View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Repositori Institucional de la Universitat Jaume |

Accepted Manuscript —————

INTERNATIONAL JOURNAL OF

refrigeration
Title: Experimental assessment of r134a and its lower GWP alternative R513A

Author: Adrian Mota-Babiloni, Pavel Makhnatch, Rahmatollah Khodabandeh,
Joaquin Navarro-Esbri

PII: S0140-7007(16)30406-6

DOl: http://dx.doi.org/doi: 10.1016/j.ijrefrig.2016.11.021
Reference: JIJR 3489

To appear in: International Journal of Refrigeration

Received date:  19-8-2016
Revised date: 6-11-2016
Accepted date:  28-11-2016

Please cite this article as: Adrian Mota-Babiloni, Pavel Makhnatch, Rahmatollah Khodabandeh,
Joaquin Navarro-Esbri, Experimental assessment of r134a and its lower GWP alternative R513A,
International Journal of Refrigeration (2016), http://dx.doi.org/doi:
10.1016/j.ijrefrig.2016.11.021.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service
to our customers we are providing this early version of the manuscript. The manuscript will
undergo copyediting, typesetting, and review of the resulting proof before it is published in its
final form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.


https://core.ac.uk/display/84137801?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Experimental assessment of R134a and its lower GWP alternative R513A

Adrian Mota-Babiloni®®® *, Pavel Makhnatch®, Rahmatollah Khodabandeh®,
Joaquin Navarro-Esbri".

# Institute for Industrial, Radiophysical and Environmental Safety (ISIRYM), Camino de Vera
s/n, Polytechnic University of Valencia, E-46022 Valencia, Spain.

® ISTENER Research Group, Department of Mechanical Engineering and Construction, Campus

de Riu Sec s/n, University Jaume I, E-12071 Castellén de la Plana, Spain.
° Royal Institute of Technology, Department of Energy Technology, Division of Applied
Thermodynamics and Refrigeration, Brinellvagen 68, 100 44 Stockholm, Sweden

HIGHLIGHTS
o R513A is experimentally compared with R134a in a refrigeration test bench.
e Evaporation temperatures are varied between -15 and 12.5°C.
o R513A presents higher mass flow rate and cooling capacity than R134a.
¢ R513A COP is always above than that of R134a due to lower cooling capacity.
e R513A can substitute R134a with lower system modifications.

Abstract

Lower GWP refrigerants are essencial to mitigate the impact of refrigeration systems on climte
change. HFO/HFC mixtures are currently considered to replace HFCs in refrigeration and air
conditioning systems. The aim of this paper is to present the main operating and performance
differences between R513A (GWP of 573), and R134a (GWP of 1300), the most used
refrigerant for medium evaporation temperature refrigeration systems and mobile air
conditioners. To perform the experimental comparison, 36 tests are carried out with each
refrigerant at evaporating temperatures between -15 and 12.5°C and condensing temperatures
between 25 and 35°C. The conclusion of the experimental comparison is that R513A can
substitute R134a with only a thermostatic expansion valve adjustment, achieving better
performance and higher cooling capacity. The discharge temperature of R513A is always lower
than that of R134a.
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Nomenclature

COP coefficient of performance

h enthalpy (kJ kg™)

1hyer refrigerant mass flow rate (kg s™)
Qevap coOling capacity (kW)

T temperature (°C)

P, motor-compressor electrical power consumption (kW)

Subscripts
in inlet
c condenser

evap evaporator

out  outlet

Abbreviations

GWP Global Warming Potential
HFC Hydrofluorocarbon

HFO Hydrofluoroolefin

NBP Normal Boiling Point
ODP Ozone Depletion Potential

TXV Thermostatic Expansion Valve

1. Introduction
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Hydrofluorocarbon (HFC) substances were included in greenhouse gas basket by Kyoto
protocol (UN, 1997) due to their great contribution to climate change compared to carbon
dioxide. These fluids were widely used in different applications as working fluids (refrigerants)
of refrigeration and air conditioning systems, building insulation (foams), fire extinguishing
systems and aerosols. Among these uses, the major use of HFCs is as refrigerants (Calm, 2002).

The most used refrigerant HFCs are R404A, R134a and R410A, each one of them in different
refrigeration and air conditioning applications (Mota-Babiloni et al., 2015a). R134a is
dominating the medium temperature refrigeration and air conditioning systems of developed
countries, and more and more, these appliances of developing countries, at the same time that
R12 (Carpenter, 1992) is being replaced according to Montreal Protocol chlorofluorocarbon
phase out schedule.

