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ABSTRACT

This paper first presents a comprehensive review of the internal heat exchanger, followed by the discussion of
experimental results of the role of an internal heat exchanger in an R744 air conditioning system. The effects of
refrigerant charge amount on the performance of both basic and internal heat exchanger systems were investigated.
Also, the control equations of COP-maximizing high-side pressure were developed and used for both systems. The
experimental data show up to 13.8% improvement in efficiency by introducing the internal heat exchanger. The
different roles of IHX in sub- and transcritical modes and the reason for the difference are discussed in the paper.

1. INTRODUCTION

Internal heat exchangers (IHXs), also known as suction/liquid line heat exchangers, are widely applied in vapor
refrigeration systems to improve efficiency. The essence is to subcool the liquid refrigerant leaving the condenser
using the low-pressure low-temperature refrigerant that exits the evaporator. The benefits are increasing the specific
cooling capacity of the refrigerant and preventing the liquid refrigerant from entering the compressor. However, the
discharge temperature increases as the superheat at the suction point of the compressor increases, and the
compressor efficiency might drop if the lubricant performance degrades due to high temperature. Overall, the
potential improvement of COP due to the installation of IHX depends on the tradeoff between the increase of
specific cooling capacity and the increase of specific compressor work.

The typical first assessment of whether the Coefficient of Performance (COP) increases or not is done based on the
cycle analysis for the working fluid and operating conditions. The major factors are the thermodynamic and
transport properties of the fluid. Domanski et al. (1994) theoretically evaluated the performance effects of installing
IHXs for 29 different refrigerants. The results show the benefits of IHX depend on a combination of operating
conditions and fluid properties with specific heat capacity being the most influential property. In addition, the
authors developed the method and provided four charts of different refrigerants for evaluation, but a simplified
equation or correlation is desired for general applications. Therefore, many researchers continue to explore a simple
and general criterion for evaluating the potential benefits of installing IHX using only refrigerant thermodynamic
properties and operating temperatures. Aprea et al. (1999) presented a simplified criterion and two application charts
for R502 and R32 based on the thermodynamic analysis. The results show that IHX is only advantageous for R502.
Klein et al. (2000) proposed a new dimensionless group to correlate performance impacts related to IHX for 11
refrigerants considering the effects of pressure drops through the IHX. It is concluded that IHXs are most useful at
high temperature lifts L= Tcona- Tevap and for refrigerants having a relatively small value of D= dhyap/(Cp,1Tc), and the
benefits of IHX are reduced due to the pressure drop in it. Mastrullo et al. (2007) developed a graphical method to
predict the behavior of installing IHX, changing the operating conditions, refrigerants, and IHX size. The authors
concluded that refrigerants with a low COP and high value of ¢y are more positively influenced by introducing
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IHX. Hermes (2013) presented a different thermodynamic evaluation of IHX by assuming the same cooling capacity
for both basic and IHX cycles, while all previous studies assume the same evaporating pressure for both cycles. The
author concluded that there exists an evaporating pressure that maximizes the compressor work for a fixed
condensing temperature, cooling capacity, and compressor swept volume rate.

The more detailed analysis considers the size of the heat exchangers, operating conditions, and compressor
efficiencies. For various reasons, an indoor evaporator has one-third the size of an outdoor condenser/ gas cooler for
typical residential and automobile systems. Also, the airflow rate through the outdoor coil is higher due to less
concern for noise, and this increases the effectiveness of the outdoor coil. All the aforementioned reasons lead to the
difference between the operation of the vapor compression system in Air-Conditioning (AC) and Heat Pump (HP)
mode, as well as the different roles of Internal Heat Exchanger (IHX) in the two modes.

