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distribution of a commercial domestic refrigerator. The 2 kg PCMs (Phase change
materials) slab of thickness 5 mm, which consisted of a 2:1 by weight mixture of refined
paraffin wax and kerosene oil, were located on the back side of the roll-bond evaporator
and the copper coated steel tubing coils of the hot-wall condenser, in order to improve
the higher performance of refrigerator and to decrease the operating cycle time of the
compressor. The experimental and CFD (Computation fluid dynamics) simulation results
indicated that the refrigerator equipped with the PCMs storage unit showed a significant

Keywords: enhancement of the system performance and a reduction of the temperature
Domestic refrigerator; phase change fluctuations in the refrigerator compartment compared to a conventional system. In this
material; experiment; computational investigation, the electric power consumption and the compressor on-time ratio were
fluid dynamics; power consumption; reduced by 15.69% and 12.13%, respectively. Moreover, the COP (Coefficient of
coefficient of performance performance) of the refrigeration system was increased by 9.53%.

1. Introduction

Global electricity consumption is the steady increase over the period from 2000 to 2020, because
of population and economic growth. Furthermore, higher combustion of fossil fuels for electricity
production leads to the increase of greenhouse gas emissions, particularly CO, (Carbon dioxide),
which contributes to global warming. EPPO (Energy Policy and Planning Office), Ministry of Energy,
Royal Thai Government reported that the electricity consumption and greenhouse gas emissions
were 190 TWh and 88.3 million tonnes of CO; equivalents in 2021, respectively. Both the refrigerator
and the air conditioner were widely used household appliances, which consumed approximately 30-
40% of the residential electricity demand. The refrigerators are one of the hardest working appliances
which operate continuously throughout the year. Therefore, refrigerators still have a large potential
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for energy saving. There are many according technical developments for performance improvement
of the domestic refrigerators, such as developing the efficiency of the compressor [1], improving the
thermal insulation of the cabinet and door [2-5], and enhancing the heat transfer of the condenser
and evaporator [6-9]. Another approach to develop the system performance and to reduce the
temperature fluctuations in the refrigerator compartment is the integration of PCMs in refrigerator
compartments [10-19].

The PCMs (Phase Change Materials) are latent heat storage materials that freeze and melt at a
nearly constant temperature. Moreover, large amounts of energy are accumulated or released
during the process. The thermal storage materials are generally classified into three types such as
organic, inorganic and eutectics, which can be identified as PCMs from the melting temperature and
latent heat of fusion [20-23]. The information and application of the PCMs were introduced by
Sharma et al., [24]. The normal paraffins, also called alkanes, are saturated compounds that have the
general formula ChHzn+2. In addition, paraffins containing between 5 to 15 carbon atoms per molecule
are usually liquids at room temperature, and the straight chain hydrocarbons having more than 15
carbon atoms per molecule are waxy solids. In general, paraffin wax, a combination of different
hydrocarbons, is the most popular commercial organic heat storage PCMs which is obtained from
petroleum distillation. The application of PCMs can be found in solar energy storage systems, waste
heat recovery systems, and space heating and cooling. The most common PCMs for space cooling are
water, ice, eutectic salts, and paraffin wax.

The purpose of this study was to investigate the influence of the integration of PCMs slab (which
located on the back side of the roll-bond evaporator and the copper coated steel tubing coils of the
hot-wall condenser) on the power consumption and the temperature distribution of a commercial
domestic refrigerator.

2. Methodology
2.1 Experimental Study
2.1.1 The PCMs heat storage

The paraffin wax - kerosene oil composite of 2 kg and a 2:1 by weight mixture, the commercial
organic latent heat storage materials, were used for thermal storage in the modified PCMs
refrigerators. The back side of the roll-bond evaporator and the copper coated steel tubing coils of
the hot-wall condenser were equipped with aluminum foil PCMs sheet and aluminum foil tape.
Moreover, the characteristics of the PCMs material were as follows: the melting point temperature
is 32°C, the latent heat of fusion is 251 klkg™?, the thermal conductivity is 0.514 (solid phase) and
0.224 (liquid phase) Wm™K™, the specific heat is about 2.1 klkg K™, the density is 785 (solid phase)
and 749 (liquid phase) kgm= and the volumetric expansion is 4.8% when melted.

