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A B S T R A C T

This study aimed to investigate the effect of changing the indoor unit air flow rate on the per-
formance of an automobile heat pump with a suction line heat exchanger. Using a four-way valve,
the automotive heat pump system was developed by reversing the refrigerant direction in the
automobile air conditioning system, excluding the compressor. A suction line heat exchanger was
added to the test system to enhance heat transfer between the liquid and suction lines of the
automotive heat pump system. Performance comparisons were first performed for R134a and
R1234yf by disabling the suction line heat exchanger. Then, the suction line heat exchanger was
activated for R1234yf, and the tests were repeated. Performance comparisons were made for two
different compressor speeds and three different indoor unit airflow speeds. It was found that using
the heat exchanger in R1234yf operations improved the heating capacity, compressor discharge
temperature and coefficient of performance by approximately 1.8 %, 5.1 % and 5.9 %, respec-
tively. The heating capacity of the heat pump system using R134a, R1234yf, and R1234yf with
the suction line heat exchanger was determined to be in the range of 2.46–3.29 kW, 2.35–3.04
kW, and 2.39–3.11 kW, respectively. An increase in the airflow speed of the indoor unit from 1.4
m s− 1 to 3.2 m s− 1 resulted in an average decrease of approximately 12.3 % in the compressor
discharge temperature. In contrast, the heating capacity and coefficient of performance increased
by approximately 11.8 % and 14.4 % on average, respectively, for R1234yf operations with the
heat exchanger. This study revealed that by optimizing the air flow rate in the R1234yf heat pump
system with a suction line heat exchanger, improvements in the heating capacity and coefficient
of performance can be achieved, thus providing better thermal comfort in the passenger
compartment.

1. Introduction

Industrialisation was among the most rapid developments during the last century. Industrialisation led to an increase in the use of
unnatural working fluids, which led to environmental problems. The most significant environmental problem is the loss of the at-
mospheric ozone layer and the high penetration of ultraviolet rays. Another significant environmental problem is global warming. The
refrigerants used in automobile air conditioning (AAC) systems contribute to these environmental problems. The use of R12 refrig-
erant, a chlorofluorocarbon (CFC) compound used in AAC systems, was limited by theMontreal Protocol in 1987 due to the destruction
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of the ozone layer by the chlorine atom included in the refrigerant [1]. The industry adopted R134a, a hydrofluorocarbon (HFC)
compound, as a substitute for R12. The Kyoto Protocol has imposed gradual restrictions on the use of R134a due to its significant global
warming potential (GWP) [2]. An F-gas regulation followed this protocol requiring that starting in 2017, AAC systems in the European
Union could use refrigerants with a GWP value of up to 150 [3]. These environmental regulations were accelerated studies on
alternative refrigerants. Leading environment-friendly alternative refrigerants include CO2 (R744), R152a, R1234yf and R1234ze (E).
Due to the supercritical operation of R744, the effective pressures of the AAC system using R744 are about seven times as high as the
pressures of the R134a system [4]. Thus, the burst strength of the R744 AAC system components should be 7–10 times higher when
compared to R134a, which leads to lower heat transfer due to the higher component weight and wall thickness in the heat exchanger.
The R152a refrigerant, which has A2 flammable properties, could not be used in AAC systems [5]. R1234yf refrigerant is in the A2L
group, which is slightly flammable, has a GWP of 4, is compatible with the R134a AAC system with minor modifications, and could be
used as an alternative refrigerant to replace R134a [6].

There are many studies in the literature on the use of R1234yf instead of R134a in AAC systems. These studies generally show that
the use of R1234yf in AAC systems with R134a reduces system performance [7–12]. In the literature, studies on suction line heat
exchangers (SLHX), which provide heat exchange between the evaporator outlet suction line and the condenser outlet liquid line,
investigate how the SLHX could perform to reduce this loss. Cho and Park [13] conducted a study to evaluate and compare the ef-
ficiency and effectiveness of R1234yf and R134a refrigerants in an AAC system that includes an SLHX. They found that the R1234yf
system had 4.0–7.0 % lower cooling capacity and 3.6–4.5 % lower COP compared to the R134a system. However, they stated that the
R1234yf system showed almost equivalent cooling capacity to the R134a systemwhen the SLHXwas added. They showed that the COP
of the R1234yf system with the SLHX was 0.3–2.9 % lower than the R134a system for the compressor speeds between 800 and 1800
rpm, but 0.9 % higher when the compressor speed increased to 2500 rpm. They stated that the second law efficiency of the R1234yf
system was 3.4–4.6 % lower than the R134a system at all compressor speeds but improved by 1.5–4.6 %with the addition of the SLHX.
Prabakaran et al. [14] studied a performance evaluation between R1234yf and R134a refrigerants in the AAC system. They accom-
plished this by including an SLHX. Based on their report, the optimal quantities of refrigerant for the system were determined to be
740g for R134a and 670g for R1234yf. They argued that the AAC system, which included the SLHX, an optimal thermostatic expansion
valve (TXV), and R1234yf, could replace AAC systems that utilized R134a. Prabakaran et al. [15] conducted a study on the ther-
modynamic performance and environmental impact of an AAC system with an SLHX using R134a and R1234yf. They stated that
R1234yf performed better than R134a at low compressor speeds in the AAC system with an SLHX, regardless of the evaporator inlet air
flow rate, temperature and condenser inlet air speed. However, they showed that R1234yf performed slightly worse at medium and
higher compressor speeds. They observed an increase in COP, exergy efficiency, and cooling capacity with the increase in evaporator
inlet air flow rate, temperature, and condenser inlet air flow rate. They suggested that the performance degradation in the system with
R1234yf at medium and higher compressor speeds may be due to increased power consumption and poor cooling capacity. Gungor and
Hosoz [16] investigated the effect of using an SLHX on the performance of an R1234yf and R134a AAC system with an orifice tube as
an expansion device. They found that the cooling capacity of the AAC systemwith R1234yf was 6.9 % higher and 22.5% lower than the
AAC system with R134a, depending on the use and absence of an SLHX, respectively. They stated that the COP of the AAC system with
R1234yf without SLHX and with SLHX was 10.9 % and 3.5 % lower than the AAC system with R134a, respectively. They observed that
the exergetic efficiency of the R1234yf AAC system without SLHX and with SLHX was 41.5 % and 8.4 % lower than the AAC system
with R134a, respectively. They showed that the use of SLHX in the AAC system with R1234yf compensates for the lack of cooling
capacity compared to the AAC systemwith R134a and that the AAC system with R1234yf has higher performance than the AAC system
with R134a.

