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ABSTRACT

The design and development of a thermal energy storage device require discrete
selection of the appropriate phase change material (PCM) and a suitable container to
contain them. This study focuses on the selection of PCMs for solar thermal energy
storage devices and the improvement in their thermophysical properties. In addition, a
new shape of the PCM container is also investigated using computational fluid

dynamics.

The accelerated thermal cycle test is an essential requirement to ensure the
thermal and chemical stability of selected PCMs to be used in practical applications.
Solar energy being an unlimited natural energy source is used in a large number of
applications such as solar water/air heating, cooking, drying and other domestic and
commercial applications. On the other hand, this energy also has limitations as this is
available only in the daytime. Storage of this abundantly available solar energy can be
effectively used in the night hours or when there are no sunny days. Four organic
PCMs-paraffin wax, palmitic acid, myristic acid, and polyethylene glycol (PEG) 6000,
all in the melting temperature range of 50-70 °C, have been considered in this study and
the changes in their thermal and chemical properties have been measured using the
differential scanning calorimetry and the Fourier transform infrared techniques. The
results of this research work revealed that the changes in the melting temperature of
paraffin wax, palmitic acid, myristic acid, and PEG 6000 were in the range of +0.72 °C
to +3.27 °C, -0.29 °C to +1.76 °C, -2 °C to +1.2 °C, and 3.77 to 3.94 °C respectively.
The variation in the latent heat of fusion was found in the range of -9.8 to 14%, 3.28 to
18%, 0.9 to 10%, and 13 to 25 % for paraffin wax, palmitic acid, myristic acid, and

PEG 6000 respectively.



The low thermal conductivity of organic PCMs is a well-known drawback which
limits their use in many domestic and industrial applications. A composite of palmitic
acid and nano titanium dioxide (TiO,) was prepared and its phase change behavior was
investigated. TiO, nanoparticles of 0.5%, 1.0%, 3.0%, and 5.0% were dispersed into
palmitic acid and the thermophysical properties of these nano composites were
measured. The composite PCMs were characterized by FESEM, XRD, and FT-IR. The
thermal properties, thermal stability and thermal reliability were ensured by DSC, TGA,
and thermal cycle testing. FESEM images show the uniform dispersion of nanoparticles
in the palmitic acid and FT-IR spectrum indicate that the composite PCM possesses
good chemical stability and interaction between PCM and nanoparticles. The results of
a thermal conductivity test show that the dispersion of the 5% nanoparticles enhances

the thermal conductivity of palmitic acid by 80%.

Finally, a novel trapezoidal cavity is proposed for containing the PCM and a
detailed parametric study was carried out using two nano enhanced PCMs, paraffin-Cu
and water-Cu based on the computational study. The effect of side wall inclination
angle, cold wall temperature, nanofluid’s initial temperature, cavity inclination, Grashof
number on the total solidification time of nanofluid was simulated. The total
solidification time for different wt% of Cu nanoparticles was also investigated in the
trapezoidal cavity. The enthalpy—porosity technique is used to trace the solid-liquid
interface. The inclination angle can be used efficiently to control the solidification time.
In addition, the average Nusselt number along the hot wall for different angles,
nanoparticles volume fractions, and Grashof number are presented graphically. The
proposed predictions are very helpful in developing an improved latent heat thermal

energy storage for the solar heat collector and for casting and mold design.



ABSTRAK

Reka bentuk dan pembangunan peranti penyimpanan tenaga haba memerlukan
pemilihan diskret bahan perubahan fasa yang sesuai (PCM), dan bekas yang sesuai
untuk membendungnya. Kajian ini memberi tumpuan kepada pemilihan PCMS untuk
peranti penyimpanan tenaga haba solar, peningkatan dalam hartanah termofizikal

mereka dan reka bentuk bekas PCM novel.

Ujian kitaran haba adalah satu keperluan yang penting untuk memastikan kestabilan
haba dan kimia bagi PCMS yang dipilih untuk digunakan dalam aplikasi praktikal.
Tenaga solar sebagai sumber tenaga semula jadi boleh digunakan dalam sebilangan
besar aplikasi seperti solar air / pemanasan udara, memasak, pengeringan dan aplikasi
domestik dan komersial lain. Tetapi, tenaga ini juga mempunyai had kerana janya hanya
boleh diterima pada siang hari. Penstoran tenaga solar ini boleh digunakan dengan
berkesan pada waktu malam atau pada hari hujan. Empat organik PCMS iaitu lilin
parafin, asid palmitik, asid Myritic, dan polietilena glikol (PEG) 6000, dalam
lingkungan suhu lebur 50-70 C, telah dipertimbangkan dalam kajian ini dan perubahan
dalam sifat haba dan kimia mereka telah diukur menggunakan kalorimeter dan jelmaan
Fourier teknik inframerah. Hasil kajian menunjukkan bahawa perubahan dalam suhu
lebur lilin parafin, asid palmitik, asid Myritic dan PEG 6000 adalah dalam lingkungan
+0.72 °C hingga +3.27 °C, -0.29 °C kepada +1.76 °C, -2 °C kepada +1.2 °C, dan
masing-masing 3.77-3.94 °C. Perubahan dalam haba pendam pelakuran ditemui dalam
julat -9.8 kepada 14%, 3.28-18%, 0.9-10%, dan 13 hingga 25% untuk lilin parafin, asid

palmitik, asid Myritic dan PEG 6000 masing-masing.

Kekonduksian haba yang rendah adalah kelemahan yang ketara untuk PCM

organik yang menghadkan penggunaannya dalam aplikasi domestik dan industri.
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Komposit palmitik asid dan nano titanium dioksida (TiO,) serta perubahan fasa
komposit tersebut akan dikaji. Nanopartikel TiO, sebanyak 0.5%, 1.0%, 3.0% dan 5.0%
disertakan ke dalam asid palmitik dan termofizikal komposit tersebut juga diukur. PCM
komposit akan dianalisis mengunakanFESEM dan FT-IR. Sifat haba, kestabilan terma
dan kebolehpercayaan haba telah dikaji mengunakan DSC, TGA, dan ujian kitaran
haba. Imej FESEM menunjukkan penyebaran seragam nanopartikel dalam asid Palmitic
dan spektrum FT-IR menunjukkan bahawa PCM komposit mempunyai kestabilan kimia
yang baik dan interaksi antara PCM dan nanopartikel. Keputusan ujian kekonduksian
haba menunjukkan bahawa penyebaran 5% nanopartikel ~mempertingkatkan

kekonduksian sebanyak 80%.

Akhir sekali, rongga trapezoid dicadangkan sebagai bekas PCMdan kajian parametrik
terperinci telah dijalankan menggunakan dua nano-PCMS, iaitu parafin-Cu dan air-Cu.
Kesan sudut dinding sebelah kecenderungan, suhu dinding sejuk, suhu awal NEPCM
tersebut, kecondongan, nombor Grashof pada jumlah masa pemejalan daripada NEPCM
telah disiasat mengunakan perisian komputer. Jumlah masa pemejalan untuk berat%
yang berbeza daripada nanopartikel Cu turut disiasat dalam rongga trapezoid. Teknik
entalpi-keliangan digunakan untuk mengesan antara muka pepejal-cecair. Sudut
kecondongan boleh digunakan dengan cekap untuk mengawal masa pemejalan. Di
samping itu, bilangan Nusselt purata di sepanjang dinding panas untuk sudut yang
berbeza, nanopartikel pecahan isi padu, dan nombor Grashof di beri secara grafik.
Ramalan yang dicadangkan adalah sangat berguna dalam aplikas haba pendam
penyimpanan tenaga haba untuk pengumpul haba suria dan untuk tuangan dan reka

bentuk acuan.
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CHAPTER 1: INTRODUCTION
This chapter presents the background and problem statement that are pertinent to the
topic of this research study. This study is based on the development of a thermal energy
storage using phase change materials, both experimentally and numerically. The first
chapter of this thesis presents the background of the study, gives an overview of the
research aim and objectives and describes the scope of study. This chapter also presents

a summary of the thesis structure.

1.1 Research background

A continuous increase in the gap between the energy demand and supply and the
depletion of fossil fuels has received the significant attention of researchers in the last
few decades. This increasing demand forces researchers to develop renewable energy
sources. But the storage of energy in a suitable form is as important as developing the
new sources. The demand and supply gap can be efficiently bridged by employing an
energy storage system. The capacity of energy storage in various forms and their depth
of discharge are given in Figure 1.1. Among all of the different kinds of available
energy, thermal energy is the only one which is available in abundance in the nature in
the form of solar radiation, geothermal energy and thermally stratified layers in the
ocean. This available energy, if stored in suitable storage units, can be used when solar
energy is not available. As an example, the solar energy is not available in the night
hours and cloudy days, so the heat stored in the day time can be utilized in the night
hours. The thermal energy storage system can store the energy in the form of sensible
heat in which the amount of energy stored changes with the temperature e.g. rock or
water (Farid et al., 2004). Alternatively, they can store the energy in the form of latent

heat which is absorbed or released when a substance changes its phase upon melting or
1



freezing. The temperature remains constant during this phase change process. Latent
heat thermal energy storage (LHTES) are the devices which use phase change materials
(PCMs) for energy storage and are more attractive due to their high energy storage
density and constant charge and discharge temperature. Excess energy available in the
lean hours can be used at the peak time, if it is stored properly. Every latent heat thermal
energy storage device requires an appropriate type of PCM for a particular application.
Solid-liquid phase change problems, sometime also known as moving boundary or
Stefan problems are encountered in many industrial applications such as casting and
laser drilling, latent heat thermal energy storage, food and pharmaceutical processing,
microelectronics, and protective clothing. Depending upon the initial temperature of the
material, they are categorized as one-region, two-region or multiple region problems
(Faghri & Zhang, 2006). This phase change conversion (solid - liquid) absorbs latent

heat during charging (melting) and release it during solidification (discharging).
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Figure 1.1 Storage capacity and discharge feature of various forms of energy storage
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LHTES have found their application in many industrial sectors such as, cooling of
electronic devices, domestic refrigerators, building passive cooling, solar energy
storage, food processing and transportation, medical, and textiles. Early work on the
LHTES was mainly concerned with the thermal control in aeronautics and electronic
devices in the middle of the twentieth century. A PCM for a specific application is
selected on the basis of their melting/freezing temperature, chemical/thermal stability,
latent heat of fusion, and cost, etc. A large number of review articles (Abhat, 1983;
Hasnain, 1998; Zalba et al., 2003; Farid et al., 2004; Demirbas, 2006; Kenisarin &
Mahkamov, 2007; Regin et al., 2008; Verma et al., 2008; Sharma et al., 2009; Agyenim
et al., 2010; Cabeza et al., 2011; Dutil et al., 2011; Delgado et al., 2012; Tatsidjodoung
et al., 2013; Nkwetta & Haghighat, 2014; Sharma et al., 2015) have been published in
the past where thermophysical properties of PCMs, their encapsulation methods,
applications, heat transfer enhancement and other related issues have been discussed in

detail.

Low thermal conductivity of PCMs is the primary limitation in many engineering
devices because it strongly suppresses the charging (melting) and discharging (freezing)
rate of materials, however dispersion of solid metal particles enhances this property of
the liquid substantially. The dispersion of solid particles can be done at micro or nano
level. Dispersion of micrometer or millimeter sized particles may cause the clogging in
the fluid flow and increase the pressure drop because of the rapid settling
characteristics. Nano sized particles up to a 100 nm size behave like liquid particles,
show little or no pressure drop and flow with or without little chance of clogging in the
pipes. The mixture of these nanoparticles and fluid is termed as nanofluid (Choi &
Eastman, 1995) and show considerably high thermal conductivity compared to the base

fluids (Yu et al., 2008). Thermal conductivity of PCMs is also enhanced using various
3



fixed structures such as metallic fins and foams and carbon/graphite fibers (Fan &
Khodadadi, 2011). However the proper configuration of these structures and their
interaction with heat conduction and convection and the phase change process has
always been a challenging issue. This study is concerned with the thermal conductivity
enhancement only by the dispersion of solid nanoparticles. This study identifies a novel
organic phase change material and proposes a novel composite material of organic PCM
and metal oxide of nano size for efficient storage of thermal energy for applications
such as water/air heating and drying. This study also introduces a new geometry for

thermal energy storage devices.

1.2 Problem statement

The phase change materials used for the storing of the solar thermal energy undergo a
large number of repetitive melting and freezing processes, which leads to the
deterioration of their thermal and chemical properties. The sustainability of PCMs after
a large number of melt/freeze cycles is a major concern for researchers and industries
adopting them as energy storage materials. So, to be economically feasible the usage of
thermal energy storage materials, they must be able to sustain their thermal properties
after large numbers of thermal cycles. To date, several organic and inorganic phase
change materials have been investigated for thermal energy storage, however, the
variations in their chemical properties due to thermal cycle test is less explored. Another
major concern of organic phase change materials is their low thermal conductivity
which limits their use in many industrial and domestic applications. Insertion of metal
matrix, fins, and metal particles of nano size has been found to be the proven way for
enhancing the thermal conductivity of organic PCMs. In addition, the containment of

PCMs for energy storage is also an area of great interest due to the fact that the shape of



the container affects the heat transfer process within the PCMs. Although many
attempts have been made to overcome these issues globally, a more focused study on

these mentioned aspects is still needed to understand the subject matter deeply.

1.3 Research objectives

This study aims to demonstrate the potential of adopting the organic phase change

materials (O-PCMs) in a working temperature range of 50 and 70 °C for applications

related to solar thermal energy storage such as solar water/air heating, crop drying, and

space heating/cooling etc. The specific objectives of this study are:

1. To evaluate thermal and chemical properties of four types of organic PCMs, i.e.
Polyethylene glycol of molecular weight 6000, palmitic acid, myristic acid, and
paraffin wax for thermal energy storage in a melting temperature range of 50 °C
to 70 °C through thermal cycle test.

2. To prepare, to characterize, and to investigate the thermal energy storage
capacity of composite organic phase change material of palmitic acid and TiO;
nanoparticles.

3. To investigate the details of the solidification phenomenon of organic and
inorganic nano enhanced phase change materials filled in a trapezoidal cavity

using computational fluid dynamics (CFD).

1.3.1 Scope

The scope of this study is on investigating the sustainability of organic PCMs when they
undergo a large number of melt/freeze cycles and the suitability for domestic and

commercial solar energy storage applications. This research also focuses on the thermal



properties enhancement of the organic PCM by dispersing the solid nano particles in
various concentrations and to investigate the effect on the thermal and chemical
properties of the base PCM. This will show the degree of thermal properties
enhancement of the bas PCM. All of these experiments are to be performed in the
University of Malaya premises and the facilities laid out by the university are to be used
for all measurements and testing purposes. The shape of the PCM container plays an
essential role in the thermal performance of the PCMs. In this regard, a novel
trapezoidal geometry is proposed in this study that can be very useful for latent heat
thermal energy storage for solar heat collector and for casting and mold design. A
parametric investigation using CFD technique is carried out to see the effect of various
pertinent parameters, such that geometry aspect ratio, hot and cold side temperature,
Grashof, and Prandtl number. This numerical investigation will help the researchers in

the design of a more effective thermal energy storage device.

