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ABSTRACT

A refrigerator is the most common and efficient method for preserving food and
medicine, although its continuous operation consumes a considerable amount of
energy. Thus, this study investigated and evaluated the overall performance of a
household refrigerator with phase change materials (PCMs) and nanoparticles.
The PCMs are applied to the evaporator (evaporator cold storage, ECS) and
condenser (condenser heat storage, CHS) individually and simultaneously. Also,
a refrigerator with dual energy storage (DES) and combined energy storage (CES)
is proposed. The former included CHS and ECS and the latter involved CHS, ECS,
and PCM panels in the fridge cabinet. PCMs were organic paraffins, inorganic salt
hydrates, and distilled water. The energy consumption of refrigerators is assessed
using ISO standards. Isobutane (R600a) was a refrigerant in the system. The
experiments included the application of multiple PCMs to the condenser and
evaporators. PCM with copper oxide (CuQO) nanoparticles is tested on the
condenser alone. As a result, through extensive analysis and testing, the overall
performance of the refrigerator was optimized. The CHS effectively improved the
coefficient of performance (COP) and kept the temperature of the cabinets, while
the ECS efficiently saved energy and reduced temperature fluctuation within the
cabinets. The most significant optimizations were by DES and CES due to the
combination of cons and pros of using PCMs on the condenser, evaporator, and
fridge cabinet individually. The energy savings for CHS cases, ECS cases, DES,
and CES were 10.87-21.24%, 15.21-23.47%, 24.29%, and 26.42%, respectively.
The COP improvements for CHS tests, ECS tests, DES, and CES were 1.58-
7.56%, 4.35-5.50%, 8.81%, and 9.10%, respectively. Although their temperatures
increased, the fluctuation temperature in the fridge and freezer cabinets dropped
by 15.53-56.53% and 0.61-26.46%, respectively.
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CHAPTER 1

INTRODUCTION

1.1. General

Global warming is a threat that our planet is currently challenged with. It is
driven by an increase in the concentration of greenhouse gases in the atmosphere,
such as carbon dioxide, methane, nitrous oxide, and fluorinated gases (Kumar et
al., 2021). Burning fossil fuels like coal, oil, and gases to generate electricity is
primarily responsible for the growth in atmospheric concentrations of greenhouse
gases (Mohamed et al., 2017). Even though, the backbone of modernization is
electricity since virtually all appliances require electricity to perform specific tasks
or operations. As a consequence of speedy industrialization and advancements in
the quality of life, electricity use is undoubtedly rising daily (Hosseini and Wahid,
2016). The rising worldwide environmental consciousness, combined with the
increasing electricity costs, is pushing the requirement for the creation of

environmentally efficient cooling systems.

Thus, efforts to reduce electricity consumption or produce electricity from
renewable energy sources are imperative. In light of this, many countries are
working to significantly minimize household energy use through consumer
information initiatives, innovative labels, and guidelines (Vine et al., 2001). For
instance, in 1998, the United States energy star program saved about 500 billion
kWh of electricity, which prevented 39 billion dollars in energy costs and the
release of 390 million metric tons of greenhouse gases (ENERGY, 1998).
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Additionally, appliances in Europe are labeled with an energy efficiency rating
ranging from the best (A+++) to the worst (G) (Directive, 1992). Currently,
stronger energy consumption standards are required, mandating the manufacturing
of appliances with an A+ or higher rating to significantly improve energy savings
in household electrical products (Yusufoglu et al., 2015). Together with the
frightening rise in energy usage, these efforts are compelling production

companies to develop and manufacture better-efficient appliances.

Household refrigerators and freezers consume the most energy of household
appliances because of their continual running (Raveendran and Sekhar, 2016).
Efforts to improve the energy efficiency of household refrigerators will directly
result in a reduction in residential energy consumption (Yusufoglu et al., 2015).
According to a study by (Dupont et al., 2019), around two billion domestic
refrigerators are in operation globally, accounting for a significant portion of the
total electricity consumption and releasing greenhouse gases. Therefore, many
researchers are currently focusing their efforts on finding novel technical solutions
to optimize the energy efficiency and performance of household refrigerators
(Khan and Afroz, 2011).

1.1.1 Vapor compression refrigeration system

Vapor compression refrigeration system are widely used for household
refrigerators, freezers, air conditioner units, cold storage, etc. In the below section,

the household refrigerator will be discussed thoroughly.

1.1.2 Household refrigerator

A refrigerator is an essential appliance in most houses. Compressor,

condenser, expansion valve for large systems and capillary tube for small systems,



and an evaporator are the main components of the refrigeration system, as
displayed in Fig. 1. The compressor is the starting and ending point of the
refrigeration process. A majority of the energy used during the cooling cycle is

absorbed in the compressor (Arora, 2000).

Discharge or
Ox Delivery Line
b
Liguid Line Condenser High Pressure
, L Side
N
Expansion 1 T
| Device C W
{5 '
| : |
Expansion | Compressor
Line ] Low Pressure
Evaporator ) Side
Suction Line
(03

Figure 1.1. VVapor compression system (Arora, 2000).

1.2. Background of the Research

Phase change material (PCM) was first discovered in the early 20th century
by Yale University physicist Alan Tower Waterman. Waterman studied the
thermionic emission of some hot salts and observed certain irregularities in the
conductivity of molybdenite (MoS,). He found that the conductivity of the
chalcogenide could be gradually changed (Waterman, 1917). Based on the
literature, direct and indirect PCM applications have gained research attention
since the 1980s (Abhat, 1983). There was a gradual increase in the number of
publications until 2016. However, between 2016 and 2020, comprehensive efforts
have been made to investigate PCM technologies to meet rising energy
consumption requirements. This growth in PCM publications was based on their

use in fields including construction, air conditioning and refrigeration systems,
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micro-electro-mechanical systems, smart textiles, etc (Hamad et al., 2021). From
2020 to the present, the publications on the application of PCMs in the

abovementioned areas remain extensive.

Since PCMs have been used until the present, many studies have
investigated the PCMs for different purposes in appliances working on the
refrigeration system, most notably in household refrigerators. Because household
refrigerators relate significantly to global energy utilization and the emission of
greenhouse gases (Maiorino et al., 2019). They experimentally and numerically
assessed the use of PCMs in household refrigerator components and cabinets to
improve COP, reduce energy consumption, and minimize temperature

fluctuations within the cabinets (Bista et al., 2018).

Related to the improvements aforementioned, the utilization of PCMs in
household refrigerators could improve some other aspects (Omara and
Mohammedali, 2020). For instance, greenhouse gas emissions could be mitigated
by minimizing energy consumption, like the US energy star program, which
eliminated the emission of 390 million tons of greenhouse gases in 20109.
Moreover, using PCMs in domestic refrigeration systems increased the
initial costs. Nonetheless, when the system runs, the total cost has been reduced
(Oro et al., 2012). (Oro et al., 2014) stated that the cost savings based on the
benefits of PCM cold potential in European household appliances might range
from 1081 to 4682 million euros annually. Lastly, the operation and refrigerant
circulation through the tubes generated refrigerator noise (Hartmann and Melo,
2013). Hence, PCMs were applied to reduce it by extending the off-time cycle and
shortening the on-time cycle (Joybari et al., 2015).



1.3. The Purpose of the Research

The purpose of this research is to make a household refrigerator more
optimized. This optimization will make use of PCMs and nanoparticles. The
modified household refrigerator will consume less energy and provide a higher
coefficient of performance (COP) than the household refrigerator. Besides that, it

will have fewer temperature fluctuations inside the fridge and freezer cabinets.

1.4. The Contribution of the Research

The primary contribution of this research is the overall performance
enhancement of a household refrigerator through the use PCMs and nanoparticles.
The contribution will involve the number of PCMs, the shape of containers for
carrying PCMs, the material of the container for the condenser PCMs, and the
arrangement of PCMs. In addition, it will include boosting the thermal
conductivity of the PCM with metal oxide nanoparticles. Furthermore, the most
significant contribution will be the application of PCMs to multiple refrigerator
components. The findings of this study will lead to the following significant

improvements:

I.  Reduction in residential electricity consumption because over two billion

domestic refrigerators are in operation globally.

Il.  Minimizing the environmental pollution since the primary source of this

pollution is the combustion of fossil fuels to generate electricity.

1. Decreasing the cost of electricity utilization thanks to the modified
household refrigerator will operate at a lower total on-time cycle than the

ordinary one.



IV. Asignificant role in food quality preservation by minimizing temperature

fluctuations inside the refrigerator compartments and improving

refrigerator COP.,

1.5. The Scope and Limitation of the Research

The following aspects are covered in this research:

This research provides a comprehensive literature review regarding thermal
efficiency and technical solutions for improving the overall performance of

a household refrigerator.

A new, efficient, cost-effective, and environmentally sustainable
optimization technique, based on PCMs and PCM nanoparticle inclusion,
was implemented to enhance the thermal performance of the household

refrigerator components.

1.6. The Research Methodical Stages

iv.

The following points are the major stages in this research.

An extensive review of the relevant existing literature to understand the
under investigation system and the use of PCMs and nanoparticles to

enhance its performance.
The selection and adoption of an appropriate experimental technique.
The choosing and using proper supplemental heat transfer correlations.

Utilizing PCMs and PCM nanoparticle inclusion as the mechanism for

optimization.



v. The graphical and tabular presentation of data and results.

vi.  The analysis and discussion of the outcomes.

1.7. The Outline of the Thesis

This thesis contains six chapters, each with a concise summary described

below.

Chapter 1 provides the general introduction and background of the study.
The objectives and research questions of this research are explained in detail. The

contributions, scope and limitations, and methodological stages are presented.

Chapter 2 presents an extensive and detailed literature review. The
literature involved the classification of PCMs and their thermal conductivity
enhancement methods. In addition, the optimization mechanisms are thoroughly
discussed, along with their advantages and disadvantages. Moreover, this chapter
addressed the employment of PCMs in the condenser, evaporator, and

compartments to acquire various improvements.

Chapter 3 covers the utilization of heat transfer correlations. The
correlations calculated the amount of refrigerant mass flow rate discharged by the
compressor, the COP, the refrigeration capacity, and the quantity of integrating

PCMs on each component.

Chapter 4 is the experimental work. The specifications of data logger,
instruments, and temperature sensors are described. The arrangement of data
loggers and temperature sensors on the refrigerator components is shown. The
experimental procedure of inserting nanoparticles into the PCM is demonstrated.

The concept of measuring and collecting data is analyzed. The amount of mass



required for each component is determined. The selection of PCMs based on the
temperature of the refrigerator components is executed. The method and

arrangement of PCMs in each experiment are explained.

Chapter 5 represents the overall results of the experiments. The final results

are discussed and analyzed in detail using tabular and graphical forms.

Chapter 6 includes a summary of the findings and recommendations for

further study.



CHAPTER 2

LITERATURE REVIEW

2.1. Introduction

Globally, energy consumption and refrigerator sales are increasing. As per
(Dong et al., 2021), worldwide refrigerator unit sales have continuously grown
from 177.9 million in 2014 to 201.1 million units in 2016 and are predicted to
exceed 235.5 million units by 2025. Likewise, there has been a significant increase
in the desire to preserve fresh foods, fruits, vegetables, and medications from the
chance of quality degradation recently (Pingali, 2007). As a result, different
solution techniques to optimize the overall performance of household refrigerators
and freezers have been tested. Nowadays, most household refrigerators and
freezers use a vapor-compression refrigeration cycle as the basis for their
operation. This system has a COP better than the absorption and thermoelectric
systems (American Society of Heating, 2018). Thus, most of the studies focused

on the vapor compression refrigeration cycle.

This chapter covered an extensive review of the existing literature. In this
review, performance enhancement techniques, thermal energy storage systems,
PCM types, PCM’s thermal conductivity enhancement methods, and the use of
PCMs in the components and cabinets of household refrigerators and freezers have
been discussed. The stages involved in conducting the literature review and the
various subjects addressed are presented in Figure 2.1. In the following section,

the different performance enhancement techniques will be thoroughly explained.
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Performance Enhancement Techniques
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Figure 2.1. The methodical steps involved in reviewing literature.
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2.2. Performance Enhancement Techniques

Since the last century, household refrigerators and freezers have been
primarily utilized to keep the quality of food products and medicines. Thus, for
many years, more studies have been focused on increasing the overall performance
of household refrigerators and freezers due to the increased number of these
appliances in operation and their wide range of uses through the following

common practical methods (Kumar et al., 2016):

e Using high-performance (variable speed/capacity) compressors.
e Improving refrigerator door and cabinet insulation.

e Improving heat exchangers' (condenser and evaporator) heat transfer rates.

(Aprea et al., 2003 and Liang et al., 2010) tested a variable-capacity
compressor (VCC), while (Ekren et al.,, 2013) evaluated a variable-speed
compressor (VSC). These compressors were efficient at controlling cooling
capacity because they constantly matched thermal loads with the compressor
speed. Hence, cycling losses were minimized (Cuevas and Lebrun, 2009).
Nonetheless, such compressors have some disadvantages, including a longer
payback period, concerns regarding performance maintenance, and a higher initial
cost (Bansal et al., 2011).

A thicker layer of insulation or innovative insulation methods for the
refrigerator's door and cabinet could reduce compressor energy use in proportion
to cabinet heat reduction (Trias et al., 2018). Nevertheless, expanding the
insulating layer was limited to production companies because it reduced the
interior volume of the refrigerator cabinet. Thus, advanced insulation layers were
developed. Baffle form panels that contained low thermal conductivity materials

(Bansal et al., 2011) and vacuum insulation panels (VIPs) (Verma and Singh,
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2020) were examples of advanced insulation alternatives. The drawback of this
alternative insulator was that it was hard to use in corners where blown foam was
required to support the construction. They also may need an appropriate

production process, which will incur additional labor costs (Manini, 2001).

The enhancement of heat transfer in evaporator and condenser heat
exchangers received the most consideration of the practical techniques mentioned

previously (Md Imran Hossen and Afroz, 2011).

2.3. Heat Exchanger Heat Transfer Enhancement Techniques
To improve the heat transfer rate of heat exchangers, researchers worked on

several techniques (Omara and Mohammedali, 2020), including the following.

e Developing an evaporator depending on a loop heat pipe.
e Utilizing micro-fin tubes for the evaporator and condenser.
e Utilizing condenser liquid-suction heat exchanger.

e Using a thermal energy storage system.

According to the literature, the first three arrangements were either difficult
or expensive to implement. Therefore, using a thermal energy storage system has

received significant research interest as a new method.

2.4. Thermal Energy Storage Systems

The addition of thermal energy to a substance, followed by the retrieval of
the energy when required, is known as thermal energy storage. In the procedure
of charging, the accessible thermal energy can be stored in the storage substance.
This accumulated thermal energy can be removed and delivered for use in the
discharging procedure. Thermal energy is stored in a substance by changing its
phase or internal energy (Veerakumar & Sreekumar, 2016 and Zhang et al., 2016).

12



Chemical and physical storages are the most commonly used thermal energy

storage systems, as displayed in Figure 2.2.
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Figure 2.2. Thermal energy storage systems by (Sharma et al., 2009).

2.4.1 Chemical Energy Storage

A chemical or thermochemical energy storage system focuses on the energy
stored and discharged in a chemical reaction that arises when molecular bonds are
broken and reformed (Wang et al., 2016). This system was not a suitable option
for energy storage due to the high cost of the storage medium and associated

equipment compared to other systems (Kato, 2007).

2.4.2. Physical Energy Storage

Sensible and latent heat energy storage systems are frequently utilized in

physical energy storage (Kirkli, 1998). The sensible method concerns storing
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thermal energy in a medium by a specific heat capacity and temperature variations
because of adding or removing heat. During charging and discharging energy, the
medium does not undergo a phase transition. The temperature of the storage
substance decreases when the energy is released and vice-versa (Li, 2016).
Complete reversibility is projected for both charging and discharging processes.
In both liquid and solid states, the storage substance is accessible (Fernandez et
al., 2010), as shown in Figure 2.2. Sensible heat storage offered two key
advantages: it is reasonably inexpensive and poses little hazard due to the use of

less hazardous substances.

On the other hand, the latent method depends on the phase change of the
material in the energy charging and discharging processes (Cabeza et al., 2021).
At a constant temperature, materials experience a phase transition. This method
accumulates energy as latent heat forms. The latent heat of materials determines
the quantity of stored energy (Cabeza et al., 2021). The density of latent method
is 5 to 14 times greater than that of sensible method (Sharma et al., 2009).
Therefore, this system was more attractive (Mehling and Cabeza, 2008). This
mechanism allows for phase changes from solid to liquid, liquid to gas, solid to
gas, solid to solid, and vice versa. Thus, materials that are utilized in this storage

system are known as phase change materials (PCMs) (Sharma et al., 2009).

2.5. Phase Change Materials (PCMs)

Phase change materials (PCMs) can absorb or release significant quantities
of latent heat depending on their state. In other words, when undergoing a phase
transition from liquid to solid and vice versa (Dincer and Rosen, 2021). They can
store and release excess heat to enhance the thermal performance of a wide range

of applications. In the cooling or heating method, the phase transition exists when
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the material achieves a specified phase change temperature. The temperature of
the phase change material remains unchanged in the latent heat charging or
discharging. The amount of latent heat consumed by a PCM is collected within it
(Abhat, 1983). PCMs exhibit solid to solid, liquid to gas, solid to gas, solid to
liquid, and vice versa phase transitions (Zeinelabdein et al., 2018), as represented

in Figure 2.2.

For practical uses, only PCMs with solid-liquid and solid-solid phase
transitions were effective. Hence, in many latent heat storage systems, the heat
accumulation and retrieval processes are controlled by a material that performs a
phase transition from solid to liquid and conversely (Wang et al., 2000). Despite
this, PCMs with solid-liquid phase shifts are widely implemented in refrigeration
systems (Mastani Joybari et al., 2015). The basic principle of latent heat storage
systems (solid-liquid PCMSs) is represented in Figure 2.3.
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Figure 2.3. The operational principle of solid-liquid PCMs (Sidik et al., 2018).

2.5.1. Classification of Solid-Liquid PCMs

Solid-liquid PCMs are classified as organic, inorganic, and eutectic (Dincer
and Rosen, 2021), as shown in Figure 2.4. The structure of organic PCMs is
15



carbon-dependent. Organic PCMs have high latent heat and chemical stability
(Nazir et al., 2019). They are commonly divided into two types: paraffin and non-
paraffin compounds. The advantages of these PCMs are a short phase change
temperature zone, no supercooling and phase segregation, high thermal energy
density, consistent melting, and non-corrosive (Kenisarin, 2014). They also have
a self-nucleation benefit, which confirms that they crystallize with little or no
supercooling (Magendran et al., 2019). Organic PCMs are convenient although
they have high flammability and low thermal conductivity, which are the main
drawbacks of these PCMs (Omara et al., 2018).

Inorganic PCMs primarily include metallics and salt hydrates (Zhang et al.,
2016). In comparison to organic PCMs, they feature lower degradation
phenomena, lower cost, low flammability, higher density, higher thermal
conductivity, and store twice as much latent heat per unit volume. Nonetheless,
some drawbacks are encountered with these PCMs, including corrosion of the

container materials, phase segregation, and sub-cooling (Manting et al., 2019).

