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ABSTRACT: In this study, the performance of different refrigerants (with low GWP value)
depending on thermophysical properties in the cooling system was evaluated. The cooling capacities
of R134a, R445a, R515a, R456a, ND, and R516a refrigerants used in the cooling system are
determined per unit refrigerant. If the compressor speed values and the volumetric efficiency of the
compressor are constant, the results of the effects of the refrigerants in the cooling system are
compared with each other. When the system is operated with R445a, the highest COP value is
obtained when the volumetric efficiency value is 0.7. The R515a provided the closest COP value to
R134a when the compressor speed was 1750 rpm and the 98% coefficient of performance value was
similar. When the refrigerants considered are evaluated together, it was determined that R445a
provides the best values according to R134a and has an average cooling capacity of approximately
12% is higher.
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INTRODUCTION

The aim is to reduce the adverse effects of the refrigerants on the environment within various
regulations and restrictions. The European Union's directive 517/2014 limits the GWP value
(Regulation (EU) No 517/20, 2014). In the relevant directive, dates are determined for drawing the
refrigerants with high GWP values and the limits to be used. Below, the features required from the
refrigerant-related directive are shown in (Table 1) with historical limitations.

Table 1. Restrictions imposed by the European Union directive (Regulation (EU) No 517/20, 2014; Aricapa et al., 2020).

System GWP Banned date
Freezers and home refrigerators >150 01/01/2015
Freezers and commercial refrigerators >2500 01/01/2020
Freezers and commercial refrigerators >150 01/01/2022
Specially produced for operating at -50 °C of stationary coolers >2500 01/01/2020
Multiple compressor cooling systems, less than 40 kW >150 01/01/2022
First cycle external cycles in cascade cooling systems >1500 01/01/2022
Air conditioning systems in mobile >150 01/01/2020
Split air conditioning systems containing fluorinated gas, less than 3 kg >750 01/01/2025

Scientific and commercial studies are still underway towards realizing the use of low GWP but
high-performance refrigerants instead of high GWP refrigerants in cooling systems, following the
restrictions of the relevant directive (Regulation (EU) No 517/20, 2014). In these studies, researches
are conducted on different combinations of HC, HFC, HFO, and R744 to improve the thermophysical
properties of fluids with low GWP due to high performance (Abas et al., 2018; Azzolin et al., 2019;
Aricapa et al., 2020; Makhnatch et al., 2017; Rasti et al., 2013).

R1234yf with low GWP value can be used in mobile air conditioning systems as an alternative to

R134a. (Navarro-Esbri et al., 2012; Babiloni et al., 2015; Sieres and Santos, 2014; Direk et al., 2017,
Meng et al., 2018; Aral et al., 2020). Bayrakci et al. (2009) theoretically calculated the coefficients of
performance (COP) and cooling capacities in the cooling cycle of propane, butane, isobutane, and
isopentane with low GWP value. They also determined that the COP of butane and isopentane were
higher than propane and butane. Cheng et al., (2017), the mixture obtained with R1234ze(E) tested
refrigerant in the heat pump system. In their study, the effect of various ratios of R1234ze(E)
concentration on the performance of heat pump systems was evaluated. Jemaa et al. (2018)
investigated an R1234ze(E) vapor compression system. Due to the experiment's results of the study
that R1234ze(E) irreversibility was lower than that of the system using R134a. Direk and Soylu (2018)
also studied R1234ze(E) working with R134a in a vapor compression refrigeration system.
R1234ze(E) has a 27% lower cooling capacity than that of the system using R134a.
In their study in Guarav et al. (2018) made comparisons of the effect of R134a used in cooling systems
on the performance of alternative different refrigerant mixtures. At the end of the study, they
determined that the values closest to R134a were obtained from a mixture of 40% R134a, 22%
R1234yf, and 38% R1234ze(E). Direk et al. (2018) studied the total exergy destruction of the AAC
system. Predicting the total exergy destruction, an empirical correlation was developed. It is obtained
in the study that the maximum and minimum deviation was found that the R1234yf+IHX and R1234yf
as 8.8% and 7.21%.