The experimental part of this study is limited to the organic PCMs only due to
their larger energy density. The thermal conductivity of organic PCM is low which is to
be improved by the dispersion of metal oxide. In this study, it is limited to titanium
dioxide (TiO,) of a specific size and shape. The numerical study is limited to the
investigation of solidification phenomenon of inorganic PCMs and Cu solid

nanoparticles due to the availability of data in the literature.

1.4 Thesis structure

The structure of the thesis is based on the article style format. This thesis presents five
articles which address various objectives of this research study in Chapter 2, Chapter 3,
Chapter 4, and Chapter 5. This thesis is presented in total six chapters. The summary of

each chapter is provided as follows.



Chapter 1: Introduction

This chapter presents an overview of the background to this research, research aim,

research objectives and the scope of research study.

Chapter 2: Literature review

This chapter reviews the experimental and numerical approaches to investigate the
suitability of various phase change materials (PCMs), in particular, organic PCMs (O-
PCMs) for thermal energy storage. This review focuses on three aspects: the materials,
encapsulation and applications of organic PCMs, and provides an insight on the recent
developments in applications of these materials. The final section of this chapter

presents the research gaps.

Chapter 3:  Thermal cycle test of organic PCMs

This chapter presents the findings of the thermal cycle test of four PCMs from different
subcategories of organic PCMs, for example, paraffin wax from paraffin family,
palmitic acid and myristic acid from fatty acids, and polyethylene glycol of molecular
weight 6000 from alcohol family. This study shows the variation in the thermal and

chemical properties during the cycle tests of all mentioned PCMs.

Chapter 4:  Enhancement in heat transfer of organic PCMs

This chapter reports the effects of titania nanoparticles on the thermal and chemical
properties of the palmitic acid. A composite PCM of various nanoparticle wt% reveals
the increasing thermal conductivity and improvement in other thermal properties with

weight fraction which enhances the heat transfer rate.



Chapter 5: Mathematical modeling for enhanced solidification in an enclosure

This chapter reports on the findings of a parametric study carried out for organic and
inorganic PCMs filled in a trapezoidal cavity. The effect of the nanoparticle
concentration and cavity geometrical parameter on the total solidification time is
measured and reported. The effect of various other pertinent parameters such as cold

wall temperature, initial fluid temperature, and Grashof number is also discussed.

Chapter 6: Conclusions and future works

This chapter revisits the aims and objectives, provide a summary of the research process
and research findings. This chapter also presents the contribution to theoretical
knowledge, research limitations and research opportunities for future research and

implications for practitioners.



CHAPTER 2: LITERATURE REVIEW

This chapter aims to review the experimental and numerical approaches to investigate
the suitability of various phase change materials (PCMs), in particular, organic PCMs
(O-PCMs) for thermal energy storage. This review focuses on three aspects: the
materials, encapsulation and applications of organic PCMs, and provides an insight on
the recent developments in applications of these materials. Organic PCMs have inherent
characteristics of low thermal conductivity (0.15-0.35 W/mK), hence, a larger surface
area is required to enhance the heat transfer rate. Therefore, attention is also given to the
investigations related to the thermal conductivity enhancement of the materials, which
helps to keep the area of the system to a minimum and helps to increase the heat transfer
rate. Besides, various available techniques for material characterization adopted by
researchers have also been discussed. This chapter also discusses the various shapes of
the container adopted by the researchers for the holding of the PCMs for thermal energy

storage.

2.1 Thermal energy storage

Thermal energy storage (TES) using phase change material (PCM) has been a key area
of research in the last three decades and more, and has since been recognized as an
important aspect after the 1973-74 energy crisis. Depletion of the fossil fuels and
increase in the energy demand has increased the gap between energy demand and its
supply. Excess energy stored in a suitable form has been able to bridge this energy
demand/supply gap significantly. TES can be used for either short term or long-term
storage. If the energy is stored for a few hours, it is termed as short term storage and is
essential in many industrial and domestic applications; while if energy is stored for a

month or more, it is generally considered as a long term storage device which may also
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be required in some applications. Thermal energy storage plays a very important role
when energy demand and supply are not equal. Excess energy available in the off peak
time can be stored in TES devices for later use e.g. solar energy is available only in
sunshine hours, thus, the excess heat may be stored in the day time and used later in the
night hours. Energy storage helps in the saving of expensive fuels and reduces the
wastage of energy and capital cost which leads to a cost effective system (Sharma et al.,
2009). TES devices are majorly categorized as sensible heat storage and latent heat
storage (LHS) devices. Although the most commonly used devices in industrial
applications for thermal energy storage, is the sensible heat storage, but the latent heat
thermal energy storage (LHTES) devices have attracted a wide range of industrial and
domestic applications and will be discussed in the later sections of this chapter. LHTES
provides large energy storage density with a smaller temperature change when
compared to sensible heat storage devices (Paris et al., 1993; Ip & Gates, 2000).
Previous studies have shown that PCMs have the capability to store about 3-4 times
more heat per volume than what is stored as sensible heat in the temperature increment
of 20 °C (Mehling & Cabeza, 2008). However, LHTES devices confront the difficulties
that arise when the latent heat method is applied. This is due to the low thermal
conductivity, changes in density, stability of thermal properties and subcooling of
PCMs. Organic PCMs are a very important class of materials because of their unique
thermal properties such as congruent melting and narrow melting/freezing temperature
range. These properties make them suitable for many applications in solar energy
storage, textiles, and cooling of electronic devices. Organic PCMs are the most suitable

materials for cooling/heating of building.
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2.1.1 Phase change materials

PCMs are latent heat storage materials that have high heat of fusion, high thermal
energy storage densities when compared to sensible heat storage materials. They absorb
and release heat at a constant temperature when undergoing a phase change process

(e.g. solid -liquid). The storage capacity of LHTES devices is given by (Lane, 1983):

Tm Tf
Q= Li mC,dT +ma,Ah, + Lm mC,dT (2.1)

Q= m[c:sp (T,-T,)+a,ah, +C, (T ,-T, )] (2.2)

where Q is the storage capacity, C, specific heat, T;, Ty, and Ts are initial, melting and

freezing temperature, and h is the enthalpy.
2.1.2 Classification of PCMs

Phase change materials are majorly classified as organic, inorganic, and eutectic and a
comprehensive classification was given by Abhat (Abhat, 1983) and shown in Figure
2.1. Based on the melting/freezing temperature and latent heat of fusion, a large number
of organic and inorganic materials can be treated as PCM. Even though, their
melting/freezing temperature is within the operating range, many of the PCMs do not
satisfy the criteria required for an adequate thermal energy storage device because no
single material can have all of the properties required for the TES. Therefore, the
available materials are to be used and their thermo physical properties are to be
improvised by making suitable changes in systems design or by using external agents.

For example, the thermal conductivity of PCMs can be increased by the dispersion of

11



metallic nanoparticle in the PCM or by inserting metallic fins in the systems design and

supercooling can be suppressed by using a nucleating agent in the PCM.

Phase change material
¥

1] ¥ ¥ ¥
Solid-liquid Liquid-gas Solid-gas Solid-solid
¥ ¥ ¥
Organic Eutectic Inorganic — Polyurethanes
— Paraftins —  Salts )
— Polybutadiene
4 | Salts
— Fatty acids hydrates Modified
L poly (ethylene
. glycol)
— Alcohols — Hydroxides
—  Esters — Alloys
| Poly (ethylene
glycol)

Figure 2.1: Classifications of phase change materials (Abhat, 1983; Zalba et al., 2003;
Sharma et al., 2009; Kuznik, David, et al., 2011)

Organic PCMs such as paraffin wax consist of straight n-alkanes chain (CHjs-
(CH2)-CH3) and fatty acids that are made up of straight chain hydrocarbons and are
relatively expensive and possess combustible nature. Organic materials possess the
capability of congruent melting without phase separation. These compounds are
available in a wide range of melting points (Khudhair & Farid, 2004). Paraffin is safe,
reliable, predictable, inexpensive, non-corrosive and chemically inert and stable below
500 °C but possesses extremely low thermal conductivity (0.1-0.3 W/mK) and is not
suitable for encapsulation in plastic containers. Organic PCMs will be discussed in

detail in the later sections of this chapter.
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Inorganic materials are generally hydrated salts and metals and have a large
number of applications in solar energy (Lane, 1986; Dincer & Rosen, 2002). As PCM,
these materials are capable of maintaining the high heat of fusion (~ 350 MJ/m®) even
after a large number of cycles and relatively higher thermal conductivity (~ 0.5 W/m
°C), but they melt incongruently. One of the cheapest inorganic materials which was
studied by Telkas (1952) is Glauber salt (Na;SO4.H,0), which contains 44% Na,SO,
and 56% H,O in weight and is suitable to be used as thermal energy storage material.
This salt has high latent heat (254 kJ/kg) and melting point of about 32.4 °C but it is
highly prone to phase segregation and subcooling. The corrosion of the salt on metal
container is also a concern (Farrell et al., 2006). The use of thickening agents e.g.
Bentonite clay and nucleating agent e.g. Borax help to overcome the subcooling but
they reduce the heat transfer rate by lowering the thermal conductivity. Generally, most
of the salt hydrates encounter the same problem. An extensive review of hydrated salts
was presented in the Chapter 1 of Lane (1983), Sharma et al. (2004), and Kenisarin and

Mahkamov (2016).

The eutectic is a composition of two or more components such as organic-
organic, organic-inorganic, inorganic-inorganic and each of them change their phase
congruently and form a mixture of component crystal during crystallization (George,
1989). Eutectics generally melt and freeze congruently and leave no chances of

separation of components (Sharma et al., 2009; Sharma et al., 2015).
2.1.3 Thermo-physical properties

Since thermo-physical properties of PCMs vary from one manufacturer to another, any
of the available PCM cannot be simply used for designing an effective thermal energy

storage device (Hasnain, 1998). The PCM to be used as thermal storage system should
13



possess the following thermal, physical, chemical, and economic properties (Abhat,
1983; Regin et al., 2008; Sharma et al., 2009; Soares et al., 2013; Wagas & Ud Din,

2013):

Thermal properties such as suitable phase change temperature, high specific
heat, high latent heat, and high thermal conductivity in both, liquid and solid phases are
expected from a suitable PCM. The operating temperature of heating or cooling should
be matched with the phase change temperature of the PCM, which is to be selected for
energy storage. High specific heat provides the additional sensible heat storage. High
latent heat is desirable to store the large amount of energy in a small volume of PCM
i.e. to minimize the physical size of thermal energy storage. Thermal conductivity
should be high in order to minimize the temperature gradient required for the melting

and freezing of the PCM.

High density materials require relatively small storage containers and little
subcooling avoid the temperature range required for freezing or melting of the PCM and
give a single value of phase change temperature i.e. high nucleation rate. Low vapor
pressure and small volume change in the PCM help to reduce the complexity of the
geometry of the container. Chemical properties such as prolonged chemical stability,
compatible with capsule material, and nontoxic, nonflammable, and nonexplosive are
advisable for a PCM. Continuous freezing and melting cycles may hamper the chemical
composition of the PCM so it is highly desirable that the material maintains its chemical
stability over a long period of time. The PCM is to be encapsulated in order to avoid the

undesirable reaction with container materials.
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2.1.4 Geometry of PCM container

The effects of capsule geometry have also been reported in the previous studies and
found that the geometry can be a significant parameter to improve the thermal
performance of PCMs. Regular geometries such as square (Khodadadi &
Hosseinizadeh, 2007; Arasu & Mujumdar, 2012; Abdollahzadeh & Park, 2014),
cylindrical (Ismail et al., 2001; Kim et al., 2011; Solomon & Velraj, 2013; Mahdaoui et
al., 2014), and spherical (Assis et al., 2007; Tan, 2008; Hosseinizadeh et al., 2012;
Amin et al., 2014; Chandrasekaran et al., 2014) have been extensively tested but the
studies using irregular geometries such as triangular and trapezoidal are in scarce.
Duggirala et al. (2006) investigated the solidification of binary mixture of ammonia and
water in various concentrations filled in trapezoidal cavity. However, this study does
not explicitly investigate the effect of the trapezoidal cavity on the solidification rate
and is not based on solidification/melting of NEPCM. Recently, Sharma et al. (2014)
numerically investigated the effect of trapezoidal cavity on the solidification of copper-
water nanofluid. They performed the CFD simulation for various aspect ratios and
calculated the solidification time for various initial fluid temperatures, cold wall
temperatures, and Grashof number. This shape of the cavity was found to be a

controlling parameter for the total solidification time of NEPCM.

2.2 Organic PCMs

Organic PCMs provide congruent melting and are further classified as paraffins and
non-paraffins. These materials provide the congruent melting without phase segregation
over the large number of melting/freezing cycles at the cost of degrading latent heat of
fusion and do not suffer from supercooling. Hale (1971) provided the data related to the

material properties of more than 500 PCMs required by thermal design engineers to
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build efficient thermal energy storage devices. This was followed by numerous studies
that focused on organic PCMs. Paraffin waxes, poly(ethylene glycol)s, fatty acids and
their derivatives are the major classification of organic PCMs, which undergo a solid-
liquid phase transition during heating and subsequent cooling. Polyalcohols and
polyethylene are the other groups of organic PCMs, which undergo a solid-solid phase
transition. Such a kind of phase transition occurs at a fixed temperature by absorbing /
releasing large amounts of the latent heat. A detailed list of organic PCM candidates can
be found in the literature (Lorsch et al., 1976; Abhat, 1983; Zalba et al., 2003; Farid et
al., 2004; Demirbas, 2006; Cabeza et al., 2011; Sharma et al., 2015). Apart from the
many listed advantages of organic PCMS, their major drawbacks are low thermal
conductivity which curb the charging/discharging rate, super cooling effect in cooling
cycles, and leakage of PCMs in the containers (Choi et al., 2001; Alkan, 2006; Agyenim

et al., 2010).