On the other hand, the design of the system varies for different applications, so experimental studies have been
conducted for more accurate quantitative studies. For domestic refrigerators and freezers, the simple expansion
device- capillary tubes are soldered on the external surfaces of suction lines and work as counterflow IHXs. Staebler
(1981) presented capacity balance to calculate the length of diabatic capillary tube for R12 and R22. Bittle (1994)
evaluated the capillary IHX performance with R134a and R152a experimentally, considering up to ten different
design variables. The author also developed performance prediction equations for both refrigerants, which can be
used as design tools for engineers. Melo et al. (2002) conducted comprehensive experiments with R600a for a range
of geometries of capillary IHX and operating conditions typical of domestic refrigerators and freezers. Empirical
correlations were developed to estimate the refrigerant mass flow rate through the capillary tube and the suction
temperature of the compressor. Khan et al. (2009) conducted experiments to study the flow through diabatic spiral
capillary tubes, considering the geometric and the arrangement of the capillary IHX. It was concluded that the
refrigerant mass flow rate is affected by the suction-line inlet superheat and heat exchange length, in addition to the
capillary tube diameter, capillary tube length, coil pitch, and capillary inlet subcooling.

For automobile AC systems, the liquid line is designed as a helix tube and immersed inside the liquid refrigerant in
the accumulator for compactness. . In this case, the accumulator heat exchanger (AHX), or known as integrated
accumulator and IHX (Acc/IHX), has been investigated by many researchers and engineers. Mei et al. (1994)
developed an R134a liquid over-feeding (LOF) mobile air conditioning system that applied an accumulator-heat
exchanger. The results indicated an increase of 20% in system cooling capacity and COP at a compressor speed of
2020 RPM. Meyer and Wood (2001) were the first authors to describe a mathematical model of an AHX publicly.
They validated the model with an R22 air-conditioning system, and the model predicts the performance of the
system within -16% to 13%. Kang et al. (2007) studied the effects of an AHX on the performance of an R22
refrigeration system experimentally. At the same EXV opening of 50%, the cooling capacity and COP of the AHX
system were higher than the basic system by 7.5% and 3.2%, respectively.

For transcritical R744 systems, the different design philosophies and control strategies should be applied due to the
different properties. Lorentzen and Pettersen (1993) presented a transcritical CO; automobile AC system with an
accumulator and an IHX, and the data showed that the improvement in COP by internal heat exchanging is mainly
due to the reduction of the throttling loss when subcooled liquid CO; enters the expansion device. However, this is
at a cost of the increased average temperature of heat rejection and irreversibility in the gas cooler. Boewe et al.
(1999) conducted experiments with a transcritical CO, automobile AC system with an accumulator to study the role
of IHX in air-conditioning mode. The results showed that both the capacity and COP were increased by up to 25%,
and the benefits of IHX are more significant in high ambient temperature conditions. The IHX reduces the capacity-
and efficiency-maximizing discharge pressure and brings them together. This helps to increase the cooling capacity
when optimizing the efficiency of the AC system. Kim et al. (2005) investigated the performance of a transcritical
CO, water heater system with a coaxial IHX numerically and validated experimentally. Also, the efficiency of the
system is slightly improved by introducing an IHX up to specific discharge pressure, above which the trend is
reversed. Zhang et al. (2011) presented a thermodynamic cycle analysis and an experimental validation to study the
effects of an IHX on transcritical CO; cycles. The results showed that the COP is slightly reduced by an IHX in the
subcritical mode. In the transcritical mode, a transition gas cooler exit temperature exists for a compressor discharge
temperature, above which the IHX improves the cycle performance.

Although the effects of IHX on the performance of a transcritical CO, refrigeration system have been studied by
many researchers, the role of an IHX in a reversible CO, AC/HP pump system has not been discussed in public
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literature. In this paper (No. 151) and an accompanying paper (No. 153), we will discuss the role of IHX in both AC
and HP modes with an experimental illustration of an R744 system under various conditions. The influence of
refrigerant charge amount, efficiency-maximizing control equation, and normalized heating performance will be
presented. The conclusion can be used to guide the design of reversible R744 air-conditioning systems for different
applications.

