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Abstract

This work presents an experimental analysis of a non-flammable R1234ze/R134a
mixture (R450A) as R134a drop-in replacement. While R134a has a high GWP value
(1430), the R450A GWP is only 547. The experimental tests are carried out in a vapour
compression plant equipped with a variable-speed compressor. The replacement
suitability has been studied combining different operating conditions: evaporation
temperature, condensation temperature and the use of an internal heat exchanger (IHX).
The drop-in cooling capacity of R450A compared with R134a is 6% lower as average.
R450A COP is even higher to those resulting with R134a (approximately 1%). The
discharge temperature of R450A is lower than that of R134a, 2K as average. The IHX
has a similar positive influence on the energy performance of both fluids. In conclusion,
R450A can be considered as a good candidate to replace R134a.
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Nomenclature

Symbols

COP Coefficient of Performance
¢, lsobaric Heat Capacity (kJ kg™ K™)

h enthalpy (kJ kg™)

m,.r refrigerant mass flow rate (kg st
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N compressor rotation speed (rpm)

Q,  cooling capacity (kW)

T temperature (K)

W, compressor power consumption (KW)
Subscripts

disc  discharge

in inlet

k condenser

0 evaporator

out  outlet

Abbreviations

GWF)lOO-yr

HFC

HFO

IHX

ODP

PID

POE

NBP

TXV

Hydrofluorocarbon
Hydrofluoroolefin

Internal Heat Exchanger

Ozone Depletion Potential
Proportional Integral Derivative
Polyolester

Normal Boiling Point

Thermostatic Expansion Valve

1. Introduction

Global Warming Potential calculated over 100 years




Due to the environmental concern caused by the global warming, the European Union is
taking regulatory action to limit the greenhouse gases emissions. The first F-gas
Regulation (Directive 2006/40/EC) [1] was adopted in 2006 and it was addressed to
mobile air conditioning systems, affecting refrigerants with GWP1.,r Values (Global
Warming Potential calculated over 100 years) above 150. Nowadays a new F-gas
Regulation [2] is being approved. It starts in 2015 and extends the GWP limitations to
the remaining refrigeration systems.

Diverse hydrofluoroolefin (HFO) fluids were proposed as low-flammable and low-
GWP replacements to current high-GWP hydrofluorocarbon (HFC) refrigerants (R134a,
R404A, R410A, etc.) [3]. For the time being, R1234yf and R1234ze(E) seem to be the
most suitable commercial HFO alternatives [4]. For example, in automotive systems,
the refrigerant R1234yf (GWP=4) has been imposed as R134a drop-in replacement [5].
Regarding another refrigeration systems, it has shown lower performance than R134a in
a drop-in replacement [6].

The R1234ze(E) (henceforth it will be referred simply as R1234ze) is proposed as R32
(or R410A) and R134a replacement. It has GWP=6, zero-ODP, low toxicity [7] and,
although it is classified as A2L by ASHRAE, it has been proved to be less flammable
than R1234yf [8]. Its thermodynamic and thermophysical properties have been recently
investigated in many studies (as those performed by Meng et al. [9] or Qiu et al. [10],
exhibiting low uncertainty). In a drop-in analysis replacement for R134a performed by
Mota-Babiloni et al. [11], R1234ze presented lower cooling capacity and COP than
R134a, although COP improvements can be found in optimized chillers. Besides,
R1234ze flow boiling local heat transfer coefficients are very similar to those of R134a
[12] and lower to those of R32 [13]. About condensation, it was found that the heat
transfer performance of R1234ze was lower than R134a (but higher than R1234yf) [14]
and lower than R32 (but higher than R410A) [15].

R1234ze has been also widely studied in heat pump and air conditioning systems.
Fukuda et al. [16] demonstrated in a heat pump simulation that R1234ze is a potential
alternative in high-temperature heap pump systems for industrial purposes. Otherwise,
R1234ze has shown a slightly higher performance than R134a in a based adsorption
cooling cycle for different heating and cooling water inlet temperatures [17].

In order to overcome limitations related to HFOs (as flammability [18] or minor cooling
capacity [19]), it has been developed several mixtures of HFO with HFCs [20] or even
natural refrigerants [21]. In the concrete case of the R1234ze, it has been studied mixed
with R152a [22], R134a [23] or R32 [24].

