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In this paper the attention is focused on introducing the initial experimental results of a
comparative experimental investigation on the energy performances of R600a tested as
drop-in of R134a in a test-bench refrigeration system developed at the School of
Mechanical Engineering of VIT University located in Vellore (India). Moreover, a
comparison of the energy performances was pursued also with the system working with
and without sub-cooling. The initial experimental investigation is performed respecting
the requirement that the two fluids occupy the same volume. The initial energy
performances are carried out in terms of evaporator temperature, coefficient of
performance and refrigeration effect. The effect of drop-in with R600 a system previously
working with R134a, carries an enhancement of the energy performances in terms of COP
and refrigeration effect. Moreover, subcooling carries to an additional benefit on the
refrigeration effect. The introduced initial experimental results constitute just the first step
of a bigger investigation to be conducted in India, focused on analyzing the impact of the

drop-in of HFC with new eco-friendly refrigerants.

1. INTRODUCTION

Nowadays, global warming is a shared worldwide problem:
the human end contributed significantly in the last half century
to its intensification, since the energy consumption is
considered among the main reasons to temperature increment
in our world. The warning signals launched by our planet are
already worrying and all the world is called to responsibility
to avoid the catastrophic consequences that could occur. All
the most critical sectors for energy consumption are called to
adopt countermeasures to counteract the progress of global
warming. Among them, more than 20% of the worldwide
energy consumption originates from the sector identified by
refrigeration, air conditioning and heat pumping. Almost the
totality of the cooling systems is based on Vapor Compression
(VC) and therefore on fluid refrigerants. Since the beginning
of the utilization of VC-based systems and up to a couple of
decades ago, the benchmark refrigerants  were
ChloroFluoroCarbons (CFCs) and HydroChloroFluoro-
Carbons (HCFCs) due of high Ozone Depletion Potential
(ODP) and Global Warming Potential (GWP) [1]. They were
the cause of the CFCs and HCFCs banning by the Montreal
Protocol [2] that took place in 1987 to the purpose of
protecting the stratospheric ozone layer. Over the years
subsequent measures were taken in 1997 with Kyoto Protocol
[3], an international agreement linked to the United Nations
Framework Convention on Climate Change. Because of their
significant Ozone Depletion Potential (ODP), the usage of
HCFC has been forbidden since 2000 and the only fluorinated
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class of allowed refrigerant was the HydroFluoroCarbons
(HFCs), characterized by no ODP but consistent GWP [4-7].
Since then, periodical meetings among the Parties agreeing
to the Montreal Protocol have been succeeding over the year
modifying and adapting the measures approved to counteract
the global warming and, more generally, preserve the
ecosystem. From 2009, a progressive phasing out of HFCs has
been established, in order to reduce greenhouse gases
emissions. The 28th Meeting of the Parties (MOP28) [8] to the
Montreal Protocol which was held in Kigali, Rwanda, from
October 10 to 14, 2016, led to an international agreement on
the phase-down of the production and consumption of HFCs.
Specifically, the Kigali amendment identifies the countries
composing the Article 5 as the 136 primarily developing
countries as specified by Montreal Protocol, except for ten
countries: Bahrain, India, Iran, Kuwait, Oman, Pakistan, Qatar,
Saudi Arabia and the United Arab Emirates. These ten
countries constitute a separate group of Article 5 countries
(group II), because they are characterized by elevate ambient
air temperature and therefore, they are particularly dependent
by air conditioning. All the other countries (the “developed”
countries) are classified are non-Article 5 parties [9]. The
Kigali amendment represents a milestone agreement that
prescribes a gradual 80% to 85% phase-out of HFC at the end
of 2040s with a staggered execution of consumption freezers
from: 2019 for non-Article 5 countries (the “developed”
countries); 2024 for most of the “developing” countries
(Article-5 group I); 2028 for the other ten “developing”
countries (Article-5 group II). Basing on above prescriptions,
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European countries already banned HFCs, following EU
regulation 517/2014, which contains a number of prescriptions
about the phase-out of products and equipment containing
fluorinated greenhouse gases. The rest of the all-over-the-
world countries agreeing to the Kigali amendment is
approaching to do the same.

