reporting 17 measurements for 7, = 0.73-0.94, the AAD% and MADY% are 0.16 %
and 0.50 %, respectively.

Notably, near the critical point, good agreement is observed among the different
data sets as well as between the experimental data and the EOS.

5.2.2 PvT properties

In Table 5.5, the studies that have been considered for the PvT properties are
itemized. For each refrigerant, experimental measurements of density are in the
compressed liquid, superheated vapor, saturation, and supercritical states, except
for R-1336mzz(Z), for which studies on saturated densities were not identified. A
representation in P-T diagrams of the investigated fluid regions is provided in the
figures from 5.2a to 5.2d.

PvT properties deviations for R-1233zd(E), R-1224yd(Z), R-1336mzz(Z), and
R-1243zf with respect to the EOS implemented in REFPROP are represented in
Figs. 5.3a-5.3d.

R-1233zd(E)

A new data set by Tanaka [166] was identified for R-1233zd(E), consisting in
11 experimental saturated liquid densities in the temperature range 300—400 K,
taking the total number of PvT data to 532. The AAD% is 0.21 % and the bias is
—0.13 %, whereas the MADY% is 0.24 %, indicating therefore good agreement with
the reference EOS. Noteworthy, among the four analyzed refrigerants, R-1233zd(E)
possesses the highest number of studies about PvT properties.
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Table 5.5: Sets of experimental data for PvT properties of selected refrigerants.
Refrigerant Reference No. data? Trange (K)  Prange (MPa) AAD%
PT  psar
R-1233zd(E) Compressed liquid
Fedele et al. (2018) (CNR-ITC) 93 283-363  0.133-35.002 0.04
Mondejar et al. (2015) 117 215-444  0.476-24.079 0.01
Romeo et al. (2017) 30 274-333 1.000-25.010 0.02
Tanaka (2016b) 39 329-440  0.777-9.765  0.65
Superheated vapor
Yin et al. (2021) 63 303-373  0.091-0.99 0.10
Fedele et al. (2018) (UnivPM) 60 308-373  0.167-0.693  0.41
Mondejar et al. (2015) 43 350440  0.255-1.923  0.05
Tanaka (2016b) 33 328-443  0.777-9.770  7.74
Supercritical region
Mondejar et al. (2015) 5 444 3.858-5.619  0.02
Tanaka (2016b) 25 440-444  3.773-8.632  2.02
Saturation
Tanaka (2016a) 11! 300400  0.136-1.793
Hulse et al. (2012) 13! 243-293  0.011-0.108  0.15
R-1224yd(Z) Compressed liquid
Fedele et al. (2020) 93 283-363  0.25-35 0.05
Lago et al. (2022) (to be published) 80 273-353 1-35 0.03
Sakoda and Higashi (2019) 16 354413 1.98-6.41 0.09
Superheated vapor
Sakoda and Higashi (2019) 30 330420 0.361-1.823  0.19
Saturation
Fedele et al. (2020) 9! 283-363 0.04
Sakoda and Higashi (2019) 9l + 8V 409-429 1.80
R-1336mzz(Z) Compressed liquid
McLinden and Akasaka (2020) 97 230440  0.79-35.7 0.02
Sun et al. (2018) 137 283-373  0.1-100 0.03
Superheated vapor
McLinden and Akasaka (2020) 1 460 2.74 0.01
Supercritical region
McLinden and Akasaka (2020) 7 450460  3.29-4.74 0.13
All fluid regions®
Tanaka et al. (2016) 344 323-503 0.17-9.93
R-1243zf Compressed liquid
Higashi and Sakoda (2018) 28 328-376  2.18-6.9 0.25
Di Nicola et al. (2013) 302 278-368 1.30-35 0.03
Superheated vapor
Higashi and Sakoda (2018) 22 330-430 1.11-3.5 0.95
Yin et al. (2020) 128 253-368  0.11-2.89 0.35
Di Nicola et al. (2013) 99 278-368  0.26-0.91 0.62
Supercritical region
Higashi and Sakoda (2018) 25 378-430  3.65-6.90 0.10
Saturation
Higashi and Sakoda (2018) 6 +7" 361-377 0.97

