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Featured Application: Experimental testing of a novel heat exchanger embedded with thermal
energy storage material for refrigeration cycles and air-conditioning systems applications.

Abstract: This paper experimentally investigates the direct integration of 3.15 kg of phase change
materials (PCM) into a standard vapour compression system of variable cooling capacity, through an
innovative lab-scale refrigerant-PCM-water heat exchanger (RPW-HEX), replacing the conventional
evaporator. Its performance was studied in three operating modes: charging, discharging, and direct
heat transfer between the three fluids. In the charging mode, a maximum energy of 300 k] can be
stored in the PCM for the cooling capacity at 30% of the maximum value. By doubling the cooling
power, the duration of charging is reduced by 50%, while the energy stored is only reduced by 13%.
In the discharging mode, the process duration is reduced from 25 min to 9 min by increasing the heat
transfer fluid (HTF) flow rate from 50 L-h! to 150 L-h~!. In the direct heat transfer mode, the energy
stored in the PCM depends on both the cooling power and the HTF flow rate, and can vary from
220 k] for a cooling power at 30% and HTF flow rate of 50 L-h~! to 4 k] for a compressor power at 15%
and a HTF flow rate of 150 L-h~!. The novel heat exchanger is a feasible solution to implement latent
energy storage in vapour compression systems resulting to a compact and less complex system.

Keywords: heat exchangers; thermal energy storage (TES); phase change materials (PCMs);
refrigeration cycle; cooling applications; experimental study

1. Introduction

According to the International Institute of Refrigeration, the total number of refrigeration,
air-conditioning, and heat pump systems worldwide in operation is about three billion, which accounts
for about 17% of overall electricity consumption worldwide [1]. This share is expected to increase due
to increasing life standards and cooling demand in numerous fields. As a consequence, this will pose
more threats on climate change [2-4], especially because fossil fuels are the major primary sources
of electricity production [3,5]. Conversely, the primary energy consumption as well as greenhouse
gas (GHG) emissions can be reduced by using higher efficiency components and/or renewable energy
sources coupled with thermal energy storage (TES) modules.

Usually, cooling systems are mainly categorized into refrigeration and air-conditioning systems,
and are widely used in both industrial and domestic applications [6]. Refrigeration systems are
mainly used for maintaining products at low temperature, while air-conditioning systems are used for
controlling and regulating temperature and humidity of a closed environment. The performances of
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refrigeration and air-conditioning systems based on a vapour compression cycle highly depend on
their main components and boundary conditions, i.e., compressor, heat exchangers (evaporator and
condenser), insulation, refrigerant type, thermal loads, and ambient conditions. In fact, the modification
of the compressor, refrigerant, and insulation is a great challenge due to economic, environmental, and
technological reasons, thus leading to more interest in the design and development of the condenser
and the evaporator [7].

Additionally, the coefficient of performance of the refrigeration cycle (COPR) is defined as,
COPRr = %, whereby Q1 is the cooling capacity at the evaporator while Win is the compressor work.
Theoreticalllny, the performance of the refrigeration cycle would be improved by raising the evaporator
pressure achieving less power consumption by the compressor Win, as shown in Figure 1a, and/or
by increasing the sub-cooling degree, which would achieve higher cooling capacity Q1, as shown in

Figure 1b [8].
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Figure 1. Pressure-enthalpy diagram of a refrigeration cycle with performance improvement by (a)
raised evaporator pressure or (b) increased sub-cooling degree.

Correspondingly, thermal energy storage (TES) using phase change material (PCM) is a promising
solution to achieve an increase of the sub-cooling degree, and/or an increase of the evaporation pressure,
resulting to higher performance of the refrigeration/air-conditioning system. PCM has gained more
interest due to its advantages over sensible heat storage, such as higher energy density and ability
to absorb and release energy at constant temperature, hence requiring less space than using sensible
energy storage [9-11].

The implementation of PCM into a refrigeration cycle has been investigated among researchers both
in the internal and external part of the refrigerant circuit. For instance, Cheng et al. [12] experimentally
investigated the PCM incorporation into a refrigeration cycle, by wrapping shape-stabilized PCM at
the external tubes of the condenser. Unlike the basic system, heat dissipation was continuous even
when the compressor went off, leading to higher sub-cooling degree, which consequently raised the
coefficient of performance (COP) of the system. However, the frequency of the compressor ON/OFF
also increased. Similarly, Wang et al. [13] performed an experimental investigation by placing a
shell and tube PCM heat exchanger at different positions in the refrigeration cycle, and observed
that, apart from an increased COP in all cases, when the PCM heat exchanger was placed between
the evaporator and the compressor, a lower superheat and stable suction temperature was achieved.
Cheng et al. [14] performed a numerical model which predicted that, by placing PCM at the evaporator
leads to lower ON/OFF frequency of compressor than by placing PCM at the condenser, which is a
desirable parameter for the compressor lifecycle. Azzouz et al. [15,16] numerically and experimentally
investigated the influence of placing a PCM slab at the back side of the evaporator in a refrigerator and
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reported the PCM to maintain the temperature for longer time in absence of power supply, leading to
improved performance compared to the conventional systems. Copertaro et al. [17] placed a novel air
heat exchanger, containing PCM that melts at 5 °C, near an evaporator inside a cold room, comparing
the thermal behaviour with and without PCM, and reported maintenance of thermal conditions of
the stored products, reduced number of ON/OFF cycles (six cycles by thirteen cycles) with PCM in
the room. Despite of the abovementioned studies, the integration of PCM into the heat exchangers of
refrigeration cycles is a topic not deeply investigated in the literature. Furthermore, previous attempts
of PCM integration into refrigeration cycles involves introducing extra components, which would lead
to complexity in assembling of the system, or a need for an extra space.