As an alternative to R134a, Jian Sun and colleagues tested R516a in the vapor compression
refrigeration system in 2019. They have seen that the compressor has the highest irreversibility value

501



Umit ISKAN et al. 11(1): 500-511, 2021

Volumetric Efficiency Evaluation of the Use of Refrigerants R445a, R515a, R456a, ND, and R516a with Low GWP Instead of
R134a

among the system equipment. As an alternative to R134a, R290, R600a, R407c, R410A, R404A,
R152a, and R1234yf refrigerant was used. Vaghela (2017) theoretically evaluated the performance
values obtained in the vapour compression refrigeration system. In their evaluation, they determined
that the most suitable refrigerant was R1234yf instead of R134a. In their study in Kashif and his
colleagues, (2017) tried R290 (propane) and R600a (isobutane) refrigerants as an alternative to R134a
in a heat pump cycle used for water heating. According to their results, they stated that R290 gives a
higher performance value than R600a, while R600a provides higher compressor capacity at the same
heating capacity values. Sotomayor and Parise (2016) obtained the data which is compatible with the
literature information used to develop a mathematical model for the R134a AAC system compressor.
This model is applied to alternative refrigerants. It is found that the model they developed as R1234yf
and R290. Babilioni et al. (2015) used R32, R125, R152a, R1234yf, R1234ze(E), and their mixture to
suggest using each refrigerant individually and with mixture instead of refrigerant fluids with high
GWP. Even though some of these mixes would result in security issues, other mixtures of these
refrigerants could be used.

In our study, the performance of different refrigerants on the same system will be evaluated in
consideration of the thermophysical properties. Also, evaluations were made in compressor cycles
determined by Tian relation, which gives close values between 90% and 100% to real values (Tian et
al., 2004). In the continuation of the study, the ratio of Tian correlation to sensitive values at different
values was determined. R444a, R515a, R456a, ND, and R516a mixture refrigerants, whose properties
are given in (Table 2), are determined as an alternative to R134a. In the same table, the thermophysical
properties of the related refrigerants are seen.

Table 2. Alternative refrigerants thermophysical properties (Lemmon et al., 2014)

Refrigerants R134a R515a R456a ND R516a R445a
Refrigerants, in the mixture - R1234ze(E) R32 R134a R1234yf R134a
amounts of blending R227ea R134a R1234yf R134a R1234ze(E)
R1234ze(E)  R1234ze(E) R152a R744
Percentages of mass (%) - 88 /12 6 /45 /49 40 /22 /38 77.5/8.5 /14 9/85 /6
Mixtures critical pressure (kPa) 4059.3 3555.7 4175.2 3968.8 3615.2 45444
Critical temperature (°C) 101.05 108.65 102.65 118.35 96.65 106.05
25 °C steam density (kg m3) 13.83 13.93 13.99 13.24 14.38 14.33
Latent heat of vaporazation (kJ/kg) 177.78 159.76 173.12 163.26 166.55 171.61
Gwpo 1300 387 687 522 131 130
ASHRAE's security Class Al Al Al Al A2L A2L

Data obtained through REFPROP (Lemmon et al. 2014) to a temperature of 298.15 K

Theoretical Analysis

Based on the classical mechanical vapour compression refrigeration cycle given in (Figure 1),
data were obtained as a result of analysing R134a, R515a, R445a, ND, R456a, and R516a refrigerants
using the (Tian et al., 2004) correlation obtained from the literature. In all operating conditions, the
flow rate of the refrigerant circulating in the system was taken as 0.035 kg s%. The evaporation (inlet to
the evaporator) temperature of the refrigerant is 10 °C, and the total compressor internal volume is 138
cm?, the constant isentropic efficiency value (nis) 0.8 is taken. Besides, changes in potential and kinetic
energies were neglected during circulation. The compressor, expansion valve, and pipes are considered
to be adiabatic, and the process of the refrigerant in the expansion valve is isentropic.
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Figure 1. Mechanical vapour compression refrigeration cycle

Thermodynamic Analysis
The theoretical mass flow rate is determined using (Equation 1) for the vapour compression
cooling system.

mref = prerG (N/60)n, 1)

Tian et al. (2004) suggested the following relation in 2004 for the volumetric efficiency value. In this
formula, volumetric efficiency is determined due to compressor speed and compression ratios and
some limitations.