Eutectic PCMs are crystal combinations. They are developed during the
crystallization process of mixing two or more kinds of PCMs, including organic-
organic, inorganic-inorganic, and organic-inorganic combinations (Baetens et al.,
2010). No separation occurs during either their melting or solidification processes
(Wahid et al., 2017). These PCMs are advantageous for achieving the desired
phase change temperature by varying the mass proportions of their components
(Yanping et al., 2011).

Due to their weak thermal conductivity, the theoretical and experimental
mechanisms have been developed to increase the thermal conductivity of solid-

liquid PCMs, as briefly described in the next section.
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Figure 2.4. Classification of phase change materials (Dincer and Rosen, 2021).

2.5.2. Thermal Conductivity Enhancement Methods

Poor thermal conductivity was the significant limitations of solid-liquid
PCMs. Itis acrucial property that affected the heat transfer rate of PCMs (Rostami
et al., 2020). Therefore, some techniques were proposed by researchers to
enhance thermal conductivity, which can be shown in Figure 2.5. The shape
stabilization PCM (SSPCM) by (Cheng et al., 2010), encapsulation by
(Sonnenrein et al., 2015), the addition of metallic foam by (Opolot et al., 2020),
the addition of nanoparticles by (Arshad et al., 2020) were performed.
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Figure 2.5. PCM’s thermal conductivity enhancement methods by (lbrahim et al., 2017 and
Qureshi et al., 2018)

2.5.3. Nanoparticles

Nanoparticles are tiny materials having size ranges from 1 to 100 nm. They
can be classified into different classes based on their properties, shapes or sizes.
There are three main types of nanoparticles: metal-based, carbon-based, and

nanocomposites (Khan et al., 2019).
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2.6. Application of PCMs in Household Refrigerators and Freezers

The experimental and numerical investigation of PCMs in household
refrigerators and freezers has been described in this section, which is divided into

subsections below.

2.6.1. Application of PCMs in Condenser

The application of PCMs to the condenser could improve condenser heat
transfer rate, allowing the condenser to reject more heat during the compressor's
off period and attain a lower condensation temperature. The primary goal of using
PCM for the condenser was the reduction of the condenser temperature, which
leads to significant energy savings (Sonnenrein et al., 2015). Therefore, many

studies examined PCM on the condenser, as reported below.

To begin with, (Han et al., 2017) described the shape stabilized phase
change material SSPCM, which was a type of PCM. It was made via the
encapsulation of PCM in a porous and shell-supporting matrix to create composite
materials with specified characteristics. The primary disadvantage of common
SSPCMs was their low thermal conductivity, which reduces their heat storage
capacity. Therefore, (Cheng et al., 2010) optimized the thermal conductivity of
conventional SSPCM composed of paraffin and HDPE by adding expanded
graphite and called it heat conduction enhanced SSPCM (HCE-SSPCM). They
improved the thermal conductivity by 4 times higher than the common SSPCMs
without impacting the melting point and latent heat. The HCE-SSPCM exhibited
two peak points of phase change at temperatures of 30.5°C and 50.3°C.

In addition, (Cheng et al., 2011) experimentally created a heat storage
condenser by packing the HCE-SSPCM around the condenser tubes, as depicted
in Figure 2.6. The findings confirmed that the ordinary and modified refrigerators
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consumed 0.51 kWh and 0.45 kWh of energy, respectively, as shown in Figure
2.7. Temperature variations have been substantially reduced in the modified
refrigerator freezer and fridge cabinets, leading to a shorter compressor on time.
The new refrigerator had an improved COP of 18% because it showed a greater

subcooling degree and evaporation temperature but a lower condensation
temperature.

Phase change material

Aluminum foil tape

Ambient temperature #,
> Condenser tube

Diagram of condenser heat storage with HCE-SSPCM Uncoated Coated by aluminum foil

Figure 2.6. Condenser heat storage made by (Cheng et al., 2011).

——— Ordinary refrigerator
Novel refrigerator
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Time (h)
Figure 2.7. Energy consumption vs. time by (Cheng et al., 2011).
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In later work by (Cheng and Yuan, 2013), they investigated a numerical
model of a household refrigerator based on the work of (Cheng et al., 2011). The
results were amazingly close to the experimental data, as demonstrated in Table
2.1. The boosted COP and energy saving growth rates were 18.7% and 12.2%,
respectively. The COP and energy saving rates were raised as the ambient

temperature rose and the freezer temperature fell.

Furthermore, (Sonnenrein et al.,, 2015) experimentally examined the
refrigerator's performance with water, paraffin, and copolymer compound as
PCMs on the condenser, as seen in Figure 2.8. As a result, the copolymer
compound dramatically lowered condenser temperatures, resulting in a significant
reduction in energy consumption because it had a higher melting point than water
and higher thermal conductivity than paraffin. The refrigerator's energy savings
with water, paraffin with PE-HD foil, paraffin with aluminum composite layer,
and copolymer compound were 3%, 5%, 7%, and 10%, respectively, as shown in
Figure Table 2.1.

1mmn:mmwwrnmmmnmmnmmr! L
pg i 1 1 AR AT s

Figure 2.8. Condenser equipped with a) Bags of aluminum composite layer containing PCM
and b) Copolymer compound by (Sonnenrein et al., 2015).
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Moreover, (Pirvaram et al., 2019) tested the performance of a household
refrigerator integrated with single and double eutectic PCMs on the condenser, as
represented in Figure 2.9. Double PCMs were arranged in a cascade design. Four
tests were performed. The energy consumption by refrigerators with single and
double PCMs was 8.72% and 13.38%, respectively, compared to a refrigerator
without PCM and thermal load (M-pack). They also reported that the cascaded
PCM design offered lower condenser surface temperatures than the other three
tests, which led to significant energy savings and better COP, as shown in Figure
Table 2.1.

LT

Figure 2.9. Arrangement of PCMs performed by (Pirvaram et al., 2019).

Later, (Kumar et al.,, 2020) developed a nano-enhanced phase change
material (NEPCM) by adding 0.6% wt of multi-walled carbon nanotube
(MWCNT) into paraffin wax PCM, which enhanced paraffin wax's thermal
conductivity. Then, in a different case, they eliminated the condenser fins and
wrapped (NEPCM) and paraffin wax around the condenser tubes, as shown in
Figure 2.10. As a result, the paraffin wax and NEPCM cooled the condenser

midpoint temperature by 3°C and 7°C, respectively. They also minimized energy
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consumption by 13.06% and 18.6% for paraffin wax and NEPCM, respectively,
as indicated in Table 2.1. The on to total cycle time ratio was shortened by 8.2%
and 17.95% for paraffin wax PCM and NEPCM, respectively.
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Figure 2.10. PCM setup on condenser tubes made by (Kumar et al., 2020).

(Karthikeyan et al., 2021) also employed the OM-32 and OM-29 organic
commercial paraffins in a cascade set up on the upper and lower parts of the
condenser, which can be seen in Figure 2.11. Consequently, the condenser inlet

and outlet temperatures were greatly minimized by 3.8°C and 3.1°C, respectively.

Figure 2.11. PCM configuration on the condenser by (Karthikeyan et al., 2021).
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Comment below, (Kasinathan and Kumaresan, 2021) assessed a household
refrigerator's performance with organic commercial paraffin OM-46 on the
condenser and deionized water containing 3% wt of natural graphite on the
evaporator (inside the freezer cabinet). The experiment of PCM inside the freezer
cabinet was described in Section 2.6.5. Due to the PCM on the condenser, the
compressor discharge temperature was cooled, as shown in Figure 2.12. This
reduction could improve the lifespan of the compressor and its energy usage. For
various thermal loads, this refrigerator with PCM on the condenser saved 16-22%

of energy, as illustrated in Table 2.1.
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Figure 2.12. Compressor discharge temperatures by (Kasinathan and Kumaresan, 2021).

The results of the abovementioned studies and some others that employed

PCM on the condenser are shown thoroughly in Table 2.1.
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Table 2.1 List of studies and their results that employed PCM on condenser.

PCM properties Condenser temperatures Compressor on and off Improving
Appliance Mass prop T °C times (min.) in %
a . . . g
Researcher EII'?C? PCM types ngM Teh k hy Without PCM With PCM Without PCM | With PCM
°C
volume (L) (kg) °C by LA in mid | out in mid | out on off on off cor | E
m. °C kg
Organic
. HCE-
Refrigerator 25 17
(Cheng et SSPEM 1 05 | to |135| to | 25| - |348|313| - |325|259 | 21 | 406|119 | 264 | 18 | 12
al., 2011) (Paraffin+
220 HDPE 60 103
+ EG)
Organic
(Cheng and | Refrigerator SES(IZEM 25 17
Yuan, (Paraffin+ 0.5 to 1.35 to 25 - 355 | 324 - 33 28.5 20 41 12 26 18.7 | 12.2
2013) 220 HDPE 60 103
+ EG)
(Sonnenrei | Refrigerator Distilled
netal, water 0.5 0 0.6 331 | 25 47 47 39 44 42 34 - - - - - 3
2015) 152
(Sonnenrei | Refrigerator Oraanic
netal., pa?affin 0.5 34 0.19 | 251 | 25 47 47 39 - - - - - - - - 7
2015) 152
(Sonnenrei | Refrigerator Conolvmer
netal., cor%pélund 0.5 34 | 0.64 | 182 | 25 | 47 47 39 39 37 31 - - - - - 10
2015) 152
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Table 2.1 (Continued)

; Condenser temperatures Compressor on and off Improving
. PCM properties o - - ]
Appliance Mass properti T C times (min.) in %
a - " " .
Researcher glrf; PCM types ngM Ten | Kk hy Without PCM With PCM Without PCM | With PCM
°C
volume (L) (ka) °C W K in mid | out in mid | out on off on off el 5
m. °C kg
(Dagggtlya Refrigerator Organic 18
Banker, 175 caster 5 503 - 143 | 27 - - 46 - - 43 - - - - 3 15
2017)
Eutectic
. 36%
. Refrigerator 25
(Pirvaram PEGIO00 | o5 | 32 | 025 | 151 | to | 395 | 37.2 | 37 | 30 | 379|365 | 116 | 235 | 12 | 201 | - | 872
etal., 2019) 285 + 43
64%
PEG600
Eutectic
36%
PEG1000 0.25 32 | 025 | 151
+
Refri t 6a% 25
. errigerator PEG600
(Pirvaram : to | 395 | 372 | 37 | 37 | 351 | 345|116 | 235 | 96 | 302 | - | 133
etal., 2019) 285 Eutectic 43
32%
PEG+1000 0.25 29 0.23 | 149
68%
PEG600
(Kumar et Refrigerator Organic 57.5 140
al., 2020) Paraffin - to | 024 | to | 31 - 55 - - 52 - 296 | 85 | 204 | 88 - 13
v 165 wax 60 145

26




Table 2.1 (Continued)

Condenser temperatures

: Compressor on and off Improving
. PCM properties o - - ]
Appliance Mass properti T C times (min.) in %
a - - - .
Researcher glrf; PCM types ngM Ten | Kk hy Without PCM With PCM Without PCM | With PCM
“C
volume (L) (kg) °C LY LA in mid | out in mid | out on off on off cop | E
m. °C kg
Organic
(Kumar et Refrigerator (Paraffin 57.8 140
al., 2020) wax - to | 028 | to |31 - 55 - - 48 - 296 | 85 | 139 | 93 - 18
N 165 + 60.2 147
MWCNT)
(K?ls;%tha Refrigerator Organic 16
K paraffin 1.250 | 478 | 0.2 | 250 | 28 | 64.4 | 522 | 36 60 | 51.8 | 438 | 310 | 360 | 300 | 380 to
umaresan
180 OM-46 22
, 2021)
Organic
paraffin )
OM-32 32 | 014 | 157
(Karthikey | Refrigerator
anetal., - 46 - 438 | 42.2 - 40.7 - - - - - -
2021) 185
Organic
paraffin - 29 | 017 | 194
OM-29
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2.6.2. Application of PCM in Evaporator

A refrigerator with PCM on the evaporator ran at a higher evaporator
temperature and pressure than one without PCM. This caused an increase in the
density of the vapor refrigerant. Also, the constant volumetric rate of the
compressor removed a larger mass flow from the evaporator. Because of this,
refrigerators could attain a greater capacity for refrigeration (Md Imran Hossen
and Afroz, 2011). This technique could extend the compressor's on and off times.
However, the off-time extension was greater than the on-time. The off-time
extension caused a reduction in total electricity usage, a decrease in the number of
compressor’s starts and stops, and an improvement in food quality (Gin and Farid,
2010). As a result, various technical studies on this enhancement have been

published, as described below.

(Cerri et al., 2003) simulated and evaluated the impact of PCM integration
in the evaporator, which resulted a 12% increase in the COP. Later, in a series of
studies, Azzouz and coworkers examined the use of PCM on evaporators to

improve the performance and refrigeration capacity of refrigerators, as followed.

At the outset (Azzouz et al., 2005) loaded eutectic salt solutions PCM with
melting points ranging from -6 to 0 °C on one side of the evaporator in a dynamic
model study, as displayed in Figure 2.13. The household refrigerator was the
refrigerator without a freezer cabinet. For various PCM melting points and
ambient temperatures, a considerable rise in COP from 1.09 to a range between
1.9 and 2.22 was recorded, as shown in Figure 2.14. Researchers determined that
an improvement in COP could decrease energy consumption because of the

decrease in the pressure compression ratio.
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Figure 2.13. PCM setup on evaporator (Azzouz et al., 2005).
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Figure 2.14. COP vs. melting points for various ambient temperatures (Azzouz et al., 2005).

Further, (Azzouz et al., 2008) performed another research by numerical
simulation. They employed a slab shape of a eutectic salt solution PCM between
the evaporator coils of a single fridge cabinet refrigerator and its wall, as presented
in Figure 2.15. The simulation found that variable PCM melting points, PCM
thicknesses, and different thermal loads (ambient temperature and door openings)
resulted in a 5-15% increase in COP. The results of COP are shown in Figure
2.16. The fluctuating temperature in the refrigerated cell was considerably
reduced. A refrigerator equipped with PCM had a threefold increase in on-cycle

time and a sevenfold increase in off-cycle time compared to a standard
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refrigerator. Lastly, researchers revealed that, based on thermal load, food quality

could be protected for 4 to 8 hours without electricity.
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Figure 2.15. Refrigerator with PCM setup by (Azzouz et al., 2008).
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Figure 2.16. COP vs. thermal load made by (Azzouz et al., 2008).

Finally, based on their previous simulation results in 2008, (Azzouz et al.,
2009) experimentally incorporated a 5 and 10-mm thick slab form of water and
eutectic mixture as a PCM on the same evaporator's back face, as shown in Figure
2.17. Water and eutectic mixture that had a 0°C and -3°C freezing points were
used in weights of 1.4 kg and 1.3 kg, respectively. The study findings highlighted

that the improved COP was between 10% and 30% based on thermal loads and
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PCM thicknesses, as seen in Figure 2.18. In comparison to 1-3 hours without
PCM, the refrigerator with PCM supported 5-9 hours of continuous running
without a power supply. Water enhanced the COP and refrigeration capacity at a
higher rate than the eutectic mixture. However, the eutectic mixture had a better
potential to sustain the air temperature in the refrigerator compartment at suitable

ranges than the water.
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Figure 2.17. Experimental setup made by (Azzouz et al., 2009).
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Figure 2.18. The average COP for various thermal loads by (Azzouz et al., 2009).
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(Md Imran Hossen and Afroz, 2011) experimentally applied three PCMs to
the evaporator in different cases, as detailed in Table 2.2. The PCM arrangement
was on the five faces of the evaporator, where submerged the evaporator coil in a
PCM box, as shown in Figure 2.19. As a result, the COP was enhanced with PCM
by 21% to 34% for different thermal loads, in comparison with no PCM, as
provided in Table 2.2. Furthermore, the COP rose by about 6% when the PCM

volume was increased from 3L to 4.25L.

PCM direct contact

with the evaporator

PCM coil and cabinet box
1ﬂov\

PCM inlet /‘1

Shape of solid PCM
after phase change

Ev apoxatm box inserted
™) into the PCM box

Empty PCM box
@)
Evaporator cabinet
with coil

Figure 2.19. Setup procedures of PCM by (Md Imran Hossen and Afroz, 2011).

Also, (Rahman et al., 2014) numerically investigated the submerging
evaporator in a box that contained water as a PCM. The COP of a refrigerator with
a PCM box was enhanced by 55% to 60%.

(Yusufoglu et al., 2015) experimentally improved the overall performance
of two refrigerators. 1.8 kilogram of distilled water as a PCM in a slab form was
placed between the first refrigerator's evaporator coils and its wall, as illustrated
in Figure 2.20a. This refrigerator saved energy usage by 8.8% and improved the
COP from 2.33 to 2.53. While in the second refrigerator, they implemented 0.950
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kg for each of four PCMs with different melting points on the evaporator tubes in
flexible metallic film packs. This is seen in Figure 2.20b. In conclusion, this
refrigerator saved between 0.3% and 5.0% of energy. Additionally, they stated that
expanding the second refrigerator condenser's surface areaby 20% could

save 9.4% of energy.
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Figure 2.20. PCM setup on the evaporator (Yusufoglu et al., 2015).

(Elarem et al., 2017) experimentally implanted a PCM heat exchanger on
the evaporator of a household refrigerator. A PCM heat exchanger was formed by
utilizing a system of twelve U-shaped standard copper tubes. It completely
covered the non-functional evaporator side, as displayed in Figure 2.21. A PCM
was a Plus-ICE with a 4°C melting temperature. In contrast with no PCM, less
energy usage (12%) and improved COP (8%) were observed in the household

refrigerator with a PCM heat exchanger.

(Cofré-Toledo et al., 2018) incorporated two PCMs with different freezing
points in different scenarios, as explained in Table 2.2. Figure 2.22 represents the
arrangement of PCM in the form of tubes parallel to evaporator tubes.
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Consequently, PCMs reduced compressor work time in the range of 3.71% to
9.1%. Also, they decreased energy consumption by 1.74% — 5.81%, as highlighted
in Table 2.2.

Figure 2.22. PCM arrangement on evaporator by (Cofré-Toledo et al., 2018)
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(Raveendran and Murugan, 2021) experimentally incorporated an organic
PCM between the evaporator coil and the cabinet insulating wall of a vapor
compression refrigeration system (VCRS), as displayed in Figure 2.23. The data
indicated that the COP and energy utilization improved by 7.1% and 6.7%,

respectively.

TEMPERATURE
INDICATOR

ENERGY METER

Figure 2.23. VCRS and PCM set up by (Raveendran and Murugan, 2021).

The summary of findings from the aforementioned investigations that used

PCM on the evaporator is summarized in Table 2.2.
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Table 2.2 List of studies and their results that employed PCM on the evaporator.