In Europe, the Regulation (EU) No 517/2014 (The European Parliament and the Council of the
European Union, 2014) establishes the phase out of higher Global Warming Potential (GWP)
fluids for different refrigeration and air conditioning applications. R134a is banned in domestic
refrigerators and freezers since 2015 and will be retired from commercial refrigerators and
freezers from 2022; and hence replacements for this refrigerant must be found. In that
applications where it can still be used (commercial stationary refrigeration equipment and
primary circuit of cascade systems of multipack centralized refrigeration systems), low GWP
alternatives (McLinden et al., 2014) should be prioritized to prevent harmful consequences of
climate change (Velders et al, 2015).

Natural refrigerants are a good option from an environmental point of view because their GWP
near unity. Among them hydrocarbons are highlighted (Palm, B., 2008), which can directly
compete with R134a in low charge systems (Joybari et al., 2013 have proved that the amount of
charge required for R600a is 66% lower than for R134a); and carbon dioxide in transcritical
cycle (Aprea et al., 2013).

Regarding synthetic environmental friendly alternative refrigerants, a new class of them has
emerged the past decade, the hydrofluoroolefins. The most implemented of them are R1234yf
and R1234ze(E), and also their GWP is equal or below unity (Sethi et al., 2016). These fluids
offer some issues (low flammability or insufficient cooling capacity) related to their use in
existing R134a systems (Mota-Babiloni et al., 2014), so blends of HFOs (hydrofluoroolefins)
and HFCs are being recently developed to mitigate the drawbacks of these HFOs while keeping
GWP values low. R513A (mixture of R134a and R1234yf) and R450A (mixture of R134a and
R1234ze(E)) are today the most relevant non-flammable HFO/HFC mixtures for medium
temperature refrigeration and air conditioning systems. Despite that, few data about the behavior
of these fluids is available in literature, mainly focused on R450A: an energetic comparison
with R134a (Mota-Babiloni et al., 2015b), an analysis of the effect of the internal heat
exchanger (Mota-Babiloni et al., 2015c) and a model developed using this fluid and others
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(Mendoza-Miranda et al., 2016). Investigations of R1234yf and R134a mixtures are still more
focused on thermophysical properties (Akasaka et al., 2015) and compatibility with POE
lubricant oil (Sedrez and Barbosa Jr, 2015).

Before the worldwide acceptation and implementation of R513A as lower GWP working fluid
in the vapor compression systems, more research about the behavior of this fluid is needed. It is
very important to know the adaptation of this refrigerant in R134a systems performing a light
retrofit replacement. This paper presents an experimental analysis of the retrofit replacement of
R513A as lower GWP alternatives for R134a. These fluids are tested in a refrigeration test
bench equipped with a hermetic rotary compressor and plate condenser and evaporator. Several
condensation and evaporation temperatures are selected to cover a wide range of operating
conditions and then the main parameters resulting from the experimentation are presented and
discussed.

2. Main characteristics of R513A as R134a alternative

The main characteristics of R134a and its lower GWP alternative are displayed in Table 1.

Table 1. Main characteristics of R134a and the commercial HFO/HFC mixtures

R513A is composed by R134a/R1234yf at 44/56 of mass percentage, being a zero-ODP (ozone
depleting potential) fluid and meets the limitation established on the Montreal Protocol. R513A
has a GWP value of 573 and it can be used in the same applications that R134a is allowed
(refrigerators and freezers for commercial use until 2020, stationary refrigeration equipment and
multipack centralized refrigeration systems for commercial use) but achieving great reduction in
direct CO, equivalent emissions.

Similarly to R134a, R513A is classified as nontoxic and nonflammable fluid (A1) by ASHRAE ,
so the flammability is not a concern. The normal boiling point (NBP) is very similar between
both refrigerants, so R513A can also be used in food conservation systems. R513A was
classified as azeotrope mixture by ASHRAE (R500 series) because its glide can be considered
negligible (average glide of 0.1°C).