2 (D) liquid, (v) vapor

b including the single-phase and the two-phase regions
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Figure 5.2: Experimental PvT data for the considered refrigerants.
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R-1224yd(Z)

There are 6 available data sets for R-1224yd(Z), with 245 experimental data overall.
In the liquid phase, Fedele et al. [174] measured 93 densities in the range of reduced
temperature 7, = 0.65-0.85 and the largest reduced pressure range P, = 0.08-10.51
investigated for this fluid, with AAD% = 0.05 % and MAD%% = 0.12 %, showing
good correspondence with REFPROP. Sakoda and Higashi [119] reported 16 PvT
measurements for 7, = 0.83-0.94 and P, = 0.60-1.92, with AAD% = 0.09 % and
MAD% = 0.29 %, whereas the set by Lago et al. (to be published) consists of 80
liquid densities for 7, = 0.64-0.82 and P, = 0.30-10.57, with the lowest AAD% =
0.03 % and MAD%% = 0.1 %, representing experimental data that well match the
reference properties obtained with the EOS.

For the vapor phase, the one by Sakoda and Higashi [119] is the only available
data set, reporting 30 data in the reduced temperature 7, = 0.77-0.98 and pressure
P, =0.11-0.55, with AAD% = 0.19 % and MAD% = 0.57 %.

For the saturated densities, Sakoda and Higashi [119] presented 9 liquid densities
and 8 vapor densities, in the range of reduced temperature 7, = 0.76—1. For the
measurements approaching the critical temperature, the deviations are the highest,
with MADY% = 5.58 %, whereas at lower temperatures some scattering is observed.
Overall, the AAD% is 1.81 %, but with low bias (—0.03 %). Fedele et al. [174]
also provided 9 saturated liquid densities, farther from the critical region and for 7,
= 0.66-0.85. In this case, sound agreement is found with respect to REFPROP: the
AADY% is 0.04 %, with bias —0.02 %. The MAD% is also very low (0.07 %).

R-1336mzz(Z)

For R-1336mzz(Z), 5 experimental data sets were found, with 586 measurements
altogether. In the liquid phase, the study by McLinden and Akasaka [168] provides
97 measurements over a wide range of temperature (7, = 0.52-0.99) and pressure
(P, = 0.16-12.33), with very low MAD% = 0.07 %, occurring near the critical
point, and AAD% = 0.01 %, representing very good agreement with the used EOS.
A single measurement from the same set was attributable to the density for the
vapor phase, again with very low relative deviation (—0.01 %). The other set in the
subcooled liquid region is by Sun et al. [175], with 137 experimental measurements
over a restricted range of reduced temperature 7, = 0.64-0.84, but a very ample
reduced pressure range (P, = 0.04-34.55). The deviations are alternatively positive
and negative, but reveal good consistency with REFPROP: the AAD%% is 0.03%
with bias —0.01 %, whereas the MAD% is 0.11 %.

In the supercritical region, 7 experimental data were reported by McLinden and
Akasaka [168], for 7, = 1.01-1.04 and P, = 1.14-1.64. The AAD% is 0.13 %, and
the MAD% is 0.26 % at the highest investigated temperature (460 K).
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Tanaka et al. [169] investigated the PvT properties over the range of temperature
(T, =0.73-1.13) and pressure (P, = 0.06-3.43)), reporting densities both for the
single-phase and two-phase regions, with a total of 344 experimental data. Because
a substantial amount of measurements were conducted in the two-phase regions,
and thus represent "bulk" densities, deviations for these data were not calculated,
since REFPROP can only provide either single-phase properties or saturated liquid
and saturated vapor properties. Additionally, being the two-phase measurements
not distinguished from the single-phase ones, the assessment of whether the
experimental densities were in the single-phase rather than in the two-phase could
have introduced major randomness in calculating deviations, especially for the data
that lie very close to the vapor pressure curve. For these reasons, the deviations for
the experimental PvT data for the set by Tanaka et al. [169] were not analyzed.