Evaporation Freezer . .
Household PCM properties temperature temperature Clo gl on and off times Imprc())vmg
appliance e Ta °C °C (min.) in %
PCM Oof
Researcher type types pcMm | Ten k hg 3 Without PCM With PCM
and (kg) C | without | With | Without | With cor| E
volume (L) °C w K PCM PCM PCM PCM on off on off
m. °C kg
e S I -1 N R A : i : i i : 2| -
Single
(Azzouz et cabinet Eutectic -6
al.. 2005) (fridge) salt 10 to 06 | 280 | 20 - - -19 -7 60 60 180 600 74 -
N Refrigerator | solutions 0
Single -9
(Azzouz et cabinet Eutectic -7 15 20 110 5
al., 2008) (fridge) aqueous - -5 0.6 | 280 20 -20.4 -18 - - ~20 ~40 to to to -
" Refrigerator | solution -3 25 72 258 15
290 -1
Single
. 15 | -17.39 | -143
(Azzouzet |  CPPMEL 1 Eectic 20 |-15.93 | -132 31 66 318 | 10
(fridge) - 1.3 -3 - 310 - - to to 65 to to -
al., 2009) . mixture 25 -14.81 | -11.9
Refrigerator 30 | 1321 | -107 37 180 528 28
290 ' '
Single
- 15 | -17.39 | -13.7
(Azzouz et cabinet Distilled 20 | -1593 | -124 31 66 8 323 1 1l
(fridge) 14 0 0.6 | 330 - - to to to to to -
al., 2009) . Water 25 | -1481 | -11.2
Refrigerator 37 180 131 570 30
290 30 | -13.21 | -9.97
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Table 2.2 (Continued)

Evaporation Freezer . .
Household Mass | PCM properties temperature temperature Compressozr?q?na;]d off times 'miF’nr‘(%'”g
appliance PCM of Ta °C °C i
Researcher type types pcM | Ten K hy i Without PCM With PCM
s (kg) C | without | with | without | witn cor | E
volume (L) °C w | K PCM PCM PCM PCM on off on off
m. °C kg
Single
(Md Imran .
Hossen and cabinet Distilled 3 22.8 21
Afroz (fr(_aezer) Water and 0 0.6 | 333 to -17.5 -14 - - 4 16 6 32 to -
2011)‘ Refrigerator 4 23.8 28
30
Single Eutectic
Sggsérr]n;ﬁg cabinet solution 3 228 215
Afroz (freezer) 90%H20 and -5 - 289 to -17.5 -13 - - 4 16 7 88 to -
2011)‘ Refrigerator + 4 23.8 308
30 10%NaCl
Single Eutectic
ﬂggs.;;ngﬁg cabinet solution 3 228 228
Afroz (freezer) 80%H-0 and -10 - 284 to -17.5 -12 - - 4 16 8 90 to -
2011)’ Refrigerator + 4 238 Y
30 20%KCl
. - 55
(Rahman et | Refrigerator | Distilled i ) ) ) ) ) ) ) ) ] ]
al., 2014) - Water 0 | 06 | 330 o
60
Single
cabinet L
é:(;lsu;%% (fridge) Dﬁ;'t!fd 18 | 0 |06 |33 |257| - |- - - 80 | 130 | 105 | 215 | 86 | 88
B Refrigerator
130
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Table 2.2 (Continued)

SR TIELE e Compressor on and off times Improvin
Household Mass PCM properties temperature temperature P (min.) ipn % 9
appliance PCM of Ta °C °C :
Researcher type types pcMm | Ten k hy 3 Without PCM With PCM
and (kg) C | without | with | Without | With cop | e
volume (L) °C w :_] PCM PCM PCM PCM on off on off
m. °C g
Single PCM-1
cabinet :
g:f”;%gl'g‘) (fridge) | WM | gg5 | 56 | - |28 | 25 | 20 | 16 | 18 | 142 | 32 64 | 133 | 306 | - | 24
N Refrigerator mc?xtures
350
Single PCM-2
cabinet :
(Yusufoglu (Fri Eutectic
ridge) 095 | -33 - 251 | 25 -20 -16 -18 -15.7 32 64 139 298 - 1.4
etal., 2015) Refrigerator riqiitel?riss
350
Single PCM-3
cabinet ;
g:f”;%%'su) (fridge) E“JZ‘(’;'J‘S: 095 | -39 | - | 201 | 246 | -20 16 | -18 | -145 | 32 64 136 | 319 - | 16
v Refrigerator mqixtures
350
Single
cabinet L
g;f“;%gl'g‘) (fridge) D\';;'t!fd 095 | 0 | 06 | 331 | 251 | -20 16 | -18 | -16 32 64 145 | 315 - 4
" Refrigerator
350
. Organic
Single door
(El'a;%”fgt Refrigerator P'“ZLCE - 4 | 021|200 | 22 - - 16 | -12 - - - - 8 | 12
! 136 solution
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Table 2.2 (Continued)

Evaporation Freezer . .
Household Mass PCM properties temperature temperature Compressoznc;ri'nna)nd off times Im?nrc(%mg
appliance PCM of Ta °C °C :
Researcher type types pcm | Ten | k| by | Without PCM With PCM
and (kg) C | without | with | Without | With cop | e
volume (L) °C w ]’(f_] PCM PCM PCM PCM on off on off
m. °C g
. Eutectic
(Cofreé- . ) 5
Toledoet | Regerator | PSICE 1 g997 1 - | os6 [ 204 | 10 | - . . . . . . . - | 174
al., 2018) : . ) 48
solution
Eutectic
. 195
(Cofre- : ( 0 ) 5
Toledoet | ReTI9etOr | W% | go70 | o 057 | 289 | 1o | - ; - ; - - ; ; - | sst
al., 2018) ' y : 48
agueous
solution)
(Rar:/t:;r&dra VCRS
M system Organic 1 4 0.16 | 161 32 1 - - - 59 - 64 - 6.7 7.1
urugan, 28.28
2021) '
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2.6.3. Application of PCM in Cabinets

The studies installed PCMs on the interior walls of cabinets and the top and
bottom of the racks. Installation of PCMs in the compartments was advantageous
in protecting foods and medicines from degradation by sustaining a stable
temperature within the cabinets during automatic stopping and power cuts. Using
PCMs should not cover a large area of the cabinets because it decreases storage
space for storing items. It's also crucial to consider the PCM's orientation (Bista et

al., 2018). Several researchers researched in this field, as identified below.

(Gin and Farid, 2010) experimentally employed aluminum panels in the
shape of slabs comprised of PCM with a ten-millimeter thickness on the freezer
cabinet walls, as illustrated in Figure 2.24. They tested a vertical freezer with a
eutectic mixture of water and ammonium chloride PCM (melting point of -
15.4°C). The test found that the temperature of products in the freezer with and
without PCM changed by 5°C and 13°C, respectively. Likewise, they noted that
installing the PCM panels allowed the freezer to keep the cabinet temperature
during a power loss, which resulted in lower item and cabinet fluctuation

temperatures, as depicted in Figure 2.25.
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Figure 2.24. Position of PCM panels made by (Gin and Farid, 2010).
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Figure 2.25. PCM's effect on temperature swings during power failures (Gin and Farid, 2010).

In addition, (Gin et al., 2010) did another experiment in which they
implemented PCM to the freezer cabinet's walls using the same technique as in the
former experiment (Gin and Farid, 2010). However, researchers made a difference
from the previous study by evaluating PCM's impact on energy usage. A freezer's
energy consumption rose by 11% to 17% and 15% to 21% when its door was
opened or when it was defrosted. The application of PCM on the freezer saved

energy usage during defrosting and door openings by 8% and 7%, respectively.

Moreover, (Gin et al., 2011) used computational fluid dynamics (CFD)
modeling to examine the previous experimental study (Gin and Farid, 2010). The
results demonstrated good agreement with the experimental data by (Gin and
Farid, 2010). The CFD models also showed that PCM helped keep the temperature
in the freezer chamber from rising. Finally, they claimed that this simulation could
be expanded for investigating the impacts of utilizing fins, arranging PCM panels,

and extending the surface area.

Experimentally (Or6 et al., 2012) used PCM to assess temperature
fluctuations within a vertical freezer cabinet during door openings and power cuts.

The freezer's evaporator was utilized as a food rack and located on the seven racks.
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An inorganic salt-hydrate (Climsel C-18) was put inside a stainless-steel panel
and then placed horizontally on the shelves, as presented in Figure 2.26. They
concluded that a freezer with PCM had a 4°C to 6°C lower interior air temperature
variation than a freezer without PCM. Also, the PCM could keep the interior

temperature for almost 3 hours in a power failure case.

Figure 2.26. PCM encapsulation container and location by (Oré et al., 2012).

(Marques et al., 2013) utilized (CFD) simulation to compare the household
refrigerator's temperature stability with water and eutectic PCMs installed into the
refrigerator compartment. Additionally, situations involving the orientation of the
PCM and compartment models were studied. The model proposed that a PCM
orientation that induced lower compartment temperatures was vertical and
horizontal combination with a eutectic PCM had a melting point of around zero
in a full height compartment, as explained in Figure 2.27. In addition to that, the
study recommended splitting the same compartment into two trays and applying
a horizontal PCM in both trays with ice (water) solely.
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Figure 2.27. Comparison of PCM orientations by (Marques et al., 2013).

(Abdolmaleki et al., 2020) placed a eutectic mixture of polyethylene glycols
(PEGSs) PCM in the vertical freezer compartments, as can be seen in Figure 2.28.
This method reduced freezer's temperature fluctuation by 40.59% and resulted in

an 8.37% reduction in power consumption.

& LU TTTT YT LT T

Figure 2.28. PCM position by (Abdolmaleki et al., 2020).

(Pavithran et al., 2021) used a numerical CFD simulation to examine the
integration of PCM in refrigerator compartments at various positions. A PCM was
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employed that was eutectic and had a melting point of -3°C. There were five
compartments in the refrigerator interior (A, B, C, D, and E). The freezer
compartment was denoted by E, while the fridge's compartments were represented
by A, B, C, and D, as shown in Figure 2.29. They examined five different cases of
PCM orientation and configuration. Their results are demonstrated in Table 2.3.
The best cases were the horizontal and vertical combination arrangements and
more PCM covering areas, which resulted in less temperature fluctuation within

the refrigerator compartments concerning time.

Table 2.3 PCM orientations and locations, covering area by PCM, and
compartment variation temperatures (Pavithran et al., 2021).

Compartment variation
Covering temperatures (°C) after
Cases PCM orientations and locations area by 600s.
PCM % Without With
PCM PCM
1 One horizontal PCM at location D 5 17-21 5-11
2 Two horizontal PCM at locations C and D 7.5 17-21 7-9
3 Three horizontal PCM at locations B, C, & D 10 17-21 2-8
Combined of one horizontal PCM at location D and
4 one vertical PCM to the cabinet wall 10 17-21 0-7
Combined of two horizontal PCM at locations C & D
S and one vertical PCM to the cabinet wall 15 r-21 <3

0.000 1.000(m)
0.250 0.750

Figure 2.29. Domain modeled by (Pavithran et al., 2021).
44



(Kasinathan and Kumaresan, 2021) evaluated the refrigerator's energy
performance with deionized water containing 3% wt of natural graphite on the
evaporator side (inside the freezer compartment). Consequently, the refrigerator

saved 7-13% of energy for various thermal loads.

(Karthikeyan et al., 2021) implemented the hydrate salt HS3N and paraffin
OM-03 organic commercial PCMs in a slab rectangle layout inside the freezer and
fridge cabinets, respectively, as indicated in Figure 2.30. The study reported that
freezer and fridge cabinet temperatures fluctuated by 0.4°C and 0.4°C less than

the ordinary refrigerator.

Figure 2.30. PCM configuration in the freezer and fridge cabinets (Karthikeyan et al., 2021).

Table 2.4 summarizes the data of the studies explained in this section.
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Table 2.4 List of investigations and their outcomes that installed PCM in the cabinets.

Fridge cabinet Freezer cabinet
PCM properties fluctuation fluctuation Compressor on and off Improving
Household Mass temperature temperature times (min.) in %
appliance PCM t_ypes of Ta °C °C
Researcher and its - -
type & location PCM | Tp, K h, oc Without PCM | With PCM
volume (L) (kg) Without | With | Without | With
°C wo| K PCM PCM PCM PCM | on | off | on | o | €OP| E
m. °C kg
Eutectic
(Gin and Vertical (water and
Farid, freezer ammonium 2.2 -15.4 - - - - - 13 5 - - - - - -
2010) 153 chloride)
in freezer
Eutectic
. Vertical (water and
(G'Z%it))"""' freezer | ammonium | 22 | -154 | - | 620 gg - - 15.3 124 | - - - - - | 78
153 chloride)
in freezer
. Inorganic
. Vertical 0.5 9
(O;%fé)a"' freezer ?é'lt”:‘%glraée 784 | 18 | to | 306 | 21 | - - to o [ - | - | -] -] -1-
270 0.7 13 6
18)
Eutectic
(Abdolmale Vertical solution 16
kietal., freezer (70wWt.%PE 15 -20 - - to - - - - 595 | 844 545 | 894 - 8.37
2020) 180 G300+30w 43
t.%PEG200
. . Eutectic
(Pirvaram | Refrigerator | = () /i - 3 | 021|300 | 32| 1721 | 28 - - - - - - - -
et al., 2019) - R
in fridge
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Table 2.4 (Continued)

Fridge cabinet

Freezer cabinet

. fluctuation fluctuation Compressor on and off Improving in
Household PCM t Mass PCM properties T temperature temperature times (min.) %
appliance YPes of 2 °C °C

Researcher and its - -
type & location PCM | Tpp Kk hy | oc Without PCM | With PCM
volume (L) (kg) Without | With | Without | With cop E
°C w K PCM PCM | PCM | PCM | on off | on | off
m. °C kg
(Kasinatha De-|on|z§d
n and Refrigerator a?tﬁéfﬁff 0.300 | -15 - | 3193 28 - - - - 310 | 360 | 330 | 38 7-13
Kumaresan 180 . ' ' 0
graphite
, 2021) .
in freezer
HS3N
- . 1.1 -3 0.35 247 - 1.3 0.9 14 1 - - - - - -
(Karthikey Refrigerator in freezer
anetal., 185
2021) OM-03 | », | 5 |o0146| 229
in fridge
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2.6.4. Application of PCM in Condenser and Evaporator

As explained in previous sections, many studies employed PCMs in both
the condenser and evaporator individually. Both installations offered advantages
and disadvantages. However, simultaneous application of them could overcome

the drawbacks of using PCM on them individually (Mastani Joybari et al., 2015).

Accordingly, a refrigerator with new dual-energy storage (DES) that
included a cold storage evaporator (CSE) and a heat storage condenser (HSC) to
optimize the heat transfer of evaporator and condenser was developed by (Cheng
et al., 2017). For the condenser and evaporator, paraffin and undecane were
utilized as SSPCMs. Three refrigerators (HSC, CSE, and DES) were simulated
and compared with a conventional refrigerator. The DES refrigerator included the
best features of both the CSE and HSC refrigerators. The condenser and
evaporator of the DES refrigerator were capable of continuously rejecting heat and
cold throughout the whole cycle. The ratio of off-to-on time for DES, CSE, and
HSC refrigerators was 4.3, 3.0, and 2.2, respectively. The comparison between
CORP, electricity consumption, and energy savings for the four refrigerators is
tabulated in Table 2.5.

Table 2.5 The results of various parameters by (Cheng et al., 2017).

Variables Ordinary  HSC CSE DES
Electrical consumption (kWh) 0.5 0.44 0.42 0.34
COP 1.34 1.59 1.67 1.86

Energy saving (%) 0 12 16 32

2.6.5. Application of PCM in Condenser and Cabinets

The use of PCMs in refrigerator condensers and cabinets helped to improve
energy consumption, minimize temperature variations, and keep food quality. As

a result of these contributions, this study has been published, as detailed below.
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(Karthikeyan et al., 2021) experimentally employed PCMs in the condenser,

freezer cabinet, and fridge cabinet, as presented in Figures 2.11 and 2.30. Besides,

the application of PCMs in the condenser and both cabinets was explained in

Sections 2.6.2 and 2.6.3, respectively. They also tested the refrigerator with both

the aforementioned cases together and named it PCM at all locations.

Consequently, PCM design in all locations yielded lower condenser temperatures

and a better improvement in the performance of the refrigerator. The temperature

in the inlet and outlet condenser was cooled by 6°C and 4.8°C, respectively. The

freezer and fridge cabinets' temperatures fluctuated by 1.1°C and 0.8°C,

respectively, less than the standard refrigerator, as depicted in Figure 2.31.
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Figure 2.31. Temperature vs. time for (a) condenser upper part, (b) condenser lower part, (c)
fridge cabinet, and (d) freezer cabinet by (Karthikeyan et al., 2021).

2.6.6. Application of PCM in Evaporator and Cabinets

Due to the impact of incorporating PCMs in the evaporators and cabinets

on saving power usage, stabilizing cabinets temperature, and extending
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compressor stopping time. Hence, (Elarem et al., 2017) tested the PCMs in the
evaporator and cabinets simultaneously. They ran simulation and modeling tests
to discover the optimal condition for immediately regulating the refrigerator
compartment temperature. Four different arrangements in the evaporator and the
cabinet's walls and racks were made, as shown in Figure 2.32. The case-4 provided
superior heat transfer capability and enabled the refrigerator cabinet to attain its
stable temperature more efficiently than the other three cases. Additionally, it

could extend the compressor's off time and enhance energy consumption.
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Figure 2.32. PCM arrangements in evaporator (case-1), evaporator and cabinet wall (case-2),
evaporator and cabinet racks (case-3), and evaporator and cabinet's wall and racks (case-4) by
(Elarem et al., 2017).

2.7. Conclusion

In recent decades, many studies have proposed different techniques to
improve the overall performance of household vapor compression refrigeration
system appliances, such as refrigerators and freezers. The nature of these solutions
was differed according to their implementation and costs. Using PCMs has

attracted researchers due to their cost-effective and easy installation. The purpose
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of these studies was to improve COP, reduce energy consumption, and minimize
temperature fluctuations in the cabinets. Consequently, the performance
enhancement of household refrigerators and freezers has been achieved by
applying PCMs to the condenser, evaporator, and fridge and freezer cabinets
individually and simultaneously. Thus, following a comprehensive survey of the

relevant literature, the below conclusions are drawn.

i.  Application of PCM individually

1. Application of PCM in condenser: A comprehensive literature review
showed that PCM utilization on the condenser could reduce the
condenser temperature and increase its heat transfer efficiency. This
improvement led to a shorter compressor on-cycle period, less energy
use, and a better COP for the system. The enhancement rate depended
on the capacity, thermal conductivity, and number of PCMs. The
difference between PCM phase change temperature and ambient
temperature and between PCM phase change temperature and maximum
condenser temperature were also accountable. The studies used a variety
of PCM numbers employed, types, arrangements, and methods to
improve the thermal conductivity of PCMs in this advancement, as
summarized below.

a) Number of PCM employed: Most of studies employed a single
PCM, while a few used double PCMs in a cascade design, for
instance (Karthikeyan et al., 2021 and Pirvaram et al., 2019). The
use of double PCMs was more advantageous in improving the
refrigerator's overall efficiency.

b) Type of PCM: Organic PCMs were used mostly, mainly paraffin

compounds.
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c) Arrangement of PCM: Almost all PCMs were encapsulated in
aluminum pouches and installed on the condenser tubes, which
completely covered the back face of the condenser area. The
exception was (Kumar et al., 2020) encased PCM in aluminum
pouches and wrapped around condenser pipes.

d) Thermal conductivity enhancer method: Most studies utilized
the encapsulation method because the PCMs leaked in their liquid
phase. However, (W.-L. Cheng et al., 2011 and P. M. Kumar et
al., 2020) combined encapsulation with the addition of

nanoparticles and shape stabilizing mechanisms, respectively.