Therefore, in the last decade, the phasing out of fluorinated
greenhouse gases is a topic that has increasingly involved the
scientific community and world research, whose efforts are
nowadays focused on development of new low-GWP and no-
ODP refrigerants to be employed [10], as well as part of the
community targeted their interest in developing new
refrigeration technologies as the class of caloric cooling ones
[11-14], characterized by zero-GWP solid-state refrigerants
[15].

Stemming the above scenario, also the primarily
developing countries are playing an active part in the phase out
of fluorinated greenhouse gases, following mostly the research
routes that are already travelling the developed countries. To
this hope the paper aims to focus on the problem of phasing
out of HFC in India an Article-5 group II primarily developing
country. As a matter of fact, India is now approaching to the
problem of phasing out of the refrigerants. Until now in India
the commonly used refrigerants were HFCs therefore, Indian
scientists and researchers are orienting their studies on the

drop-in issue with some delay compared to European countries.

The common policies used to increase the energy efficiency
of cooling systems are the research and development of
energy-efficient refrigerants and the conversion of system
components. The research for novel fluids must follow the
prerequisites of identifying not ozone depleting and low GWP
fluids [16, 17]. This topic has thus become a major challenge.

Two are the lines in such choice: from one side, a new
generation of synthetic fluids that is constituted by
Hydrofluoroolefins (HFOs) [18]; on the other side there are
natural fluids, especially HydroCarbons (HC), like propane,
butane, isobutene and isobutene mixtures considered [19] as
environmental benevolent refrigerants. These refrigerants
have zero ODP and very small GWP which guarantee a very
short lifetime once released in the atmosphere [20-22]. The
current worldwide state of the art reveals that the HFOs have
been tested as drop-in replacement of domestic refrigerators
previously operating with HFC134a [23-26] and this
constitutes a really point of favor in the usage of this fluids.

Among HFOs, which derive from olefins rather than
alkanes, there are two hopeful ones: HFO1234yf [27] and
HFO1234ze [28]. These two recently introduced environment
friendly HFO refrigerants show GWP minor than 6 and their
thermo-physical characteristics are comparable to the ones of
to HFCI134a. On the other side, recent investigations
perpetuated by Navarro et al. [29] revealed that the HFC134a
drop-in with HFO1234yf and HFO1234ze carries to a COP
reduction, respectively, 5-30% and 2-8% than HFC134a.

Other studies have taken the attention on the drop-in with
HFC/HFO mixture: Mota-Babiloni et al., that summarized this
aspect in their work [30], observed that the HFC134a drop-in
with HFC134a/HFO mixtures carries to an average COP
decrement around 6% whereas the HFC404a replacement with
their HFO-binary mixtures, carries up to a 21% reduction of
the cooling capacity [31]. Among the HFC134a/HFO binary
mixtures, R450A was identified as a promising option for
HFC134a drop-in [32].