In response to the need of implement low-GWP fluids in the refrigeration systems (pure
and mixture refrigerants), the Air-Conditioning, Heating, and Refrigeration Institute
(AHRI) began a collaborative investigation (with the support of various research groups)
to study the behaviour of the new fluorinated refrigerants [25]. Thus, Schultz and Kujak



[26] found, in a water-cooled chiller installation, that R450A (previously known as
Solstice™ N13) [27] is a promising candidate to replace R134a. In another study
developed by Mota-Babiloni et al. [28], two R1234ze mixtures also presented good
energy efficiency results compared with R404A.

As R1234ze is not recommended as R134a drop-in replacement in refrigeration systems,
in this work an energetic analysis of a commercial R1234ze/R134a mixture (R450A) as
R134a drop-in alternative in a vapour compression plant has been performed. To
address the comparison, several experimental tests are carried out varying different
parameters obtaining a wide range of operation. The following parameters are analysed:
cooling capacity, COP and also discharge temperature.

The rest of the paper is organized as follows: In section 2, the experimental setup is
shown. In section 3, the test conditions and the fluids used in this analysis are presented.
In section 4, the experimental results are exposed and discussed. Finally, in section 5,
the main conclusions of the paper are summarized.

2. Experimental setup

The experimental tests are carried out in a fully monitored vapour compression plant,
which schematic diagram is shown in Figure 1. The test bench consist of a main circuit
(refrigerating circuit) and two secondary circuits (heat removal and heat load circuits).

Figure 1. Test bench schematic diagram.

The main circuit components are the following:

e Reciprocating open piston compressor, driven by a variable-speed 5 kW electric
motor. The compressor speed can be selected using an inverter.

e Shell-and-tube condenser (1-2), with refrigerant flowing along the shell and the
water (used as secondary fluid) inside the tubes.

e Shell-and-tube evaporator (1-2), where the refrigerant flows inside the tubes and
a water/propylene glycol mixture (65/35 by volume percentage) (used as
secondary fluid flowing) along the shell.

e Thermal expansion valve.

e Counter flow tube-in-tube internal heat exchanger (IHX, also known as suction-
liquid heat exchanger), which is activated or deactivated by a set of solenoid
valves.

The secondary circuits allow varying the evaporation and condensation conditions. The
heat load circuit is composed by a set of immersed electrical resistances regulated by a



Proportional Integral Derivative (P1D) controller and the heat removal circuit uses a fan.
In both circuits the flow rate can be adjusted using a variable-speed pump.

In order to display and storage the most relevant parameters of each experimental test a
set of sensors and measurement devices are installed in the circuits. The location of the
sensors can be seen in Figure 1 and a summary of the devices (containing the sensor
type used and the uncertainty) in Table 1. Finally, all the signals generated by the
sensors are gathered through a data acquisition system and monitored. The refrigerant
thermodynamic states are based on data determined from REFPROP v9.1 [29].

Table 1. Summary of measured parameters, type of equipment installed and their
uncertainty associated.

3. Experimental procedure
3.1 Fluids selected.

As exposed before, R134a and a mixture of R1234ze and R134a (58/42 in mass
percentage, registered as R450A) are the working fluids used in this work. In Table 2
the main properties of these three fluids are shown to check the properties similarity
between this fluid and R134a.

Table 2. Main characteristics of the fluids selected.

R450A and R134a present similar properties: R450A densities (higher suction
volumetric flow rate), heat capacities and liquid viscosity are slightly lower than those
of R134a whereas vapour viscosity is slightly higher. Liquid thermal conductivity is
10% lower for R450A and that obtained for vapour is almost the same.

It should be highlighted the GWP reduction achieved using the replacement (R450A
GWP is 547 while R134a GWP is 1430). Another important fact is that if R1234ze and
R134a are mixed in this composition, a non-flammable refrigerant is originated.
Moreover, R450A is a near azeotrope mixture (at 0.1MPa its glide is around 0.8K,
similar to that presented by R404A). These characteristics make R450A a good option
as R134a alternative in chillers, heat pumps, cascade and mid-temperature refrigeration
systems either in direct expansion or flooded architectures.

3.2 Test set conditions.



The target of the tests is to span the most complete range of conditions in R134a
refrigeration systems. Thus, the test conditions are as follows:

e Evaporation temperature: 260K/270K/280K (medium evaporation temperature).

e Condensation temperature: 300K/310K/320K/330K (covering winter, summer

and intermediate conditions).

e [HX activation: OFF/ON.

e The superheating degree is fixed by the TXV in 7K (1K variation).

e The lubricant used for all refrigerants was a Polyolester (POE) lubricant.

e The R450A refrigerant charge was approximately 3% than that for R134a.