Analyzing the thermophysical properties of this refrigerant, R513A shows lower liquid thermal
conductivity, liquid viscosity and latent heat; and higher vapor density. This could affect the
heat transfer coefficient in heat exchangers and R513A would show higher mass flow rate but
lower refrigerating effect. From a brief theoretical overview of the performance of the
refrigerants (Table 2), R513A depicts slightly lower performance but higher cooling capacity.
Simulating conditions are -5 and 30°C for evaporating and condensing temperature,
superheating and subcooling degree of 10.5 and 7°C respectively, and isentropic and volumetric
efficiency of 0.8.
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Table 2. Theoretical overview of R513A and R134a performance.
3. Experimental procedure
3.1. Experimental setup

To perform the experimental comparison between R513A and R134a, a fully instrumented
vapor compression system test bench was used, Figure 1.a). The components present in the test
bench are shown in a schematic view, Figure 1.b). It is comprised by the main circuit, which
simulates the operation of a vapor compression system, and two secondary circuits; one
glycol/water brine close loop for the evaporator and one water open loop for the condenser.

Figure 1. a) Experimental test bench and b) schematic diagram.

The installation is composed by four main elements, common to every vapor compression
system:

o A full hermetic rotary compressor designed for R134a. The motor rating is 550W and
the displacement is 15.44 cm? per revolution. The oil used was polyolester and its return
to compressor is ensured by the usage of an oil separator.

e An evaporator and condenser plate heat exchangers designed to work with R134a at
medium temperature refrigeration conditions.

¢ An R134a thermal expansion valve (TXV).

The two secondary circuits allow controlling the operating conditions of the vapor compression
circuit. The secondary circuit of the evaporator is a close loop composed by a pump that drives a
ethylene glycol/water brine (43/57 in mass percentage) heated by an adjustable three phase
resistance of 2.6 kW rated power. The secondary circuit of the condenser is a running water
open loop which flow is controlled by a water regulating valve.

The measuring instrumentation of the system is described in the following:

e The temperatures at the inlet and the outlet of each main component (main and
secondary circuits) are measured by thermocouples T type with £0.11°C of uncertainty.

e The condensation and evaporation pressure are measured by two calibrated pressure
sensor transducers with +0.08% of uncertainty (full scale best straight line). The
maximum measurement of the low pressure transducer is 1000kPa and that of the high
pressure transducer is 2000kPa.

e The evaporation pressure drop is measured by a differential pressure sensor of 0.25% of
uncertainty (reading).

e The refrigerant mass flow rate is measured by a Coriolis type flow meter with £0.5%
uncertainty (reading).

e The electric consumption of motor-compressor set and the heaters is registered by a
configurable multi transducer with £0.2% uncertainty (reading).
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Finally, all the measurements are collected by a data acquisition system and gathered to a
personal computer, in which the data is displayed and registered. It should be noted that the
components and the pipes of the system are completely isolated to minimize losses to ambient
and allow measuring more accurate results.

3.2. Tests conditions

The performed tests are intended to simulate the operating conditions of a typical small cooling
capacity refrigeration system. Six evaporating and three condensing temperatures were
stablished for each refrigerant, Table 3. When the alternative refrigerant was introduced, a
retrofit replacement was performed: the superheating degree was adjusted through the screw of
the thermal expansion valve and the subcooling degree controlling the amount of refrigerant
introduced in the main circuit.

Table 3. Tests operating conditions.

Once measured each steady-state experiment (20 min length minimum), the average steady-state
output parameters are obtained.

3.3. Equations

First, the cooling capacity (Q,) is obtained using Equation (1). The enthalpy at the outlet and the
inlet of the evaporator are obtained using REFPROP v9.1. (Lemmon et al., 2013) and the
pressure and temperature measurements. The mass flow rate is directly measured from the
installation using the Coriolis mass flow meter.

Qevap = mref (hout - hin)evap (1)

The cooling capacity measurement is validated by a power meter that registers the electrical
power consumed by the heater. Figure 2 shows the evaporator heat balance of both refrigerants
tested. Although the heater power is below that of that measured in the refrigerant side, the
deviation both values remains always below 15%. The deviation is greater at lower heat transfer
values, this is due to the losses to the ambient, that are greater at low evaporating temperatures.

Figure 2. Evaporator heat balance
Then, the Coefficient of Performance (COP) of the refrigeration system is calculated using

Equation (2). The motor-compressor power consumption is obtained from the power meter
measurements.