7y = 1.81- 0.35.£+ 0.026.£2- 0.00081.N, + 2.51.1077.N2 + 0.00026.¢. N,
- 2.07.1075.&2.N. - 8.68.1078.&. N 2 + 7.07.107% x €2, N 2 2)

(compressor compression ratio; ¢ = 3.6 - 6.2; compressor speed; Nc = 900 - 3000 RPM and Superheat
value is 15 ° C.)

Cooling capacities were found according to the equation below.
Qevap = mref (hevap,e - hevap,i) (3)

Compressor power is calculated using the equation below for the cycle.
I/i/comp = mref (hcomp,e - hcomp,i) (4)

In (Equation 5), the COP value of the system is given.

cop = Jevar

Weomp
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MATERIALS AND METHODS

Evaluation according to constant volumetric efficiency value

In this method, compressor speeds from (Equation 1) for two different constant volumetric
efficiency values (0.7 and 0.65) were found using the densities of the refrigerants at 25°C. Then, from
(Equation 2), the compression ratios of fluids and evaporation pressures using the REFPROP program
were found depending on the compressor speeds found (Lemmon et al., 2014). Finally, condensation
pressures were calculated with the compression ratios and evaporation pressures obtained, and cycle
points in the P-h diagram were created for the refrigerants considered, as shown in (Figure 2).

=

Pressure (kPa)

RASGa
Ra45a
R5l6a

L
.I"'-ll R51 5-3- .

-Entalp‘,r (k)/kg) )

Figure 2. Created refrigeration cycles of all refrigerants used in the analysis with the REFPROP program

Evaluation based on fixed compressor speed value

Firstly, volumetric efficiency values were determined for fixed compressor speeds in the
method of evaluating different refrigerants according to the constant compressor speed value by using
the densities at 25 °C in the (Table 2). Using the compression ratios and REFPROP program from
(Equation 2), the condensing pressures were calculated together with the volumetric efficiency values
found. As seen in (Figure 2), the refrigeration cycle of the fluid on the P-h diagram is created. In
(Figure 3-a), the constant volumetric efficiency method of the flow diagram and in (Figure 3-b), the
flow diagram of the method made depending on the constant compressor speed can be seen.
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Figure 3. (a) Constant volumetric efficiency method flow diagram
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Figure 3. (b) Constant compressor speed flow diagram
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RESULTS AND DISCUSSION

Compression ratios obtained using (Equation 2) are given in (Table 3) for different refrigerants,
which are taken into account at constant volumetric efficiency value (0.7). It can be examined in
(Figure 4) in which revolutions of different refrigerants reach the same mass flow values (0.035 kg s™)
for constant volumetric efficiency (nv) values. The same mass flow values (0.65) were reached for all
refrigerants evaluated at higher compressor speeds than the constant ny value (ny = 0.7). However, the
values obtained for refrigerants varied depending on the density values. While the system uses 700
rpm, R134a is used, and ny is 0.7, the mass flow rate of 0.035 kg s is reached. When the R515a and
R456a values of 1670 rpm were used, the same flow rates could be achieved.

Table 3. Compressor ratios and compression cycles calculated for a constant volumetric efficiency value

Refrigerant Volumetric efficiency (in %) Compression ratio
R134a 70 4.13
R445a 70 4.17
R515a 70 4.13
R456a 70 4.14
ND 70 4.08
R516a 70 4.16
th,s = 0,035 kg s, VD =138 cm?
m0,7
1800
m 0,65
1750
1700
S 1650
o
& 1600
B
g 1550
%]
§ 1500
S 1450
o
§ 1400
O
1350
R134a R445a R515a R456a R516a
Refrigerants

Figure 4. Compressor speeds obtained for different refrigerants by an evaluation based on constant
volumetric efficiency values

In (Figure 5) a comparison of cooling capacities and COP values obtained from refrigerants
taken into account in constant volumetric efficiency (nv = 0.7) is given. When (Figure 5) is examined,
it is seen that the COP value and the highest cooling capacity are obtained when R445a is used as the
refrigerant in the system. According to R456a and R515a, the COP value of R134a is 1% and 2%
higher, respectively. COPs means the ratio of the cooling capacity obtained in the system to the power
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given to the refrigerant in the compressor. Due to the close cooling capacity of the compressor powers
per unit refrigerant, the COP values of R456a and R515a are close to each other when (Figure 6) is
examined. When the cooling capacities of R134a and R456a are evaluated for the same mass flow
rates in the system, it is seen that they are very close to each other. This is because the latent heat of
vaporization and vapor density values in both refrigerants for the unit mass is very close to each other.
It can be said that the cooling capacities of R445a and R516a in the refrigerants evaluated for mobile
air conditioning systems will be appropriate because they are close to R134a, and GWP values are
below 150, respectively (Heredia-Aricapa et al. 2020).