This study investigates for the first time a novel three-fluid refrigerant-PCM-water heat exchanger
(RPW-HEX), all in a single component. The RPW-HEX was directly integrated into a vapour compression
system, replacing the conventional evaporator, and it was connected to an external heat transfer fluid
(HTF) loop, which simulates the heat source (thermal load).

This ALL-IN-ONE component provides double benefits, i.e., it works as a heat exchanger and as a
TES module, and it is able to take advantage of the PCM high energy storage density and isothermal
energy supply that would lead to peak shifting and peak shaving in the refrigeration cycle. Experiments
were performed based on three modes. The first two modes treat the RPW-HEX as a TES tank, testing
the charging and discharging of PCM. The third mode treats it as a heat exchanger medium among
three fluids, which attests for ability to cover energy demand while storing extra cold energy, when
the compressor is ON, and to release the stored cold energy when the compressor goes OFF. Finally,
a parametric study is carried out on the influence of compressor power, evaporation temperature
set-point, HTF inlet temperature and HTF flow rate on the RPW-HEX.

2. Methodology

2.1. Description of the Innovative Refrigerant-PCM-Water Heat Exchanger

In this paper, an innovative compact 3-fluids refrigerant-PCM-water heat exchanger (RPW-HEX)
shown in Figure 2a is proposed, as a solution to reduce bulkiness and complexity of integration of latent
heat TES into vapour compression systems, especially while assembling the final components. The
RPW-HEX was designed and manufactured by AKG (Hofgeismar, Germany) and it contains 7 sections:
the central part of the RPW-HEX (block A), one distributor for the HTF and one for the refrigerant
(blocks W1 and R1), one collector for the HTF and one for the refrigerant (blocks W2 and R2), and two
PCM storage containers (block P1 and P2) to provide space for expansion of the PCM. The main focus of
the design of the RPW-HEX is the centre section (block A), which is designed to incorporate refrigerant,
PCM, and HTF in an array of parallel channels integrated in a unique container, hence eliminating
the need of having extra components (i.e., TES tank, HEX, valves, etc.) in the overall system. The
channels are distributed in a regular way following the order of refrigerant—PCM—HTE, as shown
in Figure 2b. This configuration allows simultaneous direct heat transfer between the refrigerant
and both the HTF and the PCM. To enhance the heat transfer, the refrigerant and the HTF flow in
counter-flow configuration.

The RPW-HEX is made of 600 °C dip-brazed 3000 aluminium core alloy, which provides high
mechanical stability to withstand the volume expansion of the PCM and the refrigerant pressure inside
the RPW-HEX. The low density of aluminium allows construction of relatively light structure of the
RPW-HEX. Moreover, the high thermal conductivity and low cost of aluminium over other metals
encourages even more its use in construction of the heat exchangers.

Table 1 presents the main structural characteristics of the RPW-HEX in study. The RPW-HEX
external structural size is 300 mm X 272 mm X 94 mm, while internally it contains a total of 45 channels
(15 PCM channels, 14 refrigerant channels, and 16 HTF channels). An extra channel of the HTF is
designed to isolate the refrigerant channel from the external surface to lessen the possible cold losses to
the ambient, thus both the top and the bottom of the tank contain the HTF channel. Fins are embedded
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among the HTF, refrigerant, and PCM channels to enhance heat transfer. Each refrigerant and HTF
channel contains 43 fins, while each PCM channel contains a total of 33 fins. The RPW-HEX channels
containing the PCM are constructed of dense geometry of aluminium offset strip fins to increase heat
transfer through the PCM taking advantage of the high thermal conductivity of aluminium.
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Figure 2. Innovative refrigerant-phase change material (PCM)-water heat exchanger (AKG, Germany):
(a) external structure and (b) internal distribution of the channels.

Table 1. Main characteristics of the refrigerant-PCM-water heat exchanger (RPW-HEX).

Characteristic Refrigerant HTF PCM
Number of channels [-] 14 16 15
Height of channels [mm] 3 3 10
Number of fins [-] 43 43 33
Volume of the fluid [L] 0.65 0.8 2.5
Core length x width X depth [mm] 300 x 272 x 94

2.2. Experimental Setup

A dedicated experimental setup to test the innovative RPW-HEX (Figure 3) was built at the
laboratory of the GREiA research group at the University of Lleida in Spain. The schematic of the
experimental setup is shown in Figure 4, and it mainly consists of two fluid circuits: one refrigerant
circuit and one HTF circuit. The refrigerant circuit includes the RPW-HEX (1) acting as the evaporator,
a variable cooling capacity condensing unit (Zanotti model GCU2030ED01B) containing a hermetic
scroll compressor (CU E scroll digital) in (2), and air-cooled condenser in (3), working with R449A
refrigerant. An electronic expansion valve (4) is used to expand the liquid refrigerant coming from the
condenser before it enters the RPW-HEX. According to the manufacturer, the condensing unit has a
maximum cooling power of 4.956 kW and a COP of 2.12 when working under ambient temperature of
32 °C with fixed evaporation temperature of —10 °C.

The HTF circuit consists of a water bath (5) containing a pump (6) to circulate the HTF, 1” copper
pipes, valves (7) and (8) to control the flow, and an advanced volumetric flow meter (Badger Meter
Primo) (9) with an accuracy of +0.25% to measure the flow rate of the HTFE. To obtain a stable HTF
temperature at the RPW-HEX inlet, the water bath is embedded with an internal electric heater (10) and
is supplemented with two chillers (JP SELECTA FRIGEDOR-285W) (11) and two immersion heaters
(OVAN TH100E-2kW and JP SELECTA-1kW) (12).
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Figure 3. Experimental setup of the innovative refrigerant-PCM-water heat exchanger integrated into
a simple vapour compression system.
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Figure 4. Schematic diagram of the experimental setup showing heat transfer fluid (HTF) circuit and
the refrigerant circuit.

