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The Effect of Internal Heat Exchanger Using R1234ze¢(E)
as an Alternative Refrigerant in a Mobile Air-Conditioning System
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In this study, the use of R1234ze(E) refrigerant in an R134a-based mobile air-conditioning (MAC) system was experimentally investigated.
Additionally, the effect of internal heat exchanger (IHX) on the performance of MAC was determined using R1234ze(E). Under the same
conditions, we have tested and compared two different cases that use R1234ze(E) with and without an IHX by taking the performance of
R134a as a reference. The inlet airflow temperatures of the evaporator and condenser were kept at 27 °C and 35 °C during the experiments,
respectively. Performance parameters were determined using energy and exergy analysis. Compressor power was reduced by an average of
19 %, and the COP of R1234ze(E) were increased by an average of 4 % after activating the IHX. Moreover, it was determined that the value of

exergy destruction of the system with R1234ze(E) was decreased by an average of 50 % when compared to R134a.
Keywords: R134a, R1234ze(E), mobile air conditioning, coefficient of performance, internal heat exchanger

Highlights

*  The performance of a MAC system using R134a and R1234ze(E) was tested.
e The effect of IHX on the system performance was determined.

*  COPwas increased by 4 % on average after IHX activated.

*  The exergy destruction value was found to be decreased by 50 % on average in the case of R1234ze(E).

0 INTRODUCTION

Even though R134a has low ozone depletion potential
(ODP), its global warming potential (GWP) value is
as high as 1300 [1]. Therefore, European Regulation
No. 2006/40/EC and No. 517/2014 restrict the
usage of HFCs which have GWP greater than 150
in MAC systems and other vapour compression
refrigeration (VCR) systems [2] and [3]. Aprea et al.
[4] experimentally investigated a refrigeration system
using R1234ze(E) as a replacement of R134a. Total
equivalent warming impact (TEW1) and life cycle
climate performance indexes were found to be lower
than R134a for all working conditions. In addition to
low GWP values, R1234z¢(E) has low flammability
with regards considering safety issues [5]. Imamura et
al. [6], performed experiments to elucidate fire hazards
of R32 and R1234ze(E). They observed that ignition
could be prevented using mechanical ventilation when
the level of leakage is equal to the upper flammability
limit (UFL). Table 1 shows that the vapour density
of R1234ze(E) is 19 %, and the latent heat is 7 %
lower when compared to R134a. R1234ze(E) has a
low mass flow rate per unit volume of compression
and thus a lower cooling capacity. Mota-Babiloni et
al. [7] have identified the performance parameters
of a refrigeration system, which uses R134a and
R1234ze(E), as the functions of different evaporator
and condenser temperatures. They observed that

the R1234ze(E) has lower cooling capacity and
COP values by 30 % and 9 %, respectively, in
comparison compared to R134a. Leighton et al. [8]
tested R1234ze(E) as an alternative to R134a in a
refrigeration system. They found that R1234ze(E)
has a lower cooling capacity and COP by 21.5 % and
7.9 %, respectively.

Table 1. Refrigerant properties of R1234ze(E) and R134a [1] and
[91

Property R134a R1234z¢(E)
ASHRAE safety classification Al A2L
0DP 0 0
GWP 1300 4
Critical temperature [K] 247.08 253.88
Critical pressure [kPa] 4059.28 3623.90
Vapor density [kg-m-3] 14.35 11.65
Liquid density [kg-m-3] 1295 1240
Latent heat of vaporization [kJ-kg-1] 198.72 184.28

Jankovi¢ et al. [10] carried out a study in a
VCR system and found that the cooling capacity of
R1234ze(E) is 27 % lower, and the COP value is
similar to that of R134a. They also observed that at
higher compressor speeds, R1234ze(E) provides
the same cooling capacity with R134a at the rates
of 34 % to 39 %. Kabeel et al. [11] figured out the
performance of the VCR cycle for the cases of R134a
and R1234ze(E). They found that the R1234ze(E)
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has lower cooling capacity and compressor power by
2 % to 13 % and 9 % to 15 %, respectively. Righetti
et al. [12] conducted performance analysis of a roll-
bond evaporator for household refrigerators using
R1234yf, R1234ze(E) and R600a and tested similar
vaporization performance from the refrigerants. They
concluded that these refrigerants could be considered
as alternatives to R134a when they have similar mass
flow rates. Sethi et al. [13], conducted a performance
evaluation of two different refrigerants having low
GWP, R1234yf and R1234ze(E), as substitutes for
R134a. When the larger compressor displacement is
used, R1234ze(E) performed similarly to R134a.