2.2.1 Paraffins

Paraffin or paraffin wax is a mixture of straight chain n-alkanes which is represented by
the chemical formula C,Hzn+2, Where 20 < n < 40. Depending on the chain length of
the alkane, paraffins may be even-chained (n-paraffin) or odd-chained (iso-paraffin)
(Abhat, 1983). Studies conducted in the recent years on paraffins are summarized in
Table 2.1. The molecular chain of paraffin wax involves large amount of latent heat
during the crystallization/fusion. The melting temperature of these compounds increases
with increase in the number of alkane chains in the molecules (Himran et al., 1994) as
seen in Table 2.1. This increment in the melting temperature is because of the elevated
induced dipole attraction between n-alkane chains (Sarier & Onder, 2012) e.g. the

melting point of C14 is 4.5 °C and that of C18 is 28 °C. Many previous studies (Parks et
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al., 1946; Parks et al., 1949; Finke et al., 1954; Messerly et al., 1967; Atkinson et al.,
1969; M. Zébransky et al., 1996; van Miltenburg, 2000; Zabransky et al., 2001) have
shown that paraffin waxes are capable of absorbing, storing, and releasing a great
amount of heat over a large number of phase change cycles. They are excellent
materials for energy storage, particularly in the buildings with a heat capacity of 2.14-
2.4 kJ/kg K, and latent heat of 200-220 kJ/kg. Paraffins show no phase segregation even
after many phase transition cycles and exhibit many favorable characteristics as PCMs
such as they are chemically inert, non-corrosive, colorless, durable, inexpensive,
available abundantly, ecologically harmless and nontoxic (Abhat, 1983; Lane, 1983;
Hasnain, 1990; Hasnain, 1998). On the contrary, Lane (1983) reported that paraffin
shows slow oxidation when exposed to oxygen, therefore, it requires leak-proof
containers. They are generally compatible with all metallic containers but on the other
hand they make some plastic containers soften (Lane, 1983).

Table 2.1 Thermo-physical properties of some paraffins, paraffin waxes, and its blends
used as latent heat storage

Compound Tm Hs Co k p Ref.
N (kdlkg) (kI kgK) (W/mK) (kg/m®)

Decane -29.65 202 - - 726 () (Himran et al.,
1994)

Undecane -25.6 177 - - 737 (1) (Himran et al.,
1994)

Dodecane -9.6 216 - - 745 () (Himran et al.,
1994)

Tridecane -5.4 196 2.21 (1) - 753 (1) (Himran et al.,
1994)

Paraffin C14 4.5 165 - - - (Abhat, 1983)

Tetradecane. 55 227 2.07 (s) 0.15 825 (s) (Himran et al.,
1994)
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Table 2.1 continued...

Compound Tm Hs Co k p Ref.
¢ (kd/kg) (kI kgK) (W/mK) (kg/m®)
Paraffin 8 153 2.2 (s) - - (Abhat, 1983)
C15-C16
Paraffin 20-22 152 - - - (Tyagi &
C16-C18 Buddhi, 2007)
Paraffin 22-24 189 2.1 0.21 790 () (Tyagi &
C13-Cl14 Buddhi, 2007)
900 (s)
(Mehling &
Cabeza, 2008)
Paraffin C18 28 244 2.16 0.15 814 (Abhat, 1983)
Nonadecane 32 222 - - 785 (Paris et al.,
1993)
Eicosane 36.6 247 788 (Paris et al.,
1993)
Heneicozane 40.2 213 - - 791 (Paris et al.,
1993)
Paraffin 48-50 189 2.1 0.21 769 (1) (Abhat, 1983)
C20-C33
912 (s)
Paraffin 58-60 189 2.1 0.21 795 (IC)  (Abhat, 1983)
C22-45
920 (s)
1-Tetradecanol 38 205 - - 825 (Hawes et al.,
1993)
Paraffin 62-64 189 2.1 0.21 0.915 (Abhat, 1983)
C23-C45
Paraffin wax 64 1736 - 0.167 (1) 790 () (Lane, 1980)
266.0 0.346 (s) 916 (s) (Dincer &

Rosen, 2002)
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Table 2.1 continued...

Compound Tm Hs Co k p Ref.
(°C)
(kd/kg) (kI kgK) (W/mK) (kg/m®)
Paraffin 66-68 189 - 0.21 830 () (Abhat, 1983)
C21-C50
930 (s)
Biphenyl 71 119.2 - - 994 () (Lane, 1980)
1166 (s)  (Dincer &
Rosen, 2002)
Propionamide 79 168.2 - - - (Lane, 1980)
Napthelene 80 1477 2.8 0.132 (1) 976 () (Lane, 1980)
0.341 (s) 1145 (s)  (Durupt et al.,
1995)
Tetradecane + -4.02 - 22752 - - - (Kenisarin &
octadecane 21 Mahkamov,
2007)
91.67% 1.70 156.20 - - - (Cabeza et al.,
Tetradecane +
8.33% 2011)
hexadecane
Tetradecane + 15-5.6 23433 - - - (Cabeza et al.,
docosane 2011)
Paraffin blend 5-6 152 - - 783 (s) (Lorsch et al.,
(n =14-16) 1975)
Paraffin blend 8 147- - - 751.6 (Lorsch et al.,
(n=15-16) 153 1975)
Paraffin blend 20-22 152 - - - (Lorsch et al.,
(n=16-18) 1975)
Octadecane + 25.8-26 193.93 - - - (Cabeza et al.,
heneicosane 2011)
Octadecane + 25.5-27 203.80 - - - (Cabeza et al.,

docosane

2011)

19



2.2.2 Fatty acids

Non-paraffins are generally found in the form of acid and represented by the
formula CH3(CH,),,COOH (Demirbas, 2006). The fatty acids are basically derived
from vegetable and animal sources which ensure nonpolluting source of supply
(Feldman et al., 1995a) and are divided into six groups: caprilic, capric, lauric, myristic,
palmitic and stearic (Abhat, 1983). Unlike paraffins, the individual material in this
category has its own properties (Sharma et al., 2009). When compared with paraffins,
these materials show excellent phase change (solid - liquid) properties but are about
three times more expensive than paraffins (Hasnain, 1998). An extensive survey of
organic materials was done by Abhat et al. (1981) and Buddhi and Sawhney (1994) and
the number of esters, fatty acids, alcohol’s and glycol’s were identified to be suitable as
latent heat storage. These materials are highly flammable and should avoid exposure to
high temperature, flames and oxidizing agents. Fatty acids and palmitoleic acids, which
have a low melting point, are the most common among others in the category. The
melting temperatures of fatty acids vary between -5 and 70 °C and the latent heat
between 45 and 210 kJ/kg (Kenisarin & Mahkamov, 2007). These materials have the
capability to be retained in the shape of host material due to their high surface tension of
2.3 x 10™* N/cm. A great insight of fatty acids was recently presented by Yuan et al.
(2014). Some of the fatty acids investigated in the past are presented in Table 2.2.

PCMs based on fatty acids can be categorized as follows (Rozanna et al., 2005):

1. Hydrates of acids of triglycerides and their mixtures.
2. Esters of fatty acids of naturally occurring triglycerides.
3. Refined/synthesized triglyceride products produced by a combination of

fractionation and transesterification processes.
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4. Synthesized fatty acid derivatives that have the desired freezing point
temperatures.

5. Refined fatty acid hydrates that have the desired freezing point temperatures.

6. Prepared mixtures produced by essentially any of the previous processing
approaches with other chemicals (preferable cheap and nontoxic) to produce

eutectic compositions with the desired freezing point temperature range.

Fatty acids possess superior properties such as congruent melting, good chemical
and thermal stabilities, nontoxicity, biodegradability, and melting temperature range
suitable for many latent heat storage applications. They are also capable of thousands of
thermal (melting/freezing) cycles without any notable degradation in thermal properties
(Feldman et al., 1989; Feldman et al., 1991; Feldman et al., 1995a). The fatty acids and
their eutectic mixtures have been recently investigated extensively as possible phase
change materials for low/medium energy storage applications such as solar energy
storage and residential applications. Thermal properties of fatty acids such as capric,
lauric, palmitic and stearic acids were evaluated by Feldman et al. (1989) and they
found that these materials are very promising to be used as PCMs in space heating
applications. The melting point of these acids was measured between 30 °C and 65 °C
and latent heat between 153 kJ/kg and 182 kJ/kg. Feldman et al. (1995b) further
investigated the behavior of fatty acids and their thermal stability as PCMs. The thermal
performance of myristic acid was investigated by Sari and Kaygusuz (2001) and they
found that this acid shows better stability at low temperature. They also observed that
this PCM is more effective when the heat exchanger is in horizontal position. Sari and
Kaygusuz (2002a) studied the thermal performance of palmitic, stearic and oleic acids
as well as their binary and ternary mixtures and they found that the presence of oleic

acid in binary and ternary mixtures produce melting points at different levels of
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temperatures. Subsequently Sari et al. studied the thermal performance of stearic acid

(Sari Ahmet & Kaygusuz Kamil, 2001) and palmitic acid (Sari & Kaygusuz, 2002b) as

thermal energy storage. The thermal properties and the crystal structure of odd

numbered fatty acids (CnH2,+1COOH) from tridecanoic acid (Ci2H,sCOOH) to

tricosanoic acid (CH4sCOOH) have been studied by Karaipekli et al. (2009). A

detailed review of organic PCMs can be found in Rozanna et al. (2005), and Sarier and

Onder (2012).

Table 2.2: Thermo-physical properties of some fatty acids used as latent heat storage

Compound (wt. %) Tm Hs Ref.

(°C) (kJ/kQ)
CA-LA (90-10) 13.3 142.2 Regin et al. (2008)
CA-LA (64-36) 19.62 149.95 Karaipekli and Sar1 (2010)
CA-LA (65.1-34.9) 19.67 126.56 Shilei et al. (2006)
CA-LA (45-55) 17-21 143 Kenisarin (2010)
CA-LA (70-30) 21.09 123.98 Sharma et al. (2013)
CA-MA (70-30) 21.79 123.62 Sharma et al. (2013)
CA-LA (66.75-33.25) 22.76 127.2 Ke et al. (2013)
CA-PA (76.5-23.5) 23.12 156.44 Karaipekli and Sar1 (2010)
CA-SA (70-30) 23.40 104.90 Sharma et al. (2013)
C14H2802-C10H200;

24 147.7 Sharma et al. (2009)
(34-66)
CA-SA (83-17) 24.68 178.69 Karaipekli and Sar1 (2010)
CA-SA (83-17) 25.39 188.15 Karaipekli and Sar1 (2010)
CA-MA (78.39-21.61) 26.02 155.2 Ke et al. (2013)
CA-PA (70-30) 27.07 142.61 Sharma et al. (2013)
CA-PA (89-11) 28.71 141.4 Ke et al. (2013)

Kenisarin (2010)

LA-MA (60-40) 28.8-40.8 172
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Table 2.2 continued...

LA-MA-SA
29.29 140.9 Liu et al. (2014)
(55.8-32.8-11.4)
LA-MA-PA
31.14 142.6 Zhang N. et al. (2013)
(55.24-29.75-15.02)
CA-SA (94.47-5.53) 31.17 156.8 Ke et al. (2013)
LA-PA (65-35) 32.8-37.1 170.2 Kenisarin (2010)
LA-SA (60.3-39.7) 33.8-47.6 189.8 Sari and Kaygusuz (2002a)
MA-SA (50-50) 35.2-51.8 189.2 Kenisarin (2010)
Kenisarin and Mahkamov
LA-SA (75.1-24.9) 36.9-37.6 1834
(2007)
Kenisarin and Mahkamov
MA-PA (50-50) 39.1-454 173.7
(2007)
MA-PA (50-50) 4791 153.12 Fauzi et al. (2013)
Kenisarin and Mahkamov
PA-SA (60-40) 51.2-54.2 183.7
(2007)
(Dimaano & Watanabe,
CA-LA (65-35) 18 148
2002)
CA-LA (45-55) 21 143 (Hawes et al., 1993)

In order to improve the thermal performance and widen the application scope of
organic PCMs, many researches have been preparing the eutectics of fatty acids and
other PCMs. For a low temperature thermal energy storage, a mixture of capric and
lauric acids was evaluated as possible phase change material by Shilei et al. (2006).
Later Dimaano and Watanabe (2002) in their research, mixed pentadecane in the capric-
lauric mixture and found that 50% of pentadecane in the mixture provides the highest
heat charged. The solid-liquid phase transition in lauric, palmitic, stearic acid and their

binary systems was investigated by Fauzi et al. (2013), whereby they found that
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thermal properties of 23% lauric-palmitic acid eutectic system remained stable after 100

heating-cooling cycles at 32.8 °C. Sari et al. (2004) evaluated the thermal properties of

lauric-stearic, myristic-palmitic, and palmitic-stearic acid and tested the thermal
stability for 360 melting-freezing cycle and concluded that these materials can be
effectively used for a one year period. Later, Sari (2005) studied the thermal
performance of eutectic mixtures of lauric-myristic acid, lauric-palmitic acid, and
myristic-stearic acid as PCM and found that these PCMs have a good thermal stability
at least for four years. Subsequently, Sari and Kaygusuz (2006) investigated the thermal
behavior of the eutectic mixture of myristic acid and stearic acid that can be effectively
used as PCMs in low temperature thermal energy storages. Some of the studies carried

out on eutectic mixtures are shown in Table 2.3.

Table 2.3: Thermo-physical properties of compound of fatty acids used as latent heat

storage.

Compound Tm Hs Ref.
(wt. %) (°C) (kJ/kg)
CA-LA (90-10) 13.3 142.2 Regin et al. (2008)

Karaipekli and Sar1
CA-LA (64-36) 19.62 149.95

(2010)
CA-LA (65.1-34.9) 19.67 126.56 Shilei et al. (2006)
CA-LA (45-55) 17-21 143 Kenisarin (2010)
CA-LA (70-30) 21.09 123.98 Sharma et al. (2013)
CA-MA (70-30) 21.79 123.62 Sharma et al. (2013)
CA-LA (66.75-33.25) 22.76 127.2 Ke et al. (2013)

Karaipekli and Sar1
CA-PA (76.5-23.5) 23.12 156.44

(2010)
CA-SA (70-30) 23.40 104.90 Sharma et al. (2013)
C14H280,-C19H200- (34-66) 24 147.7 Sharma et al. (2009)
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Table 2.3 continued...