It should be noted that the test at 7,=263K and T},=300K can’t be realized due to
experimental setup limitations.

4. Experimental results

In this section, the main results of the comparison between R134a and R450A are
presented. The work is performed without making any changes at the installation
(except a thermal expansion valve adjustment to maintain the superheating degree). The
parameters studied are cooling capacity, COP and discharge temperature.

The cooling capacity (Q,) is obtained as the product of the refrigerant mass flow rate
(m,..r) and the enthalpy increase at the evaporator, Eq. (1).

Qo = mref (hout - hin)o (1)

Finally, the COP is calculated dividing the cooling capacity and the compressor power
consumption (W, that it is measured directly using a digital wattmeter), Eq. (2).

COP = — (2)

The cooling capacity and COP uncertainties are calculated using the Root Sum Square
(RSS) method [30] and they are summarized in Table 3 (see Table 1 for discharge
temperature uncertainty).

Table 3. Summary of the main results uncertainty.

Besides, the energetic results (Q, and COP) are exposed as relative deviation taking
R134a as baseline, Eq. (3) and (4). For cooling capacity deviation absolute value is used
since the corresponding values become always negative (cooling capacity reduction).
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4.1 Cooling capacity

As a result of lower R450A mass flow rate and slightly lower R450A evaporator
enthalpy difference, the values obtained for the cooling capacity using R134a are higher
than those obtained using R450A. Figure 2 shows the cooling capacity reduction
obtained using R450 as R134a drop-in replacement (Eq. (3)) at different evaporation
and condensation temperatures, with and without IHX.

Figure 2. Cooling capacity relative reduction taking R134a as baseline a) with IHX and
b) without IHX.

The difference between both refrigerants becomes higher when the compression ratio
grows (this trend agrees to theoretical results). In other words, the R450A cooling
capacity becomes lower than that obtained using R134a at lower evaporation
temperature and higher condensation temperature.

Analysing the results when the IHX is deactivated (Figure 2.a), the R450A cooling
capacity reduction compared with R134a goes from 8% to 6% at low evaporation
temperature (260K) and from 7% to 4% at high evaporation temperature (280K). When
the IHX is used, Figure 2.b, the cooling capacity reduction using R450A is attenuated
about 1% as average. That means that the IHX produces a greater benefit on R450A
than R134a (it is well known that it is a positive effect due to the evaporator enthalpy
difference increase). Thus, the cooling capacity reduction with IHX goes from 6% to
5% at T,=260K and from 6% to 4% at T,,=280K.

4.2 Coefficient of Performance

The COP deviation using R450A as drop-in replacement for R134a is reported in Figure
3. As it happened with the cooling capacity, the higher the evaporation temperature and
the lower the condensing temperature, the smaller is the COP difference between both
refrigerants. As far as the comparison among the different refrigerants is concerned, it
can be noted that the R450A COP obtained is similar (or even higher) than those
obtained using R134a.



Figure 3. R450A CORP relative increase taking R134a as baseline a) with IHX and b)
without IHX.

Considering the test performed without IHX (Figure 3.a) the larger R450A COP relative
increase taking R134a as baseline is obtained at high evaporation temperatures. Thus,
R450A CORP relative increases varies from a minimum of 0.2% to a maximum of 1.3%
for low evaporation temperature and goes from 0.4% to 2% for high evaporation
temperatures. In figure 2, at 260K, due to the low values of COP, the measurement
uncertainties can cause irregular trends.

The COP average differences between both refrigerants continue being similar when the
IHX is activated, being no significant differences in R450A COP relative increases
when the IHX is activated.

According to R450A COP results and contrary to that obtained with R1234ze (R1234ze
COP is about 6% lower than that obtained using R134a) [10], it can be concluded that
using this blend as R134a alternative will imply a lower energy consumption
considering the same cooling capacity necessities, which would be reflected in a
decrease in the environmental impact derived from indirect emissions.

4.3 Compressor discharge temperature

Finally, Figure 4 shows the discharge temperature differences between R134a and R450.
It is observed that the R450A discharge temperatures are slightly lower than those
obtained using R134a. The difference becomes higher at high compression ratios and
when the IHX is activated. In the highest compression ratio test, the difference between
R450A and R134a discharge temperatures is minor, being approximately 2K and 3K as
average and 3.5K and 5K as maximum, with and without IHX, respectively. R450A
discharge temperatures do not reach values that can affect the compressor.