Today, electric motor vehicles increasingly replace conventional automobiles powered by internal combustion engines. However,
electric vehicles, like internal combustion engine vehicles, lack a heat source to warm the passenger cabin in cold conditions. Electric
vehicles also require a heat source to warm the battery to a certain temperature during cold days. Thus, electric vehicles require an
automobile heat pump (AHP) to heat the passenger cabin and the battery for initial start-up in cold weather [4,17]. An AAC system
could be used as an AHP by changing the compressor inlet and outlet refrigerant flow direction with a four-way valve. Then, the
evaporator would function as a condenser and the condenser would function as an evaporator. Heating is achieved by drawing the heat
from the low-temperature heat source and releasing heat into the indoor environment. Hosoz and Direk [18] established an R134a
AHP system and conducted heating and cooling experimentally. They declared that the heating efficiency of the system was adequate
at about 10 ◦C or above. They reported that the AHP heating COP was higher than the AAC cooling COP. Hosoz et al. [19] developed an
R134a AHP system specifically designed for a diesel car. The researchers examined the steady-state and transient performances of the
AHP system using several sources of heat, including ambient air, engine coolant, and exhaust gas. The researchers discovered that the
engine coolant caused the highest heating capacity and COP, whereas ambient air resulted in the lowest values. Wang et al. [20]
conducted an empirical investigation to evaluate the efficiency of R134a and R407C refrigerants in an AHP system for an electric car
operating in low ambient air conditions. The R407C AHP system demonstrated superior heating capacity and compression power
compared to the R134a AHP system. Nevertheless, the former had a lower COP. Wang et al. [21] investigated the performance of a
R744 AHP system under various cold climate conditions. They recorded a COP of 3.1 and a heating capacity of 3.6 kW at outside and
interior temperatures of − 20 ◦C. Zou et al. [22] designed an R1234yf AHP system with a secondary refrigerant cycle to reduce
high-voltage power requirements for heating electric vehicles. They demonstrated that the heating performance was significantly
affected by the expansion valve and operating conditions. Wang et al. [23] reported that when the outdoor temperature was − 20 ◦C,
the R744 AHP system could achieve 1.8 COP and 5.6 kW maximum heating capacity, which were more efficient when compared to
traditional positive temperature coefficient (PTC) heaters. Direk and Yuksel [24] experimentally investigated R1234ze(E), R152a, and
R444a as R134a alternatives in an AHP system. Their study showed that R152a had a greater heating capacity than R134a, R444a, and
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R1234ze(E). Additionally, increasing the overall compressor volume might enhance the heating capacity of R1234ze(E). Zhang et al.
[25] showed an exergy analysis on an electric vehicle AAC-AHP system with a thermal battery management system. Under AAC-AHP
operating circumstances, the compressor was identified as the primary cause of exergy loss in the system. They confirmed that the
heating efficiency of the AAC-AHP system was more efficient when compared to PTC heating. Direk and Yuksel [26] reported the
performances of both refrigerants based on different performance parameters in AAC-AHP systems with R134a and R1234yf. Their
experimental findings demonstrated that although the cooling and heating capacity and COP of the R1234yf were lower than R134a,
R1234yf could be used in both AAC and AHP systems due to its environment-friendly properties. Aral et al. [27] developed an
experimental AAC-AHP system with R134a and R1234yf refrigerants. They tested the cooling and heating performance of the system
under various compressor speeds and temperatures. They determined that the heating performance of the R1234yf system was better
when compared to the cooling performance and exhibited slightly lower energy efficiency. Alkan et al. [28] researched the perfor-
mances of R134a and R1234yf AHP systems. They reported that the COP and heating capacity of the R1234yf were between 1.6 ‒ 7.1
% and 9.2–15.4 %, respectively, based on various conditions and lower when compared to those of the R134a. Huang et al. [29]
demonstrated the feasibility and superiority of the R290 refrigerant-based water cycle electric vehicle heat pump air conditioning
system through the establishment of a performance test platform. Their experimental findings demonstrated that the system’s cooling
capacity at a high temperature of 55 ◦C was 5.05 times greater. On the other hand, the isentropic efficiency of the system in the heating
mode at a low temperature of − 20 ◦C exceeded 80 %. Lei et al. [30] investigated the exergy analysis of low GWP alternative re-
frigerants R1234yf, R152a and R744 for AHP systems used in all-electric vehicles (EVs) by modelling. They determined that R1234yf
and R152a refrigerants exhibited similar performance to R134a, while R744 refrigerant showed lower efficiency. They found that
reducing indoor and outdoor airflow and compressor speed could increase the efficiency of R1234yf and R152a systems, while
increasing the condenser airflow for the R744 system could be beneficial. They also stated that reducing the compressor speed and
ambient temperature and increasing the condenser airflow would increase the efficiency of R1234yf, R152a and R744 systems. Song
et al. [31] evaluated the performance of R290 and R744 refrigerants as an alternative to R1234yf in electric vehicle heat pump systems
and their performance under extreme operating conditions. They stated that R744 refrigerant cannot be used in R1234yf systems due
to its high thermodynamic operating pressure range. On the other hand, they demonstrated that R290 can be partially substituted in
R1234yf systems because it has similar properties. They observed that the heating and cooling capacities of the R290 system were 158
% and 112% higher, respectively, than the R1234yf system. They stated that the COP of the R290 system in heating and cooling modes
was 84 % and 83 % higher, respectively than the R1234yf system. Tasdemirci et al. [32] performed the performance evaluation of an
experimental AHP system using R134a and R1234yf with and without an SLHX. They found that the R1234yf system with SLHX
provided an average of 13.9 % lower heating capacity but 7.8 % higher COP with respect to total power consumption compared to the