CA-SA (83-17)

CA-SA (83-17)

CA-MA (78.39-21.61)
CA-PA (70-30)
CA-PA (89-11)
LA-MA (60-40)
LA-MA-SA
(55.8-32.8-11.4)
LA-MA-PA
(55.24-29.75-15.02)
CA-SA (94.47-5.53)
LA-PA (65-35)

LA-SA (60.3-39.7)
MA-SA (50-50)

LA-SA (75.1-24.9)

MA-PA (50-50)
MA-PA (50-50)

PA-SA (60-40)

CA-LA (65-35)

CA-LA (45-55)

24.68

25.39

26.02
27.07
28.71
28.8-40.8

29.29

31.14

31.17
32.8-37.1

33.8-47.6

35.2-51.8

36.9-37.6

39.1-45.4

47.91

51.2-54.2

18

21

178.69

188.15

155.2
142.61
141.4
172

140.9

142.6

156.8
170.2

189.8

189.2

183.4

173.7

153.12

183.7

148

143

Karaipekli and Sar1
(2010)

Karaipekli and Sar1
(2010)

Ke et al. (2013)
Sharma et al. (2013)
Ke et al. (2013)
Kenisarin (2010)

Liu et al. (2014)

Zhang N. et al. (2013)

Ke et al. (2013)
Kenisarin (2010)
Sari and Kaygusuz
(2002a)

Kenisarin (2010)
Kenisarin and
Mahkamov (2007)
Kenisarin and
Mahkamov (2007)
Fauzi et al. (2013)
(Kenisarin &
Mahkamov, 2007)
(Dimaano & Watanabe,
2002)

(Hawes et al., 1993)
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2.2.3 Sugar alcohol

Sugar alcohol, also known as polyalcohols are considered as medium
temperature (90-200 ° C) PCMs and have received less attention by researchers.
Previous studies revealed that alcohols such as xylitol, erythritol, and mannitol possess
a much higher value of latent heat than other materials in this family. Alcohols have
been tested as potential phase change materials in the last four decades. Hormansdorfer
(1989) first proposed the use of polyalcohols as a PCM and their phase change behavior
was discussed by Talja and Roos (2001) and Kaizawa et al. (Kaizawa et al., 2008). They
observed that some polyalcohols possess latent heat of almost double than that of the
other organic PCMs. Among sugar alcohols, erythritol has shown excellent suitability as
a thermal energy storage material (Kakiuchi et al., 1998). Its melting point is 20 °C and
latent heat of fusion is 339.8 kJ/kg. Shukla et al. (2003) performed a thermal cycling
test of erythritol and observed no degradation for the 75 thermal cycles and experienced
a supercooling of 15 °C. At a certain temperature, they observed the phase separation in
the liquid state. When compared to lower temperature organic PCMs, sugar alcohol
exhibited a much larger degree of super cooling which can hamper the efficiency of the
thermal energy storage. This has been addressed in a number of research articles
(Chihara et al., 1998; Ona et al., 2001; Elefsiniotis et al., 2014; Jiang et al., 2014). These
materials also undergo a 10-15% volume expansion when melting (Kaizawa et al.,

2008).

Sole et al. (2014) tested sugar alcohols D-mannitol, myo-inositol, and glactitol
as potential PCMs by thermal cycle test. It was found that for the chosen set of
parameters, myo-inositol sustained well during the cycling test, however, FT-IR images

show changes in chemical structure, which does not affect the thermal properties. Some
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polymorphic changes were noticed when myo-inositol was analyzed between 50 and
260 °C but these almost disappeared in the temperature range of 150 to 260 °C.
Glactitol showed poor cycling stability and at the 18™ cycle, its freezing temperature
was measured as 60°C, which was 102 °C before starting the cycle test. D-mannitol
showed the reaction with oxygen in the atmosphere which leads to non-stable materials

with a lower thermal energy storage capacity.

Memon et al. (2013) developed a novel form stable alcohol based PCM by
preparing a composite of lauryl alcohol and kaolin using the vacuum impregnation
method, shown in Figure 2.2 (a). Simultaneous heating checked the exudation of this
composite during impregnation process. A leakage testing was performed to check the
maximum absorption ratio. The composite was placed in the oven for 30 min at a
certain temperature above the melting point. This composite was checked for thermal
reliability by performing cycling test. An experimental set up, Figure 2.2(b), which
consists of a test room, a 150 W infrared lamp (as heating source), a hollow PVC
envelope, and the thermocouple, was designed and developed. The leakage test showed
that the maximum 24% lauryl acid can be retained by this composite. DSC measured
the melting point of this composite as 19.14 °C, which is less than that of the pure lauryl
acid and latent heat of fusion 48.08 kJ/kg, which is higher when compared to that of the
lauryl acid 205.4 kJ/kg. The thermal cycling test revealed that after one month of
complete cycling test, the melting point of the composite dropped by 0.39 °C and latent

heat of fusion was dropped by 0.7 kJ/kg.
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Figure 2.2 (a) Vacuum impregnation method, (b) schematic of thermal performance test
(Ali Memon et al., 2013).

2.2.4 Poly(ethylene glycol)s

Polyethylene glycol (PEG) also known as polyoxyethylene (POE) or polyethylene oxide
(PEO) is composed of dimethyl ether chains, HO-CHj-(CH2-O-CH,-),-CH,-OH.
Having the hydroxyl group at the end, makes them soluble in water as well as in organic
compounds. PEGs in various grades (400, 600, 1000, 3400, 10000, 20000, 35000,
100000, and 1000000) (Pielichowska & Pielichowski, 2014) have been extensively
investigated numerically and experimentally in the past and they are found to be
chemically and thermally stable, nonflammable, non-toxic, non-corrosive and
inexpensive (Burchill, 1983; Mathur & Moudgil, 1997; Meng & Hu, 2008;
Constantinescu et al., 2010; Chen et al., 2011). As reported by Sarier and Onder (2012),
the melting point and latent heat of fusion increase with an increase in molecular weight
(MW), e.g. melting point of PEG (MW 400) is 3.2 °C and latent heat 91.4 kJ/kg, PEG

(MW 2000) is 51 °C and latent heat 181.4 kJ/kg, and PEG (MW 20000) is 68.7 °C and
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latent heat 187.8 kJ/kg. Ahmad et al. (2006) experimentally and numerically
investigated the thermal performance of a wallboard filled with PEG 600. The apparent
heat capacity method was adopted to numerically simulate the phase change process in
a vertical panel. A sinusoidal variation of the outdoor temperature (Equation 2.3) was
considered in the numerical simulation, which represents the daily variation in the
outside temperature. Simulations started with the investigation of using paraffin in a
gypsum wallboard, later in order to overcome the conductivity issue due to the presence
of air, the polycarbonate and PVC panels were filled with PEG 600 and investigated
experimentally. Results showed that the use of polycarbonate panel filled with PEG is
not suitable for a light envelope for buildings but PVC panels filled with PEG 600
serves this purpose. During the thermal cycle test, no degradation in the thermal
properties of the PVC panel with PEG 600 was noticed in the 400 cycles. A numerical

simulation model also validated these experimental results.

Te (°C) = 24 + 8 sin (wt) (2.3)

Like other organic PCMs, PEG is also subjected to low thermal conductivity and
a large number of experimental and numerical studies have been carried out to enhance
this property. Wang et al. (2009) prepared a form stable composite of SiO, and PEG and
this composite was characterized by the SEM, FTIR and DSC. The PEG of molecular
weight 10,000 and SiO, composite were prepared by dissolving the PEG and SiO; in
water and stirring for 12 h. Then the mixture was heated in the oven at 100 °C for 24 h,
followed by heating it under a reduced pressure of 70 °C for 24 h. SEM images showed
that the PEG is dispersed into the network of solid SiO,, which shows the mechanical
strength of the composite. Polarizing optical microscope (POM) micrographs show that

SiO; serves as a supporting material and help to prevent leakage of liquid PEG. DSC
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graphs showed that the latent heat of PEG/SiO, composite is less and thermal
conductivity is more than that of the plane PEG. The thermal conductivity of the solid
PEG is 0.2985 W/m K, while it is 0.3615 W/m K for PEG/20% SiO, (w/w) which is
21% higher and 0.5124 for PEG/50% SiO,, which is 71.7% higher than a normal PEG.
More studies based on PEG/SiO, composite can be found in the references (Hawes et

al., 1992; Hwang et al., 2006; Wang et al., 2007; Tang et al., 2012; Feng et al., 2013).

The blends of PEG and fatty acids have also been studied in the past to obtain
the desired range of melting temperature and latent heat. It has been possible to obtain
a homogeneous PEG/fatty acid blend by mixing both materials in a liquid state
followed by subsequent freezing. An experimental study carried out by
Pielichowski and Flejtuch (2003b) indicated that the melting range of such a blend lies
between 30 and 72 °C. They investigated a series of blends of PEG with capric, lauric,
myristic, palmitic, and stearic acid of different molecular weights as a thermal energy
storage material. Their latent heat of fusion was observed between 168 and 208 kJ/Kkg,
which is higher than that of the pure fatty acid, and PEG. In their further research
Pielichowski et al. (2008) investigated the thermal properties of a blend of PEG 10000
with lauric acid and stearic acid. The results revealed that the crystallinity of
PEG/lauric acid was 52% and PEG/stearic acid 43%. FT-IR images confirm the
presence of hydrogen bonds in the blend, both in liquid and solid state that defines their
synergies. During the phase change process, a synergistic effect was observed due to
the formation and decay of hydrogen bonding. In similar studies by Pielichowski and
Flejtuch (2003a), Flejtuch (2004), and Pielichowski (2005), the blend of PEG of
different grades and fatty acids were prepared and tested for their thermal reliability as
energy storage materials and was found that these materials are potential materials to

be used as TES.
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2.3 Enhancement of thermal conductivity of organic PCMs

An organic phase change materials has a well-known drawback of having low thermal
conductivity, which substantially limits the heat transfer rate during the phase transition.
A large number of research articles have been published in the last two decades,
reporting the enhanced thermal conductivity of these materials by various means, such
as, dispersion of high conductivity solid particles (micro/nano size) in the PCM (Zalba
et al., 2003), insertion of metal matrices (Zalba et al., 2003; Khateeb et al., 2004),
chunks of metal (stainless steel and copper) pieces (Cabeza et al., 2002), carbon fibers
(Fukai et al., 2000; Fukai et al., 2002), and the impregnation of porous graphite matrix
in the PCM (Py et al., 2001; Cabeza et al., 2002; Mills et al., 2006; Moeini Sedeh &
Khodadadi, 2013). Jegadheeswaran and Pohekar (2009) presented a detailed review on
the performance enhancement in latent heat thermal storage system. They discussed the
various techniques such as impregnation of porous materials, dispersion of high
conductivity particles, placement of metal structures, and use of high conductivity and
low-density materials to enhance the thermal conductivity of PCMs. A nano composite
of graphene and 1-octadecanol (stearyl alcohol) was prepared by Yavari et al. (2011)
and thermal conductivity was investigated as a function of graphene content. They
observed a 2.5 times higher thermal conductivity of the composite by the addition of 4%
(by weight) graphene at a loss of 15.4% heat of fusion. Cui et al. (2011) added carbon
nanofiber (CNF) and carbon nanotube (CNT) in the PCM (soya wax and paraffin wax)
and observed that the addition of both CNF and CNT increases the thermal conductivity
of the base PCM. A detailed review of studies regarding the thermal conductivity
enhancement can be found in (Fan & Khodadadi, 2011; Liu et al., 2012). In the past,
graphite has been extensively used as heat transfer enhancer due to its high thermal

conductivity (Sar1 & Karaipekli, 2007; Mehling & Cabeza, 2008; Lopez et al., 2010;
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Zhang et al., 2010; Zhang et al., 2012; Zhang N. et al., 2013; Zhang Z. et al., 2013). Fan
et al. (2013) investigated the effect of carbon nanofillers (CNT, CNF, and GNP) on the
thermal conductivity of paraffin based PCM using hot wire method. The concentrations
were varied from 1 to 5% at an increment of 1%. They found that the GNP enhanced the
thermal conductivity most, at approx. 164% at the loading of 5% wi/w. Li (2013)
prepared a composite of paraffin and nano graphite (NG) and reported a high thermal
conductivity of this composite. Nano graphite of particle diameter 35 nm was added to
paraffin in 1%, 4%, 7%, and 10% w/w at 60 °C. The thermal conductivity of the
paraffin was measured 0.1264 W/m K and the conductivity of the composite PCM were
measured to be 2.89 times and 7.41 times higher for the 1% and 10% NG respectively.
Nano graphite in different forms has been added to the numerous organic PCMs to
enhance their thermal conductivity (Chen et al., 2013; Fang et al., 2013; Li H. et al.,

2013; Choi et al., 2014; Goli et al., 2014, Li et al., 2014; Zeng et al., 2014).

2.4 Characterization techniques for organic PCMs

There are numerous techniques available to characterize the thermal and chemical
properties of organic PCMs. The morphology of the reference material is investigated
using a spectrum electron microscope (SEM) (Alkan et al., 2009; Li W. et al., 2013;
Mehrali et al., 2013; Meng et al., 2013; Motahar et al., 2014b) and particle size
distribution (PSD) (Alkan et al., 2009; Xu & Li, 2013; Song et al., 2014). The SEM
produces images of a sample by focusing an electron beam on it and the PSD lists the
values that define the relative amount of a substance into a mixture. The PSD
sometimes is also known as grain size distribution. Chemical compatibility of the
mixture is tested using the Fourier transform infrared spectroscopy (FT-IR) technique in

which infrared (IR) radiation is passed through the sample. Some of the IR radiation is
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transmitted through the sample and some absorbed into it. There have been numerous
studies which have identified the properties of the materials using FT-IR technique
(Feldman et al., 1989; Cho et al., 2002; Zhang et al., 2004; Sari, Alkan, et al., 2009; Jiao
et al., 2012; Pan et al., 2012; Memon et al., 2013; Konuklu et al., 2014). A Differential
scanning calorimetry (DSC) (Sari & Kaygusuz, 2002b; Sar1 & Karaipekli, 2007; Alkan
et al., 2009; Ma et al., 2013; Mehrali et al., 2013; Konuklu et al., 2014; Sar1, 2014) and
differential thermal analysis (DTA) (Buddhi et al.,, 1987) are the measurement
techniques used to determine the latent heat of fusion, heat capacity and melting
temperature of a material. In DSC, the sample and the reference material (with known
thermal properties) are maintained at the same temperature and the thermal properties of
the sample materials are calculated by measuring the difference of the heat absorbed
between the sample and the reference. While in the DTA, the heat is applied to the
sample only and the properties are evaluated by measuring the temperature difference
between the sample and reference material. Yinping and Yi (1999) proposed a method,
called the T-history method for the measurement of the melting temperature, degree of
supercooling, thermal conductivity, specific heat, and heat of fusion of PCMs. Later,
this method was modified by Hong et al (2004) and Peck et al. (2006) to make it more

suitable for appropriate measurements.

The SEM, FT-IR, TEM, DSC, TGA and hot wire methods have been widely used
to measure the thermal properties of pure and composite PCMs. Therefore, to ensure
the accurate measurement and minimize the uncertainties in the measured values it is
necessary that these equipment be calibrated before they are used. This will also help to
avoid repetitive measurements, which are taken to ensure that the correct data is
obtained. Most of the previous studies have concentrated on the measurement of the

melting temperature and latent heat of prospective materials and very few studies have
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considered the variations in the thermo-physical properties such as conductivity,
density and viscosity with temperature. Almost all of the previous studies reported the
use of DSC for thermal property evaluation. This technique uses a very small amount
and requires almost uniform sample of PCM, which is unrealistic in the case of PCM

based composite materials because they are not homogeneous.