Intensive studies on suitable alternative refrigerants for
vapor compression systems have persisted [33-35] over the
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years also among the fluids named as natural. The term
“natural refrigerants” means all those substances or
compounds that can be found directly in nature or whose
composition does not occur by chemical synthesis. They are
substances that have a low environmental impact by not
containing chlorine or fluorine. Ammonia, carbon dioxide,
hydrocarbons and water are natural refrigerants.
Hydrocarbons are organic compounds, mainly of fossil origin,
composed only of carbon and hydrogen atoms. They have
good thermodynamic properties, including high enthalpy
changes that allows a lower refrigerant charge. In terms of
efficiency, they can compete with HFCs and HCFCs, reaching
high COP values in most applications. Among the advantages
of hydrocarbons there is compatibility with many lubricants
used in the equipment with the exception of those containing
silicone and silicates [36, 37]. They are also used in mixtures
(together, for example, with HFCs), allowing an easier retrofit
operation of plants loaded with CFCs. They have a low
environmental impact, are not toxic but are highly flammable
belonging to the A3 safety class. For this reason, they have
limitations on use in terms of the quantities allowed in the
equipment but by the regulation of the charge can minimize
the risk factors due to flammability. Indeed, in a design of a
system that employs hydrocarbon as the working fluid, it is
mandatory to use the lowest possible refrigerant charge
without worsening the overall energy efficiency for both
safety and environmental reasons. Therefore, refrigerant
charge reduction is a key aspect among the latest
investigations [38-40]. Hydrocarbons such as propane and
isobutene find application in the refrigeration sector, while
other hydrocarbons are used as alternative foaming agents in
the production of foams. As HFOs also propane, Iso-butane,
mixtures of hydrocarbons can be made as the replacement of
HFC134a [41, 42].

The employment of hydrocarbons could represent a long-
term answer to the problems of both global warming and
ozone layer depletion [43, 44].

R600a can be used as direct drop-in replacement in
refrigerating equipment previously working with R134a.
Table 1 lists the thermodynamic properties and the
characteristics related to environmental compatibility and
safety, compared with the ones of R134a. R600a presents a
very low GWP and a low boiling point as well as R134a, even
if a bit higher. The critical pressures of R134a and R600a are
quite similar. Moreover, it presents a large amount of latent
heat of vaporization. These characteristics make it suitable for
household applications. On the other side attention should be
paid on safety class that for R600a is A3 whereas for R134a is
Al. This means that whereas R134a is a refrigerant which does
not propagate non-flammable refrigerants which do not
propagate the flame at atmospheric pressure and at
temperature T = 21°C, R600a belongs to the highly flammable
refrigerants due of a flammability limit less than or equal to
0.10 kg.m™ at a temperature of 21°C at atmospheric pressure,
and a combustion heat of less than 19 kJ.kg™.

Agrawal et al. [45] tested domestic refrigerator, previously
working with R134a, dropping in R290/R600a Zeotropic
blends. To find the optimum charge, they conducted
experiments under various charge conditions under constant
load conditions. The optimum charge was measured as 60 g
with R290/R300a (50/50%) zeotropic blend. The lowest
temperature recorded was -3.5°C. In 2017 Sanchez et al. [46]
carried out an experimental analysis to compare different HCs
as drop-in replacement of R134a under different operating



conditions. They observed the positive effect of working with
hydrocarbons in terms of electrical power consumption. In
2019, Espindola et al. [47] conducted an interesting
experimental study on R600a evaluating the performance
degradation and the generation of expansion noise. The study
was approached through the employment of a household
refrigerator working with isobutane contaminated with non-
condensable gases. They detected that the performance
degradation was due mainly to partial chocking of capillary
tube that impedes the systems to reaching steady-state
conditions.

Table 1. Properties of R134a and R600a

Fluid R134a R600a
Formula CH2FCF3 CH3s-CH2-CH2-CHs/butane
Molecular weight
[kg*kmol] 102 58.12
Normal Boiling
Point -26.0 -11.6
[‘C]I
Critical T
101.1 134.7
[‘C]I
Critical p
[bar] 40.59 36.40
Safety Class
Max allowed Al/ A3/
refrigerant no limit 0.10 kg.m
Charge
GWP 1430 4