2. EXPERIMENTAL SETUP

2.1 Facility

The role of IHX in an R744 air-source AC/HP system was investigated experimentally in this paper. A facility with
two climate chambers was calibrated and used for this purpose. To control the temperature, humidity, and airflow
rate, a glycol heat exchanger, a PID-controlled electric heater, a steam spray, and a wind tunnel with VFD-controlled
blowers were installed inside each climate chamber. Figure 1 presents the refrigerant-side sensors and the
arrangement of the reversible R744 air-conditioning system inside and between the climate chambers. By
controlling the ball valves 1 to 4 (black: closed; white: opened) in the system, the R744 system can be reversed from
HP mode to AC mode. Using the ball valves 5 and 6, the high-pressure side of the IHX can be bypassed. The one-
slab two-pass outdoor coil (gas cooler in AC mode) and the Electronic Expansion Valve (EXV) for HP mode were
installed inside the outdoor climate chamber. The two-slab four-pass indoor coil and the EXV for AC mode were
installed inside the indoor climate chamber. The mid-section circuit consists of a semi-hermetic reciprocating
compressor, the integrated IHX and accumulator, and the EXV controllers. The dimensions of the key components
are listed in Table 1.

A
-
4 ' <

> 1 t 1 ode Indoor evaporator
Face area: 0.050 m?

34 tubes

Midsection circuit l

-~

EXV controllers

Outdoor gas cooler

1
1
1
1
1
Face area: 0.285 m? 1 accumulator
1
1
1
1
1

Insulation wall
Insulation wall

»
b
L]

Outdoor climate chamber Indoor climate chamber

Dorin CD360H
2-cylinder, 3.8 HP, 2.39 m3/h

Figure 1: Schematic drawing of the R744 system in AC mode

To measure the steady-state performance of the reversible R744 air-conditioning system, three independent
approaches were used: refrigerant-, air-, and chamber-side balances. As shown in Figure 1, pressure transducers,
thermocouple probes, and a mass flow meter were installed in the refrigerant circuit. Also, thermocouple grids, dew
point sensors, air nozzles, and differential pressure transducers were installed long the wind tunnels. In addition,
power transducers were installed to measure the energy consumed inside the climate chamber, and the cooling
capacity of the glycol heat exchangers was calculated using measured glycol mass flow rates and inlet/ exit glycol
temperatures for both chambers. Considering the heat loss through the insulation walls, the cooling/ heating capacity
of indoor/ outdoor coils was calculated using the chamber-side energy balance. Table 2 presents the details and
uncertainties of the sensors used in this project. All sensors were calibrated prior installed in the facility. The signals
from the sensors are measured by an HP series 75000B data logger and converted to SI-unit parameters via the VEE
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another 20 minutes with an interval of 6 seconds.

Table 1: Dimensions of key components of the R744 system

Component Dimensions
e Overall dimension (mm): 635 (H) x 467 (W) x 16 (T)
e  Fin height (mm): 8.0
Outdoor coil e  Fin pitch (mm): 1.3
(1-slab, 2-pass: 17/ 34 tubes) e  Fin thickness (mm): 0.1
e Louver length (mm): 7.2
e Louver pitch (mm): 0.9
e Overall dimension (mm): 229 (H) x 248 (W) x 35 (T)
e  Fin height (mm): 5.6
Indoor coil e  Fin pitch (mm): 1.4
(2-slab, 4- pass: all 17 tubes) e Fin thickness (mm): 0.08
e Louver length (mm): 4.9
e Louver pitch (mm): 1.12
e Overall dimension (mm): 247 (H) x 85 (D)
Internal heat exchanger/ e  Counter-flow IHX for AC/ defrost mode
Accumulator e Parallel-flow IHX for HP mode
e Nylon accumulator
o 2-cylinder
Semi-hermetic reciprocating e Displacement: 2.39 m%h (50 Hz), 2.87 m%h (60 Hz)
compressor e 1450 rpm @ 50 Hz, 1750 rpm @ 60 Hz
o 3.8 HP, 208~ 230V/ 3/ 60 Hz