Mastrullo et al. [14] built a simulation model to
assess the evolvement of the temperature inside a train
compartment. They found that COP of the R1234ze(E)
is 16 % higher than the case of R134a. Majurin et al.
[15] were conducted research to figure the material
compatibility exposures using R1234yf, R1234z¢(E),
and a mixture of R1234yf, R1234z¢(E), and R32.

The performance of the VCR cycle can be
increased by introducing an IHX into the liquid and
gas suction line. The IHX increases the value of the
sub-cooling at the condenser outlet, and thus raises the
enthalpy difference in the evaporator and enhances the
cooling capacity [16]. Cho and Park [17] determined
the performance of an experimental automotive
air-conditioning system for the cases of R134a and
R1234yf refrigerant utilization. They found that when
the IHX is used in the system, the cooling capacity of
R1234yf was enhanced by 0.9 % compared to that of
R134a at 2500 rpm. Furthermore, they determined that
the amount of exergy destruction in the compressor is
higher than that of the evaporator, after increasing the
speed of the compressor. Direk et al. [18] investigated
the effects of a double-pipe IHX added to the system
on the performance parameters in an automobile air
conditioning system using R1234yf. They stated that
the contribution of the IHX to the COP is reduced by
increasing the temperatures of the airflow entering the
evaporator and the condenser. Babiloni et al. [7] found
that R1234ze(E) provides the same cooling capacity
values as R134a at 36 % higher compressor speed or
geometric volume. They also found that the mass flow
rate of R1234ze(E) was 5 % higher than R134a when
it was operated at 43 % higher compressor speeds. As
a result, they have determined that the difference in
cooling capacity compared to R134a can be reduced
by up to 20 % when R1234z¢e(E) is used with an THX.
Researchers in the literature use different types of heat
exchangers for better system performance as they
contribute to effective and more efficient functioning
of the system [19]. Due to their high overall heat-

transfer coefficient and compactness, plate type heat
exchangers have recently gained more attention [20].
Such exchangers can be used instead of double-pipe
heat exchangers as the IHX in the cooling systems.
Devecioglu and Orug [21] investigated the effects
of a plate-type heat exchanger in the liquid and gas
suction line, on the system performance of an air
conditioner using R453a, as an alternative to R22.
They have found that the COP value obtained with
R453a is lower than that of R22. However, there was
a significant improvement in the COP value with the
use of the THX.

Jemaa et al. [22] theoretically investigated a
VCR system using R1234ze(E) as an alternative
to R134a under different evaporator and ambient
temperatures. They determined that the irreversibility
was lower in case of R1234ze(E). Yataganbaba et al.
[23] developed a theoretical model to calculate the
exergetic performance of the two evaporator VCR
system using R1234yf and R1234z¢e(E) as alternatives
to R134a. They determined that the second law
efficiency of the system with R1234ze(E) and R134a
is higher than that of R1234yf. Perez-Garcia et al. [24]
conducted a second law analysis of the MAC system
with THX using R152a, R1234yf, and R1234ze(E).
They determined that second law efficiency was the
highest for R1234ze(E) when the superheating degree
effect is increased.

To the best of our knowledge, this is the first
experimental demonstration of drop in performance
of R1234ze(E) in an Rl134a-based MAC system
under various compressor speeds. In this research,
the experimental setup was employed with on and
off valves to activate liquid and gas section line THX.
The influence of energy and exergy performance of
a plate-type IHX was extensively evaluated, and the
exergy destruction in the components of the system
was investigated. System performance parameters
were realized, considering various compressor speeds,
and the results were presented comparatively.