Next to the choice of the most suitable refrigerants with
respect to the environmental compatibility, there is also the
need to improve the performance of refrigeration system. This
can be done by employing the method of sub-cooling [48, 49].
Generally, three are the methods to employ sub-cooling: liquid
suction, dedicated and integrated ones. The integrated
mechanical sub-cooler consists of only one condenser for both
main and sub-cooler cycle, while dedicated sub-cooling
consists of 2 separated condensers. Dedicated and integrated
sub-cooling are used in moderate-to-large capacity systems.
Liquid suction is done by using heat exchangers between the
condenser and the evaporator. Liquid-suction sub-cooling
typically used on systems with small to medium capacity, but
for the household refrigerator the setup would result complex
[50]. So, the other non-conventional method of sub-cooling is
done by immersing the wound copper coil in water.
Subcooling results in increased COP in R600a compared to
R134a due to the reduction of the condenser exit temperature,
though increasing specific compression work due to the
increase in the condensing pressure. The increase in
condensing pressure was associated with the reduction of the
air-refrigerant temperature difference and the refrigerant-side
heat transfer coefficient once the two-phase region in the
condenser is shrunken to accommodate the subcooled liquid
region [51]. This leads to larger refrigeration effect and
increases the performance of the system.

In this paper are introduced the initial results carried out
through a test bench cooling system developed at Vellore
Institute of Technology (VIT). The test bench was tested while
charged with R134a and subsequently with R600a as drop in
replacement. The purpose of the experimental investigation is
to realize a comparative study on the energy performances of
R600a tested as drop-in of R134a. Even if R600a has already
been tested and adopted in other countries belonging to the
developed ones, in India the study of R600a employment as
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R134a drop-in represents a point of novelty and constitutes a
brick to build a line of a wider Indian research on the phasing
out problem, since India is one of the largest and most
populous countries belonging to the Article-5 group II. To this
hope the energy performances carried out from the
experimental tests conducted “in-situ”, at the School of
Mechanical Engineering of VIT University located in Vellore
(India), are presented in this paper. Furthermore the system
was tested while working with and without sub-cooling for
both the refrigerants, to explore also the incidence of this
feature.

2. EXPERIMENTAL APPARATUS

The experimental apparatus consists of a simple test-bench
refrigeration system developed and designed for working with
both the refrigerants R134a and R600a. The two fluids
experiment a refrigeration cycle with and without subcooling.
Sub-cooling is done by winding the copper coil into the helical
shape and by immersing it, at the outlet of the compressor, in
a small tube where water flows.

A schematic diagram of the experimental apparatus is
reported in Figure 1(a) whereas are reported the
thermodynamic transformations are reported in: T-h diagram
(Figure 1(b)); p-h diagram without subcooling (Figure 1(c))
and with the effect of subcooling (Figure 1(d)).

From Figures 1(b) (c) and (d) one can appreciate the
differences between a cycle with and without subcooling.
Subcooling is used for improving the cooling effect coefficient
and for decreasing the compression work. As shown in Figure
1(d), reducing the temperature of the refrigerant at the
condenser exit would be more welcome for refrigerants with
large liquid specific heat and smaller latent heat of
vaporization and for operating conditions with high
temperature lifts. The average evaporation temperature
depends also to the evaporator inlet temperature. The
evaporator inlet temperature, and therefore the average
evaporation temperature, change with the condensing pressure,
as shown in Figure 1(d). Likewise, the average evaporation
temperature also depends on the effect of subcooling.

The realized experimental setup is shown in Figure 2. Based
on the refrigeration capacity of the refrigeration system a
hermetic suitable compressor Tecumseh (107 W and 85% as
isentropic volumetric efficiency) and the other specifications
of the system were selected opportunely. The design
specifications of the system (evaporator size, condenser length
and diameter, capillary length and diameter) are given in Table
2 to introduce the test bench cooling system developed at
Vellore Institute of Technology (VIT).