2.5 Applications of organic PCMs

2.5.1 Cooling/heating of buildings

Consumption of electricity is significantly varied during the day and night, summer and
winter seasons, depending upon the demand of industrial, commercial, and residential
activities. Because of these variations, the pricing of energy use is also varied during
peak and off peak season. A suitable thermal energy management system can help to
keep the energy stored during off peak seasons, which can be used during peak seasons
when the demand is more. For this purpose, the phase change materials can be used to

enhance the thermal energy storage in building walls, floors and ceilings.

2.5.1.1 PCM walls and wallboard

Wallboards are easily available, effective and comparatively less expensive to use in the
buildings and these characteristics make them highly suitable for PCM encapsulation. In
wallboards, the PCM is imbedded into a gypsum board, plaster or other building
structures. Stovall (1995) reported that a normal wallboard can contain up to 30% of
PCMs. In their study, they found that it is a good energy saver for a passive solar system
with a payback period of five years. In an early work (Athienitis et al., 1997), an
experimental and numerical study was carried out over a gypsum board impregnated

with a PCM (Butyl stearate) in a direct gain outdoor test room and it was observed that
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the room temperature can be reduced by a maximum of 4 °C during the day time.
Thermal dynamics of the PCM (fatty acid and paraffin wax) impregnated wallboards
which is subjected to diurnal variation of room temperature was carried out by Neeper
(2000). The results of this study showed that when the PCM melting temperature is
close to the room temperature, the wallboard stores maximum diurnal energy and this
energy decreases if the phase change occurs over a range of temperatures, Figure 2.3.
Kuznik and Virgone (2009) experimentally investigated the thermal performance of
PCM copolymer composite wallboard in a full scale test room for the summer, mid-
season and winter and found that the PCM wallboards can reduce the overheating effect
for all cases. Later Kuznik et al. (2011) monitored a building for almost a year for heat
variation in two identical rooms. One room was equipped with the DuPont de
Nemours® PCM wallboard and another was without any wallboard and found that the

one with wallboard performed better.
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Figure 2.3 Diurnal energy storage versus melt temperature for an interior wall (Neeper,
2000).
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Oliver (2012) prepared a new construction material: gypsum board containing of
PCM 45 wt% and carried out its thermal characterization. They found that a 1.5 cm-
thick board of gypsum with PCMs, stores 5 times more thermal energy than a laminated
gypsum board, and the same energy as a 12 cm-thick brick wall within the comfort
temperature range (20-30 °C). A nano-PCM (n-heptadecane+graphite nanosheets)
enhanced wallboard was prepared by Biswas et al. (2014) and they simulated the
thermal performance of this system, Figure 2.4, numerically and validated
experimentally. Three temperature range were selected for this study: 23.3 °C that was
well-above the phase change temperature range, 22 °C that was near the higher end of
the melting temperature range and 21 °C that was at about the center of the melting
range. No change in heat gain was observed at 22 and 23.3 °C but at 21 °C cooling set
point, during peak summer, the nano-PCM wallboard reduced the peak heat gains and
also delayed the heat flowing into the interior space. Recently, a new kind of composite
PCM was developed by A. Sari (2014) which consists of polyethylene glycol (PEG
600) as the base PCM with gypsum and natural clay and a thermal analysis was carried
out. The maximum absorption ratio of PEG 600 in gypsum-based and natural clay-
based composites was found to be 18 weight% and 22 weight%, respectively. The
thermal cycling test shows that this material has good thermal and chemical stability
along with good thermal reliability. This material also showed an excellent cooling and

heating performance.
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Figure 2.4 (a) Numerical model of nano-enhanced wallboard (b) Wallboard embedded
with nanoPCM for experimental study (Biswas et al., 2014).

2.5.1.2 PCM Floors and ceilings for passive solar heating

The ceiling and floor are two important sides of a building block and can be effectively
utilized for heating/cooling of a building space. Organic PCMs have been effectively
incorporated either directly or in the encapsulated form in these parts in the past to store
the solar radiation. Figure 2.5 shows an insulation system proposed by Turnpenny et al.
(2000). They developed a latent heat storage unit by incorporating the embedded heat
pipes in phase change material. This system stored coolness during the night and
released it in the daytime. Stritih and Butala (2010) experimentally analyzed the cooling
building using paraffin (melting point 22 °C) impregnated ceiling board as shown in
Figure 2.6. They monitored the cooling of the PCM at night for seven consecutive days
and it was observed that during this period the outside temperature remained stable. The
amount of cold released from the PCM was calculated from zero to 300 min. They

found that this system was very helpful for the cooling of buildings.
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Figure 2.5 Outline of heat pipe/PCM insulation system (Turnpenny et al., 2000)

Figure 2.6 Principal function of PCM “free-cooling system”: (left) cooling of PCM at
night, (right) cooling of building during the day (Stritih & Butala, 2010).
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Floor heating is also very important as they may provide a comfortable indoor
environment than convective heating systems (Athienitis & Chen, 2000). Organic
PCMs have a great potential to be used as thermal energy storage media in floors. Some
of the organic PCMs used in floor heating are given in Table 2.5. Lin et al. (2005)
experimentally investigated the thermal performance of under-floor electric heating
systems (Figure 2.7) with a shape-stabilized phase change material (75% paraffin wax +
25% polyethylene). This system can charge heat by using cheap nighttime electricity
and discharge the heat stored at daytime. During the duration of the experiment the
average indoor temperature was 31 °C and the temperature difference between day and
night was 12 °C. This resulted in a higher indoor temperature with no change in the

temperature swing.

Table 2.5 Organic PCM used for floor heating (Jeon et al., 2013)

Compound Melting point Heat of fusion
(°C) (kJ/kQg)

Paraffin C16-Cyg 20-22 152
Polyglycol E600 22 127.2
Paraffin C13 — Co4 22-24 189
1-Dodecanol 26 200
Paraffin Cg 27.5 243.5
Vinyl Stearate 27-29 122
1-Tetradecanol 38 205
Paraffin C1g — Cog 42-44 189
Paraffin Cyp — Ca3 48-50 189
Paraffin wax 63 173.6
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Figure 2.7 Under-floor electric heating system (a) Schematic of electric floor heating
system with shape-stabilized PCM plates, (b) electric heaters, (c) shape-stabilized PCM
plates, (d) wood floor (Lin et al., 2005).

2.5.2 Solar energy storage

Solar radiation is considered as one of the prospective sources of energy and this can be
effectively utilized in large-scale by proper storage of it. PCMs are one of the most
effective techniques to store the solar energy during daytime, which can be utilized at
night or on cloudy days. The general principle of the solar energy storage and
technologies to store it was summarized in ref. (HP Garg et al., 1985) and latent heat
storage for solar energy was discussed in detail by Lane (1983, 1986) and Dincer and
Rosen (2002). Organic PCMs are found in a large number of applications related to
solar energy storage such as water and air heating, drying, solar cooking systems and
solar thermal power plants which can be divided in two major groups, low temperature
and high temperature solar energy storage. Kenisarin and Mahkamov (2007) and

Sharma et al. (2009) presented a detailed review on tested PCMs for solar energy
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storage to date. In this current review paper, we have divided this section into two major
sub-sections, viz.: (i) low temperature energy storage, which includes water, air, and
dryer heating using solar energy, and (ii) high temperature energy storage e.g. solar

cooker.

2.5.2.1 Solar water/air heating

Solar water heating is relatively inexpensive and simple to fabricate and maintain. Barry
(1940) designed one of the first kinds of solar water heating systems as shown in Figure
2.8. A copper made upwardly tapered coil is fitted inside the dome shaped shell. The
lower end of this coil is connected to the inflow, which is connected to the bottom of the
water container. The upper end of the coil is connected to the outlet of hot water, which
is eventually connected to the top of the storage tank. The solar water heater integrated
with the PCM is the upgraded version of the conventional solar water heaters which
takes advantage of the ability of the PCM to store excess energy and which can be

utilized in off-peak hours.

Figure 2.8 Design of solar water heater (Barry, 1940).
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Prakash et al (1985) developed a built-in thermal energy storage type water
heater which contains a layer of PCM at the bottom which helped to provide hot water
during off sunshine hours and substitute hot water by cold water. They analyzed the
performance of such a system for two depths of PCMs and flow rates and found that
this system is a potential solar water heater with improved heating characteristics.
Organic PCMs as thermal energy storage media have been extensively used in the past
and a detailed review was presented by Shukla et al. (2009). Bansal and Buddhi (1992)
theoretically studied a cylindrical storage as a part of domestic hot water system with a
flat plate collector for it charging and discharging. During the charging of the PCM
(paraffin wax P-16 and stearic acid), the cylindrical capsule is in the close loop with a
solar water heater, and while discharging, the liquid flowing in the storage unit absorbs
the stored energy in the PCM. The performance of a PCM based solar water heating
system with a heat pump was investigated by Kaygusuz (2000) for the data collected
during November to April. The solar collector used in this system was constructed by
modifying the flat-plate water-cooled collectors and the absorber unit consists of nine
copper tubes of 1.8 m length and 0.022 m external diameter. Sheet iron was used to
construct the storage tank with diameters of 1.30 m and 3.20 long, which contained the

PCM, filled PVC containers. This design was helpful to save the energy substantially.

Hinti et al. (2010) experimentally investigated the effect of the paraffin filled
capsules contained in a container used for water heating by solar radiation. This system

consisted of four south facing flat plate of 1.94m x 0.76m x 0.15m collectors with a tilt

angle 30°. This system works on the principle of open and closed loop system, which is

enabled by the set of three valves, connected to the hot water storage tank. 1 kg of
paraffin is filled in a thin walled cylindrical aluminum container of 1.3 | each. Thirty-

eight such containers are fixed into a storage tank made up of steel having a length of
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675 mm, inner diameter 450 mm and a volume of 107.4 |; see Figure 2.9 (a). The total

volume of PCM containers are 49.4 | and remaining 58 | volume is occupied with water.

Results revealed that over the test period of 24 hours, the water temperature was

measured to be 30 °C higher than the ambient temperature as shown in Figure 2.9 (b).
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Figure 2.9. (a) cross sectional view of the storage tank (b) Temperature variations with

time (Al-Hinti et al., 2010).

Paraffin was encapsulated in spherical capsules as the PCM in a jacket shell type

solar tank and the effect of the PCM encapsulation on water heater was investigated by

Fazilati and Alemrajabi (2013). One hundred and eighty spherical capsules made up of

HDPE having 38 mm diameter each, which occupy the 55% of the total volume of the

tank was embedded inside the tank. Copper wire 380 mm long and 0.3 mm in diameter

was inserted into the paraffin to enhance its thermal conductivity. It was observed that

the use of the PCM in the tank increased the storage density by 39% and the exergy

efficiency by 16%. It was also observed that such a PCM inbuilt solar water heater can

supply hot water for up to 25% longer time. Khalifa et al. (2013) designed a storage

tank consisting of six copper pipes of 80 mm diameter each, connected in series and

paraffin wax filled in between the pipes as shown in Figure 2.10. Various performance

factors such as top loss coefficient, water useful heat gain and heat transferred between
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water and the PCM were considered to evaluate the thermal performance of such a
system. Experiments were conducted on clear and semi-cloudy days of January,
February and March. Results indicate that the plate temperature increases up to a
distance of 2.5 m from entrance, after which a nearly steady temperature is noticed for
the remaining 7.6 m of the total length (see Figure 2.10 b) which is in contrast to

previously published results by many researchers.
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Figure 2.10 (a) Schematic diagram of storage tank, (b) variation of the pipe surface
temperature with distance from entrance (Khalifa et al., 2013)

Wax Case Insulation

Recently, Mahfuz et al. (2014) experimentally investigated the thermal behavior
of paraffin integrated solar water heating system. Their proposed system, shown in
Figure 2.11 is made of three major components, a solar collector unit, a shell ad tube
thermal energy storage, and an insulated water storage tank. During sunny hours, the
valve 1 was open and valve 2 remained closed. The cold water from the water storage
tanks passes through the solar collector and gains the heat and flows back to the storage
tank. A part of this hot water goes through the thermal energy storage tank for the
charging of the PCM. The excess water will automatically flow out of this tank and
move towards the main water storage tank. In the night when there is no sun light, valve
2 is opened to allow the water to pass through the PCM tank so that it will extract the
heat from the PCM, becomes heated up, and flow back to the main storage tank. The
results show that when the water flow rate is 0.033 kg/min the energy efficiency of such
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a system is 63.88% while it is 77.41% when the flow rate is 0.167 kg/min. For the first
flow rate the total life cycle cost was calculated as $ 654.61 while for the later one, the
total cost was predicted to be USD 609.22. This shows that when the flow rate
increases, the life cycle cost decreases. Chaabane et al. (2014) carried out a numerical
study on a PCM integrated solar water heater system. They used one organic PCM,
myristic acid, and one organic-inorganic mixture of Rubitherm 42-graphite for this
investigation. The results show that the myristic acid integrated water heating system

performs better than other systems under the same environmental conditions.

Many previous research shows that organic PCMs are immensely used as
thermal storage media in the solar water heating systems. The use of organic PCMs in
solar water heating can also be found in the work of Elsyaed et al. (1994), Fath (1995),
Salyer (2000), Ettouney et al. (2005), Sharma et al. (2009), Mazman et al. (2009),
Talmatsky and Kribus (2008), Sadhishkumar and Balusamy (2014), Mettawee and
Assassa (2006), Shabtay and Black (2014), Nkwetta et al. (2014), Bouadila et al.

(2014).
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Figure 2.11 Solar water heating system with PCM (Mahfuz et al., 2014).

Solar air heating is the technique to heat or condition the air for use in building
spaces or other applications. The use of PCMs is an effective way to make the
sustainable solar air heating system (Lane, 1980). Morrison, Khalik and Jurinak in their
different studies (Jurinak & Abdel-Khalik, 1978; Morrison & Abdel-Khalik, 1978;
Jurinak & Abdel-Khalik, 1979a, 1979b) numerically investigated the performance of
solar energy based air heating systems integrated with organic and inorganic phase
change materials. They determined the effect of latent heat and melting temperature of
PCM on the performance of an air heating system. The effect of semi-congruent melting
of the phase-change material (PCM) on system performance was also examined. Results

show that the PCM should be selected based on melting point rather than latent heat.

Enibe (2002) evaluated the performance of PCM based solar air heating system
works on the principle of natural convection as shown in Figure 2.12. Paraffin as PCM
is prepared in thin rectangular blocks, which is equispaced in the collector as shown in
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Figure 2.12 (b) and behaves like thin fins. The space between two modules is utilized as
air heater. The cold ambient air flows into the collector and passes through the spaces
between PCM modules, which serve as air heater. Ambient air gets heat up and flows to
the space chamber. Author suggested that such system is suitable for use as a solar
cabinet crop dryer for aromatic herbs, medicinal plants and other crops, which do not
require direct exposure to sunlight. Later in his work (Enibe, 2003), a transient
numerical investigation was carried out for the same setup. Energy balance equations
are developed for each major component of the heater and linked with heat and mass
balance equations for the heated air flowing through the system. The numerically
predicted results of the system were compared with previously published experimental
data under daytime no-load conditions over the ambient temperature range of 19-41 °C
and daily global irradiation of 4.9-19.9 MJ/m® Predicted temperatures at specific
locations on the absorber plate, heat exchanger plate, glazing, and heated air were in
good agreement with experimental data to within 10, 6, 8, and 10 °C, respectively.
Maximum predicted cumulative useful and overall efficiencies of the system were

within the ranges 2.5-13 % and 7.5-18%, respectively.