The innovative RPW-HEX (1) is connected to both the refrigerant circuit and the HTF circuit.
During the tests, the RPW-HEX was well insulated with 12-cm thick rock wool material to reduce heat
losses to the ambient air to an extent such that one can assume heat exchange only among HTF, PCM,
and the refrigerant.

For system monitoring and data acquisition, a total of 13 temperature sensors (Pt-100 class B, IEC
60751 standard type) with uncertainty of +0.3 °C were distributed within the RPW-HEX. Nine sensors
were placed in contact to the PCM, while for each inlet and exit of the RPW-HEX a temperature sensor
was positioned to measure the temperature of the HTF and the refrigerant (Figure 5). The sensors
were connected to a data acquisition system (STEP DL-01 data logger) connected to a computer with
Indusoft SCADA software to record the experimental measurements every 10 s.

2.3. Materials and Properties

An amount of 3.15 kg of the commercial RT4 PCM provided by Rubitherm company [18] was
embedded into the RPW-HEX for latent thermal energy storage. The RT4 is an organic (paraffin) PCM
thermally stable and chemically inert. The thermo-physical properties as provided by the manufacturer
are provided in the Table 2.
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Figure 5. Position of the sensors in the refrigerant-PCM-water heat exchanger: (a) all sensors and (b)
only PCM sensors.
Table 2. Properties of the commercial RT4 PCM [18].
Properties Value Units
Phase change range 24 °C
. 0.88 (solid) _
D q-1
ensity 0.77 (liquid) kgL
Thermal conductivity 0.2 W-m 1K1
Volume expansion 125 %

To determine the specific enthalpy of the PCM, DSC 3+ Mettler Toledo equipment with £0.2 K
accuracy available in GREiA research group at university of Lleida was used [19]. From the results
shown in Figure 6 the phase change temperature was found to be around 5 °C.
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Figure 6. DSC results of heat flow in charging and discharging of the commercial PCM RT4 (adapted
from [19]).

Water-glycol mixture with a concentration of 70% water by 30% glycol was used as the HTFE.
Table 3 presents the thermo-physical properties of the HTF as given by the manufacturer [20].
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Table 3. HTF (water-glycol) properties at different temperatures.

Properties AtT=-4°C AtT=12°C Units
Density 1053.5 1047.4 kgm™
Viscosity 4.8 2.8 mbPa-s
Specific heat 3579 3624 Jkg 1K1
Conductivity 0.418 0.437 W-m~LK!
Freezing Temperature -18 °C
Boiling temperature 127 °C

2.4. Experimental Methodology

The experiments were performed in different operating modes: Mode 1—charging, Mode
2—discharging, and Mode 3—simultaneous charging and discharging of the RPW-HEX. The experiment
is considered in charging mode when the refrigerant circuit provides cold to the RPW-HEX in the
condition when the HTF is not flowing through the RPW-HEX, while it is considered in discharging
mode when the RPW-HEX provides cold to the HTF circuit in the condition when the refrigerant circuit
is switched off. In either Mode 1 or Mode 2, only one circuit is switched on during each experimental
test, while in Mode 3 both the refrigerant and HTF circuits are open allowing heat exchange among the
latter two and the PCM in the RPW-HEX. For each of the three modes, different working conditions
were tested. Before starting any experiment, the PCM, water bath, and the condensing unit were set to
the required experimental conditions. At least three repetitions were performed in each mode to check
the repeatability and robustness of the results.

2.4.1. Mode 1: Charging

In all the charging test, the RPW-HEX was initially completely discharged by setting the PCM
temperature to 12 + 0.5 °C. This value was selected because it is the most common temperature of
the return water of refrigeration systems in buildings. Charging tests were started by switching on
the condensing unit after preparing the initial experimental conditions. Several experiments were
performed at different values of the cooling power (%) of the condensing unit, as shown in Table 4. Each
experiment was considered complete when the condensing unit automatically switched off because
the evaporation temperature reached the set-point value (-10 °C).

Table 4. Set of experiments in Mode 1.

Initial PCM Temperature [°C] Compressor Power [%] Evaporation Set-Point [°C]

15
30
12 45 -10
60
75

Additionally, —18 °C was also used as evaporation temperature set-point of the condensing unit
at 15% cooling power to investigate the effect of this parameter on the RPW-HEX charging process.
The value of —10 °C was chosen as it is the value recommended by the manufacturer’s datasheet, and
for which the condensing unit was optimized, while the value of —18 °C temperature was selected
taking into account that lower than that would lead to freezing of the HTF inside the RPW-HEX,
which could irreversibly damage it. The condensing unit stopped whenever the set-point temperature
was achieved.
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2.4.2. Mode 2: Discharging

In all discharging experiments, the RPW-HEX was initially charged, which was achieved by
setting the PCM temperature to —4 °C. This value was chosen as the level of complete charge because
it was the temperature at which a satisfactory uniform temperature distribution was achieved in
the PCM after most of the charging processes for which the evaporation set-point was —10 °C. The
partial enthalpy between —4 °C and 12 °C represents around 90% of the total enthalpy of the PCM
in the maximum temperature range that extends between the minimum (-10 °C) and the maximum
(12 °C) possible temperatures. The experiments were started when all the sensors were below —4 °C to
ensure that the RPW-HEX was completely charged. The HTF circuit was opened and the inlet HTF
temperature was maintained constant. The experiments were performed at 50 L-h~!, 100 L-h~!, and
150 L-h~! HTF flow rate, and at different HTF inlet temperatures of 9 °C, 12 °C, and 15 °C, as shown in
Table 5. The discharging process was considered completed when the difference between the HTF
temperature at the inlet and outlet of the RPW-HEX were at most 0.5 °C.