Electronic expansion valve

Actuator step range: 2500

Table 2: Uncertainties of refrigerant-, air-, and chamber-side instruments

Parameter Sensor Range Uncertainty
Refrigerant/ 9['3’53’ | temperature T-type thermocouple -50 to 150 +0.2
Refrigerant low-side pressure Strain gage 010 6.89 +0.003
[MPa]
Refrigerant [‘,\'/?Sf;j'de pressure Strain gage 0 to 20.68 +0.007
Refrigerant/ glycol mass flow rate Coriolis-tvpe 0 to 2180/ + 0.10% of
[kg/h] yp 0 to 6800 reading
Electrical power consumption + 0.20% of
(kW] 3-phase wattmeter Oto6 reading
Airl wall[ziz:r?perature T-type welded thermocouple -50 to 150 +0.2
Dew pomtotemperature Chilled mirror dew point .80 10 85 +0.2
[°C] sensor
Pressure drop of air-side Differential pressure + 0.25% of full
0 to 600
[Pa] transducer scale

2.2 Data reduction and uncertainty analysis
The cooling/ heating capacities of indoor/ outdoor coil in the R744 system with and without IHX were calculated
using refrigerant-, air-, and chamber-side balances. The thermodynamic properties were calculated using
commercial software- Refprop 9.0 (Lemmon. et al., 2010). For the indoor evaporator, the three balances are shown

below:
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Qcooling,ref = (1_ OCR) mr (hero - heri) +OCR- mr (heoo - heoi) Eqgn (1)
Qcooling air — rheai ,dry (heai - heao) Eqn (2)
coollng cham — Z id,elec |d loss rhid,g (Tid,go id, gl) Eqn (3)

Where OCR is the Oil Circulation Rate and was measured by the sampler installed across the mass flow meter on
the liquid line. In this project, the OCR is measured to be 2% and the effects on system capacity are negligible. i,
was measured by the mass flow meter, and it is actually the mass flow rate of the oil and CO, mixture. Refrigerant
enthalpy heri equals the refrigerant enthalpy at EXV inlet hyi, assuming isenthalpic expansion. Refrigerant enthalpy
hero, 0il enthalpies heoi and hego Were determined from the pressures and temperatures measured at the inlet (Teri and
Peri) and outlet (Tero and Pero) Of the indoor coil. The refrigerant-side calculation for the evaporator is only valid
when there is at least 3°C of superheat at the evaporator exit. Otherwise, the cooling capacity and related refrigerant
properties are calculated using the other two approaches.

The indoor air mass flow rate meai,ary Was calculated using measured air temperature (Tean), dew point (Tgpen), and
pressure drop (DPen) at the indoor nozzles. The enthalpies of air heai and heao Were determined using air temperatures
at the indoor coil inlet Tesi and exit Teao. IN the calculation, dry air properties were used because dew point
measurements showed there was no water condensation across the indoor coil.

The electrical power consumption Pigelec Of each device inside the indoor chamber was measured using power
transducers. The heat loss from the indoor climate chamber to the ambient Qiq,10ss Was calculated using the measured
UA value of the climate chamber. The mass flow rate of glycol flowing into the indoor chamber m;q4 and the inlet
and exit glycol temperatures (Tiqgi and Tiggo) Were used to calculate the cooling capacity of the glycol heat
exchanger.