1 THERMODYNAMIC ANALYSIS

Fig. 1 shows the paths that the refrigerant follows
within the system. The refrigerant follows the path of
1-2-3-4-5 when the IHX is inactive and follows the
path of 1°-2°-3’-4°-5 when it is active.

Energy analysis was done by applying the first
law of thermodynamics to each component of the
MAC system. The exergy analysis was performed
employing the second law of thermodynamics.
Accordingly, the energy analysis for a steady-state
system can be evaluated by:
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Fig. 1. P-h diagram of the system with and without IHX

QCV_WCV =zmihi_zmaho' (D

The exergy analysis for a steady-state system was
calculated by:

Ex, :2(1—%jQ'—ZW+me iy, (2)

v =(h—hy)—Ty(s—sp). (3)

Assuming no heat loss from the compressor, the
energy and exergy values can be obtained using:

I/I./comp = mr (h2 - hl )’ (4)
Exd,comp = mr (l//l -V, ) + I/i/comp . (5)

The exergy destruction rate of the thermostatic
expansion valve (TXV) can be calculated from:

Exd,TXV =m, (‘//3 _W4) =m, Ty (54 —53). (6)

The energy and exergy analysis of the evaporator
and condenser can be expressed as:

Qevap = mr (h4 - hl s (7)

)
: . - T
Exd,evap =m, (Wl _W4)+Q[1_T_0ja (8)
evap

cond

. : 1,
EXq cond =mr(w2—w3)—Q[l— = ] (10)

The energy and exergy destruction rate for the IHX
can be determined from:

hi,[HX,evap + hi,lHX,cond = ho,lHX,evap + ho,lHX,cond H (1 1)

Exy jpy =m, (Wi,]HX,evap —‘l/o,IHX,evap)

i, (V/iJHX wcond TV o,IHX cond ) 12)

The COP of the MAC system can be obtained
from:

COP =04y ' W,y (13)

The total exergy destruction rate for the MAC
system can be obtained from:

Exd,t = Exd,cvmp + Exd,cond + Exd,TXV

+Exd,evap + Exd,]HX' (14)

2 EXPERIMENTAL SETUP

The experimental system consists of the components
of a VCR system used in MAC systems. This system,
which is schematically shown in Fig. 2, consists
of a swash-plate type compressor, a parallel-flow
condenser, a laminar type evaporator, a thermostatic
expansion valve and a liquid tank. In addition, a plate-
type heat exchanger was introduced to the liquid and
gas suction lines of the system to provide heat to
the fluid stream exiting the evaporator in the vapour
phase.

In the experimental MAC system used, the
refrigerant is converted into superheated vapour at
high pressure and temperature in the compressor and
sent to the condenser. It is condensed through the air
flow and exits the condenser in a phase of compressed
liquid at high pressure.
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Fig. 2. Schematic diagram of the experimental setup

Afterwards, the refrigerant, which enters the IHX,
transfers heat to the fluid stream that is in a vapour
phase, which exits the evaporator and enters the
IHX. The refrigerant in the liquid phase then passes
through the liquid tank and through the Coriolis-type
mass flow meter. Afterwards, the refrigerant flows
to the TXV, and it arrives the evaporator as a liquid-
vapour phase at low pressure after its pressure and
temperature are decreased in TXV in such a way that
the superheat at the outlet of the evaporator remains
constant. The heat-loaded refrigerant, which exits the
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evaporator, is directed to the IHX and finally to the
compressor inlet and completes its cycle.

Electric heaters were installed to provide the
desired airflow temperatures in the evaporator and
condenser ducts, and the fans were installed to provide
the airflow to the inlet of the air ducts at the desired
speed. Copper tubes were used for the steam and
liquid lines as connection elements. The connecting
elements were isolated with elastomeric isolation
material. The components of the experimental system
are presented in Table 2.