Figure 4. Discharge temperature differences between R134a and R450A a) without IHX
and b) with IHX.

Mixing R1234ze and R134a in similar proportions reduces a little the discharge
temperature (using pure R1234ze the effect is more notable).

5. Conclusions

In this study, the R450A performance as R134a drop-in replacement was analysed in a
vapour compression system under a wide range of operating conditions. The parameters
analysed were cooling capacity, coefficient of performance and discharge temperature.
The main conclusions of the paper are summarized below.



The R450A drop-in cooling capacity is slightly lower than those obtained with R134a
(6% lower as average). The compressor power consumption is much lower using
R450A than R134a, so the R450A COP rises until being 1% higher than R134a as
average. The IHX affects positively to the R450A energy efficiency, in a similar
proportion that influences R134a.

The discharge temperature of the alternative is lower than that of R134a, 2K as average.
For the highest compression ratio considered in this work, R450A discharge
temperature is 4.3K lower (). Considering also the lower condensation pressures for
R450A (around 1bar less than R134a), it allows enlarged operating limits and optimized
compressors would face less mechanical losses and hence a higher COP.

Although it is found that can be used directly R450A in R134a systems with good
performance (slightly lower cooling capacity and similar COP), it is advisable to
redesign and optimize it in order to obtain better performance that would derive in better
energy performance and hence, lower power consumption.

R450A is a non-flammable refrigerant (contrary to R1234ze and R1234yf) and it can be
used as safe working fluid in systems where fluids with GWP<1500 are allowed
according to present and future regulations. Also it should be considered the lower
R450A discharge temperature, lower pressure and higher critical temperature.
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Figure 1. Test bench schematic diagram.
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Figure Captions
Figure 1. Test bench schematic diagram.

Figure 2. Cooling capacity relative reduction taking R134a as baseline a) with IHX and
b) without IHX.

Figure 3. COP relative deviation taking R134a as baseline a) with IHX and b) without
IHX.

Figure 4. Discharge temperature differences between R134a and R450A a) without IHX
and b) with IHX.
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Table 1. Summary of measured parameters, type of equipment installed and their

uncertainty associated.

Measured parameters

Sensor installed

Uncertainty

Temperatures

Pressures

Mass flow rate

Compressor power consumption
Compressor rotation speed
Pressure drops in the IHX

K-type thermocouples
Piezoelectric pressure transducers
Coriolis mass flow meter

Digital wattmeter

Capacitive sensor

Differential pressure transducers

+0.3K
+7kPa
+0.22%
+0.15%
+1%
+0.01kPa
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Table 2. Main characteristics of refrigerants studied.

R134a 58%R123F§1§re5 ? 4A2%R134a
ASHRAE safety classification Al Al
ODP 0 0
100-year GWP 1430 547
Critical Temperature (K) 374.21 379.02
Critical Pressure (kPa) 4059 3814
NBP (K) 247.08 251.20
Liquid density® (kg m™®) 1295.27 1253.28
Vapor density ? (kg m™) 14.35 13.93
Liquid ¢, * (kJ kg™ K™) 1.34 1.32
Vapor ¢, * (kJ kg™ K™) 0.90 0.89
Liquid therm. cond. * (W/m-K) 92.08-10° 83.09-10°
Vapor therm. cond.® (W m™ K™) 11.50-10° 11.57-10°
Liquid viscosity * (Pa s™) 267.04-10° 258.22-10°
Vapor viscosity * (Pa s™) 10.72-10° 11.15.10°

dat 273K.
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Table 3. Summary of the main results uncertainty.

T, (K) Ty (K) Q, cop
260 300 0.682% 0.832%
260 310 0.741% 0.891%
260 320 0.804% 0.954%
260 330 0.878% 1.028%
270 300 0.689% 0.839%

R134a 270 310 0.697% 0.847%
270 320 0.778% 0.928%
270 330 0.857% 1.007%
280 310 0.694% 0.844%
280 320 0.722% 0.872%
280 330 0.813% 0.963%
260 300 0.698% 0.848%
260 310 0.765% 0.915%
260 320 0.835% 0.985%
260 330 0.922% 1.072%
270 300 0.691% 0.841%
R450A 270 310 0.730% 0.880%
270 320 0.817% 0.967%
270 330 0.908% 1.058%
280 310 0.723% 0.873%
280 320 0.788% 0.938%
280 330 0.880% 1.030%
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