Fig. 1. The schematic diagram of the experimental AHP system with the SLHX.
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R134a system. They also found that the R1234yf system with SLHX had an average of 22.3 % lower exergy destruction rate per unit
heating capacity compared to the R134a system.

This study deals with improving the performance of the AHP system, which has become an important issue in electric vehicles that
are becoming increasingly widespread today. Studies in the literature investigated the performance of R1234yf in AAC systems. In
addition, studies have aimed to enhance the performance of R1234yf in AAC systems by adding extra equipment such as SLHX or by
improving the existing system components. However, in these studies, performance analyses were performed as a function of only a
few parameters. Furthermore, the comparisons of the effect of indoor unit air flow rate, which is an important factor in achieving
thermal comfort in the cabin, on the performance are only made for certain compressor speeds. This study aims to reveal how the
performance of the R1234yf AHP system with and without an SLHX changes as a function of the compressor speed and indoor unit
airflow velocity by performing energy and exergy analyses. In addition, by using R134a in the AHP system, performance comparisons
of both refrigerants were made for the same operation conditions.

2. The experimental apparatus and methodology

Fig. 1 illustrates the schematic representation of the experimental AHP incorporating SLHX. The system was implemented by
adding an SLHX and a four-way valve to an AAC system. In the AHP system, an SLHX was placed between the liquid line at the indoor
unit outlet and the suction line at the outdoor unit outlet. The AHP system had a fixed-capacity seven-cylinder wobbling plate
compressor, an evaporator (laminated indoor unit), a condenser (outdoor unit with parallel flow microchannel), a liquid tank, a filter/
dryer, two TXVs, an SLHX, and eight manual valves shown by the letter V in Fig. 1. The technical specifications of the system com-
ponents are shown in Table 1.

In the AHP system, a three-phase asynchronous 5.5 kW electric motor connected to the 380 V AC electricity mains through a
frequency inverter was used to provide the desired compressor speed. This electric motor was connected to the compressor with the
help of a belt-pulley mechanism. The original evaporator in the AAC system was mounted on the indoor unit air duct, and the
condenser was mounted in the outdoor unit air duct. The ducts were 100 cm long and fit the size of the heat exchangers mounted in the
outdoor and indoor air ducts. 5.4 and 1.8 kW electric heaters were mounted in the outdoor and indoor air ducts, respectively, to obtain
the desired airflow temperatures at the inlets of the outdoor and indoor units. Twin axial fans were placed at the entrance of the
outdoor unit, which yielded a maximum airflow speed of 3.6 m s− 1 in the outdoor unit air duct. On the other hand, a centrifugal fan
providing a maximum airflow of 3.4 m s− 1 was mounted at the entrance of the indoor unit air duct.

The experimental system is equipped with mechanical measuring devices for relative humidity, temperature, pressure, refrigerant
mass flow rate, airflow speed and compressor speed measurements required to calculate the performance parameters and control the
desired experimental conditions at the points shown in Fig. 1. The refrigerant mass flow rate was measured using the Coriolis mass flow
meter installed on the liquid line outlet of the liquid tank. The pressure transmitters and Bourdon manometers were used to measure
the inlet and exit pressures of the compressor. The pressures were also measured at the exit of the indoor unit, inlet of the outdoor unit,
and the liquid line of the cooling cycle using pressure transducers placed, as indicated by P in Fig. 1. T-type thermocouples were used to
measure refrigerant temperatures at various locations throughout the cooling cycle, as indicated by the letter T in Fig. 1.

The relative humidity, dry bulb temperature, and airflow velocity measurements were carried out to determine the thermodynamic
properties of the air passing over the indoor and outdoor units. In addition, the airflow velocity and dry bulb temperature data were
used to control the airflow temperature and velocity. The relative humidity and dry bulb temperature of the air streams were measured
using SHT 71 humidity and temperature sensors. The measurements were taken from certain points of the indoor and outdoor air
ducts, indicated by T and RH, as seen in Fig. 1. These points were selected as the places where the average temperature data were
obtained. The airflow velocities passing through the indoor and outdoor air ducts were measured with airflow transmitters placed at
the inlet of the indoor and outdoor heat exchangers, indicated by Va in Fig. 1. These points were selected as the places where the
average airflow velocity was obtained.

All sensor data in the AHP system were collected with data acquisition cards and transferred to the computer using the MODBUS
communication protocol defined as RS485. Some of these data were used instantly for the control of the experimental system. Ac-
cording to the experimental comparison parameters, the compressor speed of the system, the temperatures and the speeds of the indoor
and outdoor unit’s air flow were conditioned according to the experimental conditions with various control systems. The desired

Table 1
Technical details of the components of the experimental AHP.