R-1243zf

Refrigerant R-1243zf presents 7 data sets of experimental PvT properties, with a
total of 617 density measurements. The liquid densities measured by Di Nicola
et al. [176] consist of 302 measurements in a constrained range of reduced
temperature 7, = 0.75-0.94, but large reduced pressure P, = 0.37-9.82, at eight
different temperatures. The deviations distribute around the reference values with
AAD% = 0.03 % and MAD% = 0.09 %, representing good agreement with the
EOS. The set by Higashi and Sakoda [177] presents 28 experimental liquid densities
along three isochores in the range 7, = 0.87-1.02 and P, = 0.62—1.96, for which
the AADY% is 0.25 % and the MAD% is 1.16 %.

For the vapor phase, Higashi and Sakoda [177] reported 22 experimental
measurements for 7, = 0.88—1.14 and P, = 0.32—1.00, with AAD% = 0.95 % and
same bias, and MAD% = 1.72%. Yin et al. [172] provided 128 experimental
densities over the range of temperature 7, = 0.67-0.98 and pressure P, =0.11-2.89.
In this case, the AAD% (0.35 %, and same bias) and MAD% (1.02 %) are lower,
and deviations relative to the EOS are mostly positive. Di Nicola et al. [176] also
provided measurements in the vapor phase with 99 data, for 7, = 0.74-0.98 and P,
=0.07-0.26. Absolute deviations for this set are, in general, within +1 %, except
for few data all over the investigated temperature range. Specifically, between
330-370 K the maximum deviation (2.34 % at 368.15 K) occurs, whereas AAD%
is 0.618 Y%, with bias —0.07 %.

Based on available studies, data for the supercritical region were reported by
Higashi and Sakoda [177] only. The authors provided a set with 25 experimental
densities over the range of temperature 7, = 1.00-1.14 and pressure P, = 1.04-1.96,
for which the AAD% is 0.42 % and the MAD% is 1.23 %.

The same study by Higashi and Sakoda [177] reports the only available data set
of saturated densities for this fluid. It consists of 6 saturated liquid densities and 7
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Table 5.6: Available experimental data sets of viscosity for the selected refrigerants.

Refrigerant Reference No. data” Trange (K) P range (MPa) AAD%

R-1233zd(E) Zhao et al. (2021) 14sad 303432 0.150-3.220 5.98
Cui et al. (2018) 12l 303403 0.155-1.908 4.52
Meng et al. (2018)  92¢ 243-373  0.200-40.000 0.59
Miyara et al. (2018) 61° +28% 314474  1.005-4.074 2.59
Hulse et al. (2012) 69 270-380  0.100-1.350 55.71

R-1224yd(Z)  Alametal. (2019) 68 + 36  303-475  1.002-4.058 1.74
Miyara et al. (2018) 20°! + 125V 303475  1.960-3.210 1.62

R-1336mzz(Z) Zhangetal. (2022) 20% 303-399  0.089-2.787 4.90
Alametal. (2018)  71¢1+26% 314475 0.492-4.062 1.76
Sun et al. (2018) 1099 253-353  0.100-40.000 1.08
R-1243zf Zhao et al. (2021) 1252 293-373  0.510-3.250 8.67

* (satl), saturated liquid; (cl), compressed liquid; (sv), superheated vapor.

saturated vapor densities, covering the temperature range 7, = 0.96—1, including
the density at the critical point. The AAD% is 0.97 %, whereas the MAD% is
2.91 %, for a measurement in proximity to the critical point (7, = 0.99).

5.3 Transport properties

The experimental data sets that have been considered in the analysis for transport
properties are illustrated in Table 5.6. Notably, only one new study for viscosity
measurements has been identified in the literature in 2022 for these four fluids.
Specifically, for R-1336mzz(Z) Zhang et al. [145] reported viscosity measurements
for the saturated liquid. Overall, the available data sets for R-1233zd(E), R-
1224yd(Z), R-1336mzz(Z), and R-1243zf are depicted in Figs. 5.4a-5.4d.