Table 2. Specifications of components MAC system

Components Specifications
Swash-plate type 138 cc
Compressor Number of Cylinders: 5
Condenser (580 x 350 x 20) mm3
Evaporator (220 x 260 x 60) mm3

Expansion valve  TXV (Internally equalized with bulb 5.27 kW)
(192 x 73 x 63) mm3

Internal heat Type: Brazed plate

exchanger Number of plates: 24
Heat transfer area: 0.6 m2

The system was equipped with various measuring
instruments. The temperatures of the refrigerant
were measured at the inlet and outlet points of
each component using K-type thermocouples. The
measured values were transferred to the computer via
the data acquisition system.

The pressure measurements for evaporation
and condensation were carried out by using a digital
manifold at four points in the system. The mass flow
rate of the refrigerant was measured with a Coriolis-
type flow meter. The precisions of the measuring
devices are presented in Table 3. A frequency inverter
was used to set the compressor speed with a 2.2 kW
electric motor.

Table 3. Specifications of the instrumentation

Measurement ~ Device Range Precision
K-type o 0 0
Temperature Thermocouple -100°Cto 1370°C +0.8°C
Electronic o
Pressure Manifold -1 bar to 60 bar +0.5%
Air Flow Rate Anemometer Oms1to30mst +2%
Refrigerant Coriolis Mass - - N
Mass Flow Rate Flow Meter Okgs'toSkgst =01%
Power Clamp Meter 0 kW to 600 kW +2%
Compressor Frequency o
Speed inverter 10 Hz to 50 Hz +0.2 %

The thermophysical properties of the refrigerant
are taken from the REFPROP 9.1 program [9].

The charge amount of R134a in the system was
determined when the system achieved the best
COP. To provide mass equivalence in the system,
the charge amount was calculated by using liquid
densities. In the experimental study, 600 g of R134a
and 625 g of R1234ze(E) refrigerant were charged
into the system, in accordance with the liquid
density of refrigerant presented in Table 1. In the
experiments, the temperatures of the airflow entering
the evaporator and condenser were kept constant
at 27 °C and 35 °C, respectively. Experiments were
carried out by changing the speed of the compressor
between 750 rpm and 2750 rpm by 500 rpm increment
intervals. During the experiments, the measurements
were done after the system was stabilized. During
the experiments, the electric heaters were run to
regulate the air stream temperatures at the inlet of
the evaporator and condenser. The main data used
for measuring the performance of the cycle are
temperature, pressure and refrigerant mass flow
rate. With presented precision values in Table 3, the
calculated uncertainty rates for the cooling capacity,
COP and compressor power were £2.99 % +4.4 %,
and £3.24 %, respectively.

3 RESULTS AND DISCUSSION

In this section, the performance parameters of the
system are discussed considering the effect of IHX for
R1234ze(E). The superheat and sub-cooling degrees
of the system are the best ways to show the IHX effect
on the cooling cycle. Table 4 shows the experimental
superheat and sub-cooling degrees for various
compressor speeds and configurations of the system.

Table 4. Superheat and sub-cooling values of each configuration

ggggg’ﬁ?ﬂ‘q’; R134a  R1234ze(E) R123|4HZ)‘2'(E)+
750 52 614 10.26
1250 75 1066 15.65
S“‘Effg]‘eat 1750 102 13.92 20.01
2250 127 2075 24.82
2750 156 22.86 29.38
750 577 851 12.01
Sub- 1250 708 1246 16.70
cooling 1750 881 1445 20.44
[°C] 2250 10.93 16.09 24.59
2750 954 2073 28.16

It is understood from Table 4 that by adapting the
[HX to the system, both the superheat and sub-cooling
degree were increased. The increased sub-cooling
degree improves the cooling capacity by increasing
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the latent heat of vaporization of the refrigerant.
However, the exergy destruction in the compressor
increased by increasing the superheat value.

Fig. 3 represents the change in compressor power
as a function of compressor speed. The vapour density
of R1234ze(E) is lower than R134a, as seen in Table
1. Thus, the experimental results indicate that the
mass flow rate of R134a is 17 % higher than that of
R1234ze(E). This results in the higher compression
power demands for R134a compared to R1234z¢e(E).
When the IHX is adapted to the system, it increased
the superheat value for R1234ze(E), as seen in Table
4.
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Fig. 3. Compressor power versus compressor speed

Considering the changes caused by the addition
of THX, the suction pressure of the compressor was
reduced, and the value of superheat was increased;
thus, the compression ratio was increased accordingly.
As a result, the compressor power was enhanced by
adapting IHX to the system.
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Fig. 4. Cooling capacity versus compressor speed

Fig. 4 demonstrates the cooling capacity for all
configurations as a function of compressor speed.