Component Description

Compressor Type: seven-cylinder fixed capacity
Stroke volume: 154.90 cc/rev

Outdoor unit Type: Parallel flow microchannel
Sizes: 63 cm × 38 cm × 2 cm

Indoor unit Type: laminated
Sizes: 23.5 cm × 22 cm × 6.5 cm

Expansion valves Type: internally equalised thermostatic expansion valves
Capacity: 5.5 kW

SLHX Type: Coaxial (tube-in-tube)
Dimensions: 29.85 cm (Length)
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compressor speed was conditioned with a PLC-controlled inverter electric motor using the data obtained from the proximity sensor
used to measure the compressor speed in Fig. 1. The indoor and outdoor unit airflow inlet temperatures were kept at the desired values
by using PLC-controlled current switches that activate and deactivate the electrical resistances of the electric heaters to obtain the
desired temperature. DC driver cards that control the fan motors per the desired airflow rate based on the airflow data coming from the
airflow transmitters located at the unit inlets provide the conditioning of the indoor and outdoor unit airflow rates. The measurement
device specifications are presented in Table 2. The general view of the AHP system and the assembly view of the SLHX are presented in
Fig. 2.

Table 3 provides various properties of R134a and R1234yf refrigerants used in the AHP system. These refrigerants are non-toxic,
pure, and have an ODP of zero. The centennial GWP of the R134a was 1430, and it did not comply with the EU F-gas regulation.
R1234yf is an unsaturated organic composite comprised of carbon, fluorine, and hydrogen, its centennial GWP was 4, and it was
classified by ASHRAE as a slightly flammable (A2L) refrigerant [2]. Although R1234yf is corrosive with atmospheric oxidation of
trifluoroacetic acid, it was not considered dangerous since the carbon-fluorine bond is consistent [33]. Since R1234yf′s atmospheric
residence is short (11 days), it quickly disappears into the atmosphere. While the liquid density of R134a is greater than that of
R1234yf, its vapour density is lower.

Initial experiments were conducted by charging 2000 g of R134a to the AHP system. Before the experiments with R1234yf, R134a
was recovered from the system, and 1800 g of R1234yf was charged into the system. According to Cho et al. [35], the system required
10 % less R1234yf owing to its liquid density being roughly 10 % lower than that of R134a.

The AHP systems were evaluated under three different indoor unit airflow velocities and two compressor speeds. The indoor unit
airflow rate was determined as three different speed values to provide low, medium and high speeds as the indoor cabin air flow rates
in an automobile air conditioning system. The indoor unit inlet airflow velocities were measured to be 1.4, 2.4, and 3.2 m s− 1. The
outdoor unit inlet airflow velocity was measured to be 3.5 m s− 1. Compressor speeds were conventionally determined as 1000 and
2000 rpm, which are the average idling and operating speeds of the internal combustion engine, respectively. As previously
mentioned, the compressor drive was provided by a three-phase asynchronous electric motor. The airflow temperatures at the inlets of
the indoor and outdoor units were kept constant at 5 ◦C. Furthermore, the relative humidity of the air that entered both the outdoor
and interior units was consistently maintained within a range of 70± 10%. The tests were terminated when the data obtained from the
system became stable for 3-5 minutes at specified test conditions. The steady-state operation was usually attained in 10–15 min once
the AHP system was turned on. Steady-state data were obtained by calculating the average of the data collected in the last 3–5 min of
the tests.

3. Thermodynamic analysis of the experimental AHP

The concept of energy conservation was utilized to examine the energy performance characteristics of the experimental AHP
components. This analysis assumed that there were no pressure decreases in the refrigeration cycle lines as well as in the indoor and
outdoor units. Additionally, it was assumed that the kinetic and potential energy changes in the components are negligible.

The heating capacity of the system may be calculated by applying the principle of conservation of energy to the indoor unit [9]:

Q̇iu = ṁr(h3 − h4) (1)

The refrigerant mass flow rate, denoted as ṁr, and the enthalpy of the refrigerant, denoted as h, can be determined using REFPROP
9.1 software [34] as a function of pressure and temperature.

The amount of power supplied to the refrigerant in the adiabatic compressor may be calculated using the following equation [9]:

Ẇcomp = ṁr(h2 − h1) (2)

The COP is a measure of the energy efficiency of the AHP and is calculated by dividing the heating capacity by the compressor
power [9].

COP=
Q̇iu

Ẇcomp
(3)

The application of the exergy balance equation to system components could be used to determine their thermodynamic in-
efficiencies. For control volumes, this equation could be written as follows [36,37]:

Table 2
Specifications of the measurement devices.

Physical measure Apparatus Variety Uncertainty

Temperature of refrigerant Type T thermocouple − 40 - 350 ◦C ±0.5 ◦C
Temperature of air dry bulb SHT-71 − 40 - 123 ◦C ±0.4 ◦C
Pressure Vika S− 10 transmitter 0–25 bar ±0.25 bar
Relative humidity SHT-71 0–100 % ±3 %
Air velocity (EE65− VCK200) transmitter 0.2–10 m s− 1 ±0.2 m s− 1

Mass flow rate Krohne Optimass 3300C H04 (Coriolis flow meter) 0–450 kg h− 1 ±0.1 %
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∑
(

1 −
T0

Tj

)

Q̇j − Ẇcv +
∑

ṁinψ in −
∑

ṁoutψout = Ėxd (4)

In this equation, T0 represents the temperature of the surrounding environment, Tj represents the temperature at the boundary, Q̇j

denotes the rate at which heat is transferred at the boundary, Ẇcv means the work output of the control volume, ṁ represents the rate at
which mass flows, ψ denotes the specific flow exergy, and Ėxd means the rate at which exergy is destroyed within the control volume.
The equation for determining the specific flow exergy of the refrigerant is [9]:

ψ =(h − h0) − T0(s − s0) (5)

Where the subindex "0″ represents the system in a non-functional state, specifically under normal environmental circumstances. The
specific airflow energies at points B, C, and E shown in Fig. 1 were determined from Refs. [18,38].