M= 0.7, ;= 0.8, Ty,p= 10°C
6 M Cooling Capacity
m COP
5
o
o)
O
4
=
=3
> 3
2
[oX
3+
o 2
jo))
=
E
8§ 1
0
R134a R445a R515a R456a R516a
Refrigerants
Figure 5. COP values and refrigeration capacities of refrigerants
N¢= 1750 rpm, n;= 0.8, T¢y,,= 10°C
m Cooling Capacity
45
mCOP
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) 3,5
< 3
=
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2
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R134a R445a R515a R456a R516a
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Figure 6. COP values and cooling capacities of refrigerants
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The efficiency and compression ratios obtained by applying (Equation 2) for a fixed compressor
speed (1750 rpm) value of different refrigerants are given in (Table 4). When (Table 4) is examined, it
Is seen that the highest cooling capacity value is obtained when ND is used in the system depending on
the critical temperature and pressure values by comparing the refrigerants for constant compressor
speed in the system. As can be seen in (Figure 6), the cooling capacity of ND is 10% more than R134a.
When a fixed cycle compressor cycle. COP values were run with cycle R445a. It reached 1% close to
R134a. In this context, when R445a is evaluated together with its environmental effects, it stands out
in mobile air conditioning systems (Devecioglu and Orug, 2017).

Table 4. VVolumetric efficiency and compression ratios in stationary compressor cycles

Refrigerant Compressor speed (RPM) Volumetric efficiency (in %)  Compression ratio
R134a 1750 62.87 5.33
R445a 1750 60.68 6.03
R515a 1750 62.42 5.45
R456a 1750 62.15 5.53
ND 1750 65.67 4.72
R516a 1750 60.47 6.13

In the same period, although they have very close values to R456a, ND, and R134a, they are
above 150 as GWP value and can be evaluated in other applications except for mobile systems
(Heredia-Aricapa et al. 2020). R445a seems to be suitable for mobile air conditioning systems, both in
terms of having a low GWP value and giving values close to R134a. However, since it contains a small
amount of COg, it has high pressure and necessary safety precautions must be taken in its use.
Preliminary analyses were carried out with this theoretical study. The refrigerants approved for the
replacement of R134a should also be tested experimentally, and their effect on the compressor oil used
should be determined.

CONCLUSION

The closest cooling capacity and COP value to R134a were obtained as a result of the analyses
and evaluations. When R445a and R515a were used in the system, the cooling capacity and COP
values obtained in R445a are 8.2% and 0.04% higher than R134a, respectively. The cooling capacities
of R516a will be appropriate for mobile air conditioning systems because of the low GWP values.
According to R456a and R515a, the COP value of R134a is 1% and 2% higher, respectively.

In the same period, although they have very close values to R456a, ND, and R134a, they are
above 150 as GWP value and can be evaluated in other applications except for mobile systems. R445a
seems to be suitable for mobile air conditioning systems, both in terms of having a low GWP value
and giving values close to R134a. However, since it contains a small amount of CO,, it has high
pressure and necessary safety precautions must be taken in its use. Preliminary analyses were carried
out with this theoretical study. The refrigerants approved for the replacement of R134a should also be
tested experimentally, and their effect on the compressor oil used should be determined.
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NOMENCLATURE

GWP General Warming Potential
GWpL0 General Warming Potential for a hundred year
Q Heat transfer, [kKW]

w Work, [kW]

COP Coefficient of Performance
m Mass flow rate, [kg-s™]

h Enthalpy, [kJ-kg™']

T Temperature, [°C]

Nec Compressor Speed [RPM]
€ Compressor Ratio

Mv Volumetric Efficiency

M Isentropic Efficiency
comp Compressor,

cond Condenser,

evap Evaporator,

[ Inlet,

e Outlet,

ref Refrigerant,
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