Similarly, three approaches were used to calculate the heating capacity of the outdoor gas cooler:

Qheating,ref = (1_ OCR)mr (hcri cro) + OCR m (hc0| - hcoo) Eqn (4)
Qheating,air = mcai ,dry (hcao - hcai) Eqn (5)
Qheating,cham = mod,g (Tod,go od gl) + Qod loss z od elec Eqn (6)

Also, for the IHX cycle, the capacity of the IHX was calculated using the high-pressure refrigerant-side, since it is in
the supercritical or subcooled zone:

QIHX,ref (1 OCR)m ( )+OCR m (hcoo x0|) Eqn (7)

cro XI’I
Where, refrigerant enthalpy hyi and oil enthalpy hy.i were determined from the pressure and temperature measured at
the inlet of the expansion valve. The low-pressure side capacity of IHX equals the high-pressure side capacity,
assuming no heat loss to the ambient.

The Coefficient of Performance (COP) of the R744 air-conditioning system with and without IHX was calculated as
follows:

COP — Qcooling,ave Eqn (8)

comp

Where, Qcoolingave 1S the average of ref-, air-, and chamber-side cooling capacity of indoor evaporator. Pcomp iS the
measured electrical power consumption of the VFD-controlled compressor.

The uncertainty analysis was conducted using a MATLAB program integrated with the data reduction program,

following the method of Moffat (1988). According to the method, the uncertainty in a calculated value R, which is a
function of N independent measurements (X1, X2, Xs, ... Xn), can be calculated as Eqgn (9):
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N =

nR Y
SR=| Y| —6X, Ean (9)
i=1 ax,
Where uncertainty of each measurement is determined using Eqn (10):
1
SX, =(8X,,0+0X, .} ) Eqn (10)

Where, 0Xia is the type-A uncertainty of measurement X;, which was calculated as the standard deviation of each
group of data recorded every 20 minutes. The type-B uncertainty oXig was either provided by the manufacturer or
by the calibration: it is £0.2°C for the refrigerant temperatures after we calibrated the type-T thermocouples with
RTD sensors (PT100).

For the indoor cooling capacity, the uncertainties were 2.2%, 6.2%, and 0.5% for ref-, air-, and chamber-side
approaches. Overall, the most reliable approach is the chamber-side due to the simplicity of energy conservation,
while the airside is the least accurate one because of the high volumetric flow rate of indoor air.

3. RESULTS AND DISCUSSION

In this paper, the role of IHX in an R744 vapor compression system operating both in subcritical and transcritical
modes was studied experimentally. To compare the performance of the system with and without the 1HX, we first
tuned both basic and IHX systems to have the optimal refrigerant charge amounts and the efficiency-maximizing
controls. Then, the performance of the basic and the IHX systems were compared and analyzed. Table 3 lists all the
experimental conditions in this paper. The details and the results will be discussed in the following chapter.

Table 3: Operating conditions of all experiments in this paper

The purpose of | 1 [°Cy RHeai Veai Teai Veai Compressor speed
this group eai [%6] [m/s] [°C] [m/s] [%6]
Group1 | Optimalcharge | ,, 40 70
amounts
Group 2 Control equations | 25 to 40 20 25 251040 3.0 60 to 75
Group 3 Steady-state | ,5 4, 49 25 t0 40 60 to 90

experiments

3.1 Effects of refrigerant charge amount on the system performance- Group 1

The effects of the refrigerant charge amount on the R744 vapor compression system with and without IHX are
presented in the section. Figure 2(a) and (b) show the cooling capacity, compressor power consumption, COP, and
refrigerant quality at the evaporator exit for the basic system and IHX system as the charge amount increases. Figure
2(c) and (d) present the refrigerant mass flow rate, pressure, and temperature of the refrigerant at different locations
of each system during the charging experiments.