COP = Qevap/Pc (2)
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Through the RSS method (Taylor, 1997), the uncertainties for the calculated parameters were
obtained. Thus, the average cooling capacity uncertainty for R134a is 0.38% and for R513A and
0.37%. Regarding COP, the average uncertainty for R134a is 0.43% and for R513A and 0.42%.

4. Results and discussion

This section presents and discusses the parameters used to analyze the behavior of the lower
GWP alternative to R134a, R513A. The main parameters studied are mass flow rate, cooling
capacity, COP and discharge temperature. These values are represented against the evaporating
temperature at different condensing temperatures (maximum deviation £0.1°C). The maximum
variation of superheating degree was +1°C and the subcooling varied depending on the
operating conditions and superheating degree adjustment. The ambient temperature varied
between 25.1 and 28.2°C for both fluids.

4.1. Mass flow rate

The experimental mass flow rate depends on the suction density, compressor geometrical
parameters (geometrical volume of 15.4 cc and 2850 rpm), and compressor volumetric
efficiency. In section 2 was shown that R513A vapor density is more than 20% higher than
R134a, therefore from a theoretical point of view a greater R513A mass flow rate can be
expected. Figure 3 presents the mass flow rate measured for both refrigerants at different
operating conditions.

Figure 3. Experimental mass flow rate at different evaporating and condensing temperatures

Thus, taking into account what is shown in Figure 3, experimental results confirm the greater
mass flow rate of R513A. The difference between both fluids is greater than expected due to
greater compressor volumetric efficiency (lower R513A compression ratio and superheated
vapor viscosity at the same operating temperatures) influenced by lower lower operating
compression ratio (between 2 and 6% lower). The volumetric flow rate values of R513A vary
between 0.81 and 0.96, and for R134a between 0.72 and 0.96. The experimental mass flow rate
values of R513A were measured between 5.7 and 16.6 gr s™* and that of R134a were between
4.1and 14.3grs™.

Moreover, as Table 4 shows, velocities of both refrigerants were similar (slightly higher for the
alternative) so there is no need for a piping redesign in R134a refrigeration systems to use
R513A.

Table 4. Minimum and maximum experimental velocities at the test bench lines

4.2. Cooling capacity
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As stated in Equation (1), the cooling capacity depends on the mass flow rate and the
refrigerating effect (evaporator enthalpy difference). At similar subcooling and operating
conditions, the R134a presents around 12% higher evaporator enthalpy difference than R513A
(corresponding to a higher R134a latent heat of vaporization). So, the resulting cooling capacity
is presented in Figure 4.

Figure 4. Cooling capacity at different evaporating and condensing temperatures

Taking into account what exposed before about parameters that affects the cooling capacity, the
difference of mass low rate between both fluids is greater than that of refrigerating effect, so the
R513A cooling capacity is greater than R134a. The cooling capacity measured using R513A is
comprised between 827 and 2691W and that of R134a is between 712 and 2668 W and the
differences were higher at lower evaporating and condensing temperatures.

4.3. COP (Coefficient of Performance)

Since COP depends on the cooling capacity and the electrical power consumption, the behavior
of the second parameter is shown in Figure 5.

Figure 5. Power consumption at different evaporating and condensing temperatures

Electrical power consumption of R513A is greater than that of R134a, in spite of presenting
between 7 and 14% lower specific compression work and higher global compressor-motor
efficiency (even though both present isontropic efficiencies between 0.45 and 0.62). The lower
electrical power consumption is due to the higher R513A mass low rate observed before.

Dividing cooling capacity and the compressor-motor power consumption results the COP,
shown in Figure 6.

Figure 6. COP at different evaporating and condensing temperatures

The higher R513A COP can be explained from two perspectives: 1) lower R513A compression
specific work than refrigerating effect differences with R134a, or 2) higher R513A cooling
capacity than power consumption differences with R134a. R513A COP difference with R134a
is greater at lower condensing temperatures and it can be explained by the lower R513A critical
point. Moreover, the difference is also higher at lower evaporating temperatures. The R513A
COP values are comprised between 1.8 and 6.8 and those of R134a between 1.6 and 6.9.

Thus, it can be concluded that the major performance increase replacing R134a with R513A is
obtained at medium-low temperature refrigeration systems, working in cold climates.