R1234ze(E) has 7 % lower latent heat of vaporization
compared to R134a, which leads to lower cooling
capacity at the same evaporation pressure. However,
the THX enhances latent heat by boosting the sub-
cooling values. R1234ze(E) has an average 27 %
lower cooling capacity as seen in Fig. 4. In addition,
the cooling capacity was increased by 7 % after the
IHX was introduced. The IHX enhances the value of
the sub-cooling at the condenser outlet as depicted
in Fig. 1. Table 4 also indicates that the amount of
sub-cooling increases due to the compressor speed.
Consequently, the amount of sub-cooling directly
affects the enthalpy difference in the evaporator and
thus, the cooling capacity improves.
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45
[~ 9
5 4
(]
35
3
2.5
2
750 1250 1750 2250 2750

Compressor speed [rpm]

Fig. 5. COP versus compressor speed

The changes in COP depending on the
compressor speed are presented in Fig. 5. It can be
seen that the COP obtained at all compressor speeds
for R1234ze(E) on the refrigerant is lower than that of
R134a. However, COP of R1234z¢(E) is very close to
R134a at lower compressor speeds. Furthermore, the
difference become lower when IHX was introduced
into the system. An increase in the COP of R1234ze(E)
was observed after the IHX was adapted. COP was
increased by 4 % on average after the activation of
IHX.

The exergy destruction of the system for different
configurations is given in Fig. 6. It can be seen that
the values of exergy destruction for R1234ze(E) are
lower than that of R134a, regardless of the presence
of IHX. The exergy destruction for all configurations
was increased by increasing the compressor speed.
In addition, the exergy destruction was increased
by introducing IHX to the system with R1234ze(E).
This is considered to be due to the increase in
exergy destruction in the compressor and the exergy
destruction inside the IHX at increasing compressor
speeds.
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The equipment-based distribution of exergy
destruction values at 1750 rpm are shown in Fig. 7. It
should be noted that the exergy destruction values are
decreased in the condenser, evaporator, and TXV, but
increased in the compressor by employing the THX.
Moreover, introducing an IHX to the system leads to a
certain amount of exergy destruction.

4 CONCLUSIONS

In this study, the usage of RI1234ze(E) in an
R134a-based MAC system was experimentally
investigated. Additionally, the effect of the IHX, on
the performance of the MAC system was determined
by using R1234ze(E). The results of the study and the
evaluations are presented below.

The compressor power for R1234ze(E) was
lower than that of R134a by 19 %, but the difference
became lower (14 %) when IHX was introduced
into the system. The cooling capacity was lower for
R1234ze(E) than R134a by 27 %. The cooling capacity
was improved by 7 % when IHX was adapted.

The COP of R1234ze(E) was lower than that of
R134a by 8 % to 10 %. The COP value was enhanced

by 4 % when IHX was adapted to the system. The
exergy destructions of R1234ze(E) were lower than
R134a by 50 %, and this became lower by 25 % on
average when IHX was adapted to the system.

In light of these results, it is considered that
R1234ze(E) might be an alternative refrigerant suitable
for MAC applications if necessary amendments are
carried out.
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6 NOMENCLATURE

heat transfer, [kW]

work, [kW]

mass flow rate, [kg-s1]
enthalpy, [kJ-kg-!]

exergy destruction, [kW]
temperature, [K]

entropy, [kJ-kg-1-K-1]

flow specific exergy, [kJ-kg-!]

<O NET SO

Subscripts:
comp  compressor,
cond  condenser,

cv control volume,
e electrical,

evap evaporator,

ex exergy,

d destruction,

i inlet,

1 outlet,

r refrigerant,

t total,

0 dead state.
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