Table 5. Set of experiments in Mode 2.

Initial PCM Temperature [°C] HTF Inlet Temperature [°C] HTF Flow Rate [L-h~1]

09
-4 12 150
15

09
-4 12 100
15

09
-4 12 50
15

2.4.3. Mode 3: Simultaneous Charging and Discharging

The experiments in Mode 3 were performed when both the HTF and refrigerant circuits were
switched on, hence allowing direct heat exchange between the condensing unit and the water bath
through the RPW-HEX. Two types of experiments were performed in this mode, depending on the
initial state of the RPW-HEX. That is, for the first case the RPW-HEX was initially completely discharged
while for the second case it was initially completely charged.

In Mode 3a, the PCM was initially at 12 °C, which is the temperature at which the RPW-HEX is
considered totally discharged. The HTF flow rate was set to either 50 L-h~!, 100 L-h~! or 150 L-h~!,
while the water bath temperature was maintained at 12 °C, which is the typical HTF temperature at
evaporator inlet in cooling applications in buildings. When all the sensors within the RPW-HEX were
at 12 £ 0.5 °C, the condensing unit and the HTF pump were switched on to initiate the experiment.
The experimental plan in Mode 3a is shown in Table 6.
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Table 6.

Set of experiments in Mode 3a.

9of 24

Initial PCM
Temperature [°C]

Compressor
Power [%]

Evaporation
Set-Point
Temperature [°C]

Inlet HTF
Temperature [°C]

HTF Flow Rate
[L-h-1]

12

15
30
45
60
75

-10 12

150

12

15
30
45
60
75

-10 12

100

12

15
30
45
60
75

-10 12

50

The experiments in Mode 3b are similar to those in Mode 3a with the exception that the initial
temperature of the PCM was set at —4 °C, at which the RPW-HEX is considered completely charged.
The experimental plan in Mode 3b is shown in Table 7.

Table 7.

Set of experiments in Mode 3b.

Initial PCM
Temperature [°C]

Compressor
Power [%]

Evaporation Inlet HTF
Set-Point [°C] Temperature [°C]

HTF Flow Rate
[L-h-1]

15
30
45
60
75

-10 12

150

15
30
45
60
75

-10 12

100

15
30
45
60
75

-10 12

50

2.5. Theoretical Evaluation Methodology

In order to analyse and compare the charging and discharging of the PCM in the different modes,
nine well distributed temperature sensors were used, thus dividing the container into nine respective

sections, as shown in Figure 5. The amount of PCM at each section was evaluated as shown in

Equation (1):

L
m; = ﬁ'Pl'UT[kg]

)

where [; and w; are the length and the width of PCM section “i”, [ and w are the length and the width
of the region occupied by PCM (Block A), vt is the total volume of PCM inside the tank that is in direct
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thermal contact with the refrigerant and HTF channels, and p; is the density of PCM in liquid state.
It is assumed that the mass of PCM inside each section of the PCM remains constant regardless the
state of the PCM during the phase change process.

The specific enthalpy of the PCM was derived from DSC results shown in Figure 6 to relate the
cold energy stored in the PCM with its temperature, as shown in Equation (2):

hi = hy_ge + Cps(—4=T)) [kkg™!], if Ty < —4°C
hi = -0.1139- T +1.1139-T? — 8.5545-T; + 131.97[k]-kg—1], if —4°C < T;<6°C
hi = -0.0985- T +2.8732-T2 - 28.629-T; + 99.839 [k]kg™!], if 6°C < T; < 12°C
hi = =Cpy(T; = 12) [kJkg™"], if T; > 12°C

@

where h; and T; are the specific enthalpy and instantaneous temperature of the PCM at section
“i”, respectively. The specific heat capacity values of the PCM at temperatures less than —4 °C
and higher than 12 °C were considered constant and equal to Cps = 2.03kJ’kg”'K™! and
Cp; = 1.10 kJ-kg 1K ™?, respectively.

The total cold energy stored in the PCM (Er(t)) and the power of charging or discharging of the

cold energy (Er(t)) ata given time t were evaluated as described in Equations (3) and (4), respectively:

9

Er(t) = ) mihi(t) [K]] ®)
i=1

Er(t) = 10 o) @

3. Results

A summary of the results is presented below showing the temperature profiles in the PCM and the
cold energy stored in the PCM under different operating conditions and modes. The nine temperature
sensors distributed throughout the PCM as shown in Figure 5 are presented hereby as dotted lines at
top level, i.e., from left to right TP1, TP4, and TP7, as dashed lines at the middle level, i.e., TP2, TP5,
and TPS, and as solid lines at the bottom, i.e., TP3, TP6, and TP9. In the results presented, TR(IN) and
TR(OUT) are the inlet and outlet refrigerant temperatures, respectively, while TW(IN) and TW(OUT)
are the inlet and outlet HTF temperatures, respectively.

3.1. Mode 1: Charging

3.1.1. Temperature Profiles during the Charging of the PCM

In Mode 1, the influence of compressor power was evaluated using different compressor power
as shown in Table 4. Figure 7 shows the PCM and refrigerant temperature evolution along time for
compressor power at 30%, 45%, and 60% respectively. It was observed that the PCM at the top of
the RPW-HEX was not fully charged (i.e., it was not completely solidified), while the middle and the
bottom levels were completely charged resulting to temperature around —10 °C. In addition, it was
observed that the time for charging process to be completed (i.e., the condensing unit to switch off)
was 17 min, 7.5 min, and 6.5 min for compressor power at 30%, 45%, and 60% respectively.
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Figure 7. Temperature profiles in Mode 1 for compressor power at (a) 30%, (b) 45%, (c) 60% and (d)
position of the sensors. Dotted lines denote PCM temperature at top level, dashed lines at middle level,
and solid lines at the bottom.