4.4. Discharge line temperature
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Figure 7 represents the measured discharge line temperatures. As commented before, R513A
has lower specific compression work, so together with a similar isentropic efficiency (maximum
difference of 3%), gives the lower R513A discharge temperature and prevents from a lubricant
degradation or compressor malfunction that could end with a shorten in compressor lifetime,
that can appear at high ambient temperatures. The maximum discharge line temperature using
R513A at the proposed conditions was 70.5°C (maximum discharge compressor temperature
varies among the different models, but it could be problematic from 100°C), while R134a
measured discharge temperatures are over 80°C.

Figure 7. Discharge line temperatures at different evaporating and condensing temperatures

5. Conclusions

This article presents and discusses an experimental comparison between R513A and R134a.
R513A is a lower GWP HFO/HFC mixture that was recently commercialized. 36 experimental
tests were performed with each refrigerant using a vapor compression system test bench, in
order to obtain enough data to perform the comparison and cover a wide range of operating
conditions. The main conclusions of the study are the following.

R513A is a blend composed by R134a/R1234yf at 44/56 mass (percentage) with a GWP value
of 573 and it is a non-toxic and non-flammable fluid. Experimental mass flow rate of R513A is
higher than R134a because of higher suction density and lower operating compression ratio.
This difference overcomes the lower R513A refrigerating effect and makes R513A performing
higher cooling capacity than R134a. Even though R513A power consumption is greater than
R134a, the resulting COP is higher, 5% as average, so it can be concluded that R513A is more
efficient refrigerant under the tested conditions. Best R513A performance results are obtained at
low evaporating and condensing temperatures, in which there is no risk of oil degradation
because of the lower R513A discharge temperature.

Considering both GWP reduction and energy efficiency increase achieved using R513A, the use
of this refrigerant can be recommended for refrigeration and air conditioning systems that uses
R134a. In comparison with R134a, R513A could provide benefits from energetic and
environmental point of views. Moreover, the direct replacement of R134a with R513A only
required a TXV adjustment.
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FIGURE CAPTIONS

Figure 1. a) Experimental test bench and b) schematic diagram

Figure 2. Evaporator heat balance

Figure 3. Experimental mass flow rate at different evaporating and condensing temperatures

Figure 4. Cooling capacity at different evaporating and condensing temperatures

Figure 5. Power consumption at different evaporating and condensing temperatures

Figure 6. COP at different evaporating and condensing temperatures

Figure 7. Discharge line temperatures at different evaporating and condensing temperatures
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Table 1. Main characteristics of R134a and the commercial HFO/HFC mixtures

Refrigerant R134a R513A
Composition pure R134a/1234yf 44/56
ASHRAE safety classification Al Al
ODP 0 0
GWPigo.yr (AR5, Myhre et al., 2013) 1300 573
Critical temperature (°C) 101.1 97.7
Critical pressure (kPa) 4059.3 3855.3
NBP (°C) -26.4 -29.9
Glide (°C) at 100kPa 0 0.1
Liquid density ® (kg m™) 1295.3 1222.4
Vapor density * (kg m*) 14.35 17.14
Liquid c,® (kJ kg™ °C™) 1.341 1.313
Vapor ¢,* (k] kg™ °C™) 0.897 0.920
Liquid thermal conductivity * (W m™°C ™ 92.08 79.26
Vapor thermal conductivity * (W m™ °C ™) 11.50 11.72
Liquid viscosity® (Pa s™) 267.0 227.5
Vapor viscosity * (Pa s™) 10.7 10.5

*At0°C
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Table 2. Theoretical overview of R513A and R134a performance.

R134a R513A
Refrigerating effect (kJ kg™) 173.2 151.1
Vapor density at the compressor inlet (kg m™) 115 13.8
Volumetric cooling capacity (kW) 1987 2081
COP () 5.49 5.44
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Table 3. Tests operating conditions.

Operating conditions

Values

Evaporating temperatures (°C)
Condensing temperatures (°C)
Superheating degree (°C)
Subcooling degree (°C)
Refrigerant amount (@)

[-15,12.5] at steps of 2.5

25, 30 and 35

10.5 (at Tc=35 and Tevap=0)

7 (at Tc=35 and Tevap=0)

510 for R513A and 450 for R134a
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Table 4. Minimum and maximum experimental velocities at the test bench lines

Velocity (m s™) at R134a R513A

Suction line 11.31 14.97 12.73 15.00

Discharge line 1.53 6.10 1.71 5.94

Liquid line 0.04 0.15 0.06 0.18
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