2. Application of PCM in evaporator: According to an extensive review
of published studies, PCM incorporation on the evaporator extended the
compressor off-cycle period, resulting in less energy utilization.
Additionally, it improved the COP since the constant volumetric rate of
the compressor extracted more mass flow from the evaporator. Another
gain was a decline in the number of compressor’s starts and stops. PCMs
with low phase change points increased evaporation and cabin
temperatures more than those with higher ones. However, PCMs with
higher phase change temperatures and latent heat capacity decreased the
total operating time by increasing the compressors' on and off times per
cycle. As a result, the overall performance of the refrigerator increased.
The following aspects covered the PCM implementation in detail, as

previously discussed in the condenser.

a) Number of PCM employed: All the studies reviewed in this
design used a single PCM.
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b) Type of PCM: Largely eutectic salt solution of inorganics PCMs
and distilled water as a PCM have been used.

c) Arrangement of PCM: Mostly PCMs have been encapsulated in
metal slab design and positioned between the refrigerator's
evaporator coil and the back wall. Except for (Md Imran Hossen
& Afroz, 2011 and Rahman et al., 2014), which submerged the
evaporator coil in a PCM box.

d) Thermal conductivity enhancer method: Only encapsulation

was employed to prevent leaks and improve heat conductivity.

3. Application of PCM in cabinets: Previous studies have shown that the
application of PCMs in cabinets was advantageous in preserving food
quality by decreasing the temperature fluctuating within the cabinets
during automatic stopping and power cuts. Besides that, they concluded
that the use of PCMs caused a reduction in energy usage during
defrosting and door openings. The primary requirement of this
arrangement was not to occupy too much volume in the cabinets. In the

following sections, PCM installations are described.

a) Number of PCM employed: A single PCM in the freezer and
fridge cabinets was equipped.

b) Type of PCM: Eutectic PCMs have mainly been employed.

c) Arrangement of PCM: PCMs were housed in metal and plastic
panels in a slab shape and fitted on cabinet walls and racks. The
orientation of PCM panels was also considered. The efficient

orientation was the horizontal and vertical combination.
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d) Thermal conductivity enhancer method: The sole mechanism

employed was encapsulation.

ii.  Application of PCM simultaneously
1. Application of PCM in condenser and evaporator: This setup was
superior to the PCM in the condenser and evaporator alone. It reduced
the drawbacks of PCM implantation on the condenser and evaporator
individually. Additionally, it improved COP and energy consumption
more than the PCM in the evaporator and condenser separately. The
installation of PCMs followed the same technique as aforementioned in

the evaporator and condenser alone.

2. Application of PCM in condenser and cabinets: This arrangement
helped the refrigerator to operate with less energy consumption, lower
temperature swings, better-preserved food quality, and a higher COP
than the refrigerator with PCM in the condenser and cabinets
individually. PCM placement was similar to the process of placing PCM
in condensers and cabinets separately. The PCM setup was the same as

in the condenser and cabinets individually.

3. Application of PCM in evaporator and cabinets: This design reduced
energy consumption, temperature fluctuations, and food quality
degradation more than the PCM application in evaporators and cabinets
alone. The PCM arrangement was the same as that employed in the

evaporators and cabinets.
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In this study, based on the conclusions of the published literature, the
implementations of PCMs on the condenser, evaporator, and fridge cabinet have
been investigated. The PCMs were arranged in an individual and simultaneous

manner as follows:

I. Application of PCM individually
1. Application of PCM in condenser: In this study, triple PCMs with and
without nanoparticles were installed. In addition, the setup of double
PCMs has been investigated to compare it with triple PCMs. The PCMs
were positioned according to the refrigerant's temperature, from high to
low. As a PCM, organic paraffin was selected due to its suitable thermal
properties for this design. The PCMs were encapsulated in copper tubes

and mounted vertically as fins on the condenser tubes.

2. Application of PCM in evaporators: In this design, single PCM, double
PCM, and a combination of both were performed. The PCMs have been
placed on the non-functional sides of the evaporators. As a PCM,
inorganic hydrate salts (ammonium chloride and potassium hydrogen
carbonate) (SP-17), (sodium carbonate and potassium hydrogen
carbonate) (SP-7), and distilled water were chosen. In aluminum

pouches, the PCMs were packed.

I1. Application of PCM simultaneously
1- Application of PCM in condenser and evaporators: This configuration
was not executed experimentally by researchers. Therefore, it has been
investigated experimentally. The application procedure was the same as for

the condenser and evaporator individually.
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2- Application of PCM in condenser, evaporator, and fridge cabinet:
This setup of PCMs was an important contribution because it has not been
performed in previous studies. For the condenser and evaporator, the
establishment process of PCMs included similar mechanisms as performed
individually. However, in the fridge cabinet, single organic paraffin as a
PCM was encapsulated in aluminum panels in slab form and positioned in
the location of shelves. Due to the limited volume, the freezer cabinet

operated with no PCM.

The following contribution are made in this study:

1- Installation of triple PCMs with nanoparticles (CHS-1) and triple PCMs
without nanoparticles (CHS-2) on the condenser.

2- Implementation of double PCMs (ECS-2) and a combination of single
and double PCMs (ECS-3) on the evaporators.

3- Utilizing PCMs on both the fridge and freezer evaporators.

4- Using copper tubes as a container for PCMs and their arrangement on
the condenser.

5- Using aluminum pouches on the non-functional sides of the evaporators.

6- Experimental investigation of PCMs in the condenser and the evaporator
simultaneously.

7- The use of PCMs together at all locations (condenser, evaporator, and

fridge cabinet).
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CHAPTER 3

MATHEMATICAL MODELLING AND SYSTEM
DESCRIPTION

3.1. Introduction

This chapter is divided into two parts. In the first part, the description and
the thermodynamic processes of the system are explained thoroughly. In the
second part, the mathematical modelling of thermodynamic processes in the vapor
compression refrigeration system based on the principle of conservation of energy
is highlighted.

3.2. System Description

In this study, a household refrigerator that operated on the principle of the
vapor compression refrigeration system was investigated. The household
refrigerator prototype is shown in Figure 3.1. The schematic of the system is
displayed in Figure 3.2, which includes a compressor, condenser, capillary tube,
and evaporator. The condenser was an air-cooled wire and tube model, while the
evaporator was a plate and tube type. Both the condenser and evaporator heat
exchangers utilized natural convection for heat transfer. The compressor was a
hermetic reciprocating single-speed type. R600a (Isobutane) was used as the
refrigerant in this system. The refrigerator had freezer and fridge cabinets, each
with its own evaporator and door. The freezer cabinet included a single tray, while

the fridge cabinet contained three racks of the same size and a chamber for fresh

S



fruit and vegetables. The thermostat was located on the fridge's evaporator. The

specifications of the refrigerator are listed in Table 3.1.

Table 3.1 The specifications of the household refrigerator.

Brand name Cold Universal
Model UNI-275S
Climate type STIT
Total volume (Liter) 260
Freezer Volume (Liter) 55
Fridge Volume (Liter) 205
Rated current (A) 1.0
Rating voltage (VAC) 220 - 240
Energy efficiency class B
Power consumption with starting (kWh/24h) 1.237
Power consumption at a steady-state (kWh/24h) 1.158
Annual power consumption (kWh) 422.67

Compressor model
Compressor type

Embraco - EMY3118Y
Hermetic reciprocating

Compressor speed mode Single speed
Refrigerant R600a
Refrigerant weight (g) 75
Defrost type No defrost
Condenser material Copper
Evaporator material Aluminum
Overall dimension (mm) (Height x Width x Depth) 1700 x 550 x 570
Condenser dimension (mm) (LengthxWidth) 1000 x 500

Evaporator-freezer dimension (mm) (LengthxWidth) 950 x 35

Evaporator-fridge dimension (mm) (LengthxWidth) 380 x 400
Freezer cabinet tray dimension (mm) (LengthxWidth) 390 x 320
Fridge cabinet trays dimension (mm) (LengthxWidth) 450 x 300

The compressor was the starting and ending point of the system process.
The superheated vapor refrigerant ran into the compressor, in which it was
pressurized from low evaporator pressure to high condenser pressure. Then, the
refrigerant was moved to the condenser, where it became a liquid due to heat
transfer with the environment (ambient temperature). After that, the refrigerant
loses pressure and temperature by the capillary tube. Due to the pressure loss, the

refrigerant moved more slowly and became colder as it came out of the capillary
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tube. The refrigerant was entered into the evaporators in liquid and vapor form.
The heat transfer occurs; thereby, the refrigerant has consumed the heat from the
load inside the refrigerator cabinets. This heat extraction caused the refrigerant to
be a superheated vapor, which turned into the compressor, and then the process
begins again (Arora, 2014).

Figure 3.1. Household refrigerator prototype.
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Figure 3.2. A scheme of the household refrigerator system.
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3.3. Mathematical Modelling
The vapor compression refrigeration cycle was the most common system
utilized in household refrigerators. There were four thermodynamic processes

involved in this cycle, as highlighted in Figure 3.4 and outlined below.
1-2 Isentropic compression in the compressor.

2-3 Constant pressure (isobaric) heat rejection in the condenser.

3-4 Isenthalpic expansion (throttling) in a capillary tube.

4-1 Constant pressure (isobaric) heat absorption in the evaporator.

Notably, two of the processes were defined by constant pressure, while the
third was described by constant enthalpy. Thus, although the fourth process was
characterized by isentropic, the P-h diagram represented in Figure 3.5 is still

convenient because the work done was measured by the change in enthalpy.
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Figure 3.4. Standard vapor compression refrigeration cycle.
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Figure 3.5. Standard vapor compression refrigeration cycle on P-h diagram (Arora, 2000).

The components of the system, along with their thermodynamic processes
and heat transfer correlations based on the principle of energy conservation, are

described in the following sections.
The following statement expresses the theory of conservation of energy.
q —w = Ah + AKE + APE (3.1)

Where g and w are the amount of heat transferred into the system and work
done by the component, respectively. Ah is the change in specific enthalpy. AKE

and APE are the change in kinetic and potential energies, respectively.

3.3.1. Compressor Analysis
For the compressor, Q = 0, AKE = 0, and APE = 0.

The refrigerant is compressed adiabatically from low evaporator pressure to
high condenser pressure. This adiabatic compression required work to be

performed under the condition of constant entropy.
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Hence, this work is done by the compressor w and can be defined as:
w=—(h, —hy) (3.2)

Where w is the compressor work done (k//kg) and h, and h, are the

suction and discharge specific enthalpies (k] /kg) of the compressor, respectively.

In addition, the compressor consumes power for its work, so the power
transfer to the compressor or the energy consumption by the compressor E is

expressed as follows:
E = Mref X Ah = Mref X (hy, — hy) (3.3)

Where E is compressor energy consumption (kJ/s) or (kW) and Mref is the

mass flow rate of the refrigerant (kg/s).

Thereby, the refrigerant discharged from the compressor and continuously
circulated in the system during the on-cycle time has a mass flow rate (Mref),

which can be calculated as follows:

. Compressor energy consumption E
Mref = -

Compressor work done w

(3.4)

3.3.2. Condenser Analysis

The refrigerator’s condenser functions as a heat exchanger by converting
superheated vapor refrigerant into saturated liquid through thermodynamic contact
with air. It continually rejects heat, which is extracted by refrigerant within the
cabinets. As a result, no changes in potential or kinetic energies occur, and the
condenser does not perform any work, according to energy conservation theory.
Hence, in the condenser, w = 0, AKE = 0, and APE = 0.

Thus, heat rejection in the condenser, Q4 can be expressed as:
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Qu = Mref X Ah = Mref X (hy — h3) (3.5)

Where h, and h; are the inlet and outlet specific enthalpies (kJ/kg) of

condenser, respectively.

3.3.3. Capillary Tube Analysis

For the capillary tube (adiabatic expansion (throttling)), g =0, w =
0,AKE = 0,and APE = 0.

Therefore, change in enthalpy in throttling Ah = 0

hs = hy (3.6)

3.3.4. Evaporator Analysis

The refrigerator’s evaporator serves as a heat exchanger by changing a
mixture of mostly saturated liquid with some vapor into saturated vapor via
thermodynamic contact with cabinet air. Consequentially, based on the energy
conservation concept, no changes in potential or kinetic energies happen, and the
evaporator accomplishes no work. Therefore, in the evaporator, w = 0, AKE = 0,
and APE = 0.

Thereby, heat extraction by the evaporator, Q; can be stated as:
QL = Mref X Ah = Mref X (hy — hy) (3.7)

Where h, and h, are the evaporator output and input specific enthalpies

(kJ/kg), respectively.
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3.3.5. Freezer and Fridge Cabinets Analysis

The refrigerator cabinets can extract heat from the ambient through their
walls and doors, although they are insulated. In addition to that, the heat is made
by storing products inside them. So, the following equation can be used to

calculate the heat gain from cabinets across their doors and walls:
Q. = UAAT (3.8)

Where Q. is the amount of heat gain through cabinet’ wall and door (Watt),
U is the overall heat transfer coefficient of wall and door (W/m2.°C), A4 is the area
of wall and door (m?), and AT is the temperature difference between inside and
outside of the cabinet (°C).

To find the (U) of each wall and door, it is required to determine the thermal
resistance (R;) of each wall and door. This is because the correlation for

calculating (U) includes the (R;), as stated below.

U==L (3.9)

Ry

Each cabinet's walls are composed of roughly 1 mm of galvanized sheet
steel on the exterior, a 37 mm-thick polyurethane (PUR) foam core, and 2 mm of
high-impact polystyrene (HIPS) on the interior. Also, the doors are made of 1 mm
galvanized sheet steel, 67 mm PUR foam, and 2 mm HIPS on the outside, core,
and inside, respectively, as showed in Figure 3.6. However, in this study, all wall
and door thicknesses were assumed to be PUR foam alone due to the thinness of
HIPS and galvanized sheet steel. As a result, the total thermal resistance of each

wall and door is shown in Figure 3.7.
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Figure 3.7. One dimensional thermal resistance circuit.

Thereby, the total thermal resistance (R;) can be expressed as follows:

RT = Rconvection—l + Rconduction + Rconvection—z (310)

1 L 1
RT_E-l_a-I_hej (3.11)

The inside and outside surface temperatures were assumed for estimating

the internal (h;) and external (h,) heat transfer coefficients. Then, the
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thermophysical properties of the air inside and outside the cabinet are determined

using the mean temperature. The mean temperature (T,,,) can be written as:

_ Ts+Tw

T 5

(3.12)

The mathematical correlations of the Nusselt number (Nu) utilized to
determine the convection coefficient (h) depend on the Rayleigh number (Ra) and
Prandtl number (Pr). Also, Rayleigh number is the product of Grashof number
(Gr) and Prandtl number. Thus, it can be determined by the following correlation
(Holman, 1986):

Ra = GrPr = MP?‘ (3.13)
v
Where the thermal expansion coefficient (f) is determined as follows:
B=— (3.14)

Nevertheless, in vertical walls, the characteristic length (L.) is equal to the

height, while in horizontal walls, it is computed as follows:

L, = ;}— (3.15)

Where (A4;) and (P,) can be calculated from:
Ag = length X width (3.16)
P, = 2(length + width) (3.17)

Due to the vertical and horizontal walls of refrigerator cabinets, different
Nusselt number correlations are employed. Thus, the Eq. (3.18), which was valid

for the entire range of the Rayleigh number, was applied to the vertical walls and
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doors. Additionally, for horizontal walls with hot bottoms and cold tops, Eq.

(3.19), available for a range of (10°-10*?) of the Rayleigh number, was used.

[ [
_ | 0.387Rab |
Nu =|0.825 + 7 | (3.18)
[ o
Nu = 0.27 Rai (3.19)

Eventually, the heat transfer coefficients are obtained by the following

equation:

hie =k (3.20)

3.3.6. Coefficient of Performance (COP)

The performance of refrigeration systems is evaluated by the coefficient of
performance (COP). The refrigerator COP is the ratio of evaporator heat extraction

(refrigeration effect) to compressor work done, as expressed below:

COP = Refrigeration ef fect _ hi—hy (3.21)

Compressor work done h,—h4

3.3.7. Phase Change Material

The storing energy in the PCMs was based on their latent heat of fusion.
Thus, the following formula can be used to calculate the amount of latent energy
stored.

Qpem = M X hy (3.22)

Where Q. is the amount of stored latent energy (kJ), M is the mass of

PCM (kg), and h¢ is the PCM latent heat of fusion (kJ/kg).
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3.3.8. Estimation of Required Mass

In this section, the final forms of the equations developed for calculating the
proper masses of PCMs are described. For the condenser, by substituting Eg. (3.5)
into Eq. (3.22) and multiplying by a compressor on time (Ton) cycle, Eq. (3.23)
was derived and applied to compute the required mass of PCM as follows:

M= 2xTon (3.23)
hy

Similarly, the same condenser method was used for the evaporators by
substituting Eq. (3.7) into Eg. (3.22) and multiplying by a compressor on time

(Ton) cycle, Eq. (3.24) was developed and used to calculate the required mass of
PCM as follows:

M= %XTon (3.24)
hy

However, the mass of PCM was determined for the fridge cabinet by
substituting Eqg. (3.8) into Eq. (3.22). Then, multiplying it by a compressor off

time (Tos) cycle, EQ. (3.25) was developed as follows:

M = Qc X Toff (325)
hy

In the abovementioned correlations (Q, Q,, and Q) should be in kilowatts
to estimate masses in kilograms. Additionally, (Ton) and (To) times should be

expressed in seconds.
3.3.9. Percentage of Improvement

The improvement percentage was calculated using the following

correlation:

New value — Original value

Percentage improvement (%) = X 100 (3.26)

Original value
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CHAPTER 4

EXPERIMENTAL WORK

4.1. Introduction

In this chapter, the experimental works are performed and thoroughly
described. Initially, it covered the installation of data loggers for energy, pressure,
and temperature. Then, the employment, positioning, and distribution of
temperature sensors on the system's components are emphasized. Finally, the
PCM selection, PCM preparation, PCM nanoparticle inclusion, experimental
procedures for installing PCMs, experiments, data acquisition, and uncertainty

analysis are explained.

4.2. Energy Data Logger

A Zhurui power recorder (PR10), purchased from Shenzhen Zhurui
technology company, was utilized for recording energy consumption. Its
specification was listed in Table 4.1. It had an easy setup form, as shown in Figure
4.1. The refrigerator wire plug was directly plugged into the PR10’s socket. It
measured the voltage, current, power, power factor, and frequency. It also
measured accumulated electricity consumption, electricity bills, and electricity
time of a variety of electrical appliances. It was daily recorded as a chart or list
form. According to the company's PR10 description, it was suitable for measuring,
screening, and recording power usage in household appliances. The calibration
was done against a high accuracy Universal digital multimeter (UNI-T UT89X),

and the results are in Appendix A.
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Figure 4.1. Zhurui power recorder (PR10) and its setup.

Table 4.1 Specifications of Zhurui (PR10) power recorder.