The charging experiments were conducted following the procedure in the SAE standard (SAE J2765, 2008). The
ambient air temperature Tcai and in-cabin air temperature Tea Were 40°C. The in-cabin humidity was controlled to
eliminate condensation happening on the in-cabin evaporator. The outdoor air velocity was 3.0 m/s, and the in-cabin
air flow rate was 2.5 m/s in the charging experiments. The compressor speed was fixed at 70% of the full speed
(1450 rpm). During the charging procedure, CO was added to the system in front of the Acc/IHX in increments of
50g, then stabilized for at least 30 minutes before recording data for another 20 minutes. For each charge amount, at
least three different high-side pressures were tested to find the COP-maximizing pressure, which is presented in
Figure 2(c) and (d) as Pero.
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Figure 2: Results of charging experiments for the basic and IHX AC systems

For both basic and IHX systems, the cooling capacity Qcooling and COP increase as the refrigerant charge amount
increases and reach a plateau as the charge amount increases to 1350 g for the basic system and 1200 g for the IHX
system, as shown in Figure 2(a) and (b). The compressor power consumption Weemp has a similar trend but reaches
the plateau earlier than cooling capacity and COP. In other words, Wcomp iS Sensitive to charge amount when the
system is extremely undercharged, but it becomes stable when the refrigerant charge amount is close to the proper
charge amount. Also, the evaporator exit quality Xero is decreasing below 1.0 as the charge amount increases to 1500
g for the basic system and 1300 g for the IHX system. The qualities indicate the evaporator is flooded and the heat
transfer area is fully used. Also, it shows two-phase refrigerant enters the accumulator, and the system is well
charged. Finally, the refrigerant charge amount was optimized to be 1450 g for the basic system to avoid too much
liquid refrigerant entering the reciprocating compressor. In the meanwhile, it is chosen to be 1300 g for the IHX
system, because liquid refrigerant is stored in the accumulator and the performance becomes stable starting at this
point. Comparing the performance of both systems with the final charge, introducing IHX improves the Qcooling and
COP by 3.2% and 4.9% at the test condition. This also reduces the charge amount by 150 g, which is 10.3% of the
total charge amount of 1450 g.

For both systems, the gas cooler exit temperatures Tcr, are stabilizing at about 41°C when the systems are well-
charged; however, the COP-maximizing pressure P¢y, is 10.1 MPa for the basic system and 9.7 MPa for the IHX
system in the test condition. This agrees with previous studies that the COP-maximizing pressure will be reduced by
introducing IHX into a transcritical CO, system (Boewe et al., 1999; Cho et al., 2007). The major difference
between the two systems during the charging procedure is: the refrigerant mass flow rate m, increases and reaches a
plateau of 33.8 g/s for the IHX system, while it continues increasing as refrigerant is added to the basic system. This
is because vapor CO, with fixed superheat SHeuri leaves the low-pressure side of IHX and enters the compressor for
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the IHX system during the charging procedure, as shown in Figure 2(d). But two-phase refrigerant with decreased
quality (Xepri= Xero fOr the basic system) enters the compressor for the basic system during the charging procedure
(Figure 2 (a)), which might cause a failure of the reciprocating compressor. In this case, the volumetric efficiency of
the compressor is significantly increased for the basic system, and the refrigerant mass flow rate is proportional to
the charge amount, as shown in Figure 2(c).

Basic system IHX system
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(a) 30 , SCro= 161 co (b) 30, o=
1 37% %- compressor speed 57% %- compressor speed
' ! 65%
25 S 2 @ﬁ}%
! |
1 1 o
2.0 - ! - * 70% 2.0 ! 70%
- Subcritical | Transcritical A 2—h—y - Subcritical| Transcritical A/H‘A
- cycle! cycle — cycle! cyell
81.5 —— 81.5 Y lcyi,
1
Q | (&) . i
—A—Tcai=Teai =40C —A—Tcai=40C, Teai=35C
1.0 1.0
B Tcai=Teai =30C Vcai=3.0m/s —BTcai=Teai=30C Vcai. =3.0m/s
0.5 5 5 Veai= 2.5m/s 0.5 — Veai=2.5m/s
®-Tcai=Teai =25C Charge amount = 1450 g —©-TeaizTeai=25C Charge amount = 1300 g
! Dry in-cabin air : Dry in-cabin air
0.0 ! > 0.0 >
6.5 7.5 8.5 9.5 10.5 6.5 7.5 85 9.5 10.5
PCI’O [MPa] PCI'O [Mpa]
(c) 110 ,
105 Basic system /
10.0 y=10.2102x+ 1.4647 7 A
o5 R? = 0.9753 PR
o, - &
— /7 s
S 9.0 . ’
2 55 - : o
- Transcritical cycle / ',5
m© rd
E 8.0 r’a
g I P /,E IHX system
S .
L o y = 0.1807x + 2.0177
7.0 40 l R2 =0.9856
P s
6.5
Subcritical cycle
6.0 >
20 25 30 35 40 45