ψa =
(
cp,a +ω cp,v

)
T0

[(
T
T0

)

− 1 − ln
(
T
T0

)]

+

[

(1+1.6078 ω)RaT0 ln
(
P
P0

)]

+ RaT0
{

(1+1.6078 ω) ln
(
1+ 1.6078 ω0

1+ 1.6078 ω

)

+ 1.6078 ω ln
(

ω
ω0

) }

(6)

In this equation, cp,v and cp,a represent the specific heat of water vapour and air, Ra is the ideal gas constant for dry air, ω is the specific
humidity, and P denotes the pressure. The exergy destruction rates for the components of the AAC system were calculated using
Equation (4). The resulting equations for the components are shown in Table 4, where ṁa,ou and ṁa,iu, represent the rates at which air
mass flows through outdoor and indoor units, respectively.

The exergy destruction in the reversing valve may be disregarded due to the effective insulation of the component and the little heat
transfer between the two streams passing through it. The total exergy destruction in the AHP system can be calculated from

Fig. 2. Picture of the experimental AHP; (a) General view, (b) View of the SLHX assembly.

Table 3
Various specifications of R134a and R1234yf [28,34].

Refrigerant R134a R1234yf

Chemical formula CH2FCF3 C3H2F4
Molecular mass (g mol− 1) 102.03 114.04
Point of boiling (◦C) − 26.3 − 30
Critical temperature (◦C) 101.1 94.7
Critical pressure (kPa) 4059.3 3382.2
Density of liquid at 0 ◦C (kg m− 3) 1294.8 1176.3
Vapour density at 0 ◦C (kg m− 3) 14.428 17.647
Ozone-depleting potential 0 0
Global-warming potential 1430 4
ASHRAE Safety Group A1 A2L

Table 4
The exergy destructions in the components of the AHP system.

Component Equation

Compressor Ėxd,comp = ṁr
(
ψcomp,in − ψcomp,out

)
+ Ẇcomp

Outdoor unit Ėxd,cond = ṁr
(
ψou,in − ψou,out

)
+ ṁa,ou(ψE − ψF)

Expansion valve Ėxd,TXV = ṁr
(
ψTXV,in − ψTXV,out

)

Indoor unit Ėxd,evap = ṁr
(
ψ iu,in − ψ iu,out

)
+ ṁa,iu(ψB − ψC)

SLHX Ėxd,SLHX = ṁr
(
ψSLHX,in − ψSLHX,out

)
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Ėxd,tot = Ėxd,comp + Ėxd,ou + Ėxd,TXV + Ėxd,iu + Ėxd,SLHX (7)

4. Uncertainty analysis

The Moffat [39] technique was used to evaluate the uncertainty in the individual performance parameters of the AHP system.
According to this technique, the uncertainty of a y function consisting of n measurable variables, namely x1, x2, …, xn, can be
determined from

uy =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1

(
∂y
∂xi

uxi

)2
√
√
√
√ (8)

where, uxi indicates the uncertainty of the measured variable i.
Consequently, the maximum uncertainties for heating capacity, compression power, and COP were determined as 0.0355 kW,

0.0385 kW, and 0.0258, respectively, based on the experimental data and the accuracy of the devices presented in Table 2.

5. Results and discussion

Comparisons of the performance parameters of the AHP system with R1234yf and R134a and the effect of the SLHX on them in the
R1234yf system are exhibited in Fig. 3− 11 as a function of indoor unit air face velocity and compressor speed. The indoor and outdoor
unit inlet air temperatures in these figures are 5 ◦C. Furthermore, the outdoor unit inlet air speed is 3.5 m s− 1. In Fig. 3 ‒ 10, three
different indoor unit inlet air speeds of 1.4, 2.4, and 3.2 m s− 1 and two different compressor speeds of 1000 and 2000 rpm were used.
The P ‒ h and T ‒ s graphs in Fig. 11 are presented for the indoor unit air speed of 2.4 m s− 1 and compressor speed of 2000 rpm.

The variations in conditioned air temperature exiting from the AHP system indoor unit are presented in Fig. 3. When the
compressor speed was 1000 rpm, it was observed that the indoor unit air outlet temperatures of the AHP system using R134a, R1234yf,
and R1234yf with SLHX increased by 15.91, 10.81, and 12.87 ◦C, respectively as the indoor unit air face velocity decreased from 3.2 to
1.4 m s− 1. When the compressor speed was 2000 rpm, it was observed that the indoor unit air outlet temperatures of the AHP system
using R134a, R1234yf, and R1234yf with SLHX increased by 14.71, 16.64, and 17.86 ◦C as the indoor unit air face velocity decreased
from 3.2 to 1.4 m s− 1. As the refrigerant saturation temperature increased with the decrease in the indoor unit airflow rate and the
increase in the indoor unit refrigerant pressure, the difference between the refrigerant and airflow temperatures increased. Thus, the
indoor unit outlet temperature increased. The AHP system utilizing R1234yf exhibited a decrease in indoor unit air outlet temperature
of approximately 5.06 ◦C compared to the AHP system using R134a. However, this difference reduced to about 3.39 ◦C when the SLHX
was activated in the AHP system with R1234yf. The results of this study show that, as in the AHP studies in the literature, the tem-
perature of the indoor unit outlet air is higher in the R134a system than in the R1234yf system [27,28]. However, according to the
results obtained from this study, it is seen that this range can be reduced by adding an SLHX to the R1234yf system. In addition,
reducing the indoor unit airflow speed to the optimum will increase the airflow temperature, thus providing better thermal comfort in
the vehicle cabin.