Parameters Specifications
Accuracy +0.5% FS
Rated voltage 85 - 265 VAC
Rated power < 2.5 Watt
Current range 0.005-15A

Power range 0.1 - 3750 Watt
Energy range 0 - 999999 kWh
Bill range 0 - 999999
Time range 0 - 999 days
Power factor range 0-1
Outline size 125X79%39 mm

4.3. Pressure Gauge Data Recorder

Recording the compressor's pressures were performed by Elitech PGW-500
wireless digital pressure gauge and analog Hongsen pressure gauges, as depicted
in Figure 4.2. They were acquired from Elitech technology company and Zhejiang
Hongsen machinery company. The PGW-500 and Hongsen gauges specifications
are presented in Table 4.2. The PGW-500 calibration results against Hongsen

pressure gauges are presented in Appendix B. The PGW-500 was programmed to
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record pressure every 30 seconds. It was used and swapped with the Hongsen
pressure gauges on the suction and discharge lines of the compressor during the

48 hours of each experiment, which can be seen in Figure 4.3.

Figure 4.3. Set up of Elitech PGW-500 and Hongsen pressure gauges.
71



Table 4.2 The specifications of the Elitech PGW-500 and the Hongsen gauges.

e .- . Hongsen
Specification Elitech PGW-500 Low side High side
Accuracy +0.5% FS +1% FS +1% FS
Refrigerant 87 types 4 types 4 types
Units psi, cmHg, inHg, bar, kPa, MPa, kg/cm?  psi, kg/lcm?  psi, kg/cm?
Range -14.5-500 psi -30-250 psi 0 —500 psi
Offline records 9943 readings - -

4.4. Temperature Sensors and Data Logger

For measuring and recording temperatures, high-quality resistance
temperature detector (RTD PT100) sensors and a 16-channel temperature data
logger (KCM-LCD16) were ordered from Yuyao Kingcreate Instruments
Company, as demonstrated in Figure 4.4. Their specifications are provided in
Table 4.3. The sensors were calibrated using a J-type thermocouple, and the
calibration data are given in Appendix C. The data logger recorded data each

second through a memory card.

Table 4.3 Specification of temperature sensors and temperature data logger.

Temperature sensors Temperature data logger
Parameters Specifications Parameters Specifications
Name RTD Brand name Kingcreate
Type PT 100 Model number KCM-LCD162WDATA
Accuracy +0.5% Measured input Thermocouple & RTD
Temperature range -200 — 250 °C Record storage Micro memory SD card
Probe diameter 4 mm Record interval 1 second — 1 hour
Probe length 30 mm Accuracy +0.5%
Probe material Stainless steel Channel 16
Cable length 2000 mm Display range -1999 - 1999

4.5. Implementation and Positioning of Temperature Sensors
In this section, the implementation and location of temperature sensors on

the refrigerator's components are demonstrated and described. As shown in Figure
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4.5, fifteen sensors were mounted on the components to detect their temperatures.

The location of the sensors is displayed in Table 4.4. The mechanism of

implementing sensors on each component is explained in the

subsections.

following

Data logger

SO

Figure 4.4. Temperature sensor and data logger.
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Figure 4.5. Location of temperature sensors.
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Table 4.4 Location of temperature sensors.

Name Location
T1 Discharge of compressor
T Top of condenser
T3 Middle one of condenser
T4 Middle two of condenser
Ts Bottom of condenser
Te Inlet of evaporator (freezer)
T7 Outlet of evaporator (freezer)
Ts Inlet of evaporator (fridge)
To Outlet of evaporator (fridge)
Tio Suction of compressor
Tu Top compartment freezer cabinet
T2 Bottom compartment freezer cabinet
Tis Top compartment fridge cabinet
T Middle compartment fridge cabinet
Tis Bottom compartment fridge cabinet
T16 Room (ambient)

4.5.1. Sensor Installation on the Condenser

Four temperature sensors (T2, Ts, T4, and Ts) were placed on the condenser
surface tubes, as displayed in Figure 4.6. The procedure and technique of
implementing sensors on the condenser are seen in Figure 4.7. The process was
commenced by preparing a copper tube. It had the same length as the sensor probe.
Also, the inside diameter of the copper tube was matched to the diameter of the
sensor probe to make sure the copper tube and the sensor were in good thermal
contact. Next, the copper tube's end was wrapped around the condenser tube and
welded in the wrapping area. Then, the welding area and copper tube were painted
to match the condenser tubes in color. Finally, the probe sensor was inserted into
the copper tube.
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6

Figure 4.7. The installation processes of temperature sensors on the condenser.

4.5.2. Sensor Installation on the Compressor

An increase or decrease in compressor temperatures can affect the
compressor's lifespan and efficiency. Accordingly, to evaluate PCM's impact on

compressor temperatures, two sensors were mounted on the compressor's suction
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and discharge surface tubes, as displayed in Figure 4.8. The sensors' setup method

was comparable to that of the condenser.

.

- H
8

Compressor

Figure 4.8. Location of temperature sensors on compressor.

4.5.3. Sensor Installation on the Evaporator

As described in the previous chapter, the refrigerator consisted of two
cabinets, each with an evaporator. The evaporators were connected in a series.
Thus, four temperature sensors were attached to the surfaces of the tubes at the
inlet and exit of each evaporator. The sensors were implemented using the same
concept and technique as in the condenser. The location and configuration of

temperature sensors are depicted in Figure 4.9.

Refrigerator cabinet

Fridge @

M M

Figure 4.9. Location and arrangement of temperature sensors on evaporators.
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4.5.4. Sensor Installation in the Cabinets

As shown in Figure 4.10, five temperature sensors were embedded in the
middle of each tray in the cabinets to measure the average temperatures. Two
sensors were in the freezer and three in the fridge. A cone-shaped piece of plastic
was used and cut at the sharp end to support the sensors. A small area of the sensor
probe was inserted into the hollow cutting area. The cutting area had the same
diameter as the sensor probe to completely capture the sensor. Lastly, the plastic

cone was put on the cabinet tray with silicon, as can be seen in Figure 4.11.

A N T
=

| Freezer cabinet | | Fridge cabinet |

Figure 4.10. Location of temperature sensors in the cabinets.

X | <= Sensor probe
9\—"-\— Cut -
/ 4 [

'8
!

ff’ \\* f,’ \\ * / \\ ‘ / 1 Silicon
Ly
Cabinet tray

Cone plastic shape

Sensor wire

Figure 4.11. Steps of preparing and installing sensors in the cabinets.
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4.6. Selection of PCMs

Although PCMs had low thermal conductivity, they were effective in
improving the overall heat transfer requirements of a condenser or an evaporator
using air as the exterior fluid and natural convection as the heat transfer method.
The potential of PCMs to store energy is based on their latent heat of fusion.
Therefore, any changes in it will cause the phase change temperature of PCMs to
change. So, for refrigerators, the thermal and chemical composition of PCMs
should not undergo any changes in their melting and solidification phases because
it acts on their latent heat and phase change point. Hence, the two most important
properties of the PCM were the phase change temperature and the latent heat of
fusion (Azzouz et al., 2005).

Thereby, to choose an effective PCM for a specific application, the melting
point of the PCM must be taken into account. Accordingly, PCMs have been
selected mainly based on their phase change temperature. In addition, it was
crucial to account for a temperature difference of 5°C to 10°C between the PCM
phase change temperature and the maximum working temperature of the
application. Furthermore, the temperature interval of 5°C to 10°C of PCMs in the
melting to solidification and vice versa should be considered to overcome the
supercooling problem of PCMs, particularly salt hydrate inorganic PCMs (Lane
and Lane, 1983). The phenomenon of supercooling describes the situation in
which a liquid does not solidify or crystallize despite being cooled below its

freezing point (Hu et al., 2017).

In this study, the proper PCMs have been selected using the data collected
from the temperature sensors mounted on the refrigerator’s components. At first,
to choose PCMs for the condenser, four sensors were attached to the condenser,

as seen in Figure 4.12. Thereafter, the condenser area was divided into four
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sections based on the temperatures measured by the sensors from T;-Ts, as shown
in Figure 4.12. The line between the condenser and the compressor was considered
a condenser section because it contributed to the condenser cooling. Next, based
on the aforementioned suggestion by (Lane and Lane, 1983), the PCMs for the

condenser parts have been selected.

However, for evaporators, (Berdja et al., 2020) recommended selecting
PCMs with phase change temperatures between the maximum and minimum
surface temperatures of the evaporator for charging the PCM. Thus, four
temperature sensors were installed on the inlet and outlet tubes of the freezer and
fridge evaporators to determine suitable PCMs, as seen in Figure 4.9. Alongside
this, the phase change temperature of the selected PCM must be lower than or
between the maximum and minimum temperatures of the cabinet to support the
cabinet's temperature. Additionally, the solution proposed by (Lane and Lane,
1983) to solve the subcooling problem has been considered. Moreover, the PCM
was selected for the fridge cabinet in which they melted and solidified between
the maximum and minimum temperatures of the cabinet. The selected PCMs and

their properties are tabulated in Table 4.5.

The PCMs were purchased from Rubitherm, Germany, except for distilled
water. The DSC graphs between latent heat of fusion and temperature of RT44HC,
RT35HC, RT28HC, RT4, SP-7, and SP-17 are provided in Appendices D, E, F,
G, H, and I. The RT44HC, RT35HC, RT28HC, and RT4 are organic paraffin
PCMs. However, SP-17 and SP-7 are mixture of inorganic hydrate salts
(ammonium chloride + potassium hydrogen carbonate + distilled water) and
(sodium carbonate + potassium hydrogen carbonate + distilled water),
respectively. The application of each PCM in each experiment for the evaporators,

fridge cabinet, and each condenser part is explained in detail in the section 4.11.
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Figure 4.12. The parts of the condenser.

Table 4.5. Specifications of selected PCMs.

Name | Type of PCM h Cp | Psolid | Priquid | K | Tph | Tinterval.ph.
RT44HC Organic 250+7.5% 2 800 700 |02 44 | 41t044
RT35HC Organic 240+7.5% 2 880 770 02| 35 34 1o 36
RT28HC Organic 250+7.5% 2 880 770 02| 28 27t0 29

RT4 Organic 175+£7.5% 2 870 770 02| 4 2to 4

SP-17 Inorganic 300+7.5% 2 1200 | 1100 | 0.6 | -17 | -17to-22
SP-7 Inorganic 290+7.5% 2 1125 | 1115 |06 | -7 -6 to0 -8

Water | Distilled water | 330£7.5% |4.186| 920 | 1000 |0.6] O 0

4.7. Required Mass of PCMs

Determining the proper mass for PCMs was a crucial challenge, as their
excess or insufficiency can impact the refrigerator's performance. The masses are
determined using the correlations from the previous chapters. Based on Eq. (3.23),
the minimum mass required was about 0.813 kg for the condenser if each
RT44HC, RT35HC, or RT28HC was utilized. Nevertheless, utilizing this mass

will have a minimal influence on the refrigerator's energy consumption and
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functionality because the compressor's off-cycle time was shorter than the time
required to solidify the PCM. This was based on a study by (Gao et al., 2020) that
used paraffin as a PCM to determine its melting and solidification times. As a
result, the total solidification time was longer than the total melting time. The
longer solidification phase was due to the fact that it included two main heat
transfer steps. At the commence of solidification, the PCM was a liquid. The
primary mechanism of heat transfer was free convection, and the level of PCM
solidification was optimum during this stage. Once the solidification cycle
proceeded, the amount of solid PCM rose, the natural convection method slowed,
and heat conduction became the primary method of heat transfer. Since free
convection was no longer the primary heat transfer method, the solidification
process slowed down because organic PCMs exhibit low thermal conductivity.
Hence, excess PCM mass was necessary for keeping a sufficient quantity of PCM
in the solid state during the compressor's on-cycle time. The quantity of additional
PCM mass should not exceed twice the calculated amount because (Gao et al.,
2020) found that the solidification time of paraffin was about 2-3 times larger than

the melting time. Accordingly, 1.5kg of PCM have been applied to the condenser.

Nevertheless, the estimated masses for freezer and fridge evaporators were
0.439%g and 0.037kg, respectively, according to the Eq. (3.24). Similarly to the
condenser, these masses, if employed, will have a minimal effect on the overall
performance of the refrigerator. Thus, extra mass is needed. However, the amount
of PCM employed should not raise the freezer and fridge cabinet temperatures
above the standards. As in this study, the freezer and fridge cabinets should not
exceed -18°C and 5°C, respectively, according to ISO standards (ISO
15502:2005). Besides this, the maximum PCM mass deployed for the freezer and
fridge evaporators was 0.8kg and 0.8kg, respectively.
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The primary criterion for installing PCMs in cabinets is that they do not
reduce the cabinet volume significantly. Therefore, only the PCM was installed in
the fridge cabinet due to the limited space in the freezer cabinet. The first step in
computing the PCM mass of the fridge cabinet was finding the overall heat transfer
coefficient for each wall and door, as represented in Figure 4.13. The procedure
for finding the overall heat transfer coefficient includes the steps described below.
At first, the interior and exterior surface temperatures of the walls and door of the
fridge cabinet are assumed. In addition, using Eq. (3.12), the mean temperature
has been calculated to obtain the Prandtl number and Kinematic viscosity of air at
1 atmospheric pressure. Further, in Eq. (3.13), the Rayleigh number is calculated.
The thermal expansion coefficient and characteristic length are calculated using
Egs. (3.14) and (3.15). Furthermore, the Nusselt number was found by applying
Egs. (3.18) and (3.19) for vertical and horizontal walls, respectively. Moreover,
through the empirical correlation of the heat transfer coefficient in Eq. (3.20), its
value has been determined and inserted in Eq. (3.11) to compute the total thermal

resistance. Lastly, the total heat transfer coefficient is calculated using Eq. (3.9).

Later, depending on Eq. (3.8), the heat transfer gain to the fridge cabinet
through the walls, door, and gasket is estimated, as reported in Table 4.6.
Afterward, the total heat gain is inserted into Eg. (3.25), and the minimum mass
required is 0.175 kg. However, this mass is the minimum needed for regulating
temperature fluctuations within the cabinet. Hence, the additional mass could
reduce temperature fluctuations significantly. As such, 1kg was applied in this
study. A sample of calculations for the condenser and evaporator are presented in

Appendices J and K, respectively.
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Table 4.6. Overall heat transfer gain of fridge cabinet.

U A Ta Tint. AT Qc
Component \vym2ec)  (m3)  (°C)  (°C)  (°C)  (wam
Right wall 0.430 0.541 25 1.10 23.90 5.553
Left wall 0.430 0.541 25 110 23.90 5.553
Back wall 0.428 0.621 38 1.10 36.90 9.799
Top wall 0.936 0.254 -22 1.10 -23.10 -5.490
Bottom wall 0.677 0.254 37 110 3590 6.168
Door 0.303 0.621 25 1.10 23.90 4.500
Gasket 9.073 0.034 25 1.10 2390 7.330
Total heat gain 33.411
Freezer cabinet
Q
- Top wall D
E i:;kv::::l Fridge cabinet
[ right watl
I:IBottom wall
I:I Door

Figure 4.13. Cabinets of refrigerator.

4.8. Preparation of PCMs
This section addresses the preparation process of PCMs for use in the
condenser, evaporator, and cabinets.

4.8.1. Preparation of PCM for the Fridge Cabinet

The PCM was encapsulated in an aluminum panel of the same size as the

cabinet trays. A Rubitherm company-manufactured aluminum panel had a
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dimension of (450*30*10 mm) and was filled with 0.333 kg of organic RT4 PCM

used for the fridge cabinet, as viewed in Figure 4.14.

Figure 4.14. Rubitherm-manufactured aluminum PCM panel.

4.8.2. Preparation of PCM for the Evaporator

As seen in Figure 4.15, PCMs were encapsulated in aluminum pouches. The
dimensions of the aluminum pouches mirrored the dimensions of the evaporator
faces. The thickness of the pouches was 1 mm. The pouches are ordered from
Rubitherm. The purpose of using aluminum pouches was to achieve good thermal

contact with the evaporators.

Figure 4.15. Rubitherm-manufactured aluminum pouches.
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4.8.3. Preparation of PCM for the Condenser

For the condenser, PCMs were encased in copper tubes. The thirty copper
tubes were fabricated for condenser parts 2 and 3, as indicated in Figure 4.16. For
each part, 15 tubes with a 30 cm length, 1.6 cm diameter, and 0.2 cm thickness,
each carrying 0.045kg of PCM, were manufactured. Whereas, for condenser part
1, a copper tube with a length of 95 cm, a diameter of 1.6 cm, and a thickness of
0.2 cm that can hold 0.150 kg of PCM was created using the same technique as in
Figure 4.16. The goal of employing copper tubing was to achieve proper thermal

contact with the condenser tubes.

Preparing a 30-cm-length
and a 1.8-cm-diameter
copper tube

Welding the copper tube
on one side

Filling copper tubes with

Made 31 copper tubes PCMs

Figure 4.16. Copper tube fabrication process.

4.9. PCM Nanoparticle Inclusion

PCMs, especially organics, exhibit weak thermal conductivity. Hence,
several studies improved the thermal conductivity of PCMs by adding metal oxide
nanoparticles (Arshad et al., 2020), metal nanoparticles (Kumar et al., 2020), and
expanding graphite (Cheng et al., 2010) into them. So, in this study, copper oxide
(CuO) nanoparticles were added to the RT35HC PCM. The addition of
nanoparticles was accomplished using the same technique and procedure as
(Arshad et al., 2020) experimentally added CuO nanoparticles to RT35HC. This
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study also utilized the same nanoparticle percentage, type, and specifications used
by (Arshad et al., 2020).

The nanoparticle inclusion procedure was practiced firstly by melting
RT35HC in a hot water bath at a constant temperature of 70 °C. Then, sodium
dodecylbenzene sulfonate (SDBS) was incorporated as a surfactant into RT35HC
at a weight percentage ratio of 4:1 of the nanoparticles to improve the dispersion
stability. SDBS is a high-concentration anionic surfactant with dispersing,
detergency, foaming, emulsification, and moistening capabilities. It
was acknowledged as a nontoxic chemical. The properties of CuO and SDBS are
presented in Table 4.7, which they purchased from Baoji GuoKang Bio-
Technology company. Thereafter, for 30 minutes at 70°C, RT35HC and SDBS

were stirred continuously at 450 rpm.

[

|d) Magnetic stirring of RT35HC
a) RT35HC sample b) Fully melted RT35HC ¢) SDBS sample iand SDBS, and at 70°C and 450

irpm for 30 min.

[
‘l‘) Magnetic stirring of RT35HC,| g) Ultrasonication for a mixture
€) CuO nanoparticles sample [SDBS, and CuO nanoparticles at | of RT35HC, SDBS, and CuO

i70°(' and 450 rpm for 3 hrs. nanoparticles at 70°C for 60 mi.n.]

h) Nano composite phase change
material (NCPCM) sample.

Figure 4.17. PCM Nanoparticle inclusion procedures.
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Later, 1.0 wt.% CuO nanoparticles were introduced to RT35HC and stirred
for an additional 3 hours to establish a stable and homogeneous nanoparticle
dispersion. Further, a mixture of RT35HC and CuO nanoparticles was subjected
to an ultrasonication procedure at 40 kHz for 60 minutes to disperse nanoparticles
more effectively and reduce agglomeration and sedimentation. Eventually, the
PCM nanoparticle inclusion sample was cooled to room temperature and named
nanocomposite phase change material (NCPCM). The processes of producing
NCPCM are viewed in Figure 4.17. The results of the nanoparticle addition on
PCM’s properties reported by (Arshad et al., 2020) are listed in Table 4.8.
Nanoparticle dispersion in RT35HC did not change the chemical structure of
RT35HC. Additionally, the percentage increase in thermal conductivity was 55

and 38 for solid and liquid phases, respectively.