TCI'U [DC]
Figure 3: The performance data and high-side pressure control equations for the basic and IHX AC systems

3.2 Effects of IHX on the control equations- Group 2

To achieve the optimal system performance in a wide range of operating temperatures, control equations, instead of
a fixed EXV opening, were developed for both basic and IHX systems to maximize efficiency. The high-side
pressure control theory was discussed in detail and a graphical method was developed using ideal cycle analysis in
the paper of Inokuty (1928). Due to the trade-off between the specific cooling capacity and specific compressor
work, there exits one COP-maximizing high-side pressure for a fixed refrigerant gas cooler exit temperature. In
practice, the equation is developed using experimental data due to various performances of different gas coolers and
compressors, like the approaching temperature and isentropic efficiency.

Figure 3(a) and (b) show the COP curves as functions of the refrigerant pressure at the gas cooler exit Pcro for the
basic and IHX systems. The control variables including the operating temperatures, airflow rates (AFRs), charge
amounts, and compressor speeds are listed in the charts. The maximum COP and related Tero are highlighted in red
and then used to develop the control equations for both systems, as presented in Figure 3(c). The results show that
both basic and IHX systems reach the maximum efficiency operating in subcritical modes with 1.61 and 1.01°C of
subcooling at the gas cooler/ condenser exit when the ambient temperature Tcai is 25°C. For higher ambient-
temperature conditions, the maximum COPs are obtained in transcritical modes for both systems. Especially, the
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simple linear control equations we developed work well for both subcritical and transcritical modes. Also, Figure
3(c) shows that introducing IHX reduces Pcop,max by 0.24 to 0.67 MPa, and this reduction is more significant when
the ambient temperature is increased.

3.3 Effects of IHX on the AC system performance under various conditions- Group 3

After fine-tuning the basic and IHX systems, we conducted experiments in the steady-state and pull-down scenarios
to investigate the role of IHX in an R744 AC system. In the steady-state scenario, the indoor air inlet (Teai) and exit
(Teao) temperatures are fixed to be 25 and 5°C, while the ambient air temperature Tcai varies from 25 to 40°C. In the
pull-down scenario, Tcai is 40°C, Teai changes from 25 to 40°C, and the indoor air exit temperature Teqo iS always
20°C lower than Tei. The compressor speed is adjusted to match the cooling capacity, and all other control
parameters are listed in the charts in Figure 4.

Figure 4(a) and (b) show the experimental results of the COP of both basic and IHX systems and the COP
improvement by introducing IHX. For low ambient temperature conditions (Tcai= Teai= 25°C), both systems operate
in subcritical mode and IHX has a negligible effect (only 1.2%) on the system efficiency. While IHX improves the
system efficiency from 5.9% to 13.8% when both systems are operating in transcritical mode and at higher ambient
temperatures.