As shown in Figure 7, the PCM located at the middle and bottom of the RPW-HEX start to solidify
after around 1 min from the beginning of the experiments, while the PCM located at the top requires
much more time to start the solidifying process. This means that the charging of the PCM is not
uniform, and if the charging duration is not long enough, there are zones of the RPW-HEX where
the PCM is not completely solidified. Although increasing the compressor power accelerates the
solidification at the top region, it is not able to completely solidify since the charging process stops
earlier because the evaporation temperature reaches the set-point.

Another possibility was investigated to find out if it was possible to reach a complete PCM
solidification in the entire RPW-HEX. To do this, the evaporation temperature was decreased down to
the security set-point given by the freezing point of the HTF, i.e., —18 °C. As shown in Figure 8, by
decreasing the compressor set-point, and for a low compression power (15%), the PCM was completely
solidified after 50 min. Furthermore, the temperature distribution inside the PCM became more
uniform over time, and a maximum temperature difference below 2 °C was achieved after 300 min,
when the compressor switched off because it reached the security set-point. However, despite that fact
that the RPW-HEX was completely charged and a uniform temperature distribution inside the PCM
was achieved, this strategy has some major drawbacks, such as a very long charging process duration,
and a decrease of the energy efficiency of the condensing unit.

3.1.2. Cold Energy Stored, Energy Storage Rate and Time Required to Charge the PCM

Figure 9 shows the PCM instantaneous cold energy and the PCM energy storage rate against time
during the charging test with a compressor power 30%. It was observed that from the second to the
fifth minute the energy storage rate is quite higher than in the rest of the process. This is explained by
the fact that most of the PCM is changing phase during this period, allowing for a higher temperature
difference between the refrigerant and the PCM.
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Figure 8. PCM temperature profile for compressor power at 15% in Mode 1. Dotted lines denote PCM
temperature at top level, dashed lines at middle level, and solid lines at the bottom.
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Figure 9. Cold energy and energy storage rate against time, for PCM charging at 30% compressor power.

The final cold energy stored in the PCM and charging time are reported in Figure 10 for the
different compressor powers investigated to evaluate the influence of compressor power on the total
cold energy that can be stored. It was observed that the lower the compressor power the higher the
time of charging. Moreover, the highest energy storage capacity was achieved at a compressor power
of 30%, for which 294 k] of cold energy were stored in 17 min. The second higher value of cold energy
stored in the PCM was achieved at a compressor power of 60%, for which 273 k] of cold energy were
stored in 6.7 min. This represents a decrease of about 7% in the energy stored, but the charging duration
was considerably reduced from 17 min to less than 7 min, which represents a reduction of about 60%.
Therefore, if the charging duration is a critical parameter of the real application, the charging at 60%
compressor power could be a good option.
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Figure 10. Influence of compressor power on total cold energy stored in the PCM.

3.2. Mode 2: Discharging

3.2.1. Temperature Profiles during the Discharging of the PCM

Regarding Mode 2, the influence of both HTF inlet temperature and flow rate was evaluated with
the PCM initially at —4 °C. Figure 11 shows the PCM and HTF temperature profiles in Mode 2 for
HTF inlet temperature at 9 °C, 12 °C, and 15 °C, and at constant HTF flow rate of 100 L-h~L It was
observed that the PCM discharging time is shortest for the highest inlet temperature, because of the
higher temperature difference between the PCM and the HTF that increases the heat transfer rate.
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Figure 11. PCM temperature profile during discharging at 100 L-h~! with HTF inlet temperature at (a)
9°C, (b) 12 °C, and (c) 15 °C and (d) position of the sensors. Dotted lines denote PCM temperature at
top level, dashed lines at middle level, and solid lines at the bottom.
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A temperature gradient was observed inside the PCM in the direction parallel to the HTF flow
(see the curves of the same colour presenting temperature profiles) since the HTF is cooling down as it
flows through the RPW-HEX by releasing heat to the PCM, which causes the phase change front to
progressively move in the direction from the HTF inlet towards the outlet. However, a temperature
gradient is also observed from the top to the bottom of the PCM tank, being the PCM temperature at
the top part of the RPW-HEX higher than at the bottom (see the curves of the same type). This means
that the HTF stratifies inside the tank, which causes an asymmetric PCM melting that starts earlier at
the top part. During PCM phase change, the temperature difference between the top and the bottom of
the tank is around 3 °C at all locations and for all HTF inlet temperatures tested.

Figure 12 shows the PCM and HTF temperature profiles in Mode 2 for HTF inlet temperature
of 12 °C and flow rates of 50 L-h~1, 100 L-h~!, and 150 L-h1, respectively. Hereby, the duration of
the discharging process decreases by increasing the HTF flow rate. At the lowest flow rate value, the
melting front requires around 15 min to move from one edge of the tank to the opposite one, while
for the highest flow rate value it requires around 4 min. Both the stratification of the HTF inside the
RPW-HEX, as well as the temperature gradient inside the PCM in the direction of HTF flow, are slightly
reduced by increasing the HTF flow rate.
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Figure 12. PCM temperature profile during discharging with HTF inlet temperature at 12 °C and at a
flow rate of (a) 50 L-h™1, (b) 100 L-h~!, (¢) 150 L-h~! and (d) position of the sensors. Dotted lines denote
PCM temperature at top level, dashed lines at middle level, and solid lines at the bottom.