The changes in refrigerant mass flow rate of the AHP systems as a function of indoor unit air velocity are presented in Fig. 4. It was
observed that the refrigerant mass flow rate increased by 11.1 %, 4.5 %, and 4.9 % in the AHP system using R134a, R1234yf, and
R1234yf with SLHX, respectively, together with the increase in indoor unit air face velocity from 1.4 to 3.2 m s− 1 for both compressor
speeds. R1234yf had a higher flow rate since its vapour density was 22.3 % higher when compared to the R134a refrigerant at the same
saturation temperature. The experiments demonstrated that the refrigerant mass flow rate was 22.6 % and 21.7 % higher in the
R1234yf AHP system with disabled and operated SLHX in comparison to the AHP system with R134a. These results show that R1234yf

Fig. 3. The relationship between the air temperature at the outlet of the indoor unit and the air face velocity of the indoor unit.
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has a higher refrigerant mass flow rate than R134a, which is in agreement with the literature [15,27]. There is a slight decrease in
refrigerant mass flow rate with the addition of SLHX in the R1234yf system as found in Refs. [13,35]. It has been observed that the
refrigerant mass flow rate increases due to the increase in heat transfer in the indoor unit with the increase in the indoor unit air flow
rate.

The variations in AHP system heating capacity are presented in Fig. 5 as a function of the indoor unit air speed. As the indoor unit
air flow rate rises, the heating capacity increases due to the refrigerant mass flow rate increment. The heating capacity of the AHP
system using R134a, R1234yf, and R1234yf with SLHX increased by 12.5 %, 11.6 % and 11.1 %, respectively, when the indoor unit air
face velocity increased from 1.4 to 3.2 m s− 1 for both compressor speeds. The experimental findings demonstrated that the heating
capacity of the AHP system using R134a, R1234yf, and R1234yf with SLHX was 3.28 kW, 3.04 kW, and 3.11 kW, respectively, at 2000
rpm compressor speed and 3.2 m s− 1 indoor unit air face velocity. The heating capacity of the R1234yf system was enhanced by 1.8 %
when the SLHX was activated. It was observed in the literature that the R1234yf AHP system had a lower heating capacity than the
R134a AHP system [27,28]. However, in this study, it has been found that adding the SLHX to the R1234yf AHP system can improve
the heating capacity. Increasing the indoor unit air flow rate causes an increase in the heating capacity. However, as seen in Fig. 3,
increasing the indoor unit air flow rate causes a decrease in the indoor unit outlet air temperature. The most suitable cabin thermal
comfort according to various conditions can be provided with the indoor unit air flow rate, where the indoor unit outlet air tem-
perature and heating capacity are optimum. The findings of the study can be used to attain the desirable cabin thermal comfort
conditions in a short period by providing more suitable indoor air outlet air temperature and heating capacity by changing the indoor
unit air flow rate.

The variations in compressor power of the AHP systems are presented in Fig. 6 as a function of the indoor unit air speed. It was
observed that the compressor power increased by 7.5 %, 7.7 %, and 5.9 %, respectively, in the AHP system using R134a, R1234yf, and
R1234yf with SLHX via the increase in the indoor unit air face velocity from 1.4 to 3.2 m s− 1 for the compressor speed of 1000 rpm.
However, the compressor power decreased by 2.4 %, 0.8 %, and 3.9 %, respectively, in the AHP system using R134a, R1234yf, and
R1234yf with SLHX with the increase in the indoor unit air face velocity from 1.4 to 3.2 m s− 1 for the compressor speed of 2000 rpm.
The increase in the compressor speed increased the compressor power due to the rise in the refrigerant mass flow rate and the
compression ratio. It was observed that the compressor power was in the range of 0.55–0.97 kW, 0.54–0.91 kW, and 0.53–0.87 kW,

Fig. 4. The relationship between the mass flow rate of the refrigerant and the air face velocity of the indoor unit.

Fig. 5. The heating capacity as a function of the indoor unit air face velocity.
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respectively, in the AHP system using R134a, R1234yf, and R1234yf with SLHX. It was determined that the compressor power was
reduced by approximately 3.8 % in the R1234yf AHP system with SLHX. The reduction in compressor power can be ascribed to the
decrease in the pressure ratio across the compressor, which originated from the increase in the compressor inlet pressure due to the use
of the SLHX. In addition, since the SLHX added to the R1234yf AHP system caused a slight decrease in the refrigerant flow rate as seen
in Fig. 4, there was also a slight decrease in the compressor power. In the literature [13,16,26,28], it is generally reported that the
compressor power increased with the increase in the compressor speed. In this study, it is seen that the compressor power increases
especially with the increase in the compressor speed and also with the increase in the indoor unit air flow rate [15].

The variations in COP of the AHP system are presented in Fig. 7 as a function of the indoor unit air speed. For both refrigerants, COP
increased with the increase in the indoor unit air speed and decreased with the rise in the compressor speed. It was observed that the
COP increased by 15.4 %, 15.7 %, and 12.2 %, respectively, in the AHP system using R134a, R1234yf, and R1234yf with SLHX when
the indoor unit airflow face velocity was increased from 1.4 to 3.2 m s− 1 for both compression speeds. It was determined that the
addition of SLHX to the R1234yf AHP system led to a 5.9 % increase in the COP. COP reveals the energy effectiveness of the system as it
gives the heating capacity per unit compressor power. It has been observed in agreement with the literature that as the compressor
speed increases, the COP decreases due to the faster increase in the compressor power in comparison to the heating capacity [13,15,26,
28]. It has been observed that the COP increases with the increase in indoor unit air flow rate due to the faster increase in the heating
capacity compared to the compressor power This situation also was reported in literature studies carried out with evaporator air flow
rates in the AAC systems [15]. Literature reveals that cooling/heating capacities and COPs of R1234yf AAC/AHP systems are generally
lower than R134a systems [7,16,28]. There are also some studies showing that R1234yf gives better results than R134a under certain
conditions [15]. In this study, when the SLHX was added to the R1234yf AHP system, an increase in the COP was observed due to the
decrease in compressor power as seen in Fig. 6 and the increase in the heating capacity as seen in Fig. 5.