To calculate and analyze the deviation between the experimental and reference
values for viscosity and thermal conductivity, REFPROP was used with the NIST
recommended models and correlations. These are illustrated in Table 5.7. It is
pointed out that, apart from the correlation for thermal conductivity of R-1233zd(E),
REFPROP relies on ECS models to provide reference properties, due to a dearth of
accurate experimental data [115].
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Table 5.7: Recommended correlations and models by REFPROP, used in the transport
properties analysis.

Refrigerant Property Correlation/Model  Uncertainties
(reference)
R-1233zd(E)  Viscosity ECS, based on Liquid: 4% over 243 to 433 K at pressures to 40 MPa,
R-134a rising to 10% at 100 MPa.
(Huber [178]) Gas: 4%.
Therm. cond. Correlation From 1% to 4% based on the temperature

(Perkins et al. [179]) and pressure.
Larger in the critical region.

R-1224yd(Z)  Viscosity and ECS, based on Gas: 4% for viscosity, and 20% for therm. cond.
therm. cond. R-134a Liquid: 4% for viscosity, and 20% for therm. cond.
(Huber [178]) long saturation, and higher as pressure increases.
R-1336mzz(Z) Viscosity and ECS, based on Viscosity: 3% for saturated liquid from 300 to 435 K,
therm. cond. R-134a 6% for vapor, higher elsewhere
(Huber [178]) Therm. cond.: 3% along saturation and in gas phase,

higher for higher pressures and near the CP.

R-1243zf Viscosity and ECS, based on Gas: 20% for viscosity and therm. cond.
therm. cond. R-134a Liquid: 20% for viscosity and therm. cond.
(Huber [178]) along saturation,

higher as pressure increases.

5.3.1 Viscosity

The deviations for the experimental data sets of viscosity for R-1233zd(E), R-
1224yd(Z), R-1336mzz(Z), and R-1243zf are depicted in Figs. 5.5a—5.5d, respec-
tively.

R-1233zd(E)

Refrigerant R-1233zd(E) presents 5 data sets of viscosity measurements, providing
a total of 213 experimental data. Zhao et al. [180] reported 14 measurements
for kinematic viscosity of the saturated liquid, over the range of temperature 303—
432 K, and pressure 0.150-3.220 MPa. Systematically positive, high deviations are
observed for this data set, with AAD% = 5.98 %. In particular, the deviations exhibit
aminimum (0.59 %) at T = 342.93 K, and increase as the experimental temperatures
approach the NBP and the critical temperature. The MADY% is 20.97 % at 432.61 K,
the closest data to the critical point. Cui et al. [181] provided 12 saturated liquid
viscosity, for T = 303403 K and P = 0.155-1.908 MPa, with AAD% = 4.52%
and MAD% = 10.97 %, for which the deviations are systematically positive, and
distribute similarly to that for the set by Zhao et al. [180]. For the set by Meng et
al. [182], that reports 92 data in the compressed liquid region for 7" = 243-373 K,
and over the very wide range of pressure P = 0.200—40.000 MPa, the deviations
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are relatively much lower: the AAD% is 0.59 Y%, and the MADY% is 4.09 %. The
subset of measurements at specific experimental temperatures shows both positive
and negative deviations with respect to the REFPROP predictions. The study by
Miyara et al. [183] comprises 61 compressed liquid and 28 superheated vapor
viscosity measurements, in the range of temperature 314-474 K and pressure 1.005—
4.074 MPa. For the measurements at temperatures above 390 K, the deviations at
specific temperatures vary in a wider range, assuming both positive and negative
values. The AAD% is 2.59 %, whereas the MAD% is 6.31 %. Hulse et al. [184]
reported 6 viscosity measurements in the compressed liquid region, for 7' = 270—
380K and P = 0.100-1.350 MPa. In this case, the experimental data show very
high deviations (AAD% = 55.71 %), that by far exceed the typical values that can
be obtained with an ECS model for a pure fluid, that is within 5-10 % [115], and
thus the same data set is left out from the representation with previously discussed
studies.