(a)  Steady-state scenario (b) Pull-down scenario
3.0 ry 3 ry
6
2.5 2.5
[ ] ]
o]
—20 o 2 u by
T'__, @ COP_IHX '_; o
Z1s | oco_basic 8 s . m COP_IHX
8 8 8 5 0O COP- basic
o3 1.0 3 1
x Vcai=3.0m/s s Vcai =3.0 m/s
o Veai=2.5m/s Dryin-cabin air o Veai=2.5m/s Dry in-cabin air
8 0.5 | Teai=25°C Following P, max €quations 8 0.5 | Teai=40°C Following P, ..., equations
Teao=5°C Optimized charge amount Teao = Teai-20 °C Optimized charge amount
0.0 » 0 >
20 25 30 35 40 45 20 25 30 35 40 45
Tcai [oc] Teai [nc]

Figure 4: The performance data and benefits of IHX in steady-state and pull-down scenarios

Figure 5(a) and (b) show the experimental results of the P-h plots of both basic and IHX systems in typical
subcritical and transcritical operating conditions. For the subcritical condition (Tcai= Teai= 25°C), introducing IHX
reduces refrigerant quality at evaporator inlet Xero and thus improves the refrigerant distribution in the evaporator.
However, IHX has insignificant effects on both evaporating and condensing pressure. In addition, IHX reduces
throttling loss negligibly by reducing the temperature at EXV inlet from 27.82 to 19.68°C, because the inlet of EXV
is in the subcooled liquid zone for both systems. However, IHX reduces the refrigerant density at the compressor
suction point from 100.3 to 78.79 kg/m? and the refrigerant flow rate from 26.72 to 23.24 g/s. Overall, IHX has
limited benefits for R744 AC systems operating in subcritical mode. On the contrary, for the transcritical condition
(Teai= Teai= 40°C), introducing IHX significantly lower the high-side pressure and raises the evaporating pressure by
8% and 7%, respectively. As a result, the compression ratio reduces from 2.21 to 1.89, and the volumetric efficiency
and mass flow rate increase, while the compressor power consumption reduces by 15%. Also, the throttling loss is
reduced as the compression ratio decreases. In conclusion, IHX improves the system performance significantly in
transcritical mode.

4. CONCLUSIONS

An R744 air-conditioning system was built to study the role of IHX in both subcritical and transcritical modes
experimentally. The results show:
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The IHX system requires less refrigerant charge amount than the basic system in the most challenging
condition- when the ambient temperature is 40°C.

Introducing IHX reduces Pcopmax by 0.24 to 0.67 MPa, and this reduction is more significant when the
ambient temperature is increased.

IHX has a negligible effect on system efficiency when the AC system is operating in subcritical mode, while it
improves system efficiency by up to 13.8% when the AC system is operating in transcritical mode and with
higher ambient temperature conditions.

(3) Tcai=Teai= 25°C (b) Tcai=Teai= 4ooc

14

-=-=Pcop,max.exp - basic sys ——basic system -=-=Pcop,max.exp - basic sys —o—basic system
12 -=-=Pcop,max.exp - IHX sys ——IHX system 12 ~—~Pcop maxexp - IHX sys ——|HX system
; COPy,.;c = 2.80 :
10 SCop = 1.61C - M, basic = 26.72 8/s 10 | P5=0.2101T,+1.4647 J  Tmmanc )
// / ¥ T=assc 2
= /i s COP, = 2.83 = L v 7
% 81 sc,=t01c , 3/,./” T e m,,.ux: 23.24¢/s % 8
e 6 //FT:-N“C a 6 COP,,,,. = 2.01
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Figure 5: The P-h plots of basic and IHX systems in subcritical and transcritical mode
NOMENCLATURE
AC air-conditioning m, mass flow rate [kg/s]
Acc accumulator OCR oil circulating ratio [-]
COP Coefficient of Performance P pressure [bar]
DP differential pressure [Pa] Q capacity [kW]
EXV electronic expansion valve T temperature [°C]
h enthalpy [kJ/kg-°C] \Y velocity [m/s]
HP heat pump W power [kW]
IHX internal heat exchanger X quality [-]
M mass [kg]
Subscript
al air air-side i inlet
acc accumulator id indoor
c Condenser/ gas cooler n nozzle
cham Chamber-side 0 outlet
cp/ comp compressor od outdoor
e evaporator oi oil inlet
elec electricity 00 oil outlet
high high-pressure side r/ ref refrigerant-side
g glycol X expansion valve
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