2.1.2 The modified PCMs refrigerators

The Label No.5 direct-cool single-door household refrigerators, Mitsubishi MR-17KA, were used
for comparison. In 2011, TISI (Thai Industrial Standard Institute) indicated that the average annual
electric power consumption of the Energy Efficiency Label No.5 refrigerators was about 194.18 kWh.
The operating temperature range of the freezer over a period was between -9 and -19°C. Moreover,
the characteristics of ordinary commercial domestic refrigerators were as follows
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i.  Cabinet: an internal volume of 170 L (1.16 x 0.56 x 0.60 m) contained 142 L of fresh food
storage compartment and 28 L of frozen food storage compartment;
ii.  Evaporator: free convection, aluminium roll-bond evaporator;
iii.  Condenser: free convection, hot-wall condensers (copper coated steel tubing coil);
iv. ~ Compressor: Hermetic reciprocating compressor (AZ A1327YK-R);
v.  Capillary tube: inner diameter of 0.4 mm and external diameter of 1.8 mm;
vi.  Refrigerant: 90 g of Tetrafluoroethane (HFC-134a);
vii.  On-off control and automatic defrost.

In the present study of the modified PCMs refrigerators, the effect of the PCMs heat storage was
identified to evaluate the change of the system performance. The integration of the PCMs slab of
thickness 5 mm on the back side of the roll-bond evaporator coils and the copper coated steel tubing
of the hot-wall condenser coils were investigated, as shown in Figure 1. In both cases, the PCMs of
0.8 and 1.2 kg were integrated into the evaporator and the condenser, respectively.

2.1.3 Measurement of temperature and system performance

The operating condition in a laboratory was maintained at the uniform temperature of 25°C and
the relative humidity of 50% by an air conditioner and an air dehumidifier. The primary of collected
data after 24 hours of continuous operation included temperature, pressure and power consumption
of the refrigerator and were sampled every 60 s. The temperatures of the three points at evaporator
coils, three points in the frozen food storage compartment and five points in fresh food storage
compartment were measured with T-type (copper—constantan) thermocouples of 0.5 mm diameter.
The inlet and outlet pressure of the compressor were measured with pressure transducers.
Moreover, the power consumption of refrigerators was collected by the power meter. All calibrated
instruments (by a manufacturing company) were equipped with a data logger system linked to a
personal computer. The measured parameters and the associated uncertainties for this experiment
were summarized in Table 1. The COP (Coefficient of performance) of the refrigeration system was
defined by the ratio of cooling effect and compressor work.

Table 1

Estimated uncertainties of measurement
Measured parameter  Measuring device Uncertainty
Temperature Thermocouples +0.5°C
Pressure Pressure transducers +0.01 bar
Humidity Humidity transducers +1% RH
Power Power meter *0.5W
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Fig. 1. Experimental setup: refrigerator components and instrumentation

2.2 Numerical study

The ANSYS software, a CFD (Computation fluid dynamics) program which is often used to solve
the governing equation of the fluid dynamic and heat transfer problems such as the Navier—Stokes
or energy equations by numerical method, was used to explain the phenomena of the temperature
distribution in the refrigerator compartment. The effect of the PCMs heat storage was investigated
by arranging elements on the back side of the roll-bond evaporator. To simplify the numerical study,
only half the cross-section of the domain geometry was simulated assuming symmetry. The grid size
of mesh independency and time step used for this simulation were 0.015 m and 1 s, respectively. The
physical properties of the air, aluminum, polyurethane foam insulation and PCMs were assumed to
be constant and the melting/freezing process for the PCMs was not included. The governing
equations for this fluid flows problem were three-dimensional, viscous-laminar, incompressible and
transient heat transfer. Both the radiation and the natural convection heat transfer were
investigated. A simple algorithm gives a method of calculating pressure and velocities. Under the
finite volume method, although the first-order upwind scheme discretization can yield better
convergence, it generally will lead to less accurate results with only first-order accuracy. Therefore,
the QUICK (quadratic upwind differencing) scheme discretization with third-order accuracy was used
in calculating momentum and energy equations.