3.2.2. Instantaneous Cold Energy in PCM, Average PCM Discharge Rate and Time Required to
Discharge the PCM

Figure 13 shows the influence of HTF inlet temperature on the PCM instantaneous cold energy
at constant HTF flow rate of 100 L-h~!. In the previous section it was observed that PCM can be
completely discharged by HTF inlet temperature at either 12 °C or 15 °C, while it is only partially
discharged at 9 °C. Considering that the PCM is completely discharged when the final temperature of
12 °C is achieved, the cold energy stored in the PCM can even take negative values when the HTF
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temperature inlet is at 15 °C. Since the RPW-HEX was considered completely discharged at 12 °C, the
negative values mean that it is over discharged beyond the limit.

Cold Energy [kJ]

—T 9°C
400
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100
0
0

—T 12°C —T_15°C

3 6 9 12
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Figure 13. Influence of HTF inlet temperature on PCM instantaneous cold energy during discharging
at constant HTF flow rate of 100 L-h~.

Figure 14 shows the influence of HTF inlet temperature on the average PCM discharge rate and
time taken during the discharging mode at constant HTF flow rate of 100 L-h!. It is observed that at
higher temperature values the PCM discharges faster than at low temperature values. In this case,
it takes 8 min, 10 min, and 16 min for the HTF inlet temperature at 15 °C, 12 °C, and 9 °C, respectively,
to discharge the cold energy stored in the PCM.
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Figure 14. Influence of HTF inlet temperature on PCM discharge rate and time to complete discharging
process at constant HTF flow rate of 100 L-h~1.

Figures 15 and 16 show the influence of HTF flow rate on the instantaneous PCM cold energy,
and the average PCM discharge rate and time taken during the discharging mode, respectively,
at constant HTF inlet temperature of 12 °C. Hereby it is observed that the discharging time decreases
with increasing HTF flow rate. It takes 9 min, 12 min, and 25 min to completely discharge the PCM

with a HTF flow rate of 150 L-h~!, 100 L-h~!, and 50 L-h 1, respectively.
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Figure 15. Influence of the HTF flow rate on the cold energy stored in the PCM during discharging at

constant HTF inlet temperature of 12 °C.
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Figure 16. Influence of the HTF flow rate on the average PCM discharge rate and time of discharging

at constant HTF inlet temperature of 12 °C.

3.3. Mode 3: Simultaneous Charging and Discharging

According to the set of experiments shown earlier in the methodology section, the experiments
in Mode 1 and Mode 2 showed total feasibility, while for Mode 3a and 3b could only be performed
partially because the condensing unit stopped in less than three minutes therefore not providing
enough data to analyse. A summary of the feasibility of the experiments in Mode 3a and 3b is available

in Tables 8 and 9, respectively.

Table 8. Feasibility of the set of experiments in Mode 3a.

Mode 3a: Initial Temperature at 12 °C

Flow Rate [L-h—1]

Compressor Power [%]

50 100 150
15 v v 4
30 v 4 4
45 X 4 v
60 X v 4
75 X X X
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Table 9. Feasibility of the set of experiments in Mode 3b.

Mode 3b: Initial Temperature at —4 °C
Flow Rate [L-h™1]

Compressor Power [%]

50 100 150
15 v 4 4
30 X X X
45 X X X
60 X X X
75 X X X

3.3.1. Mode 3a: Simultaneous Charging and Discharging of the RPW-HEX with the PCM Initially
Completely Discharged

Temperature Profiles during the Simultaneous Charging and Discharging of the PCM

In Mode 3a, both the refrigerant circuit and HTF circuit were simultaneously switched on, with
the PCM initially at 12 °C. Figure 17 shows the temperature profile in Mode 3a for the experiments
performed at an HTF flow rate of 100 L-h~! and inlet temperature of 12 °C, and for compressor powers
at 30%, 45%, and 60%. In all the cases it was observed that, after a certain period of time, the RPW-HEX
attained stable conditions, meaning that the cooling capacity of the refrigerant was entirely used to
cool down the HTF, while the PCM remained at a constant temperature. Therefore, in steady state
conditions the RPW-HEX does not act as an active energy storage component, but only as a heat
exchanger. Furthermore, in steady state, the phase change was not fully achieved in all the PCM,
especially at the top and near the HTF inlet (TP1 and TP4), meaning that the RPW-HEX was only
partially charged. There is a strong temperature gradient inside the PCM in the vertical direction even
at lower compressor powers, being the PCM temperature difference between the top and the bottom
levels as high as 20 °C, at compressor power of 60%. This means that the region where most of the
heat transfer takes place is towards the bottom part of the RPW-HEX probably because of a higher
concentration of the liquid phase of refrigerant in that part due to its higher density, while the vapour
phase of the refrigerant flows mainly on the top part without producing relevant cooling effect.
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Figure 17. PCM temperature profile in Mode 3a with HTF inlet temperature at 12 °C and at a flow rate
of 100 L-h7L, for compressor power of (a) 30%, (b) 45%, (c) 60% and (d) position of the sensors. Dotted
lines denote PCM temperature at top level, dashed lines at middle level, and solid lines at the bottom.
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Instantaneous Cold Energy in PCM, Total Cold Energy Storage and Time to Reach Equilibrium

Figure 18 shows the influence of compressor power on the PCM instantaneous cold energy. In this
mode, part of the cooling capacity of the refrigerant is initially used to charge the PCM until steady
state conditions are reached, and the RPW-HEX acts as a cold energy storage component. It is observed
that the slope of the instantaneous cold energy curve is higher for higher compressor powers during
the transient part of the process. When steady state conditions are achieved, the value of the cold
energy remains constant. However, at compressor power of 60%, the evaporation temperature reaches
at the set-point (—10 °C) before thermal equilibrium was achieved.