Table 4.7 Properties of CuO nanoparticles and SDBS.

CuO SDBS

Property Value Property Value

Particle size 40 nm Chemical name SDBS
Surface area 29 m?/g Molecular formula  C18H29NaO3S

Density 3.9g/mL Color White
Form Nano powder Form Powder

Purity 99.5 % Purity 98 %
Particle shape Spherical Stability Stable

Molecular weight 79.55 g/mol Molecular weight 348.48 g/mol

Table 4.8. Thermophysical experimental properties of RT35HC and NCPCM.

Properties RT35HC NCPCM
Melting temperature (°C) 34.06 - 36.06 34.70 - 36.44
Solidification temperature (°C) 31.47-31.71 31.13-31.71
Specific heat (liquid) (J/g. °C) 1.77 2.13
Specific heat (solid) (J/g. °C) 1.88 2.32
Thermal conductivity (liquid) (W/m. K) 0.34 0.469
Thermal conductivity (solid) (W/m. K) 0.214 0.331
Latent heat of fusion (melting) (kJ/kg) 250.88 233.91
Latent heat of fusion (solidification) (kJ/kg) 260.79 235.42
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4.10. Experimental Procedures
In this section, implementation forms of PCMs on the condenser,

evaporator, and inside the cabinets are explained as follows.

4.10.1. PCM Implementation in the Fridge Cabinet

Aluminum PCM panels were inserted into the locations of trays within the
cabinet. The PCM-containing aluminum panels were positioned horizontally, as
explained in Figure 4.18. Even though (Pavithran et al., 2021) shown that the
combination of horizontal and vertical positioning yields superior results, the

restricted volume posed a challenge.

Figure 4.18. The position of aluminum PCM panels in the fridge cabinet.

4.10.2. PCM Implementation on the Evaporator (Freezer)

The plate-and-tube evaporator inside the freezer cabinet had three sides,
which can be seen in Figure 4.19. The experimental tests were accomplished by
applying PCM on these three non-functional faces in a separate case, as presented

in Figure 4.19. PCMs were encapsulated in aluminum pouches and attached to the
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faces to provide good thermal contact. The dimension of the aluminum pouches
was 35 by 30 mm. The dimension was the same for all aluminum bags that contain
different PCMs. However, the mass of the PCMs within the pouches varied
depending on the experiments.

PCM on Top Face PCM on Bottom Face PCM on Back Face

Figure 4.19. PCM configuration on the evaporator (Freezer).

4.10.3. PCM Implementation on the Evaporator (Fridge)

A plate and tube evaporator within the fridge cabinet was rectangular with
only one face, as shown in Figure 4.20. According to Figure 4.20, the PCMs were
mounted on the non-operational top and bottom parts of the backside. PCM
implementation was the same as achieved in the evaporator (freezer). However,
the PCMs differed in mass.
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PCM on Back Face

Figure 4.20. PCM setup on the evaporator (Fridge).

4.10.4. PCM Implementation on the Condenser

A wire and tube condenser was divided into four parts. As a part, the
distance between any two temperature sensors was specified, as described in
Figure 4.21. This partition aimed to select a suitable PCM and its phase change
temperature. Therefore, depending on these partitions, the commercial organic
paraffins (RT44HC, RT35HC, and RT28) were chosen. The copper tubes
containing PCMs were attached to the condenser tubes in parts 2 and 3, as given
in Figure 4.21. Their location was between the refrigerator's back wall and the rear
surface of the condenser tubes. While, for condenser part 1, it connected with the
condenser tube. The area of thermal contact between the PCM tubes and condenser
tubes was small. However, this was done to minimize the amount of heat absorbed

by the PCMs, which is passed to the condenser tubes and then to the refrigerant
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during the compressor off-cycle period. This phenomenon has been confirmed in
the studies that applied PCMs to the condenser, which reduced the refrigerator's

overall functionality.
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Figure 4.21. Copper tube arrangement on the condenser sections.

4.11. Experiments

In this section, the type and amount of PCMs used in each experiment
including PCMs are thoroughly explained. The ISO guidelines (ISO 15502:2005)
for testing the energy consumption of household refrigerators were followed in the
experiments. The 1SO standards proposed testing a refrigerator with empty
cabinets and closed doors in an environment with a temperature of 25+0.5°C and
a relative humidity between 45% and 55%. Additionally, the freezer and fridge
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cabinets should be kept at temperatures below -18°C and 5°C, respectively.
Accordingly, a split air conditioner and humidifier were used to maintain the test
room's temperature at 25+0.5°C and the relative humidity between 45% and 55%.
Initially, the first experiment was conducted on a household refrigerator without a
PCM. The name and label of this experiment were household refrigerator (HR).
The measured temperatures for this test are displayed in Table 4.9. Thereafter, the

experiments with PCMs have been conducted as described below.

Table 4.9. The observed temperatures for the first experiment (HR).

Measured value (°C)

NE On cycle Off cycle sl
T1 73.49 33.01 Discharge of compressor
T2 48.96 28.51 Top of condenser
T3 48.08 26.94 Middle one of condenser
T4 43.48 24.92 Middle two of condenser
Ts 27.70 24.68 Bottom of condenser
Te -30.77 -5.65 Inlet of evaporator (freezer)
T7 -30.76 -14.33 Outlet of evaporator (freezer)
Ts -29.44 -1.39 Inlet of evaporator (fridge)
To -15.17 -0.92 Outlet of evaporator (fridge)
Tio 20.64 30.65 Suction of compressor
T -22.03 -18.32 Top compartment freezer cabinet
T12 -25.01 -19.62 Bottom compartment freezer cabinet
T13 0.48 2.46 Top compartment fridge cabinet
Tia 0.34 1.38 Middle compartment fridge cabinet
Ti1s 0.16 1.76 Bottom compartment fridge cabinet
Ti6 25+ 0.5 25+0.5 Room (ambient)

4.11.1. Application of PCM in Condenser

On the condenser side, three experiments were considered, as listed in Table
4.10. The experiments are named condenser heat storage (CHS) and linked with
an experiment number. The average temperature of each section was decisive in
the choice of PCM for it. Thus, for section 1, the maximum average temperature

between sensors T; and T,, which was 61.23°C, was taken into account.
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Additionally, the maximum average temperature between sensors T, and T3 was
48.52°C for section 2. Furthermore, the maximum temperature between sensors
T3 and T4 in section 3 averaged 45.78°C. Section 4 was not coated with PCM in
any experiment since its average maximum temperature (35.59°C) was close to

the ambient temperature.

For section 1, RT44HC was implemented in all three cases because this
section provided a higher temperature. The difference between the PCM melting
temperature and the room temperature was higher than the discrepancy between
the PCM melting temperature and the maximum average section temperature,
allowing the PCM to solidify significantly. Consequently, sections 2 and 3

represented the difference between experiments.

In CHS-1, NCPCM and RT35HC were adopted for parts 2 and 3,
respectively. The difference between the melting point of the PCMs used in this
case and the maximum average part temperature and the room temperature was
about more than 10°C. Nonetheless, the difference between CHS-1 and CHS-2
was in the PCMs for sections 2 and 3. The RT35HC and RT28HC were installed
in sections 2 and 3, respectively. In section 3, the gap between the PCM phase
change point and the room temperature was about 5°C. Triple PCMs were applied
in both of the abovementioned experiments. Nevertheless, CHS-3 included double
PCMs. Parts 1 and 2 had RT44HC, whereas part 3 had RT35HC. The maximum
average temperature of section 2 was around 5°C higher than the PCM phase

change temperature.

Table 4.10. Experiments on the condenser.

Experiments | Name | Section-1 | Section-2 | Section-3 | Section-4
Experiment1 | CHS-1 | RT44HC | NCPCM | RT35HC
Experiment2 | CHS-2 | RT44HC | RT35HC | RT28HC
Experiment3 | CHS-3 | RT44HC | RT44HC | RT35HC
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4.11.2. Application of PCM in Evaporator

On the evaporator side, three experiments have been conducted, as given in
Table 4.11. The experiments are termed evaporator cold storage (ECS) and
assigned a number. In all cases, the same amount of PCM was utilized to compare
the efficiency of PCMs in improving the refrigerator's overall performance. For
both evaporators in the ECS-1, a single PCM has been used. According to Table
4.9, the average inlet and outlet temperatures of the freezer evaporator during the
off and on cycles were between -9.99°C and -30.77°C, respectively. Also, the
freezer cabinet fluctuated between -18.97°C and -23.52°C. Thus, SP-17 was
chosen, as its interval phase change temperature ranges from -17 to -22. Moreover,
the average input and output temperatures of the fridge evaporator for the off and
on cycles were -1.16°C and -22.30°C, respectively. In addition, the average
temperature in the fridge cabinet was 1.10°C. Hence, SP-7 was applied to the
entire back side of this evaporator since it could charge at the evaporator

temperature and melt at the cabinet temperature.

Nevertheless, in the ECS-2, double PCMs with different freezing points
were deployed on both evaporators. PCMs were arranged toward the surface
temperatures of the evaporators. In other words, PCMs with low-freezing
temperatures were fitted on the sides of the evaporators where the temperature
within the cabinet was higher than elsewhere. As such, SP-17 was used for the top
and back surfaces, while SP-7 was for the bottom surface of the freezer evaporator.
Also, for the fridge evaporator, SP-7 and distilled water were applied to the top
and bottom parts, respectively. The SP-7 was outside the operating temperature
range of the freezer evaporator. It was chosen because it could remain frozen and
support the second evaporator in keeping the temperature of the fridge cabinet

within ISO guidelines. In addition, as distilled water has a higher latent heat of
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fusion than SP-7, the fridge cabinet might become warmer than when using SP-7
alone. The higher latent heat of fusion required more refrigeration capacity to
reach complete freezing. In ECS-3, the same PCM as in ECS-1 and ECS-2 was

used for the freezer and fridge evaporators, respectively.

Table 4.11. Experiments on the evaporator.

S| N Freezer evaporator Fridge evaporator
Top Back | Bottom Top part Bottom part
comimen | Ecs1 | 025 0250 |03 | 050 | 0ok
comimenz | Ecs2 | 02K 0250 03| 0gkg | oo
coimens | e | 025K 0250 0| ogke [ oo

4.11.3. Application of PCM in Condenser and Evaporator

In this case, PCMs were tested on both the condenser and evaporator
simultaneously to overcome the drawbacks of using them individually. The most
efficient experiments on the condenser and evaporator were combined. This

experiment is titled dual energy storage (DES).

4.11.4. Application of PCM in Condenser, Evaporator, and Fridge Cabinet

The goal of this experiment was to improve the fridge cabinet's temperature
variations and the refrigerator's overall efficiency. This experiment included
(DES) and three aluminum PCM panels on the upper, middle, and lower partitions
of the fridge cabinet. Thus, the title of this test was combined energy storage
(CES). Each PCM panel contained 0.333kg of RT4. The RT4 was selected for this
test since its interval temperature ranges from 2°C to 4°C, and the fridge cabinet

temperature fluctuates between 0.33°C and 1.87°C.
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4.12. Data Acquisitions
After installing data recorders, sensors, and PCMs, experiments were

initiated at the room temperature maintained at 25+0.5°C by a split unit air
conditioner. The data was collected over two days, the first 24 hours including

starting operation and the second 24 hours comprising only steady-state operation.
Data recording intervals of one second for temperature and thirty seconds for
pressure have been established. Nonetheless, the energy consumption has been
recorded for an entire day. After the data gathering, the data analysis was
performed, which involved the distinguishing data for each refrigerator cycle of a
24 hours operation. The total number of cycles varied according to the
experiments. The cycle consisted of an automatic on and off time. Maximum and
minimum temperatures and pressures were determined for each cycle. The
maximum and minimum temperatures and pressures of all cycles during 24 hours
were averaged to determine the correct values. Then, the averaged values are used
to determine the enthalpies of four points, which are shown in Figure 3.5. The
enthalpies were determined using the Danfoss Coolselector®2 software version

4.8.2, which calculated the refrigerant properties given in Figure 4.22.

+¥% Refrigerant Calculator -0 X
Input T p v d h g8 x Cp Cv  Viscosity Conductivity Speed of sour
°C bar m~3kg kg/m~3 klkg kij(kg'K) kikg kljkg Pa's W/Hm~K) m/s
Refrigerant: Saturated gas: Gas or twopl!
R134a ~ o Known value: 2 known val
Enter known value(s): T p d h 5 T P

p= 0 bar s= 0 kJf(kg'K)

Saturated liquid:
Known value:
d= 0 kg/m~3 X = 0.5 T p d h s

v Indude h,s,x ® Density input Specific volume input

Show refrigerant information ¥ Clear grid X Close

Figure 4.22. Danfoss Coolselector®2 software version 4.8.2. refrigerant calculator.
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Moreover, the refrigerant mass flow rate was computed by dividing the
compressor's power consumption by its work done. Finally, the COP, Qu, and Q.
are calculated and discussed thoroughly in the following chapter through

tabulations and graphs.

4.13. Uncertainty Analysis

Due to the existence of systematic, bias, and random errors during the
measurement, uncertainty is required for the instruments, apparatus, and sensors.
Therefore, the following correlation provided by (Holman, 2021) has been used to
estimate the uncertainty of RTD temperature sensors and Elitech PGW-500
pressure gauge in this study. A sample of calculations for each one is presented in

Appendix L, and the results are listed in Table 4.12.

i, (xi— %)?

= Nx(N-1)

(4.1)

where U is the uncertainty, N is the number of readings, x is the average
value of all the readings taken for the X variable, and the result of the i

measurement is represented by x;.

Table 4.12. Results of uncertainty.

Instrument Uncertainty
Temperature sensor +0.044
Pressure gauge (Elitech PGW-500) +0.006
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CHAPTER 5

RESULTS AND DISCUSSION

5.1. Introduction

This chapter explained and discussed the results of all experiments
conducted on the household refrigerator with and without PCM. The findings are
divided into two 24-hour periods. The first 24 hours included the startup operation,
while the second 24 hours covered the steady-state operation. In this study, the
first 24 hours of operation were not taken into account because it included the
startup operation. The startup operation was not required in testing the energy
consumption of household refrigerators according to the I1SO standard (ISO
15502:2005). Therefore, the other characteristics of refrigerators were also
ignored during this period. In steady-state operation, the energy consumption,
COP, temperatures of the refrigerator’s components, and the pressure and
temperature of evaporation and condensation in a home refrigerator with and
without PCM have been compared. Tables 5.1 and 5.2 show the results of
experiments for different parameters. Also, the refrigeration cycle for all the
experiments on the P-h diagram is presented in Figures 5.1, 5.2, and 5.3. Thereby,
the following sections covered the discussion and explanation of the results of the

steady-state operation.
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Table 5.1. The results of experiments for different parameters.

Temperatures (°C)

Compressor on/off periods

Condenser Evaporators (min)
Tests
Sections Freezer Fridge Per cycle Per 24h
Top | Bottom
1 2 3 4 in out in out on off on off

HR 48.96 | 27.70 | 61.23 | 4852 | 45.78 | 35,59 | -30.77 | -30.76 | -29.44 | -15.17 | 8.80 | 13.38 | 572.50 | 867.50
CHS-1 | 4531 | 25.15 | 5555 | 43.96 | 37.41 | 28.69 | -32.02 | -31.37 | -30.16 | -16.23 | 8.00 | 15.50 | 490.00 | 949.79
CHS-2 | 46.69 | 25.80 | 57.34 | 4548 | 39.82 | 30.58 | -31.77 | -30.95 | -30.01 | -15.51 | 8.15 | 15.00 | 506.95 | 933.05
CHS-3 | 48.66 | 27.04 | 59.97 | 47.95 | 43.04 | 3293 | -30.98 | -30.82 | -29.78 | -15.17 | 8.33 | 14.70 | 520.85 | 919.15
ECS-1 | 52.71 | 28.10 | 63.83 | 51.78 | 47.73 | 36.36 | -27.40 | -27.38 | -25.76 | -14.16 | 9.70 | 20.85 | 460.07 | 979.93
ECS-2 | 51.10 | 27.79 | 62.32 | 50.21 | 46.41 | 35.65 | -28.35 | -28.23 | -27.35 | -14.33 | 9.30 | 21.72 | 431.63 | 1008.37
ECS-3 | 51.36 | 28.03 | 62.62 | 50.63 | 46.76 | 35.83 | -28.23 | -27.89 | -26.68 | -14.23 | 11.50 | 27.38 | 425.93 | 1014.07
DES 47.11 25.90 57.46 | 45.81 | 38.77 | 29.46 | -31.72 | -31.31 | -30.14 | -15.48 | 11.38 | 23.57 | 468.92 | 971.08
CES | 46.42 | 2550 | 56.70 | 45.35 | 38.41 | 29.02 | -31.87 | -31.33 | -30.13 | -15.87 | 12.10 | 26.05 | 456.68 | 983.32
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Table 5.2. The results of experiments for different parameters.

Tests | Teub Qu | Qu Psuc w Myet Re hs h, hs ha AP | Cycles T, To
CC) | (W) | (kw) | (kg/m3) | (kikg) | (kals) | (kikg) | (kikg) | (Kikg) | (kikg) | (kikg) | (bar) | per 24h | (°C) (°C)
HR 0 0.385 | 0.262 | 1.097 | 124.7 | 0.000973 | 270.7 | 536.6 | 661.3 | 265.9 | 265.9 | 8.51 65 73.49 | 20.64
CHS-1| 255 | 0.374 | 0.261 | 0.989 | 117.4 | 0.000951 | 275.7 | 535.2 | 652.6 | 259.5 | 259.5 | 6.52 61 65.79 | 19.72
CHS-2| 1.9 |0.377|0.261 | 1.020 | 119.5 | 0.000955 | 275.1 | 536.2 | 655.7 | 261.1 | 261.1 | 6.88 62 67.99 | 20.14
CHS-3 | 0.66 | 0.381 | 0.261 | 1.074 | 123.5 | 0.000963 | 272.4 | 536.6 | 657.3 | 264.2 | 264.2 | 7.55 62.5 71.28 | 20.37
ECS-1 | -0.4 | 0.418 | 0.288 | 1.381 120 | 0.001072 | 270.7 | 537.6 | 657.1 | 266.9 | 266.9 | 10.29 47 7495 | 21.19
ECS-2 | -0.09 | 0.403 | 0.278 | 1.323 | 118.5 | 0.001034 | 271.2 | 537.4 | 655.9 | 266.2 | 266.2 | 9.84 46.5 73.55 | 21.02
ECS-3 | -0.33 | 0.411 | 0.284 | 1.367 | 117.7 | 0.001056 | 270.7 | 537.5 | 655.7 | 266.8 | 266.8 | 10.06 37 73.88 | 21.11
DES 1.8 | 0.377 | 0.263 | 1.090 | 116.3 | 0.000965 | 274.7 | 536.1 | 652.4 | 261.4 | 261.4 | 7.68 41 67.82 | 20.51
CES 2.2 | 0.377]0.264 | 1.072 | 116.2 | 0.000964 | 275.2 | 535.6 | 651.8 | 260.4 | 260.4 | 7.38 38 66.98 | 19.75
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Figure 5.1. Refrigeration cycle for ECS-1, ECS-2, and ECS-3 vs. HR.
Figure 5.1. Refrigeration cycle for CHS-1, CHS-2, and CHS-3 vs. HR.
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Figure 5.3. Refrigeration cycle for DES and CES vs. HR.