R-1224yd(Z)

Two data sets of experimentally viscosity were found in the literature for R-
1224yd(Z), that cover the compressed liquid and the superheated vapor phase,
with 136 measurements in total. Alam et al. [185] reported 68 compressed liquid
viscosity and 36 superheated viscosity, in the range of temperature 303—475 K and
pressure 1.002—4.058 MPa. The deviations for the subsets of measurements at
equivalent temperatures vary significantly, but for most the experimental viscosities
are either higher or lower than the reference values. The AAD% is 1.74 %, whereas
the MADY% is equal to 4.18 %. The measurements at the temperature of 474 K
exceed the range of applicability of REFPROP model, thus the related deviations
were excluded from the analysis. The set provided in study by Miyara et al. [186]
(20 measurements in the compressed liquid region and 12 measurements in the
superheated vapor region) covers the same temperature range of that by Alam et
al. [185], but different pressures (1.960-3.210 MPa). These measurements exhibit
AAD% = 1.62% and MAD% = 3.63 %. Notably, the viscosity data by Miyara
et al. [186] were obtained at almost identical pressures and temperatures to that
of some measurements by Alam et al. [185], and for these the deviations are
equivalent.

R-1336mzz(Z)

A total of 226 experimental viscosity measurements from three different data sets
were found available for R-1336mzz(Z). For the year 2022, a new study by Zhang
et al. [145] on experimental kinematic viscosity was identified for R-1336mzz(Z2),
that reports 20 saturated liquid data over the range of temperature 303—399 K
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and pressure 0.089-2.787 MPa. The data set exhibit AAD% = 4.90%. The
deviations are systematically positive, increasing with increasing temperatures. The
MAD% (7.39 %) is observed near the critical region. Alam et al. [133] reported 71
data for the compressed liquid and 26 for the superheated vapor, with AAD% =
1.76 %. The deviations with respect to REFPROP are within +9.00 %, except for a
single measurement that far exceeds this range, and yields the highest deviation
(MAD%% = 28.56 %). Additionally, the measurements that were performed at fixed
temperatures and different pressures exhibit both positve and negative deviations,
except for the experimental data above the critical temperature, whose deviations are
negative. In the study by Sun et al. [175], which reports 109 data for the compressed
liquid, a very wide range of pressure was investigated (0.100—40.000 MPa), for
the temperatures between 253 K and 353 K, extending the measurements well
below the NBP (306.6 K). The AAD% is 1.08 %, whereas the MAD% is 3.40 %.
The data, that can be grouped into subsets with similar temperature but different
pressures, for temperatures below 293.15 K show negative deviations with respect
to the ECS REFPROP model, whilst for higher temperatures both positive and
negative deviations are observed.

R-1243zf

Based on the experimental data for R-1243zf found in the literature, the set by
Zhao et al. [145] is currently the only reported for kinematic viscosity. The 12
measurements were performed for the saturated liquid over the range of temperature
293-373 K and pressure 0.510-3.250 MPa. Systematically negative deviations are
observed for this data set, with higher absolute values as temperature increases. At
the highest reported temperature (372.84 K) and for the closest measurement to the
critical temperature (376.93 K), the MAD% occurs (13.25 %), whereas the AAD%
is 8.67 Y.

5.3.2 Thermal conductivity

The collected data sets of thermal conductivity for R-1233zd(E), R-1224yd(Z),
R-1336mzz(Z), and R-1243zf are outlined in Table 5.8. The distribution of the
experimental measurements over the P-T plane is represented in Figs. 5.6a—5.6d,
whereas the calculated deviations are provided in Figs. 5.7a-5.7d.

R-1233zd(E)

For refrigerant R-1233zd(E), currently two data sets of thermal conductivity are
available, with 2519 measurements covering the regions for the compressed liquid,
superheated vapor, and supercritical fluid.
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Figure 5.6: Experimental thermal conductivity measurements considered in the analysis.
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Table 5.8: Available experimental data sets of thermal conductivity for the examined
refrigerants.