15% Power —30% Power —45% Power
300
)
§ 200
(]
c
wl
e}
S 100
0
0 10 20 30 40

Time [minutes]

Figure 18. Influence of compressor power on the instantaneous cold energy stored in the PCM in Mode
3a with HTF inlet temperature at 12 °C and at a flow rate of 100 L-h~.

Figure 19 shows the influence of compressor power in Mode 3a with an HTF flow rate of 100 L-h™!
and inlet temperature at 12 °C. Hereby the total cold energy stored at compressor powers of 15%, 30%,
and 45% when steady state conditions are attained is about 5 kJ, 140 kJ, and 145 k], respectively. The
time required to partially charge the PCM and attain thermal equilibrium was about 27 min, 28 min,
45 min for compressor powers of 15%, 30%, and 45%, respectively. As mentioned above, thermal
equilibrium was not attained at 60% compressor power, while experimentation at compressor power
of 75% was not feasible.
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Figure 19. Influence of compressor power on the total cold energy stored in the PCM and time to reach
thermal equilibrium for HTF inlet temperature of 12 °C and at a flow rate of 100 L-h™.

The instantaneous cold energy and the final cold energy stored in the PCM at thermal equilibrium
are shown in Figures 20 and 21, respectively. Both figures show the influence of the HTF flow rate on
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the PCM in Mode 3a with compressor power at 30% and HTF inlet temperature at 12 °C. It is observed
that the higher the flow rate the faster the thermal equilibrium is attained. Moreover, the cold energy
stored in the PCM at equilibrium is observed to be lower for higher HTF flow rates.
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Figure 20. Influence of HTF flow rate on the instantaneous cold energy stored in the PCM in Mode 3a
for HTF inlet temperature of 12 °C.
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Figure 21. Influence of HTF flow rate on the total cold energy storage in the PCM and time to reach
equilibrium for HTF inlet temperature at 12 °C.

3.3.2. Mode 3b: Simultaneous Charging and Discharging of the RPW-HEX with the PCM Initially
Completely Charged

Temperature Profiles during the Simultaneous Charging and Discharging of the PCM

Regarding Mode 3b, the experimental conditions were similar to those in Mode 3a, except that
the PCM was initially completely charged at —4 °C. Only experiments performed at compressor
power at 15% were feasible, as shown in Table 9. Figure 22 shows the temperature profile in Mode
3b for the experiments performed at compressor power of 15%, with the HTF inlet temperature at
12 °C, and for HTF flow rates at 50 L-h™1, 100 L-h~1, and 150 L-h~L. In this case, the whole cooling
capacity of the refrigerant is used right from the beginning to cool down the HTF. Moreover, the HTF
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was also cooled down by the PCM that also discharges part of the cold energy initially stored until
steady state conditions are reached. At low HTF flow rates, PCM located at the top and middle parts
of the RPW-HEX undergoes phase change and attains a temperature well above the phase change
temperature, while PCM at the bottom part of the RPW-HEX remains completely or partially charged
when thermal equilibrium is reached.
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Figure 22. PCM temperature profile in Mode 3b for compressor power of 15%, with the HTF inlet
temperature at 12 °C and flow rate of (a) 50 L-h~!, (b) 100 L-h™!, (c) 150 L-h~! and (d) position of the
sensors. Dotted lines denote PCM temperature at top level, dashed lines at middle level, and solid
lines at the bottom.

Instantaneous Cold Energy Stored in PCM, Total Cold Energy Storage and Time to Reach Equilibrium

Figures 23 and 24 show the influence of the HTF flow rate on the cold energy stored in PCM in
Mode 3b with compressor power at 15%, with the HTF inlet temperature at 12 °C. Figure 23 shows that
for the higher HTF flow rate the slope of the curve is steeper, meaning that the cold energy discharge
rate is higher because of the higher heat capacity of the HTF leading to higher mean temperature
difference between the PCM and the HTF and possibly also because of an increase in the heat transfer
coefficient on the HTF side.

Figure 24 shows the total cold energy available in the PCM during thermal equilibrium and the
time required to reach steady state conditions. The lower the HTF flow rate the higher the cold energy
available at thermal equilibrium. The PCM was observed to be discharged from the initial cold energy
available of about 290 k] to about 76 k], 30 kJ, and 4 kJ in 30 min, 24 min, and 18 min by the HTF at
50 L-h™1, 100 L-h~1, and 150 L-h71, respectively. A similar behaviour to Mode 3a was observed with
regards to the influence of the HTF flow rate on the total cold energy stored in the PCM when steady
state conditions are attained. However, the influence of the compressor power on the cold energy
could not be compared with Mode 3a because in Mode 3b only one compressor power (15%) was
possible to be experimentally tested.
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Figure 23. Influence of the HTF flow rate on the instantaneous cold energy stored in the PCM in Mode
3b with the HTF inlet temperature at 12 °C.
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Figure 24. Influence of the HTF flow rate on the total cold energy stored in the PCM and time to reach
equilibrium in Mode 3b with the HTF inlet temperature at 12 °C.

4. Discussion

This paper presents the results of a set of experiments performed with an innovative
refrigerant-PCM-water heat exchanger as the evaporator of a standard vapour compression refrigeration
system with variable cooling capacity. Three distinct operating modes were tested: charging,
discharging, and simultaneous charging and discharging. In PCM charging and discharging modes,
the RPW-HEX acts as a TES tank while in simultaneous charging and discharging mode it acts as a
heat exchanger between the refrigerant and the HTF. The parameters analysed in all experiments were
the PCM temperature profiles, the cold energy stored in the PCM, the energy charging or discharging
rate of the PCM, and the duration of the processes in the three modes.