Alkilani et al. (2011) presented an up to date review on solar air collector based
on thermal energy storage materials. They reviewed the published articles based on
space heating, heat transfer in packed beds, green house systems and solar air heaters
integrated with phase change materials. Entrop et al. (2011) experimentally evaluated
the effect of microencapsulated paraffin of melting point 23 °C on the total heat load
requirement for a building space when it is mixed with concrete. This experimental
setup consists of four insulated boxes (1130 mm x 725 mm x 690 mm each) having
window in south direction to allow the solar radiation to go inside the space, see Figure

2.13, and the data acquisition unit. The floor of two out of the four boxes contains micro
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encapsulated PCM. Results of the data collected in 2010 revealed that the boxes having

PCM floor are able to maintain their temperature well compared to the boxes without

PCM as shown in Table 2.6.

(@ (b)

Figure 2.12 (a) Air heating system, A, collector assembly with PCM and air-heating
subsystem; B, heated space, (b) arrangement of PCM modules in the collector (Enibe,
2002).

Figure 2.13 Four test boxes at the site (Entrop et al., 2011).
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Table 2.6 Minimum and maximum temperatures (0.5 °C) in the boxes per day

(Entrop et al., 2011).

Date Testbox 1 Test box 2 Test box 3 Test box 4

Min-Max (°C) Min-Max (°C) Min-Max (°C) Min-Max (°C)

24-6  20.9-24.4 23.0-29.2 19.9-25.2 20.2-28.9
25-6 23.2-25.2 25.1-29.8 22.4-25.7 22.1-28.8
26-6 23.1-25.6 23.8-30.3 21.1-26.2 20.1-29.4
27-6  23.7-27.7 24.8-32.2 22.1-28.6 21.3-31.7
28-6 24.7-30.0 27.0-33.9 23.9-31.0 23.7-33.5
29-6 26.3-30.3 28.3-33.9 24.4-30.6 24.4-32.5
30-6 25.7-30.2 27.3-33.4 24.0-29.2 23.1-30.7
1-7  24.4-28.5 25.4-31.4 23.2-28.5 22.0-30.7

Recently Karthikeyan et al. (2014) performed a numerical study on the
performance of a packed bed storage unit as shown in Figure 2.14, integrated with
encapsulated paraffin wax. The effect of parameters such as flow rate of heat transfer
fluid (i.e. air), its temperature at inlet, ball size of the PCM capsule and effective
thermal conductivity were investigated. Selected parameters for this study are given in
Table 2.7. Results revealed that for a constant flow rate of air 0.035kg/s, inlet air
temperature of 70 °C, and effective thermal conductivity of 0.7 W/m K, the
charging/discharging time continuously increases with increasing ball diameter,
increasing mass flow rate of air increases the charging time for all selected bed height. It
was also observed that the effect of increasing thermal conductivity beyond 1 W/m K

does not produce significant heat transfer enhancement.
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Figure 2.14 Arrangement of the packed bed model (Karthikeyan et al., 2014)

Table 2.7. Parameters considered and their range of values (Karthikeyan et al., 2014)

Parameters Values

PCM ball size (mm) 60, 70, 80, 100
HTF inlet fluid temperature (°C) 67, 70, 75, 80
Mass flow rate of HTF (kg s ) 0.05, 0.035, 0.015

Effective thermal conductivity of PCM (W m* K™) 0.4, 1.0, 2.0

Charvat et al. (2014) numerically and experimentally analyzed a RT42
(Rubitherm®) based solar thermal system for air heating. They used 100 aluminum
panels (450 mm x 300 mm x 10 mm each) filled with PCM and contained in heat
storage unit as shown in Figure 2.15. Experiments were performed to validate the
numerical model and then a parametric study was performed to assess the performance
of such system. The TRNSYS simulation tool was used to simulate the transient one
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dimensional heat transfer problem. The schematic of numerical model of heat storage
unit is shown in Figure 2.15 (b). The effect of inlet air temperature and airflow rate in
the performance of system was analyzed. The results revealed that this can be a

potential system to be used as latent heat thermal storage system for air heating purpose.
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Figure 2.15 (a) heat storage unit with front and top walls, (b) numerical model
(Charvét et al., 2014)

Tyagi et al. (2012) performed the experimental investigation of a solar heater
embedded with paraffin wax and hytherm oil. A total of 12 evacuated tube collector
(ETC), four filled with paraffin, four filled with oil, and remaining 4 without any
storage material were used in the solar heat collector as shown in Figure 2.16. The glass
length exposed to sunlight is 172 cm and inclined at 45°. The results revealed that the
outlet temperature of the heater with PCM was more than that of one without PCM. As
the mass flow rate increases, the outlet temperature in all three considered cases
increases. Later, Tyagi et al. (2012), presented a comparative energy and exergy
analysis of a solar air heat collector integrated with paraffin wax and hytherm oil as
PCMs. They observed that both energy and exergy efficiencies of the air heating system

was higher with PCM based system than that of one without PCM.
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Figure 2.16 (a) Cross-sectional view of ETC tube with TES, (b) schematic of the
experimental set-up (Tyagi, Pandey, Kaushik, et al., 2012).

Compressed air

2.5.2.2 Solar dryer

Solar dryers are the devices used to dehydrate the substances using solar radiation.
Depending upon the interaction of substances, they can be majorly divided into direct
and indirect solar dryers. For preservation of agricultural products, especially, fruits and
vegetables, the use of a moderate temperature range (40-75 °C) dryer is an essential
device and the use of thermal energy storage in this temperature range has gained
immense popularity in the last few decades due to their high energy storage capacity.
Phase change materials, especially paraffin are one of the mostly used organic PCMs in
solar dryers as energy storage media. Butler and Troeger (1981) constructed a solar
collector-cum-rock bed storage for peanut drying and experimentally evaluated its
performance. They found that in the drying time range of 22-24 hours, the moisture

level was reduced from 20% to a safe storage moisture level.
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Bal et al. (2010) presented a state of the art solar dryer with thermal energy
storage for agricultural food products. They divided this review into five major sections
viz. thermal energy storage, comparison of sensible and latent heat storage system,
phase change materials, classification of PCMs, and solar dryer with thermal energy
storage device. They emphasized on the advantage and drawbacks of various dryer
designs using the thermal storage unit. The authors also mentioned that there is a need
to focus on hybrid solar dryers and pointed out that heat loss is a major problem as a
future research gap of the back panel of the solar dryer, which can be corrected by
adding a coating of polyurethane. In their subsequent study (Bal et al., 2011), they
presented an up to date review of solar dryer embedded with latent heat storage system.
They mentioned that intermittent nature of the solar energy is the major drawback for
solar dryer, which can be corrected if the dryer is embedded with phase change
materials. Later, Vijaya Venkata Raman et al. (2012) presented a detailed review on
solar drying technologies with and without PCMs. This review has listed the
technological developments in the developing countries over a period of time and the
various designs of solar dryers, classification and performance analysis are reviewed.
Recently, Shalaby et al. (2014) presented a review on the solar dryer system integrated
with phase change materials as thermal energy storage media. They also presented the
various techniques used for thermal conductivity enhancement of PCMs such as, carbon

fibers, expanded graphite, graphite foam etc.

In a recent investigation, Reyes et al. (2014) designed and developed a hybrid
solar dryer for dehydration of mushrooms, cut in 8 mm and 12 mm slices, and
consisting of an exposed surface of 10 m? and paraffin wax as energy storage media.
The hybrid solar dryer, as shown in Figure 2.17, consists of a solar panel (3 m x 1 m)

which contains a glass sheet of 5 mm thick and a black zinc plate. 14 kg of paraffin wax
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are distributed in 100 copper pipes of 144 mm inner diameter and these pipes are placed
in the solar energy accumulator. The mushrooms were soaked in a diluted 10%
benzalkonium chloride solution for 5 min and then rinsed. The drying run started at
10:00 am and for the first 8 hours, no energy was taken from the accumulator. To
maintain the temperature of the drying air at 60 °C, the energy was taken from the solar
panel or the electrical resistances. After 6 pm, when the solar radiation started getting
weak, the energy was taken from an energy storage device, i.e. paraffin. The authors
recommended the use of low air recycle and level and thin slices of mushrooms in such
a drying system. The results revealed that the color parameters significantly affected the
drying process. The maximum moisture content after rehydration was 1.91 + 0.24. The
thermal efficiency of this system varied from 0.22 to 0.67 and the maximum energy

fraction supplied by the accumulator was found to be 0.20.
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Figure 2.17 Hybrid-solar dryer for mushroom, A, Solar panel, B, Solar energy
accumulator, C, Electrical heater, D, Chamber drying, E Centrifugal fan (Reyes et al.,

2014).
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Shalaby and Bek (2014) designed a novel indirect solar dryer (Figure 2.18)
integrated with paraffin wax as a PCM with a melting temperature of 49 °C. This
system consists of two identical solar heaters, one drying compartment, and a blower.
The solar radiation on a tilted plate was measured in the month of September 2013
using Pyranometer and the temperature of drying air was monitored. A three-phase
induction motor of 1.75 HP and 2610 rpm served the purpose of blower for dryer
compartment. The experiments were conducted with and without paraffin and it was
observed that after using the PCM, the temperature of the drying air was 2.5-7.5 °C
higher than the ambient air for 5 hours minimum after sunset. Figure 2.18 (b) shows the
hourly variation of the dry air temperature and it was observed that the average drying
air temperature when using the PCM was less than that of the ones without the PCM
between 8:00 am to 2:00 pm which indicates the large amount of energy storage in
PCM. It was also observed that this design provides the dryer temperature with 3.5-6.5

°C higher when used with the PCM.
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Figure 2.18 (a) drying compartment, (b) variation in the temperature of the drying air
(Shalaby & Bek, 2014).
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2.6 Accelerated thermal cycle test

The latent heat storage materials undergo a large number of melt/freeze cycles during its
entire period of application. Generally, a thermal energy storage material undergoes one
melt/freeze cycle per day, however, when it undergoes a higher number of melt/freeze
cycles in a laboratory under controlled conditions, it is termed as accelerated thermal
cycle test (Sharma et al., 1999). An accelerated thermal cycle test of Na,SO4.nH,O for
1000 cycles was conducted by Ting et al. (1987), but, they did not report the variation in
the thermal properties during the cycle test. a variation in the melting temperature and
the latent heat of fusion was first measured by Porisini (1988) during a cycle testing of
salt hydrates as the PCM. Hasan and Sayigh (1994) investigated the thermal energy
storage characteristics in myristic acid, palmitic acid, and stearic acid for solar water
heating system considering the moderate life of the 450 melt-freeze cycles. The results
of this study revealed that the degradation of the thermophysical properties was
negligible when the freezing and melting temperatures were kept between 20 and 80 °C.
However, this reduction was up to one-third in the latent heat when the maximum
temperature range was between 20 and 150 °C. (Shukla et al., 2008) performed an
accelerated thermal cycle test for organic materials paraffin wax and erythritol,
inorganic materials, sodium hydroxide, di-sodium borate, ferric nitrate, and barium
hydroxide. They found that none of the inorganic material is suitable to use as thermal
energy storage after a few number of cycles. However, paraffin wax and erythritol were
found to be promising PCMs even after a large number of cycles. Rathod and Banerjee
(2013) in their review discussed the thermal cycle test carried out for various low
temperature melting points (30-60 °C) of organic and inorganic PCMs and concluded

that organic PCMs exhibit better stability than inorganic materials during thermal cycle
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testing. Recently, Desgrosseilliers et al. (2013) performed thermal cycle testing of lauric

acid for 500 cycles.

2.7 Summary and research gap

This chapter has discussed the various commercial and lab grade organic PCMs
investigated in the past studies for low and medium temperature solar energy storage
applications such as building, solar water/air heater, and food industries. Numerous
research work using organic PCMs and their eutectic mixture have been reported in the
past in these domestic and commercial applications. Since the complete
melting/solidification of the PCM in every cycle is difficult to achieve therefore, an
appropriate design of a heat exchanger is essential to ensure the complete phase change
process. It was also found that most of the studies have focused on the investigation of
the melting/freezing phenomenon in regular geometry, however, irregular shapes have

not been thoroughly studied.

On the basis of the literature reviewed, the following research gaps have been identified:

1. There is a lack of focus on studies relating to variations in the chemical structure
and the compositional/functional group when PCMs undergo a large number of
melt/freeze cycles.

2. The studies related to the accelerated thermal cycle testing of the polyethylene
glycol based materials are lacking in the literature, thus a detailed investigation
to use them as solar thermal energy storage materials is needed.

3. There is a lack of a thorough investigation of the chemical and thermophysical
variation of a titania based nano enhanced phase change material when it

undergoes a large number of melt/freeze cycles.
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4. There is no solidification analysis of the NEPCM filled in a differentially heated
trapezoidal cavity and a thorough parametric investigation is needed to ascertain

the suitability of such shapes.
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CHAPTER 3: THERMAL CYCLE TESTING OF ORGANIC PCMs

3.1 Introduction

As discussed in the literature review (Chapter 2), the organic phase change materials

whose melting temperature are falling in the range of 50 and 70 °C are very much

useful in many solar energy storage applications such as solar water/air heater and solar
dryer etc. The literature review (Section 2.6) shows that there are a large number of
investigations carried out on the accelerated thermal test but very few have considered a
large 1500 thermal test cycles and more importantly there is extreme lack of findings on
degradations of thermal properties due to changes in chemical structure during thermal
cycle tests. Therefore, the present chapter investigates the thermal reliability and
chemical stability of four selected commercial grade organic PCMs viz. palmitic acid,
myristic acid, polyethylene glycol of molecular weight 6000, and paraffin wax. Except
paraffin, all PCMs possess a purity of > 98%. The variations in the melting temperature
and latent heat of fusion during the cycle tests have been measured using differential
scanning calorimeter (DSC) after every certain number of cycles and results are
presented and discussed. Variations in the compositional/functional group during the
cycle is also measured using the Fourier transformed infrared (FT-IR) spectroscopy and
the effect of thermal cycle on chemical properties have been discussed. The selection of
1500 thermal cycles has been done on the basis of their use in the thermal energy
storage for five years, considering that a latent heat storage material undergoes one
melt-freeze cycle per day in a solar system and 300 in a year. Rest of the days may be

considered as cloudy/rainy days.
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3.2 Methodology

3.2.1 Materials

Commercial grade organic PCMs viz. palmitic acid (PA), myristic acid (MA),
polyethylene glycol (PEG) of molecular weight 6000 with purity more than 98%, and
paraffin wax were selected for thermal cycle testing in this study. The PA, MA, and
paraffin were purchased from the R&M Chemicals, UK and PEG 6000 from Merck
Company. The value of their melting temperature and the latent heat of fusion quoted
by the company and obtained from the DSC are given in the Table 3.1. All of the

materials were tested as they were received without any further purification.