Refrigerant Reference No. data” Trange (K)  Prange (MPa) AAD%
R-1233zd(E)  Alam et al. (2018) 64! + 515 313-474  0.150-4.020 0.92
Perkins et al. (2017) 14531 + 635% + 316" 204453  0.096-66.618  4.11
R-1224yd(Z)  Alam et al. (2019) 66°! + 465 316453  0.190-4.070 4.51
R-1336mzz(Z) Perkins and Huber (2020) 1323¢ + 1167%Y + 8045 192498  0.050-68.523  5.95
Alam et al. (2017) 74l 4 925 313496  0.114-4.106 1.08
R-1243zf Kim et al. (2021) 25¢° 4+ 108 315-406  0.937-6.118 4.22

* (cl), compressed liquid; (sv), superheated vapor; (scr) supercritical region.

Alam et al. [187] measured 64 thermal conductivity data at liquid phase and
51 at vapor phase in the range of temperature 313—474 K and pressure 0.150-
4.020 MPa. The deviations calculated in reference to REFPROP exhibit an AAD%
equal to 0.92 %, and a MAD% of 2.98 %. The groups of data that were measured at
equivalent temperatures but at different pressures show quite dissimilar deviations.
Perkins et al. [179] provided a very large data set of thermal conductivity, based
on which the currently recommended correlation in REFPROP was implemented.
The measurements are 1453 in liquid phase, 635 in vapor phase, and 316 in
the supercritical region. The data, covering an extensive range of temperature
(204-453 K) and pressure (0.096—66.618 MPa) differ from the reference correlation
implemented in REFPROP with AAD% = 4.51 %, but the MAD%, being very high,
might indicate some issue with the reference model. In particular, the maximum
deviation occurs for a measurement that in the P-T diagram lies very close to
the vapor pressure curve (at 7 = 341.875K and P = 0.490 MPa), in Fig. 5.7a
plotted with data obtained with REFPROP. Similarly, many others measurements
at different test conditions but in the vicinity of the vapor pressure curve exhibit
very high deviations.

R-1224yd(Z)

The study by Alam et al. [185] is at present the only available publication reporting
experimental thermal conductivity of R-1224yd(Z), consisting of 112 measurements
in total (66 for the compressed liquid, 46 for the superheated vapor), conducted in
the range of temperature 316—453 K and pressure 0.190—4.070 MPa, with AAD%
=4.51 %, and MAD% = 8.58 %. By considering the measurements as subsets
of data performed at equivalent temperatures but different pressures, it can be
observed that the calculated deviations for some subsets vary substantially. The
extreme case is represented for the measurements at 7 ~ 395 K, whose deviations
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in reference to REFPROP range from —6.93 % to 1.52 %.

R-1336mzz(Z)

For R-1336mzz(Z), two studies report experimental thermal conductivity mea-
surements with 3460 data overall, including the regions of compressed liquid,
superheated vapor, and supercritical fluid.

Perkins and Huber [188] provided the largest thermal conductivity data set
for R-1336mzz(Z), reporting 3294 measurements (1323 in liquid phase, 1167 in
vapor phase, and 804 in the supercritical region) over the wide range of temperature
(192498 K) and pressure (0.050-68.523 MPa). Due to the range of validity of
the recommended ECS model in REFPROP 10.0 [115], for a lot of data (473)
whose experimental pressures are higher than 46.0 MPa and with densities above
1637.3 kg/m?, the deviations were not calculated. The remaining measurements
exhibit an AAD% of 5.95 %, and a MAD% equal to 16.71 %. It can be observed
that the subsets of data measured at similar temperatures but different pressure
show very dissimilar deviations, and this, together with the restrictions in terms
of queryable pressures and densities in REFPROP, might indicate issues with the
recommended ECS model.

The set by Alam et al [189] includes 166 measurements (74 for the compressed
liquid and 92 for the superheated vapor), for which the AAD% is 1.08 %, and
the MAD% is 5.54 %. The discrepancy in terms of deviations for the subsets of
data having the same temperature is lower if compared to the measurements by
Perkins and Huber [188], however Alam et al. [189] provided measurements over a
smaller range of temperature 313-496 K and pressure 0.114—4.106 MPa, thus also
the related deviations at specific temperatures might vary in a more limited range.