The variations in the compressor discharge temperature are reported in Fig. 8 as a function of the indoor unit air speed. It was
determined that the compressor discharge temperature increased with the increase in the compressor speed; however, it decreased
with the increase in the indoor unit airflow face velocity. The increase in the compressor speed increased the discharge pressure and
refrigerant mass flow rate, thus leading to an increase in the compressor discharge temperature. The increase in the indoor unit airflow
face velocity increased the heat transfer between the refrigerant and the air. Thus, the compressor discharge temperature decreased

Fig. 6. The compressor power as a function of the indoor unit air face velocity.

Fig. 7. The COP as a function of the indoor unit air face velocity.
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due to the decrease in the indoor unit pressure and the refrigerant saturation temperature. High discharge temperatures deteriorate the
compressor lubrication oil, shortening the life of the compressor. However, it increases the heating capacity since it promotes heat
rejection to the conditioned air stream in the indoor unit. It was observed that the AHP system using R134a exhibited higher
compressor discharge temperatures in the range of 10.26–16.01 ◦C, and 6.36–14.22 ◦C, respectively, when compared to the AHP
system using R1234yf, and R1234yf with SLHX. It was observed that the addition of the SLHX to the R1234yf AHP system increased the
compressor discharge temperature by 5.1 %. In both AAC and AHP studies in the literature [16,27,28,35], it was reported that the
compressor discharge temperature increased with increasing compressor speed. Furthermore, in the studies conducted on AAC systems
[16,35], it was stated that the SLHX added to the system increased the compressor discharge temperature.

Exergy destruction in the components of the AHP system is presented in Fig. 9 for the compressor speeds of 1000 and 2000 rpm at
3.2 m s− 1 indoor unit airflow velocity. In all experiments, the outdoor unit had the highest exergy destruction. The outdoor unit
exhibited the greatest exergy destruction at the compressor speed of 1000 rpm, followed by the indoor unit, compressor, and TXV.
Similarly, the outdoor unit exhibited the greatest exergy destruction at the compressor speed of 2000 rpm, followed by the indoor unit,
compressor, and TXV. Exergy destruction in the indoor and outdoor units was mostly due to the increase in heat transfer by the
temperature difference between the refrigerant and the air streams. When the compressor speed was increased from 1000 rpm to 2000
rpm, the exergy destruction in the indoor unit increased by 20.7 %, 23.7 % and 17.2 %, respectively, in the AHP system using R134a,
R1234yf, and R1234yf with the SLHX. It was observed that the addition of the SLHX to the R1234yf AHP system reduced the exergy
destruction in the indoor unit by 16.4 %. It can be observed in Fig. 8 that the compressor discharge temperature in the R134a system
was higher when compared to the R1234yf system. Thus, the exergy destruction in the indoor unit was 7.7 % and 23.8 % higher in the
AHP system using R134a when compared to the AHP system using R1234yf and R1234yf with SLHX, respectively. It was determined
that the exergy destruction was 15.7% and 19.1% higher in the outdoor unit of the AHP system using R1234yf and R1234yf with SLHX
compared to the AHP system using R134a, respectively. The exergy destruction was 16.5 % and 50.2 % higher in the compressor of the
AHP system using R1234yf and R1234yf with SLHX when compared to the AHP system using R134a, respectively. The exergy
destruction was 83.1 % and 62.1 % higher in the TXV of the AHP system using R1234yf and R1234yf with SLHX compared to the AHP
system using R134a, respectively. Although the compressor pressure was lower in R1234yf when compared to R134a, the exergy
destruction was higher in the compressor, TXV and outdoor unit due to the higher refrigerant mass flow rate. Furthermore, the increase
in the refrigerant mass flow rate, compressor pressure, and compressor discharge temperature with increasing compressor speed led to
higher exergy destruction in all components [28]. Similar results were obtained in the literature regarding the increase in the exergy
destructions in the components of the AHP and AAC systems with increasing compressor speed [13,28]. In addition, it has been stated
in the literature that the addition of the SLHX to the AAC system using R1234yf decreased the exergy destroyed in the evaporator and
TXV, while the exergy destroyed in the compressor and condenser increased [13]. In this study, it has been observed that the use of
SLHX in the R1234yf AHP system decreases the exergy destroyed in the indoor unit and TXV, while increasing the exergy destroyed in
the outdoor unit and compressor.

Fig. 10 illustrates the variations in the exergy destruction per unit heating capacity of the AHP system as a function of the indoor
unit airflow speed. If the increase in the total exergy destruction rate in all AHP systems is greater than the increase in heating capacity,
it increases the total exergy destruction rate per unit heating capacity in AHP systems. This occurs when the speed of the compressor
rises or when the airflow rate of the indoor unit decreases. Moreover, when the compressor speed increases, the pressure in the
compressor also increases, resulting in a drop in the evaporation temperature of the outdoor unit and an increase in the condensation
temperature of the indoor unit. In this case, the temperature difference between the airflow temperature passing through the outer
surface of the heat exchangers and the refrigerant passing through the inner surface increases. Furthermore, a rise in pressure resulted
in a corresponding rise in exergy destruction in both the compressor and TXV. In comparison to the AHP systemwith R134a, the exergy
destruction per unit heating capacity in the AHP system using R1234yf and R1234yf with SLHX was determined to be 20.1 % and 22.2
% higher, respectively. The rise in the airflow velocity of the indoor unit from 1.4 to 3.2 m s− 1 resulted in a reduction in the total exergy
destruction per unit heating capacity in the AHP system using R134a, R1234yf, and R1234yf with SLHX by 16.7 %, 12.7 %, and 11.8 %

Fig. 8. The compressor discharge temperature as a function of the indoor unit air face velocity.
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Fig. 9. The exergy destruction rates in the components of the AHP system.