In Figure 1 also the placements of the sensors, for
temperature and pressure measurements, is shown.
Temperature measurements are carried out through digital
thermometers: Mini LCD Thermometer (accuracy +0.1°C;
working range -50+110°C;) placed in four different points of
the circuit: the evaporator at the outlet of the condenser and at
the inlet and outlet of the compressor. Two are the points
where pressure measurements are performed: at the inlet and
outlet of the compressor, through two pressure gauges
(accuracy +0.69 kPa). In this way the suction and discharge
pressures at the compressor are monitored. The analysis of the
uncertainties belonging to all the parameters deriving from
directly measurements is carried out according to the method
of error propagation identified by Moffat [52].
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Figure 1. (a) Schematic diagram of the refrigeration system, the thermodynamic transformations in: (b) T-h diagram; (c) p-h
diagram without subcooling; (d) p-h diagram with the effect of subcooling

Figure 2. Experimental setup (a) side view; (b) front view

The method prescribes that a generic property Y, indirectly "oy 211/2
calculated from measured independent parameters x;, could be Ay = Z (W Am-) (2)
conceived as: =1 "
Y = Y(xy, Xg ) Xp) (1) Therefore, given the measures of pressure and temperature,
the indirect evaluation through data tables carries to an
Therefore, the Y accuracy could be evaluated as a function accuracy of the enthalpy belonging to £1-2%.

of the accuracy associated to each x; as:
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Table 2. Design specifications of the refrigeration system

Component Specification
Compressor capacity 107 W
Evaporator size 0.0123 m?
Condenser coil length 1391 m
Capillary length 292m
Capillary diameter 0.90 mm
Condenser diameter 4.76 mm

The accuracy of the coefficient of performance is evaluated
as follows:

Qe
COP =2

[

The same procedure is extendible to all the quantities
evaluated. Basing on this the accuracy of the COP belongs to
+4.5%. The accuracy of the refrigeration capacity is +2.5%.

)

écop
cop

“4)

3. INITIAL EXPERIMENTAL TESTS AND RESULTS

In order to test the affordability and the re-usability of the
developed test-bench refrigeration system for many
experiments and under many conditions, we deemed the first
experimental investigation was to monitor the correctness of
the refrigeration cycle. Indeed, in this paper are presented the
results coming from a campaign of tests conducted on two
different refrigerants and with the refrigeration system
monitored with and without subcooling for both the
refrigerants.

Specifically, the test bench was originally designed to work
with R134a, in order to explore, subsequently, the possibility
of working with a more environmentally friendly refrigerant,
as drop-in replacement. Indeed, after the experimental test-
bench refrigeration setup was made, as first step, the
atmosphere gas and water vapor present in the setup was
removed by using a vacuum pump. Thus, with the temperature
of the environment kept constant at 30<C, the system was
charged firstly with R134a and then with the eco-friendly
R600a. The initial pressure of the charged refrigerants was 1
bar. The charge was made respecting the requirement that the
two fluids occupy the same volume. Therefore, since under the
same conditions of temperature and pressure the density of
R600a is smaller than the R134a (as an example: with p=1 bar
and T=-26.4°C, the density of R600a is 221 kg m- whereas the
density of R134a is 511.9 kg m™3), the mass flow rate of R600a
is smaller than R134a. Specifically, the system works with
0.712 g s of R134a and 0.318 g s* of R600a. Refrigerant
R600a is filled in the compressor that is used, originally, for
R134a.

During the working period of the apparatus, the pressure
and temperature readings on pressure gauges and
thermometers were taken periodically. After the experiment
was completed with R134a, the system was discharged and
then recharged with the eco-friendly refrigerant R600a and the
same procedure was carried out. For both the refrigerants, the
system was tested with and without the sub-cooling. The tests
were performed in a laboratory whose environmental
temperature was kept constant at 30°C. The overall energy
performances of the refrigeration system were evaluated in
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terms of coefficient of performance, evaporator temperature
and refrigeration effect.
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Figure 3. Evaporator temperature vs time: (a) R134a and
(b)R600a with and without subcooling

Figure 3 shows the evaporator temperature measured while
the system is working with R134a (Figure 3(a)) and R600a
(Figure 3(b)). Given the specification of keeping the volume
constant, the pressure charges are different and consequently
the two refrigerants set themselves to two different steady state
evaporator temperatures: R134a reaches -9°C and -16°C,
while the system works respectively without and with
subcooling. R600a, due to the halved mass flow with respect
to R134a, positions the evaporator temperature around the
steady-state values of 5.8°C and 3.7°C, while the system works
respectively without and with subcooling. Therefore, the
subcooling produces a positive effect of a temperature
reduction both for R134a and R600a.