R-1243zf

For refrigerant R-1243zf, only one experimental thermal conductivity data set
by Kim et al. [159] has been found in the literature. The 35 measurements (25
in liquid phase, and 10 in vapor phase) were obtained in the ranges T = 315-
406K and P = 0.937-6.118 MPa. The data, exhibit an AAD% = 4.22 %, and the
maximum deviation (MADY% = 13.74 %) for a measurement in the vapor phase, at
a temperature that is close to the critical temperature, but well below the critical
pressure.
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5.4 Discussion

A first consideration is on the availability of experimental measurements for the
examined thermophysical properties. While R-1233zd(E) is already provided
with a consistent number of studies addressing the thermodynamic properties, the
opposite is observed for the other three refrigerants. This gap further widens for
the transport properties.

As to the calculated deviations, the vapor pressure data for R-1233zd(E) show
that good agreement is achieved between the recommended EOS and the available
data sets by Mondéjar et al. [162] in the temperature range between the NBP and
the critical temperature. Differently, at temperatures below the NBP, significant
discrepancy is observed for the set by Li et al. [165], as well as for the set
by Di Nicola et al., considered in the 2018’s refrigerant properties review [65].
Considering the recommended equation of state has been developed on a single
data set of experimental data, in addition to the fact that the same data did not cover
the whole declared range of validity of the software, the very high deviations are
likely attributable to limited EOS capabilities in representing the fluid behavior at
temperatures below the NBP. Such working conditions can be met, for instance, by
low-pressure centrifugal chillers, for which this fluid has already been successfully
employed. Consequently, a scarce ability to represent the fluid properties for
temperatures below the NBP would also have shortcomings in the fine-tuning of a
system design and performance.

Similarly to R-1233zd(E), for R-1336mzz(Z) high deviations are observed for the
measurements by Li et al. [170] at temperatures below the NBP, far outreaching the
declared estimated uncertainty for vapor pressure. Overall, for R-1336mzz(Z) much
less experimental data are available, which might have been an inherent limit in the
development of an accurate EOS. Nevertheless, it must be also considered that, since
the pressure absolute uncertainty is normally constant, the relative experimental
uncertainties for vapor pressure measurements increases as the pressure decreases,
which can in part explain the high deviations at such measuring conditions. With
regard to R-1243zf, the calculated AADs% show that better agreement with the
reference EOS is obtained, with only slight dispersion of the deviations for the
data at the lowest temperature. A different situation is observed for R-1224yd(Z),
for which all the available data sets exhibit either positive or negative systematic
deviations, that can be attributed to the adjustments of the measuring apparatuses.
However, the AADs% for all the three vapor pressure data sets exceed the EOS
declared estimated uncertainty, which very likely indicates the recommended
equation will require future modifications.

As opposed to the vapor pressure data, better predictive capabilities of REFPROP
EOSs is generally observed for the experimental PvT properties. Assessing the
results based on the AADs%, however, very few data sets are represented within
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the declared estimated uncertainties. This is particularly evident with the PvT
data for R-1243zf: all the available data sets provide high deviations, generally
greater than that for the other fluids. Again, the higher divergences for R-1243zf
could be attributed to the lack of significant number of experimental data from
which to develop an EOS. Singularities in terms of deviations are observed for PvT
properties measured around the critical points for R-1233zd(E), R-1224yd(Z), and
R-1243zf. However, being this fluid region normally more difficult to investigate
experimentally, this worse agreement with the EOS can more easily attributed to
the greater experimental uncertainties rather than to the EOS itself.

In fact, as outlined in Chapter 4, the Helmholtz energy-based equations,
implemented in current REFPROP version for these fluids, incorporate dedicated
terms (the Gaussian terms) to enhance the properties representation in the critical
region.

Especially for those fluid which have been explored also for high-temperature
heat pumps and ORC cycles, namely, R-1224yd(Z), R-1336mzz(Z), and R-
1233zd(E), an inaccurate representation of the fluid behavior near the critical
point could imply several inconsistencies with the real fluid behavior whenever, for
instance, either the condensing or the evaporating side of the equipment operates in
conditions that approach the critical region. Consequently, until significant number
of accurate data become available to enhance the properties prediction capabilities,
it could be wise considering an interval around the critical region in which the
calculated properties must be handled more carefully. Based on the calculated
deviations for the PvT data of the four refrigerants, this could be assumed as equal
to T,y £ 6 K.