In the charging mode (Mode 1), different compressor powers ranging from 15% to 75% with
regards to the maximum power capacity were tested for a fixed evaporation set-point of —10 °C. The
results showed that a complete PCM charging was not possible, regardless the compressor cooling
power. This is because of the stratification of PCM temperatures which makes it practically impossible
to cool down the PCM located at the top part of the RPW-HEX well below the solidification temperature
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of around 5 °C. A complete charging could still be possible if a lower evaporation set-point and a
low compressor power were used, but this option is not attractive from a practical point of view.
The duration of the charging process was considerably reduced from around 32 min to 3 min by
increasing the compressor power from 15% to 75%. Nevertheless, the cold energy stored did not
depend considerably on the compressor power, and the maximum amount of 294 k] of cold energy
stored in the PCM was achieved at a relatively low compressor power of only 30%. In spite of this, the
charging at 60% compression power could be preferred because the charging duration is reduced by
60% with respect to the duration at 30% compressor power, while the reduction of the cold energy
stored in the PCM is of only 7%.

In the discharging mode (Mode 2), different HTF inlet temperatures (9 °C, 12 °C, and 15 °C)
and also different flow rates (50 L-h~!, 100 L-h~!, and 150 L-h~!) were tested for the PCM initially
completely charged. The results showed that the discharging duration decreased from 25 min to
9 min by increasing the HTF flow rate from 50 L-h~! to 150 L-h~! at constant HTF inlet temperature of
12 °C because of an increase in the heat transfer rate from 0.2 kW to 0.55 kW, respectively. Both the
discharging duration and the heat transfer rate vary from 18 min to 8 min and from 0.3 kW to 0.65 kW
by varying the inlet HTF temperature from 9 °C to 15 °C, respectively. Moreover, the PCM temperature
profile showed a stratification of the HTF inside the RPW-HEX, with a temperature difference between
the top and bottom parts of the PCM around 3 °C.

In the simultaneous charging and discharging mode (Mode 3), two different cases were considered:
Mode 3a, for which the PCM was initially completely discharged (liquid state), and Mode 3b, for which
the PCM was initially completely charged (solid state). Compressor powers between 15% and 75% and
HTF flow rates of 50 L-h™1, 100 L-h~!, and 150 L-h~! were tested, with a fixed HTF inlet temperature
of 12 °C. Not all planned experiments were feasible in practice since the evaporation temperature
set-point was achieved before any part of the PCM could be charged, being the only feasible tests in
Mode 3b the ones performed at a compressor power of 15%. This is one of the drawbacks related
to the direct implementation of the RPW-HEX in the refrigeration system, which needs to be further
analysed in more detail in future research. The results showed that, after an initial transient phase
during which the PCM was either charged by the refrigerant (Mode 3a) or discharged by the HTF
(Mode 3b), steady state conditions, characterised by thermal equilibrium between the refrigerant, PCM,
and HTF, were achieved in both Modes 3a and 3b. When steady state was attained, the PCM reached a
state of partial charge, in which only some parts of the PCM were in solid state. The cold energy stored
in the PCM in steady state strongly depended on the HTF flow rate. The higher the HTF flow rate, the
lower the energy stored and the shorter the time to reach the steady state. For instance, the results of
the experiments performed in Mode 3b, in Figure 24, show that at a compressor power of 15% the
cold energy stored in the PCM decreased from 76 k] to only 4 k] by increasing the HTF from rate from
50 L-h~! to 150 L-h~!. The cold energy stored in the PCM is also influenced by the compressor power
according to the results of the experiments performed in Mode 3a, in which the energy increased
from about 5 kJ to 145 kJ by increasing the compressor power from 15% to 45%. Moreover, a large
temperature gradient throughout the PCM along the vertical direction was observed in both Mode 3a
and 3b, being the temperature at the top of the RPW-HEX up to 20 °C higher than at the bottom.

Since the RPW-HEX was designed to contain seven sections (blocks), defined by different geometry
and material distribution, and energy storage capacities the study presented in this paper can only
be considered as a preliminary analysis aimed at presenting the novel concept and assessing the
behaviour only of the PCM located at the central section (block A) of the RPW-HEX, as shown in
Figure 5. However, some of the drawbacks such as temperature stratification, low cold storage capacity,
and impossibility of attaining stable operating conditions should also be analysed in detail in future
research. Other aspects such as the size, the influence of the auxiliary parts of the RPW-HEX, and the
effect of the PCM integration on the performance of the refrigeration system as compared to a more
traditional heat exchanger without PCM will also be investigated in future research.
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5. Conclusions

This paper shows that the suggested innovative RPW-HEX has the ability to be used as a latent
heat energy storage component in refrigeration systems to store the excess cold energy and discharge
it at a later time. Based on the parameters studied, it is concluded that, though working at higher
compressor power reduces the charging duration of the PCM, the stratification is higher leading to
a part of the PCM not to solidify when the evaporator set-point temperature is achieved. During
the discharging process, the stratification is higher for higher HTF inlet temperature and lower HTF
flow rates. When operating as a heat exchanger (Mode 3), the RPW-HEX can initially either store or
release energy depending on the initial PCM temperature and boundary conditions, until thermal
equilibrium conditions are reached. In this case, the RPW-HEX acts as a heat exchanger, although
it has the advantage of acting as a buffer due to the energy stored in the PCM. Care must be taken
when selecting the appropriate values of the key parameters to adjust to the operating and boundary
conditions imposed on the system, especially when operating as a heat exchanger (Mode 3) due to
the greater number of parameters involved in the process. Furthermore, in future studies it seems
essential to investigate the influence of the other parts and key characteristics of the RPW-HEX on the
PCM temperature distribution and system performance.
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