5.2. Compressor Pressures and Temperatures

In refrigeration systems, the suction and discharge pressures of the
compressor represent the evaporator and condenser pressures, respectively. Any
changes in these pressures will affect the overall performance of the refrigerator.
Therefore, due to the application of PCMs to the evaporator and condenser in this
study, both pressures changed significantly. As shown in Figure 5.4, there was a
spike in evaporation and condensation pressures in ECS experiments over other
experiments because PCMs absorbed the cabinet's heat in the off-cycle period and
then transferred it to the evaporator in the on-cycle period. As a result, the
evaporator's heat dissipation load dramatically lowered in the on-cycle time.
Nevertheless, PCMs optimized the condenser's heat transfer rate due to their
higher thermal conductivity than air and superior capacity for absorbing heat
energy in CHS experiments. Consequently, the condensation and evaporation

pressures declined to a level below HR.
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Figure 5.4. Evaporation and condensation pressures and temperatures.

The CHS-1 and ECS-3 were chosen for the DES and CES experiments due
to their outstanding performance in optimizing refrigerator performance.
However, merging the CHS-1 and ECS-3 was advantageous in minimizing the
evaporation and condensation pressures that rose because of the PCMs on the
evaporators. The increase in on/off cycle times due to the evaporator PCMs, as
provided in Table 5.1, made melting and solidification times increase for the
condenser PCMs. Accordingly, the performance of condenser PCMs was
enhanced, leading to a fall in compressor pressures to a level between CHS-1 and

HR. The further drop in compressor pressures at the CES test was due to the PCM
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panels within the fridge cabinet. Since the panels supplied additional cooling
during the compressor's shutoff cycle, the fluctuating temperature inside the
cabinet decreased dramatically. The relation between compressor pressures and
temperatures is directly proportional. In turn, the condensation and evaporation
temperatures shifted with the same behavior as pressure shifts when PCMs were
present, as depicted in Figure 5.4. Lastly, condensation and evaporation
temperatures directly affected compressor inlet and outlet surface temperatures, as
illustrated in Table 5.2.

5.3. Evaporation and Evaporator Surface Temperatures

5.3.1. ECS Experiments

As is evident in Figure 5.4, a refrigerator with ECSs operated at a higher
evaporation temperature than a household refrigerator (HR) and a refrigerator with
other arrangements of energy storage. The PCMs made this increase because they
absorbed the heat in the cabinets during the off-cycle time and transferred it to the
evaporator and then to the refrigerant during the on-cycle time. In this process,
PCMs accumulated significant amounts of heat due to their energy absorption
capacity and thermal conductivity. Consequently, PCMs improved the heat
transfer rate of the evaporators. This improvement was between cabinet air and
evaporators by installing PCMs on the faces of the evaporators. Therefore, the
evaporator's heat dispersion load could be dramatically lowered during on-cycle
time. Also, the relationship between evaporation and evaporator surface
temperatures is directly proportional. Thus, all ECS experiments showed the

warmest evaporator surface temperatures, as seen in Figures 5.5a and 5.6a.

As per the results, ECS-1 had higher temperatures than other ECSs because
its PCMs froze at lower temperatures. Nonetheless, the lowest temperatures in
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ECS-2 were due to the high freezing point of the SP-7 on the freezer evaporator,
as it remained frozen during the experiment. Accordingly, as ECS-3 was a mixture
of ECS-1 and ECS-2 in applying PCMs, its results were between them. The
temperature increase existed from all the cases that implemented PCMs on the
evaporators. But the ranges were different because of the phase change point of
PCMs.
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Figure 5.5. Average inlet (Te) and outlet (T7) temperatures vs. time for freezer evaporator.
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5.3.2. CHS Experiments

Unlike the ECSs, the CHSs presented the minimum condensation and
evaporation temperature, as shown in Figure 5.4. The improved heat transfer rate
of the condenser by PCMs and NCPCM caused this drop. Since PCMs and
NCPCM had superior thermal conductivity to air, and due to their capacity for
absorbing substantial amounts of heat, the refrigerant exchanged more heat with
them than with air at a faster rate. During this process, the temperature of the
refrigerant decreased, and it entered the evaporators. Thus, evaporators operated
at a lower evaporation temperature. In addition, as demonstrated in Figures 5.5b,
and 5.6b, the surface temperatures of the evaporator dropped as the evaporation

temperatures decreased.

Within the findings of CHSs, CHS-1 had the best performance in lowering
the temperatures. The NCPCM and the arrangement of a 10°C interval between
the maximum average temperatures of parts 2 and 3 and the surrounding
temperature with PCMs were accountable for this improvement. The PCM for
segment 3 was the weak point of the CHS-2 because it did not change phase to
solid significantly during compressor shutdown. Therefore, it was not superior to
CHS-1, although triple PCMs were employed. However, compared to other CHS
tests, the deficiency of CHS-3 was the use of double PCMs and the PCM for
section 2, which did not considerably shift its phase to liquid throughout the
compressor operation. Although some PCMs exhibited deficiencies in their

function, the CHS tests substantially reduced the temperatures.

5.3.3. DES and CES Experiments

These experiments included the ECS-3 and CHS-1 due to their

outperforming results in optimizing the overall refrigerator’s efficiency. Since the
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on/off cycle time rose with the PCMs on the evaporator, the melting and
solidification periods for condenser PCMs and NCPCM extended significantly.
As a result, they functioned better in switching their phases. Hence, the DES and
CES had lower evaporation temperature than the HR, as displayed in Figure 5.4.
Nonetheless, the temperature reduction was not less than the CHS-1 but rather
somewhat higher. As the PCM panels in the CES provided extra cooling in off-
cycle time, the CES showed a lower evaporation temperature than the DES. In
conclusion, the evaporator surface temperatures were also between HR and CHS-
1 due to their relationship with the evaporation temperature, as presented in

Figures 5.5c¢, and 5.6c.

Temperature (°C)

Temperature (°C)

Temperature (°C)

0 1200 2400 3600 4800 6000 7200 8400 9600 10800
Time (s)

Figure 5.6. Average inlet (Tg) and outlet (Tg) temperatures vs. time for fridge evaporator.
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5.4. Condensation and Condenser Surface Temperatures

5.4.1. ECS Experiments

The ECSs exhibited the highest condensation temperatures, according to
Figure 5.4. This increase commenced in the evaporator, where the PCMs raised
the evaporation's temperature. As a result of the transfer of heat from the PCMs to
the refrigerant in the evaporators, the refrigerant entered and discharged the
compressor at a higher temperature. Hence, the condensation temperature was
higher. Based on their relation, condensation temperature directly affected the
condenser surface temperatures. For this reason, the surface temperatures of the
condenser sections were also higher, as depicted in Figures 5.7a, 5.8a, 5.9a, and
5.10a.

A comparison of the data from the ECS experiments showed that the ECS-
1 warmed the condenser parts more than the other experiments because of the low
phase change temperature of the PCMs. Also, in ECS-2, the remaining SP-7 in the
frozen state on the freezer evaporator caused minimal temperature rise on the
condenser parts during the test period. As the ECS-3 was a combination of the

two, its condenser segments performed an intermediate temperature.

5.4.2. CHS Experiments

Based on the data in Figure 5.4, the lowest condensation temperatures were
in CHS's experiments. This improvement was a reflection of the condenser's
enhanced heat transfer rate, which was facilitated by PCMs and NCPCM. The high
thermal conductivity and capacity to collect heat at narrow phase temperatures
were the strengths of PCMs and NCPCM in cooling the condenser. The condenser
surface temperatures fell as they correlated with the condensation temperature, as
can be seen in Figures 5.7b, 5.8b, 5.9b, and 5.10b.

108



>

Temperature (°C)

T T T T T T T T
0 1200 2400 3600 4800 6000 7200 8400 9600 10800

1
—HR
—— CHS-1
—— CHS-2
— CHS-3

Temperature (°C)

T T T T T T T
0 1200 2400 3600 4800 6000 7200 8400 9600 10800

0Jg]

60 —HR
—— DES
55 —CES

Temperature (°C)

T T T T T T T T
0 1200 2400 3600 4800 6000 7200 8400 9600 10800

Time (s)

Figure 5.7. Average temperature of (T1and T2) vs. time of section 1 of the condenser.

For all CHS tests in section 1, RT44HC was used, whose performance in
cooling the section was related to the PCMs of the other sections. However, the
most efficient part of the condenser was 2, as condensation process primarily
commenced there. Therefore, in CHS-1, section 2 showed a greater temperature
drop than other CHS tests compared to the HR test due to the excellent
performance of NCPCM. The NCPCM had 38% and 55% better liquid and solid
thermal conductivity than the same PCM without nanoparticles. The decrease in
temperature was 4.56°C, while in CHS-2 and CHS-3 it was 2.8°C and 0.57°C,
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respectively. The lesser drop in temperature for CHS-2 resulted from using the
same PCM as CHS-1, excluding nanoparticles. Nevertheless, in CHS-3, it was
related to the difference between the PCM phase change temperature and
maximum segment temperature, which was insufficient for melting the PCM
completely. The temperature in the succeeding sections was strongly impacted by
the temperature decline in the section 2. Consequently, part 3 revealed the
minimum temperature in CHS-1. This segment temperature was colder than the
HR by 8.37°C, 5.3°C, and 4.48°C for CHS-1, CHS-2, and CHS-3, respectively. In
addition, the PCM employed in this segment efficiently shifted its phase from solid

to liquid and vice versa.
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Figure 5.8. Average temperature of (T2 and T3) vs. time of section 2 of the condenser.
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Nonetheless, the PCM in CHS-2 did not significantly transform from liquid
to solid because of the insufficient difference between room temperature and the
PCM phase change temperature. In this part, although the PCM for CHS-1 and
CHS-3 was the same, the high temperature of section 2 in CHS-3 prevented it from
cooling that part in the same manner as in CHS-1. Similarly, section 4 was
impacted by section 3. Accordingly, section 1 displayed a lower temperature with
CHS-1 because the refrigerant circulated through the system at lower temperature.
In the published studies, the cooling of condenser temperatures has been achieved
with a different amount. However, the ranges depended on the difference between
the PCM phase change point and room temperature, as well as the maximum

average temperature of the condenser and the PCM phase change point.
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Figure 5.9. Average temperature of (T3 and Ta) vs. time of section 3 of the condenser.
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5.4.3. DES and CES Experiments

In these cases, since the evaporator PCMs lengthened the compressor's on-
off cycle period, the melting and solidification periods for condenser PCMs and
NCPCMs climbed considerably. In turn, they completed their functions more
effectively in absorbing heatthan in CHS-1. Thus, they controlled the
condensation temperature between the HR and CHS-1 tests, as illustrated in Figure
5.4. Depending on their relationship, the surface temperatures of the condenser
parts decreased comparably to the condensation temperature, as demonstrated in
Figures 5.7c¢, 5.8c, 5.9¢, and 5.10c.
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Figure 5.10. Average temperature of (T4 and Ts) vs. time of section 4 of the condenser.
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In comparison to HR, the temperatures of the condenser parts were reduced
by roughly the same amount as in CHS-1. Thus, the results confirmed that the
PCMs and NCPCMs cooled the condenser excellently despite the elevated
temperature of the condenser sections by evaporator PCMs. The presence of the
PSM panels in the fridge cabinet in CES provided more cooling to the cabinet,
thus reducing the cabinet temperature changes and resulting in lower condenser
surface temperatures than DES. So, using PCMs on condensers and evaporators
concurrently diminished the shortcomings of employing them separately. In a
similar manner, (Cheng et al., 2017) found that the DES test could compensate for
the disadvantages of the evaporator PCM with the advantages of the condenser

PCM and vice versa.

5.5. Temperature of the Cabinets

The most sensitive temperature is the cabinets' temperature in the
refrigerator with the application of PCMs. Therefore, they should not decrease
under the standards, as it impacts the quality of the stored products. Consequently,
the temperature of the fridge and freezer cabinets remained within the standards
of 1SO during the experiments, as provided in Figures 5.11, 5.12, 5.13 and 5.14.
The reasons for the decrease or increase in the temperature of the fridge and freezer
cabinets and the temperature changes in them for each experiment are explained

in the following sections.

5.5.1. ECS Experiments

As apparent in Figures, the ECS tests displayed the highest fridge and
freezer cabinet temperatures compared to the other PCM experiments and HR. The
primary cause of the rise was a transfer of some refrigeration capacity to PCMs
for freezing purposes in the on-time cycle. But, for the fridge cabinet, a slight
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amount of heat transfer from the condenser to the cabinet that made by PCMs on
the evaporator in the on-cycle period was the second cause. A comparison between
all cases of ECS revealed that the ECS-3 had a lower average temperature and
higher fluctuation in the fridge and freezer cabinets. The lower average
temperature was due to the longer on-time cycle to charge PCMs. A larger capacity
of the distilled water than the SP-7 for absorbing cold energy was responsible.
During the charging process, the temperature of the cabinets fell because of excess
cooling provided by the functional faces of the evaporators. However, PCMs
provided excess cooling during the off-cycle period, resulting in a higher off-time
cycle and temperature fluctuations. Thus, the difference in cabinets' temperatures
between ECS-2 and ECS-3 was caused by distilled water.
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Figure 5.11. Fridge cabinet temperatures and their improvements in fluctuation.

Nevertheless, the difference between ECS-1 and ECS-2 was in the SP-7 on
the freezer evaporator and distilled water on the fridge evaporator. As such, in
ECS-2, SP-7 did not undergo a phase change, resulting in less refrigeration
capacity transfer to the PCMs and a shorter on-cycle duration. Thus, it presented
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a slightly lower average temperature in the freezer cabinet with a larger
temperature variation than ESC-1. However, higher fridge cabinet temperature
with its fluctuation than ESC-1 was related to the latent heat capacity of distilled
water as it requires more refrigeration capacity for freezing. Although ECS-2 and
ECS-3 had the same PCM on the fridge evaporator, ECS-2 exhibited a higher
fridge cabinet temperature. The reason for this was due to the SP-7 on the freezer
evaporator remaining frozen throughout the test. So, it needed less runtime to
charge the PCMs and achieve the set temperature. Accordingly, the PCMs on the
fridge evaporator froze faster, and the cabinet temperature increased. Similarly,
both studies (Azzouz et al., 2009) and (Yusufoglu et al., 2015), reported that the
refrigerator with an evaporator PCM increased the average fridge cabinet

temperature by 4.2°C and 2.1°C, respectively.

5.5.2. CHS Experiments

The mechanism of improving cabinet temperature and fluctuation
temperature by CHS test was in the cooling rate of the condenser. As the condenser
cooled, its pressure declined, which resulted in a lower temperature in the
evaporators. As a result, the average temperature in the cabinets and their swings
decreased. Thus, as the CHS-1 efficiently cooled the condenser, the evaporators
and cabinets possessed a lower average temperature and variation in temperature
than the CHS-2 and CHS-3, as shown in Figures 5.11 and 5.12.

However, from the results of CHS cases, the temperature of the fridge
cabinet heated somewhat in the on-time cycle as a result of transferring the PCMs'
heat accumulation to the cabinet during the off-time, as presented in Figure 5.11.
Notwithstanding, compared to HR, the average fridge cabinet temperatures and
temperature swings dropped noticeably in the CHS-1 and CHS-2. Nonetheless, in
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CHS-3, even though the fluctuation has improved, the average cabinet temperature
rose. The reason for that was the PCMs could not decrease the temperatures of the

fridge evaporator significantly.

On the other hand, the results related to the temperature of the freezer
cabinet indicated that the CHS tests enhanced average cabinet temperature.
Regarding this, the fluctuation of temperatures has improved slightly. Overall, the
CHS-1 was the best case, as the condensation and evaporation pressures
substantially declined. Though the CHS tests were superior to the ECS tests at
keeping cabinets' temperature, they did not improve cabinets' fluctuation
temperature as much as the ECS tests, as depicted in Figure 5.12. The location and

functioning mechanism of PCMs caused this discrepancy.
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Figure 5.12. Freezer cabinet temperatures and their improvements in fluctuation.

5.5.3. DES and CES Experiments

The DES and CES tests cooled the average freezer cabinet temperature to a
level below CHS-1, according to the results shown in Figures. The primary factors
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that participated in this enhancement were the decrease in the condensation and
evaporation pressures and the increase in the running time cycle. The former is
related to the PCMs and NCPCM in the condenser, while the latter is related to
the PCMs in the evaporators. Both factors together pushed the evaporators to
provide extra cooling to the cabinets. In addition, the average temperature of the
fridge cabinet dropped slightly below ECS-3. Evaporator PCMs caused the fridge
cabinet temperature to remain high in two ways. In the first, the evaporators
extracted a part of refrigeration for charging purposes. In the second, they heated
the condenser more. Thus, the heat accumulation by the condenser PCMs and

NCPCM rose, leading to a rise in condenser-to-cabinet heat transfer.
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Figure 5.13. Average of fridge cabinet temperatures (T1s, T14, and T1s) vs. time.

From the graphs, it may be noted that the CES has demonstrated a lesser
temperature fluctuation of 0.67°C in the fridge cabinet. Providing additional
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cooling by the PCM panels during the shutdown cycle created this improvement.
Even though the freezer cabinet temperature was better, the temperature change
was slightly higher in DES and CES than ECS-3. However, it maintained between
CHS-1 and ECS-3. Thus, implementing PCMs simultaneously on condensers and

evaporators would minimize the limitations of applying them separately.
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Figure 5.14. Average of freezer cabinet temperatures (T11 and T12) vs. time.

5.6. Energy Consumption
The energy consumption of refrigerators is affected by four variables. The
variables are the operating time of the compressor, the amount of work the
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compressor performed, the sum of the refrigerant mass flow rate that the
compressor discharged at its fixed volumetric rate, and number of compressor
on/off cycles. The number of compressor cycles plays a significant role because
when a compressor initially turns on, it consumes a substantial quantity of energy
until it reaches a steady state. It could also have an effect on the lifespan of the
compressor. These parameters for all the tests are displayed in Tables 5.1 and 5.2.
The PCMs were accountable for controlling the evaporation and condensation
pressures, which could influence the aforementioned variables. Therefore, energy
savings were obtained in experiments involving PCMs when compared to HR, as
illustrated in Figures 5.15 and 5.16. In the following sections, the comparison

between experiments is discussed and explained.
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5.6.1. ECS Experiments

In the ECS experiments, as the PCMs increased the evaporation pressure,
the refrigerant entered the compressor with a greater density than HR. As a result,
evaporators extracted more refrigerant mass flow rate at the compressor's fixed
volumetric rate. Additionally, since PCMs were recognized as a thermal load by
the refrigerator, additional time was required for the refrigerator to reach the
desired temperature and charge the PCMs. Therefore, the compressor worked
longer per cycle. However, the off-cycle time was considerably extended as a
consequence of melting PCMs. Consequently, the total operating time and the
number of the compressor's cycles decreased dramatically. Further, the work done
by the compressor decreased due to the decline in the difference between
compressor pressures, as depicted in Table 5.2. In conclusion, even though the
mass flow rate increased, total working time, number of cycles, and compressor

work declined substantially, resulting in significant energy savings.