Differently from the analyzed thermodynamic properties, the comparison of the
experimental viscosity and thermal conductivity measurements with the reference
models and correlations clearly indicate that, for the considered novel refrigerants,
there are still major issues concerned with the NIST software, mainly due to
the inherent limits related to the implementation of theoretical ECS models, for
which higher deviations are normally expected. Furthermore, the recommended
models and correlations for the transport properties of these novel fluids generally
lack in flexibility to represent the experimental data that are measured at similar
temperatures but different pressures. This characteristic is particularly evident in the
distribution of the thermal conductivity deviations for R-1336mzz(Z) (Fig. 5.7c¢), for
which the reference model proves consistent only within a subset of measurements
performed at temperatures between the NBP and the critical temperature. In
general, however, as discussed in Section 4.8, the established transient hot-wire
technique for measuring thermal conductivity allows to reproduce the experimental
measurements within an uncertainty of 1 %, at least far from the critical region and
low pressure conditions.
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5.5 Conclusions

The literature search for newly available experimental data measurements for novel
halogenated olefin, low-GWP refrigerants allowed to retrieve new studies reporting
experimental measurements of technically interesting thermophysical properties.
Based on the overall number of collected data sets, and in compliance with the state-
of-the-art of property prediction tools, refrigerants R-1233zd(E), R-1224yd(Z),
R-1336mzz(Z), and R-1243zf have been investigated to assess the capacity of
accurately and conveniently extrapolate the fluid behavior over wide ranges of
temperatures and pressures, encompassing all the suitable working conditions for
the four refrigerants.

The deviation analysis provided valuable insights on the knowledge of these
potential working fluids, shedding lights on the reliability of the current version
(10.0) of NIST commercial database REFPROP, the reference standard for the
air-conditioning, refrigeration, and heat pump industry. Because of a general
low amount of available experimental measurements for both the thermodynamic
and transport properties, the reference equations of state and correlations proved
in turn affected by a still limited effectiveness, particularly for the conditions
at temperatures below the normal boiling point, and around the critical region.
Additionally, for the PvT properties of R-1336mzz(Z) and for thermal conductivity
measurements of R-1233zd(E), a substantial lack of correspondence with some
calculated values are observed in the vicinity of the saturation boundaries, so that
the computed values were erroneously referred to the liquid phase rather than to
the actual under-examination vapor phase, or vice versa.

In general, the major issues arose with crucial properties viscosity and thermal
conductivity for which, although the values of these properties appeared to be
mostly represented within the models/correlations estimated uncertainties, the
excessively large ranges in which the measurements can be considered in agreement
with REFPROP translate in an insufficient accuracy, precision, and reliability of
the predicted properties. As a result, in spite of the availability of properties
estimation tools is of great technical importance, especially to promote and widen
the applications of these new generation of refrigerants, the simulation applications
that integrates the same recommended formulations for the optimization of the
design and performance of HVAC systems operating with these promising working
fluids can be highly hindered in terms of trustworthiness that, as made evident by
means of the properties analysis, cannot be taken for granted, regardless of the
software recommendations.



Nomenclature

Acronyms

AAD% percentage average absolute deviation
cor coeflicient of performance

CP critical point

EOS equation of state

GHG greenhouse gas

GWP Global Warming Potential
MAD% percentage maximum absolute deviation
NBP Normal Boiling Point temperature
Qvol volumetric heat capacity

TEWI Total Equivalent Warming Impact
Symbols

A thermal conductivity

u dynamic viscosity

v kinematic viscosity

e density

o surface tension

Cp isobaric specific heat capacity

c(,), ideal-gas specific heat capacity

cy isochoric specific heat capacity

P pressure

Pgu: vapor pressure

T temperature

% specific volume

w speed of sound
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