In Figure 4 are reported the suction and discharge pressure
trends of the system working without subcooling, charged with
R134a (Figure 4(a)) and R600a (Figure 4(b)). As a matter of
fact, in order to drop-in the refrigerant in the system originally
working with R134a charged at 0.34 bar, to keep constant the
volume, the refrigerant R600a is charged at 0.8 bar.
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In Figure 5, is reported the Coefficient of Performance
(COP) vs time, measured while the system is working with 5(a)
R134a and 5(b) R600a, respectively. Without subcooling the
calculated steady-state COP for R134a is approximately 3.25,
whereas for R600a is 4.59. In the working conditions
mentioned before, the initial experimental tests reveal that the
drop-in of R134a with R600a carries to a 41.2% increment on
coefficient of performance. On the other side, the effect the
introduction of the subcooling carries the system reaching a
steady-state COP of 3.40 for R134a and 4.80 for R600a.

Figure 6 reports the variation of refrigeration effect vs time,
measured while the system is working with 6(a) R134a and
6(b) R600a, respectively. As shown in the figures, R600a
gives higher refrigeration effect than R134a; this is due to the
latent heat of vaporization per unit mass of refrigerant that for
R600a is higher than for R134a. The Refrigeration effect
detected for the system charged with R600a is +64% and
+83% higher than R134a, with sub-cooling and without sub-
cooling, respectively. This result agrees with the results
published in the scientific literature. Potker et al. assert that
that for all refrigerants, as the condensing temperature
increases and approaches the critical point, the liquid specific
heat becomes higher and the latent heat of vaporization
decreases, which subsequently increases the refrigerating
effect gain [51].

4. CONCLUSIONS

A test-bench refrigeration system was developed, and the
primary objective of the experimental investigation was to
carry out initial experimental results to monitor the apparatus
working with two different refrigerants: R134a and R600a.
The initial experimental investigation was performed
respecting the requirement that the two fluids occupy the same
volume. The initial energy performances were carried out in
terms of evaporator temperature, coefficient of performance
and refrigeration effect. The different refrigerants flow rate, as
expected, carry to different steady-state evaporator
temperatures but, for both the fluids, the effect of subcooling
has a benefit on this parameter. The drop-in of R134a with
R600a carries to a +41.2% mean increment on coefficient of
performance and the effect the introduction of the subcooling
carried a modest further benefit in COP increasing for both the
fluids. Finally, the refrigeration effect detected for the system
charged with R600a is +64% and +83% higher than R134a,
with sub-cooling and without sub-cooling, respectively. The
introduced initial experimental results constitute just the first
step of a global investigation focused on analyzing the effect
of the drop-in of HFC with new eco-friendly refrigerants, to
be conducted “in-situ”, at the School of Mechanical
Engineering of VIT University located in Vellore (India), a
“developing” country adhering to Kigali amendment. Indeed,
as previously specified, this is just an initial investigation
conducted in order to verify the correctness of the refrigeration
cycle originally designed for working with R134a and to
explore, subsequently, the possibility of working with a more
environmentally friendly refrigerant, as drop-in replacement.
Further investigations are planned to be conducted to provide
a wider comparison under other conditions: keeping constant
the mass flow rates of the refrigerants, as well as pull down
tests to evaluate the charge required to make the system
reaching the same steady-state evaporator temperature both for
R134a and R600a.
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