Fig. 10. The rate of exergy destruction per unit heating capacity as a function of the indoor unit air face velocity.

Fig. 11. Representation of T-s and P-h diagrams of the cycle for an experimental condition.
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respectively. According to the literature, in both AAC and AHP systems, the total exergy destruction per unit heating capacity increased
as the compressor speed increased [28,32]. Adding an SLHX to the AHP system caused a slight increase in the total exergy destruction
per unit heating capacity. However, increasing the indoor unit air flow rate can reduce the total exergy destruction per unit heating
capacity.

Fig. 11 shows the T-s and P-h diagrams of AHP systems using R134a, R1234yf, and R1234yf with the SLHX for the compressor speed
of 2000 rpm, indoor unit inlet airflow velocity of 2.4 m s− 1, and outdoor unit airflow velocity of 3.5 m s− 1. The locations of the points
are shown in Fig. 1. The line 12 shows the work absorption in the compressor, 34 indicates the heat rejection in the indoor unit, 47
shows the indoor unit outlet and expansion element inlet (liquid line), 78 indicates the throttling in the expansion valve, 89 shows the
heat absorption in the outdoor unit, and 91 indicates the outdoor unit outlet and compressor inlet (suction line). P-h and T-s graphs
were drawn in the REFPROP 9.1 program [34]. Graphs were established using data obtained from the experimental system at the
specified points. In AHP systems with R134a and R1234yf refrigerants, limited heat loss and heat gain depend on the pipe lengths in
the liquid line and suction line, respectively. However, with the activation of SLHX in the AHP system with R1234yf, more heat loss
and heat gain were observed in the liquid and suction lines, respectively. It was found that with the use of SLHX in the AHP systemwith
R1234yf, the compressor inlet and outlet temperatures increased by approximately 6.5 and 3.3 ◦C compared to the AHP system with
R1234yf. It was found that the compressor pressure ratios of the AHP system with R1234yf and the AHP system with R1234yf added
SLHX were 8.12 and 7.82, respectively. This situation caused the R1234yf AHP system with SLHX to have less compressor power than
the AHP system with R1234yf, as seen in Fig. 6.

6. Conclusion

This study investigated the experimental performance of an AHP systemwhere the refrigerant flow of the AAC systemwas reversed,
excluding the compressor. Furthermore, the impact of using a heat exchanger located between the suction and liquid lines on system
performance was investigated. R134a and R1234yf refrigerants were employed in the experimental AHP system. The performance of
the AHP system with R134a, R1234yf, and R1234yf with SLHX were compared. The comparisons were conducted at 1000 and 2000
rpm compressor speeds and 1.4, 2.4, and 3.2 m s− 1 indoor unit airflow velocities. Thus, the performance comparisons of the AHP
system with R134a, R1234yf and R1234yf with SLHX were made for different compressor speeds as well as different indoor unit
airflow velocities.

The AHP system with R1234yf demonstrated reduced indoor unit airflow outlet temperature, heating capacity and discharge
temperature in comparison to the AHP system using R134a [26,28]. Nevertheless, it was noted that the addition of the SLHX in the
AHP system using R1234yf resulted in a convergence of the indoor unit airflow outlet temperature, heating capacity and discharge
temperature towards that of the R134a system. It was also understood that achieving the best possible modification of the airflow rate
in the interior unit was crucial for maintaining thermal comfort in the vehicle cabin. In the AHP system using R1234yf and R1234yf
with SLHX, the refrigerant mass flow rate was 22.6 % and 21.7 % greater, respectively, compared to the AHP system using R134a. The
compression power of the AHP system with R134a, R1234yf, and R1234yf with SLHX was in the ranges of 0.55–0.97 kW, 0.54–0.91
kW, and 0.53–0.87 kW, respectively. The COP increased by 5.9 % with the addition of SLHX to the R1234yf AHP system. The AHP
system utilizing R1234yf and R1234yf with SLHX exhibited a 20.1 % and 22.2 % increase in the total exergy destruction per unit
heating capacity, respectively, when compared to the R134a AHP system. The increase in the indoor unit airflow velocity increased the
COP, refrigerant mass flow rate, and heating capacity, and decreased the indoor unit air outlet temperature, compressor discharge
temperature, and total exergy destruction per unit heat capacity.

These findings show that cabin thermal comfort can be improved by adding an SLHX to R1234yf AHP systems, which is used as an
alternative to R134a to provide thermal comfort, especially in electric vehicles, which are becoming increasingly popular, and by
adjusting the indoor unit air flow rate optimally. In addition, this study has shown that adding an SLHX to the suction line of the
R1234yf AHP system partially improves the heating capacity, COP and compressor outlet temperature. Moreover, it has been revealed
that adjusting the indoor unit air flow rate optimally depending on the conditions and desired comfort conditions of the AHP system is
important in terms of providing cabin thermal comfort and increasing system efficiency.

In future studies, the effects of using an SLHX for an AHP system using R1234ze(E) and CO2 can be investigated. Moreover, the
effect of changing indoor air flow speed on an AHP system employing a variable-capacity compressor can be studied. By using artificial
intelligence technologies, indispensable in our age, the best compressor speed, indoor and outdoor unit airflow speed optimization
models can be investigated according to the conditions to provide the best thermal comfort inside the vehicle cabin.
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