3. Results and Discussion
3.1 The Effect of PCMs on Temperature Fluctuations in The Refrigerator Compartment

In experimental results of the steady state condition (about 75 min), Figure 2 indicated, for the
ordinary commercial domestic refrigerators, the evaporator temperature varied from -19.8 to -8.5°C,
the frozen food temperature varied from -6.3 to 4.3°C, and the fresh food temperature varied from
7.6 to 14.2°C. In the case of modified PCMs refrigerators as condenser with PCMs, Figure 3(a)
illustrated the evaporator temperature varied from -20.2 to -8.4°C, the frozen food temperature
varied from -6.5 to 4.3°C, and the fresh food temperature varied from 7.7 to 14.3°C. Further, the
modified PCMs refrigerators as evaporator with PCMs, Figure 3(b) shown that the evaporator
temperature varied from -17.5 to -9.1°C, the frozen food temperature varied from -4 to 3.8°C, and
the fresh food temperature varied from 9.8 to 14.1°C. Moreover, the temperature distributions in
the refrigerator compartment for CFD numerical results were illustrated in Figure 4 and Figure 5 for
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the ordinary refrigerators and the modified PCMs refrigerators as evaporator with PCMs,
respectively.
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Fig. 5. Numerical results: evaporator with PCMs

In short, the temperature profile of the refrigerator with PCMs heat storage on the back side of
the roll-bond evaporator varied in a short range. The results indicated that the lowest and the
average evaporator temperature of the modified PCMs refrigerators were higher than the ordinary
refrigerators about 2°C and 1.5°C, respectively.

3.2 The Effect of PCMs on System Performance

The results of energy consumption measurements for the ordinary commercial domestic and
modified PCMs refrigerators were summarized in Table 2. The electric power consumption of the
modified PCMs refrigerators was lower than the ordinary refrigerators about 5.27% and 15.69% for
the condenser with PCMs and the evaporator with PCMs, respectively. The PCMs heat storage
absorbed the heat of the compartment and after that the heat was transferred to the evaporator.
Therefore, the cooling load of the evaporator during the on-time was greatly reduced and the running
time of the compressor was decreased from 47.47% to 45.59% (condenser with PCMs) and 41.71%
(evaporator with PCMs). Moreover, the modified PCMs refrigerators as evaporator with PCMs
worked under the higher temperature and pressure of evaporator operation compared to the
ordinary refrigerators, as shown in Figure 6(a). The COP (Coefficient of performance) of the
refrigeration system was increased by 9.53%, as Figure 6(b).
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Table 2

Result of energy consumption measurements for the ordinary commercial
domestic and modified PCMs refrigerators

Ordinary Condenser Evaporator

refrigerator with PCMs with PCMs
Evaporator temperature (°C) -19.8 to -8.5 -20.2to-8.4 -17.5t0-9.1
Frozen food temperature (°C) -6.3t0 4.3 -6.5t04.3 -4t0 3.8
Fresh food temperature (°C) 7.6t014.2 7.7t014.3 9.8t0 14.1
COP (Coefficient of performance) 4.44 4.79 4.86
Compressor on time (min) 684 657 601
Compressor off time (min) 757 784 840
Running time (%) 47.47 45.59 41.71
Daily energy consumption (kWh/24 h) 0.76 0.72 0.64
Annual energy consumption (kWh/year) 190.64 180.60 160.73
Energy savings (%) - 5.27 15.69
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Fig. 6. The refrigeration cycles for 1,1,1,2-Tetafluoroethane (HFC-134a) refrigerant (Reference state; h=200
kl/kg; s=1.0 ki/kg 2K for saturated liquid at 0°C)

4. Conclusions

The performance and the temperature distribution of a commercial domestic refrigerator using
the latent heat storage materials were investigated. The results indicated that the evaporator with
PCMs storage unit showed a significant enhancement of the system performance and a reduction of
the temperature fluctuations in the refrigerator compartment compared to an ordinary system. In
this study, the electric power consumption was reduced by 15.69% and the COP (Coefficient of
performance) of the refrigeration system was increased by 9.53%. For further improvement of energy
efficiency, the amount and the location of different PCMs on the domestic refrigerator compartment
must be optimized in accordance with the heat gain of refrigerator at standard operating
temperature.
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