3.2.2 Equipment

The melting temperature and the latent heat of fusion were obtained by a differential
scanning calorimeter (Mettler Toledo-DSC 820-Error + 0.25 °C) at a constant heating
rate of 10 °C/min. The samples and the reference materials in the DSC tests were heated
at a constant rate and the temperature difference between them was caused by the
differences in the heat flow between both materials. The latent heat of fusion was
obtained by calculating the area under the DSC curve and the melting temperature was
approximated by drawing a tangent on the highest slope on the face portion of the peak.
In order to determine the changes in the compositional/functional group during the
cycle test, the Fourier Transform Infrared (FT-IR) spectroscope (Brand: Bruker, Model:
IFS66v/S) was used between wavenumbers 400 to 4000 cm™ with the spectral
resolution of 2 cm™. The DSC facility was used at the Advanced Materials Research
laboratory, Department of Mechanical Engineering and FT-IR was used at NANOCAT

Laboratory of University of Malaya.
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3.2.3 Experimental test rig for accelerated thermal cycle testing

The thermal stability of all selected PCMs was determined by using an in-house design
(University of Malaya). The schematic of the thermal cycle tester is shown in Figure
3.1. A fan (12vDC) which is located in front of the PCM in the system was used as
cooling medium and heater (24VDC) for heating purpose. A digital indicating controller
(Shinko-ACS-13A) is attached to control the freezing and melting process and a
communication converter (Shinko-1F-400) to transfer data to the PC and controller
program. Relays (Idec-SM25) were used to monitor the power supplies to the heater and
fans. A cartridge heater was glued outside to the PCM container and its heat flux was
set at 80 W and 24 V respectively. A cooler type of heat sink was attached on the other
side of the PCM container for the cooling of the materials. The material was heated up
to 100 °C at heat rate of 10 “C/min and then naturally allowed to cool down to 30 °C
using ethanol as the cold fluid. As soon as the heater goes up to a preset temperature of
100 °C, it gets turned off automatically due to the received signal from the feedback
system. This is immediately followed by a freezing cycle of up to 30 °C by starting the
fan. K-type thermocouples in the temperature range of 0-1260 °C with an error of £
0.7% were used to sense the temperature of the PCMs. When the temperature sensor
measures the set minimum temperature, the fan automatically turns off and turns on the
heater for the heating of the next cycle. This accelerated thermal cycle test is a very well
calibrated and established tester and has been installed at the Advanced Materials
Research Laboratory of Department of Mechanical Engineering. The tester has been
used in many previous work of the University (Mehrali et al., 2013; Tahan Latibari et
al., 2013) and the work has already been published in the international journals of

repute, thus confirming the reliability and accuracy of the tester.
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Figure 3.1 Schematic of thermal cycle tester

3.2.4 Experimental method

As mentioned in Section 3.2.1, the four organic PCMs with melting temperatures of

between 50 and 70 °C were selected for the accelerated thermal cycle testing for 1500

melt/freeze cycles in this chapter. The minimum and maximum temperature of 30 °C

and 100 °C were set in the thermal cycle tester. Since every selected PCM has a melting

temperature somewhere between 50 and 70°C, this range of temperature is selected in

order to ensure the complete melting and solidification of the PCMs. An amount of 6~9
mg of PCM is kept inside the DSC pan and it was hermetically sealed to avoid the
contact of the PCM with the environment and to protect leakage. These DSC pans were
placed in the tray of the DSC machine and it was run between the temperatures of 30

and 100 °C. At both extreme temperatures, the DSC was kept idle for 2 mins to remove

the thermal history, if any. The thermophysical properties such as the melting
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temperature and latent heat of fusion of paraffin, palmitic acid, myristic acid, and PEG
6000 were measured between the 0-1500 thermal test cycles (0", 100", 500", 1000™,
and 1500™) and values of these thermophysical properties at zeroth cycle (fresh
material) were considered as the reference values. The selection of the 1500 cycles have
been made on the basis of their use as thermal energy storage materials for five

consecutive years which is a significantly valid period for pay back.
3.3 Results and discussion
3.3.1 Thermophysical properties of O-PCMs before cycle test

The thermophysical properties such as melting temperature and the latent heat of fusion
of fresh (uncycled) paraffin wax, palmitic acid, myristic acid, and PEG 6000 were
measured using the DSC and obtained curves are shown in Figures 3.2 to Figure 3.5. As
can be seen in the Figures, the paraffin wax possesses the minimum latent heat and that
of palmitic acid is 59.7%, myristic acid is 66%, and PEG 6000 are 72.9% higher than

that of paraffin wax.
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The measured and obtained values of the melting temperatures of O-PCMs are
compared and presented in Table 3.1. As seen in the Table the measured value of the
melting temperature of paraffin wax, palmitic acid, and myristic acid do not fall in the
range quoted by the companies, while, the melting temperature of the PEG 6000 falls
within the quoted range. This Table signifies that the thermophysical properties of any
PCM must be measured before implementing them into real usage due to the fact that
their actual values may differ from the quoted ones. This measurement can provide a

clear picture to practicing engineers for their usage in particular applications.

Table 3.1 Thermophysical properties of PCMs selected for accelerated thermal cycle

test
PCM Chemical formula Purity Melting temperature (°C) Latent heat of
(%)
Quoted Measured* fusion, AH(J/g)*
Paraffin wax - - 56-58 52.90 133.66
Palmitic acid CHj3(CH,)14,COOH >98  60-62 62.21 213.46
Muyristic acid CH3(CHy);,COOH >98  51-54 54.03 222.20
PEG 6000 HO(C,H,0)H >98  55-60 59.90 231.03

*QObtained from differential scanning calorimeter (DSC)

3.3.2 Thermophysical properties of O-PCMs after cycle test

The thermophysical properties (melting temperature and latent heat of fusion) of the O-
PCMs were measured after the 100", 500", 1000", and 1500™ melt freeze cycles and
the DSC curves were obtained. A detailed analysis of the individual PCMs are

presented in the sections below.
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3.3.2.1 Paraffin wax

A commercial grade paraffin wax of thermo physical properties as mentioned in Table
3.1 was selected for thermal cycle testing. A certain amount of paraffin was placed in a
container and sealed with a lid to avoid leakage when the PCM is in a molten state. The
experimental procedure is kept same as mentioned in Section 3.2.4. The DSC curves
showing the heat flow variation with temperature are presented in Figures 3.6 to Figure
3.9 and the corresponding data are presented in Tables 3.2 and 3.3. As can be seen in
these tables and Figures, no regular variations in the thermophysical properties of
paraffin wax was observed during the accelerated thermal cycle test. From Figure 3.2
and 3.6-3.9, it can also be seen that the variations in the melting temperatures and latent

heat of fusion with an increasing number of thermal cycles is notable.

The maximum observed variations in the melting temperature and the latent heat
of fusion of paraffin wax were around 6% after 500 melt/freeze cycle and 14% after
1500 cycles respectively. Figure 3.10 shows the comparison of all the DSC curves taken
after different tested thermal cycles by plotting all of them within the same graph. As
can be seen, all of the curves show similar patterns during the melting process, but the
onset and peak points can be clearly pointed. Also, it can be noted that after the 1500
cycle, the melting temperature decreased by 2.57 °C and the latent heat of fusion
decreased by 18.5 J/g. Also, it can be noted that if 300 melt/freeze cycles are considered
in a year, then, this material can be used for 5 consecutive years which is a significant

period for a PCM to be used as a latent heat thermal energy storage.
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3.3.2.2 Palmitic acid

For the cycle test of palmitic acid, a similar process as mentioned in Section 3.2.4 was
followed. The thermal cycle test was conducted for 1500 thermal cycles and the DSC
measurement was taken at the 0™ and after the 100", 500", 1000", and 1500 cycles.
The DSC curves obtained are shown in Figures 3.3 and 3.11-3.14 and their measured
melting temperatures and latent heat of fusion are presented in Tables 3.2 and 3.3. As
seen in the Figures and Tables, the melting temperatures of PA do not vary too much
during the entire thermal cycle test. The onset value of the temperature shows a

variation of between -0.29 °C (after 500" cycles) to +1.76 °C (after 1500™ cycles).

Similarly, the latent heat also shows an irregular variation with the increasing number of
thermal cycles. This is noteworthy. The maximum variation of almost 18% has been
observed after 1500 thermal cycles. Also, it can be inferred from the Figures and Tables
that the PA is repeating its thermal properties after the 500" thermal cycle by getting

almost the same melting temperature and latent heat of fusion. Figure 3.15 shows all of
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the DSC curves obtained in one graph and it can be seen that the DSC curves at the 0"

cycle and after 500" cycles are almost similar, this signifies the thermal stability of the

PCM.
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3.3.2.3 Myristic acid

The thermal cycle test for myristic acid was also conducted in a fixed temperature range
(30 to 100 °C) of the thermal tester as described in Section 3.2.4. The DSC
measurements were taken at the 0™ cycle and after the 200", 500", 1000", and 1500"
thermal cycles and presented in Figure 3.4 and Figure 3.16-3.19 and presented in Table
3.2 and 3.3. After a short number of 100 thermal cycles, the change in the latent heat of
fusion was decreased by 1.13 %, which became higher up to almost 10% after 500
thermal cycles. After 1000™ and 1500™ thermal cycle the changes in the latent heat of
fusion were 0.9% and 0.6%, respectively. Similar irregular variations have been

observed in the melting temperatures. A variation of -2.09 °C in the melting temperature
was observed after 500 thermal cycles, while the variation of 1.25 °C and 1.07 °C was
observed after 1000 and 1500 thermal cycles, respectively. A small peak at 62 °C also

appears which can be attributes as the two phase transition. Based on the above
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discussion, it can be stated that, overall not much variations have been noticed in the

melting temperatures and latent heat of fusion of myristic acid for 1500 thermal cycles.

A detailed comparison of all of the obtained DSC curves can be seen in Figure 3.20.
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Figure 3.20 DSC curves of myristic acid during thermal cycle test

Paraffin and fatty acids, palmitic and myristic acids have shown reasonably
good thermal stability. Some decrease in the melting temperatures and latent heat of
fusion were observed after 500 thermal cycles but overall no major changes in these
properties has been noticed. Similar irregular decrease in melting temperature and latent
heat of fusion after 500 thermal cycles were observed for paraffin by Shukla et al.
(2008) and for palmitic and myristic acid by Hasan and Sayigh (1994) and Sari (2003)
with 95% purity. All of these three materials can be utilized as PCMs for latent heat
thermal energy storage for approximately five years without experiencing much change

in their thermophysical properties.

3.3.2.4 Polyethylene glycol 6000

For the accelerated thermal cycle tests, the lower and higher range of the temperatures
in the thermal cycle tester of melting and freezing of the PEG 6000 was kept as 30 °C

and 100 °C, respectively. The value of the latent heat of fusion and melting
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temperatures of PEG were measured by the DSC at the heat flow rate of 10 °C/min at
0™, and after the 100", 500", 1000", and 1500™ cycles. The values at the 0" cycle were
considered as reference values. The obtained value of the melting temperature of the
fresh (uncycled) PEG 6000 from the DSC was 59.9 °C, which remained in the range of
55-60 °C, as quoted by Merck Company and the measured latent heat of fusion 231.03
J/g as shown in Figure 3.5. The variation in the heat flow against the temperatures as
obtained from the DSC between the 0" and 1500™ cycles and the curves are shown in

Figure 3.21 to Figure 3.24.

A variation of +3.77 °C in the melting temperature of PEG 6000 was observed

after the 100™ melt/freeze cycles, see Figure 3.21. Beyond the 100" thermal cycles, not
much variation in the melting temperature has been observed in the rest of the thermal

cycle testing process. A maximum variation of +3.86 °C in the melting temperature

after the 1000™ cycles (Figure 3.23) was observed when compared with that of the fresh
material (zeroth cycle). It can be noted that for the first 500 melt-freeze cycles, the
melting temperature decreases, but after 1000 cycles, an increase in this value was
observed. A further enhancement in the value of the melting temperature was recorded
after 1500 cycles, see Figure 3.24. This variation after the 100", 500", 1000", and

1500™ cycle is +3.77 °C, +3.94 °C, +3.86 °C, and +3.79 °C, respectively, compared

with the 0™ cycle. Also, it can be noticed that all the variations in the melting

temperature are within the standard temperature range quoted by Merck Company.
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Figure 3.24 DSC curve of PEG 6000 after 1500" thermal cycle

On the contrary, a regular variation in the latent heat of fusion was observed
between the 0™ and 1500™ cycle. A major reduction in the latent heat of fusion was
observed after the first 100 melt-freeze cycles, which was approximately 13% in

comparison to that of fresh PEG at 0™ cycle. A further reduction of almost 19%, 22%,
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and 25% in the latent heat of fusion with respect to the fresh PEG was observed after
the 500", 1000™, and 1500" cycles, respectively. It can be stated that in comparison to
the first 100 thermal cycles, the measured drop in the latent heat of fusion in the next
400 cycles (between 100 and 500) was approximately 7% and, a drop of 4% was
observed between the 500" and 1000™ cycle. This reduction slightly dropped after the
1000™ cycles and between the 1000™ and 1500™ cycles, a reduction of 3% in the latent
heat of fusion was seen. For a clear comparison of all of the DSC curves during the
entire thermal cycle test, Figure 3.25 can be referred where the overlapping of all

obtained curves are presented.
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Figure 3.25 DSC curves of PEG 6000 during thermal cycle test
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Table 3.2 Melting temperatures, Ty, (°C) of the PCMs after repeated thermal cycles

No. of PCM

test cycles Paraffin Palmitic acid Myristic acid PEG 6000
0 52.90 62.21 54.03 59.90

100 52.18 61.86 53.12 56.13

500 49.63 62.50 56.12 55.96
1000 49.95 60.68 52.78 56.04
1500 50.33 60.45 52.96 56.11

Table 3.3 Latent heat of fusion, AH; (J/g) of the PCMs after repeated thermal cycles

No. of PCM
Paraffin Palmitic acid Myristic acid PEG 6000

test cycles

0 133.66 213.46 222.20 231.03
100 122.49 200.26 219.68 200.07
500 146.80 206.46 200.54 186.21
1000 125.06 178.04 220.23 179.13
1500 114.66 175.29 220.77 173.16

3.3.3 Chemical functional group analysis of O-PCMs

Tables 3.2 and 3.3 of Section 3.3.2 show the variations in the thermophysical properties
of selected O-PCMs and the variations in the thermal properties can be clearly seen.
There are two probable reasons for this variation; one is the impurities present in the
PCM and another is due to the changes in the chemical structure of the material during
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the cycle tests. To observe the changes in the compositional/functional group of the
PCMs, the FT-IR spectroscopy was employed and the spectrum was taken of a fresh
(uncycled) PCM and after 1500 thermal cycles for the wavenumbers between 4000 cm™

and 400 cm™. This is presented in Figures 3.26 to Figure 3.29.