In comparison to HR, the results demonstrated that single PCMs on
evaporators (ESC-1) conserved less energy than double PCMs (ECS-2). The low
freezing temperature of PCMs was the cause behind this. The low temperature of
the PCMs forced the compressor to work longer and the evaporators to extract a
higher mass flow rate of the refrigerant at their higher temperature and pressure.
Thus, double PCMs were more efficient in saving energy compared to single
PCMs, as (Yusufoglu et al., 2015), (Elarem et al., 2017), and (Cofré-Toledo et al.,
2018) each showed 8.8%, 12%, and 5.81% energy reductions with a single PCM,
respectively. Nevertheless, in ECS-3, which was a mixture of single and double
PCMs, the PCMs prolonged the compressor run time per cycle more than in ECS-
1 and ECS-2 to charge the PCMs. Likewise, they extended the off-cycle time
compared to the ECS-1 and ECS-2. Accordingly, the total operating time and
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number of cycles decreased greatly, resulting in better energy savings than in the
single and double PCMs. The distilled water on the fridge evaporator enabled this
improvement because it has a greater capacity for saving energy at a higher

temperature than SP-7.

5.6.2. CHS Experiments

The CHSs showed lower evaporation temperatures and pressures than the
HR, as presented in Figure 5.4. Thus, the refrigerant had a lower density at the
suction line of the compressor, leading to a lower mass flow rate extracted by
evaporators. In addition, due to the lower evaporation and condensation
temperatures, the evaporators' temperatures decreased to a level below HR.
Accordingly, the evaporators cooled the cabinets faster than the HR, resulting in
a decrease in the on-time cycle of the compressor. Meanwhile, the compressor's
off-time cycle increased as the evaporators and cabinets cooled more. Finally, the
total running time declined markedly, but the number of cycles slightly decreased.
Furthermore, the compressor's work decreased because of the reduction in the
range between compressor pressures. Yet, this reduction was higher than in the
ECS experiments. Though the mass flow rate and compressor's work decreased
more than in the ECS cases, the total working time and number of cycles decreased
less than in the ECS cases. Overall, the energy savings were less than the ECS

tests compared to HR.

The performance of PCMs and NCPCM in the melting and solidifying
processes, their proper selection for condenser parts, and the thermal conductivity
of NCPCM were related to the difference in overall operating time between CHS
scenarios. Consequently, the CHS-1 exhibited the lowest energy consumption

among the CHS trials as it cooled the condenser at a higher rate. Besides, the triple
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PCMs were more energy-efficient than the single and double PCMs according to
Figure 5.15. For instance, (Pirvaram et al., 2019) with double PCMs as well as
(Sonnenrein et al., 2015) and (Cheng and Yuan, 2013) with a single PCM, saved
energy by 13.3%, 10%, and 12.2%, respectively. In comparison with the result of
this study, these improvements were lower because triple PCMs with and without
nanoparticles reduced energy consumption by 21.24% and 16.75%, respectively.
Lastly, the triple PCMs with nanoparticles showed a higher energy saving than a
single PCM with polymers (12.2%) and with multi-walled carbon nanotubes

(18%), as conducted by (Cheng and Yuan, 2013) and (Kumar et al., 2020),
respectively.
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Figure 5.16. Energy consumptions vs. time.

5.6.3. DES and CES Experiments

Due to the effect of PCMs and NCPCM in cooling the condenser, these
experiments operated at evaporation and condensation pressures between the
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CHS-1 and HR experiments, as illustrated in Figure 5.4. An intermediate pressure
indicated an intermediate mass flow rate but not compressor work and total
operating time. The compressor's work and total operating time fall between CHS-
1 and ECS-3. Therefore, these experiments provided the highest reduction in
energy consumption. The main factors that helped in better energy savings were
the mass flow rate between CHS-1 and HR tests, a shorter total work time than

CHS-1, and the number of compressor cycles.

The decrease in temperature fluctuation in fridge cabinets caused by PCM
panels was the difference between DES and CES. Consequently, the condensation
and evaporation pressures in CES decreased more than in the DES because the
panels served as the additional source of cooling during the off-time cycle of the
compressor. As a result, evaporators removed less mass flow rate, the compressor
performed less work, and there were fewer cycles than DES. Therefore, the
reduction in energy consumption with CES was higher than with DES. Similarly,
through simulation, (Cheng et al., 2017) demonstrated that DES saved 32% of
energy, which was higher than the DES case in this study. Nevertheless, they used
PCMs with higher thermal conductivities and lower latent heat of fusions than this

study.

5.7. Coefficient of Performance (COP)

The COP of a refrigerator is the ratio of refrigeration capacity to energy
consumption or refrigeration effect to compressor work done. The refrigerator
with PCMs exhibited substantial enhancements in COPs, as seen in Figure 5.17.
The refrigeration effect for all experiments is given in Table 5.2. The refrigeration
effect is the difference between the inlet of the freezer evaporator and the outlet of
the fridge evaporator's specific enthalpies. Here, the PCMs and NCPCM were also

responsible for the change in refrigeration effect and compressor work.
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According to the outcomes of the CHS tests, both the refrigeration effect
and compressor work were enhanced compared to HR. As previously described in
the energy consumption section, compressor work declined due to the fall in
difference between compressor pressures. However, a growth in the refrigeration
effects was due to the increase in the subcooling degree of the condenser. The
higher subcooling degree than HR means the refrigerant entered the freezer
evaporator at a lower temperature and enthalpy. So, the refrigerant left the fridge
evaporator at a lower temperature and enthalpy. The relationship between
condensation pressure and temperature with the degree of subcooling is inversely
proportional. Despite the drop in both enthalpies, the amount of enthalpy
decreased by subcooling was higher than by the outlet of the fridge evaporator.
Thereby, the refrigeration effect rose significantly. Hence, the CHSs were superior
to the ECSs in increasing COP.

Based on the relationship between condensation pressure and subcooling
degree, the CHS-1 experiment gained the largest COP among all CHS
experiments. The COP enhancement was higher than (Dandotiya and Banker,
2017) and lower than (Cheng et al., 2011) by 4.56% and 10.44%, respectively.
The thermal conductivity of the PCM used by (Cheng et al., 2011) was about 4.5
times higher than the PCMs in this study.

On the other hand, for the ECS cases, the change in subcooling degree was
opposite to the CHS experiments. As a result of the evaporators' removing heat
from PCMs, the evaporator pressure climbed, which increased the condensation
pressure. In turn, the subcooling degree decreased to below HR. This means the
temperature and enthalpy of the inlet freezer evaporator were higher than the HR.
Despite this, the refrigerant departed the fridge evaporator with a higher

temperature and enthalpy. The fridge evaporator outlet raised enthalpy more than
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subcooling. Thus, the refrigeration effect grew, but not more than in the CHS
trials. It turned out that the ECSs were weaker than the CHSs in raising COP. The
ECS-3 showed the highest COP in the ECS tests as the distilled water in the fridge
cabinet had a higher capacity for absorbing energy. As well, a considerable decline
in the compressor's work was another crucial point. For the same mass of PCM
used, it optimized approximately the same amount of COP compared to published
studies. The increase and decrease in the subcooling temperature of all tests

compared to HR are shown in Table 5.2.

Due to the location of the condensation pressure between CHS-1 and HR,
the experiments with the highest COP among the experiments were the DES and
CES. The condensation pressure between CHS-1 and HR indicated that the
increasing rate of subcooling degree was closer to that of the CHS-1. That is why
the refrigeration effect was considerably nearer to that of CHS-1. In addition to
that, the work performed by the compressor was minimal because they executed a
minimal difference between compressor pressures among tests. Thus, they raised
the COP at the highest rate. Since its pressures were lower than the DES, the CES
improved COP better. A sample of calculation for COP is provided in Appendix
M.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

5.1. Conclusion

Refrigerators, directly and indirectly, contribute to the emission of
greenhouse gases through refrigerant leakage and energy consumption,
respectively. Alongside this, the desire to preserve the quality of foods and
medicines is growing. Thus, this study aimed to optimize the overall performance
of a household refrigerator using PCMs and nanoparticles experimentally. A
refrigerator with (condenser heat storage, CHS), (evaporator cold storage, ECS),
(dual energy storage, DES), and (combined energy storage, CES) is investigated
and evaluated. As a result, the overall functionality of the refrigerator with PCM
arrangements was enhanced through comprehensive analysis and experimental

testing. Based on the experimental results, the following conclusions were drawn:

1. In improving the COP, the refrigerator with CHS designs was superior to ECS
designs because of the substantial increase in subcooling degree and drop in
compressor pressures. However, the DES design outperformed the CHS
designs by achieving a refrigeration effect close to that of the CHS designs and
the minimum difference between compressor pressures. Also, the CES showed
better performance than the DES due to the efficiency of PCM panels in
reducing compressor pressures and their difference as well as increasing the
refrigeration effect further. The enhancements in COP were 4.35-6.14%, 1.58-
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7.56%, 8.81%, and 9.1% for the ECSs, CHSs, DES, and CES, respectively,
compared to HR.

. In energy savings, the ECS setups were better than the CHS setups due to the
lower total operating time and the number of compressor cycles. Nevertheless,
DES setup provided a greater reduction in energy consumption than ECS
setups, due to the lower mass flowrate removal by evaporators and less
compressor work. The two factors that made the DES perform better energy
savings improved with the PCM panel for CES. Also, the number of
compressor cycles was reduced, so it used less energy to operate than DES.
The savings in energy were 10.87-21.24%, 15.21-23.47%, 24.29%, and
26.42% for CHSs, ECSs, DES, and CES, respectively, compared to HR.

. For the average temperature of the fridge cabinet, the CHS layouts exhibited
better temperature control as the fridge evaporator provided additional cooling
to the cabinet. The DES and CES layouts outperformed the ECS layouts due
to the condenser PCMs' capacity for cooling the fridge evaporator. The
average temperature was 1.1°C, 0.97-1.2°C, 3.85-4.52°C, 3.83°C, and 3.77°C
for HR, CHSs, ECSs, DES, and CES, respectively.

. For the average temperature of the freezer cabinet, the CES was the optimal
case due to the decline in condensation and evaporation pressures and the
increase in the operating time cycle. Together, the two factors prompted the
evaporator to provide additional cooling to the cabinet. The CHS cases were
better than the ECS cases as related to the decrease in evaporator temperatures.
The average temperature was -21.24°C, -21.33 — -22.34°C, -19.3 — -20.08°C,
-22.5°C, and -22.57°C for HR, CHSs, ECSs, DES, and CES, respectively.

. For the fluctuation temperature in both cabinets, the DES and CES tests
exhibited a medium range between the CHS and ECS tests in the freezer
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cabinet and the highest level in the fridge cabinet among the experiments.
Also, due to the location of PCMs in the cabinets, ECS experiments performed
better than CHS experiments. Although some experiments showed a spike in
the average temperature of the cabinets, the temperature swings were
considerably limited. Fortunately, both cabinets kept their average temperature
under the ISO guidelines for the household refrigerator in a 25+0.5°C
environment. The fluctuation improvements ranged between 15.53-56.53%
and 0.61-26.46% for the fridge and freezer cabinets, respectively, compared
to HR. This modification could preserve the quality of foods.

6. Overall, based on the aforementioned conclusions, the CES was the most
efficient case in optimizing the overall refrigerator's performance due to the

combination of the pros and cons of the CHS, ECS, and PCM panels.

5.2. Recommendations for Further Work
This study inspires further investigation. The following suggestions are

areas that could benefit from further research:

+ Using PCMs on the interior cabinet walls and placing the thermostat sensor
within the cabinet rather than behind evaporators.

¢ Increasing the heat transfer rate of PCMs by enhancing their thermal
properties with the addition of the suitable additives.

+ Installing the PCMs between components of the refrigerator and PCM
panels in the cabinets simultaneously.

% Inserting PCM panels with multiple PCM types into both cabinets.
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APPENDIX (A)

CALIBRATION OF ENERGY DATA LOGGER

A.1. Results of Calibration of Energy Data Logger.

Universal digital multimeter Zhurui power recorder
H%“es\fir(‘:‘é'd UNI-T UT89X (PR10) E\r’\r’jrt(f/o
Ampere | Voltage | Watt Ampere | Voltage | Watt
Television 0.551 | 217.70 | 119.95 0.552 217.37 | 119.99 0.03
Refrigerator 1.043 232.20 | 242.18 1.041 231.79 | 241.29 0.37
Microwave 3.172 | 221.11 | 701.36 3.181 220.33 | 700.87 0.07
Steam iron 5.822 | 223.00 | 1298.37 | 5.849 222.30 | 1300.23 | 0.14
Hair dryer 6.878 | 218.03 | 1499.61 | 6.882 217.21 | 149484 | 0.32
Vacuum cleaner | 8.460 226.5 | 1916.19 | 8.441 227.50 |1920.38 | 0.22
Average watt error % 0.19

CALIBRATION OF PRESSURE GAUGE

APPENDIX (B)

B.1. Results of Calibration of Pressure Gauges.

Low pressure calibration (psi) High pressure calibration (psi)
Hongsen low Elitech error % Hongsen Elitech error %

side PGW-500 high side PGW-500

-13.5 -13.453 0.35 80 80.2 0.37

-10 -9.977 0.23 92 91.8 0.22

-2.5 2.490 0.40 106 106.5 0.47

55 4.523 0.42 115 1145 0.44

12 11.98 0.17 125 124.8 0.16

Average error % 0.35 Average error % 0.33

As




APPENDIX (C)
CALIBRATION OF TEMPERATURE SENSORS

C.1. Results of Calibration of Temperature Sensors.

Temperatures
Locations J-type
RTD sensor Thermtggouple error %

Discharge of compressor 73.43 73.31 0.163
Top of condenser 48.88 48.98 0.204
Middle of condenser 40.27 40.40 0.322
Bottom of condenser 27.71 27.64 0.253
Inside fridge cabinet 2.10 2.11 0.474
Outlet of evaporator (fridge) -15.04 -15.11 0.463
Inside freezer cabinet -22.15 -22.22 0.315
Inlet of evaporator (freezer) -29.90 -30.03 0.433
Average error % 0.328

APPENDIX (D)
DSC GRAPH FOR RT44HC PCM
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APPENDIX (E)
DSC GRAPH FOR RT35HC PCM
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DSC GRAPH FOR RT28HC PCM

E.1. DSC graph of latent heat of fusion vs. temperature for RT35HC.
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APPENDIX (G)
DSC GRAPH FOR RT4 PCM
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APPENDIX (H)
DSC GRAPH FOR SP

G.1. DSC graph of latent heat of fusion vs. temperature for RT4.
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APPENDIX (1)
DSC GRAPH FOR SP-17 PCM
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APPENDIX (J)
SAMPLE CALCULATION OF MASS FOR CONDENSER

J.1. Calculation of Mass Required for the Condenser

In this section, the condenser heat rejection for HR case is determined.

Based on Eq. (3.5), the Mref, inlet specific enthalpy h, of condenser and outlet
specific enthalpy h; of condenser are required. The Mref can be calculated using

Eq. (3.4). In Eq. (3.4) the work done by compressor w and energy consumption E

are also required.

The w can be obtained using Eqg. (3.2). In this equation, the enthalpy for the
suction of the compressor h, is required. The enthalpies are determined using the
Danfoss Coolselector®2 program by condenser and evaporator pressures and
temperatures, as given in Table 5.2. Additionally, the energy consumption was

obtained from the data logger. The results are below.
h, = 536.6 kJ/kg
h, = 661.3 ki/kg
hs = 265.9 kJ/kg
E=0.121 kW
Thus, the work done is:
w=h,—h

w = 6613 — 536.6

Ag



w = 124.7 ki/kg

And, the refrigerant mass flow rate is:

. E
Mref =W
0.121
ref T 1247

M,o; = 0.000973 Kg/s
Then, the condenser heat rejection is:
Qu = Mref X (hy — h3)
Qy = 0.000973 x (661.3 — 265.9)
Qy = 0.385 kW

Finally, according to Eq. (3.23), the amount of mass required for condenser

IS:
M = Qu X Ton
hg
M — 0.385 X 8.80 X 60
250
M = 0.813 kg

A



APPENDIX (K)
SAMPLE CALCULATION OF MASS FOR EVAPORATORS

K.1. Calculation of Mass Required for the Evaporators

Based on Eqg. (3.7), the evaporators heat extraction for HR experiment

included Mref, inlet specific enthalpy h, of freezer evaporator and outlet specific
enthalpy h, of fridge evaporator. The Mref and the outlet specific enthalpy h, of

fridge evaporator (suction of the compressor) are found in the Appendix J.
However, the inlet specific enthalpy h, of the freezer evaporator is the same as the

outlet specific enthalpy hs of the condenser due to the capillary tube.
h: = 536.6 kJ/kg
hy= 265.9 kJ/kg

Hence, the evaporators heat extraction is:

QL = Myer X (hy — hy)
Q; = 0.000973 x (536.6 — 265.9)
Q, = 0.262 kW

Finally, according to Eq. (3.24), the required mass for the evaporators:

M — QL X Ton
hg
M — 0.262 X 8.80 X 60
300
M = 0.476 kg

Asg



APPENDIX (L)
UNCERTAINTY ANALYSIS

L.1. Uncertainty Analysis for the Temperature Sensors

L.1. Example of temperature sensor readings.

Xi (°C) Xj- X (Xi - X)?
48.9 -0.23 0.0529
48.7 -0.03 0.0009
48.5 0.17 0.0289
48.6 0.07 0.0049
48.7 -0.03 0.0009
48.5 0.17 0.0289
48.9 -0.23 0.0529
48.6 0.07 0.0049
48.7 -0.03 0.0009
48.6 0.07 0.0049

X (°C) 48.67
Number of readings (N) 10

The uncertainty of temperature sensors can be determined by:

Tt (xi— 02

U= Nx(N-1)
, 0.181

U= 10%(10—1)

U=4+0.044

Ag



L.2. Uncertainty Analysis for the Elitech PGW-500 Pressure Gauge

L.2. Example of pressure gauge readings.

Xi (bar) Xi- X (Xi - 2)2
0.358 0.015 0.000225
0.358 0.015 0.000225
0.395 - 0.022 0.000484
0.358 0.015 0.000225
0.395 - 0.022 0.000484
0.358 0.015 0.000225
0.358 0.015 0.000225
0.395 - 0.022 0.000484
0.395 -0.022 0.000484
0.358 0.015 0.000225
(X) (bar) 0.373
Number of readings (N) 10

The uncertainty of temperature sensors can be determined by:
U= PG
NX(N-1)
U= 0.003286
«/10x(10—1)

U==0.006
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APPENDIX (M)
SAMPLE CALCULATION OF COP

M.1. COP Calculation
In this part, the COP for the HR test is calculated using Eqg. (3.21). This

equation involved four specific enthalpies at the inlet and outlet of the compressor

and evaporators. The enthalpies have been identified in the Appendices J and K.
Therefore, the COP is:

Refrigerationeffect  hy —h,

COP = =
Compressor work done  h, — h,

b 536.6 — 265.9
"~ 661.3—536.6

COP =217

All
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