Figure 3.26 shows the FT-IR spectra of paraffin before and after the cycle tests.
The peaks correspond to wavenumber 2918.18 and 2848.98 cm™ are corresponding to
the symmetrical stretching vibration of —CH3; and —CH, groups in paraffin, which
remains at the same position even after 1500 melt/freeze cycles. The C=0 stretching
vibration corresponds to wavenumber 1646 cm ™ of paraffin before and after the thermal
cycle test show the same peak. The peak corresponds to wavenumber 1466 cm™
signifies the deformation vibration of —CH3; and —CH, group in paraffin. At
wavenumber 1300 cm™, the in-plane bending vibration of the —OH group and at 943
cm™, to the out-plane bending vibration of the —OH group of paraffin has appeared. The
symmetric peaks at 724 and 671 cm™ correspond to the swinging vibration of the —OH
functional group of paraffin before and after the thermal cycle test. A new peak at
wavenumber 1103 cm™ which appears in FT-IR spectra of paraffin after the thermal
cycle test can be clearly seen. This new peak might be because of the impurities present
in the PCM. The rest of the peaks fit into each other. This infers that the paraffin does
not undergo any significant compositional/functional group changes during the cycle

test and possesses a good thermal and chemical reliability for 1500 thermal cycles.
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Figure 3.26 FT-IR spectra of uncycled (fresh) and cycled (1500 cycles) paraffin

The FT-IR spectra of palmitic acid before and after the cycle test are shown in
Figure 3.27. The peaks at 2918.24 and 2850.20 represent the symmetrical stretching
vibration of the —-CH3; and —CH, groups in PA, which take new positions after 1500
melt/freeze cycles at 2918.07 and at 2850.25, respectively. C=0 stretching vibration is
assigned by a peak seen at 1700 cm™ which is the same, before and after the thermal
cycle test. The peak at 1465 cm™ signifies the deformation vibration of the -CH3 and —
CH, groups in the PA. The peak at 1300 cm™ is corresponding to the in-plane bending
vibration of the —OH group and the peak at 943 cm™ is corresponding to the out-plane
bending vibration of the —OH group of PA. The symmetric peaks at 722 and 678 cm™
correspond to the swinging vibration of the —OH functional group of the PA before the
thermal cycles and at 722 and 680 cm™ after the thermal cycle test. A new peak at
wavenumber 3500 cm™ can be spotted after the thermal cycle test which might be due
to the humidity absorption of PA from environment. Overall, palmitic acid has shown a

good thermal and chemical reliability during the cycle test.

83



Transmittance (%)

— Zeroth cycle
— After 1500 cycle

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'l)

Figure 3.27 FTIR spectra of uncycled (fresh) and cycled (1500 cycles) palmitic acid

FT-IR spectrum of the fresh MA and after 1500 cycles wavenumbers between
4000 cm™ and 400 cm™ are shown in Figure 3.28. It can be seen in this Figure, that no
new peak appears and no existing peak disappears in the PCM after 1500 cycles. So, the
sole reason for this slight variation in the properties is the impurities present in the

PCMs, which might be absorption of vaopurs from surrounding environment.
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Figure 3.28 FTIT spectra of uncycled (fresh)and cycled (1500 cycles) myristic acid
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Figure 3.29 shows the FT-IR spectrum of the uncycled (fresh) and cycled (1500
cycle) PEG 6000. As can be seen in the Figure, both curves are depicting a similar
behavior at a particular frequency band and no peak shift is visible. It can be mentioned
here that the PCM during the cycling process does not undergo any
compositional/functional group changes. Therefore, it can be assumed that the variation
in the thermal properties of the PCM with an increasing number of melting/freezing

cycles may be due to the presence of impurities in the material.
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Figure 3.29 FT-IR spectra of PEG 6000 before and after thermal cycle test
3.4 Techno-economic analysis of O-PCMs

The techno-economic analysis of the PEG 6000 with the other five PCMs is discussed
in this section. As per the available research papers, the thermal cycle test of different
PCMs in the temperature range of 52-65 °C are given in Table 3.4. The comparison of
the thermal properties and latent heat at the initial and after cycle test of previously
tested PCMs in the temperature range of 52-65 °C are given in Table 3.4. Sharma et al.
(2002) performed the cycle testing of stearic acid (M.P. - 63.0 °C), and paraffin wax (a)

(M.P. - 53.0 °C) for 1500 thermal cycles. Shukla et al. (2008) conducted the accelerated
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thermal cycles testing for paraffin wax (b) (M.P. 60-62 °C) and Sari (2003) considered
palmitic acid (M.P. - 61.31°C) and myristic acid (M.P. - 52.99 °C) for 1200 thermal
cycle test. For a comparison of these PCMs for an economic analysis purpose, a
temperature range of 52-65°C has been considered and paraffin wax (a and b), stearic
acid, myristic, and palmitic acid has been chosen for comparison with the PEG 6000 in
the present study. As can be seen in the Table 3.4 and Ref (Sharma et al., 2002), the
latent heat of fusion of fresh (uncycled) paraffin wax (a) is 184.0 J/g which was reduced
to 136.0 J/g (by 26%) after the 1500 thermal cycles. Stearic acid (155.0 J/g) was also
tested in the same study and showed a 21% reduction (155 to 123.0 J/g) in the latent
heat of fusion after the 1500 thermal cycle test. Shukla et al. (2008) also tested the
paraffin wax (b) of a melting temperature 60-62 °C for 600 melt/freeze cycles and
reported a 16.15% reduction in the latent heat of fusion and -1.7% in melting
temperature. It is important to mention here that paraffin (b) had lost 16.15 % of latent
heat in just 600 thermal cycles and this loss in latent heat is expected to increase should
it be selected for the 1500 thermal cycles. Another study for the cycle test of myristic
and palmitic acid was carried out by Sari (2003). The results of this study showed a
11.3% reduction % in the latent heat of myristic acid and 13% in the case of palmitic
acid after 1200 melt/freeze cycles. It is noteworthy here that the PCMs have been tested
only for the 1200 thermal cycles by Sari (2003). So a further reduction in the latent heat
of these PCM s is expected if these PCMs are tested for more number of thermal cycles.

A variation of +3 °C in the melting temperature of paraffin and -1°C that of stearic acid

during the cycle test have been reported in the Ref. (Sharma et al., 2002). A variation of

+6.78 °C in the melting temperature of the myristic acid and 9.5% in the case of

palmitic acid have been reported in the Ref. (Sar1, 2003).
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In the present work, the PEG 6000 has been tested for 1500 melt/freeze cycles

and a reduction of 25% in the latent heat of fusion and 3.79 °C in melting temperature

have been observed. It can also be seen that the reduction in latent heat and melting
temperature of PEG 6000 are lesser than in comparison to the other quoted PCMs in the
Table 3.4. It is interesting to note that the latent heat of the PEG 6000 is 231.03 J/g
which is 25%, 49%, 77.7%, 30.8%, and 16.7% higher than that of paraffin wax (a),
stearic acid, paraffin wax (b), myristic acid, and palmitic acids, respectively. After the
repeated 1500 melt/freeze cycles, the PEG 6000 has 173.16 J/g latent heat which is also
higher than that of paraffin (a and b), stearic acid and close to that of myristic acid after
the completion of the total cycle test by the other researchers. It can also be seen that the
variation in the thermal properties of PEG-6000 remains within that of the variations of
the PCMs tested by past researchers. The latent heat of PEG 6000 after 1500 thermal
cycles is almost equal to that of the uncycled paraffin wax (a), palmitic acid and
myristic acid and much higher than of stearic acid (almost 10%) and paraffin wax (b)

(33%).

The variations in the latent heat of previously tested PCMs have shown an
irregularity, while, in the case of PEG 6000, the variation in the latent heat has been a
consistent value which makes it an attractive phase change material for thermal energy
storage applications in the temperature range of 52-65 °C. The cost analysis is also
given in Table 3.4 for the PCMs tested in the past studies and the PEG 6000. The cost
of PEG 6000 was taken as an average from the bulk price quoted by various
international chemical suppliers. The comparison shows that the cost of all PCMs is in

the similar range so the suitability of the PCMs for different thermal energy storage
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applications in this temperature range can be decided on the basis of their energy

storage capacity and long term stability.

The results of this study can be very much helpful for predicting the life of thermal
energy storage materials for their particular applications. Also, if it is assumed that a
PCM undergoes approximately 300 melt/freeze cycles in a year excluding the cloudy
and rainy days, these tested O-PCMs can be effectively used as thermal energy storage
for five consecutive years. Also, it is recommended that all commercial grade PCMs
should undergo an accelerated thermal cycle test before their use for thermal energy
storage. It is because their thermophysical properties may vary from what is quoted by
the companies when tested. These materials can be efficiently used as solar energy
storage for low and medium temperature application such as solar water heaters and

dryers.

Table 3.4: Comparative life cycle and techno-economic analysis of O-PCMs

No.of Latentheat (J/g)  Melting point Cost Ref.
(°C) (USD/

PCM Cycles “Initial*  Final’ Initial* Final’  kg)
. (Sharma et
Paraffin wax (a) 1500 184 136 53.0 50.0 2.0 al., 2002)
. (Sharma et
Stearic acid 1500 155 123 63.0 64.0 16 al., 2002)
_ (Shukla et
Paraffin wax (b) 600 130 109 58 59 15 al., 2008)

Myristic acid 1200  176.6 156.6  52.99 46.21 15 (Sar1, 2003)
Palmitic acid 1200 1979 1724 61.31 55.47 138 (Sar1, 2003)

Myristicacid 1500 22220 22077 5403 5296 15 Cvrsfsm
Palmiticacid 1500  213.46 17529 6221 6045 1.6 Cvrsrssm
PEG 6000 1500 23103 17316 59.9 5611 16 svrsflfm
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3.5 Summary

In this chapter, the variations in the thermophysical and chemical properties of the

paraffin, palmitic acid, myristic acid, and PEG 6000 were investigated during

accelerated thermal cycle test. Assuming that the minimum lifespan of the thermal

energy storage is 5 years, repetitive 1500 thermal cycles were performed and the

properties of the PCMs were measured at the 0™ cycle and after the 100", 500™, 1000™,

and 1500" thermal cycles using a differential scanning calorimeter. The following

conclusions can be drawn from this study:

The melting temperatures of paraffin, palmitic acid and myristic acid are found
to be varied in the range of +0.72 to +3.27 °C, -0.29 to +1.76 °C, and -2 to +1.2
°C respectively, which is not a very significant variation and these PCMs are
stable enough to be used as thermal energy storage materials.

The latent heat of fusion of paraffin, palmitic acid and myristic acid are found to
vary in the range of -9.8 to 14%, 3.28 to 18%, and 0.9 to 10% when compared
with that of the pure PCM. Paraffin and palmitic acid show a slightly larger
variation as compared to myristic acid which signifies that myristic acid is more
stable.

The variation in the melting temperature of PEG 6000 is found to be in the range
of 3.77 to 3.86 °C and the variation in the latent heat of fusion of the material is
between 13.4% and 25%. This variation is a bit higher than that of other PCMs,
but is a potential PCM for solar thermal energy storage.

FT-IR spectrum of paraffin and palmitic acid show new peaks at wavenumber
1103 cm™ and 3500 cm™, which can be inferred as one of the reasons behind
variation in the thermal properties of the materials.
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e There are no peak shifts in the FT-IR spectra for myristic acid and PEG 6000
after 1500 repeated thermal cycles. This signifies their chemical stability. The
thermal variation is purely due to impurities present in the materials.

e All selected O-PCMs have shown significant thermal and chemical stability with
a mild variation in their melting temperature and the latent heat of fusion during
repeated 1500 melt/freeze cycles.

e Accelerated thermal cycle test for potential phase change materials is strongly

recommended to ensure their long term suitability for thermal energy storage.
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CHAPTER 4: ENHANCEMENT IN HEAT TRANSFER OF ORGANIC PCM

4.1 Introduction

Previous studies and present accelerated thermal cycle tests (Chapter 3) have shown that
the organic PCMs possess an extremely low thermal conductivity and this drawback
limits their use in many domestic and industrial energy storage applications. A
significant improvement can be achieved by simply dispersing the solid metal particles
in micro or nano size in the organic PCMs. Adding the micro size particles, enhances
the chances of sedimentation during the flow of the PCM while nano size particles do
not exhibit such properties (Das et al., 2008). Also, due to the larger surface to volume
ratio, the dispersion of nano particles of solid metal or metal oxide enhances the thermal
conductivity and increases the heat transfer rate of the base PCM (Khodadadi &
Hosseinizadeh, 2007; Sharma et al., 2014). A large variety of nanomaterials with unique
thermophysical properties have been used in the past to enhance the thermal
performance of the base PCM (Arico et al., 2005; Kannan et al., 2005). Section 2.3
shows that several studies have been conducted to enhance the thermal conductivity of
organic PCMs in the past using nanoparticles of solid metal and metal oxides, however,
there is still a need for more research to explore the effects of the various nanoparticles
on the thermophysical properties of various PCMs. The reviewed literature shows that
although the nano TiO; has been used to enhance the thermal properties of the aqueous

solution, these nanoparticles have not been explored much with the organic PCMs.

In this chapter, the phase change behavior of the prepared novel composites of
palmitic acid and solid nano-particles of titanium dioxide (TiO,) for thermal energy

storage will be investigated. The nano particles of TiO, are dispersed in the base PCM
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(PA in the present study), in different weight fractions (0.5, 1.0, 3.0 and 5%) and their

effect on the thermophysical properties of PA will be investigated.

4.2 Methodology

4.2.1 Materials

Palmitic acid with a melting temperature range of 60-62 °C, molecular weight of 256.43
g/mole, and purity of > 98% was purchased from the R&M Chemical, UK. Nano-
particles of titanium dioxide (TiOy) anatase form of 21nm, and surfactant Sodium
dodecyl benzene sulfonate (SDBS) were provided by Sigma—Aldrich, Germany. All the

procured chemicals in the experiments were used without any further purification.

4.2.2 Preparation of composite materials

A well-established two-step method as shown in Figure 4.1 was adopted for the
preparation of composite PCMs of palmitic acid and different weight fractions of TiO;
nano-particles. Palmitic acid was considered as the base PCM and 0.5, 1.0, 3.0, and 5.0
wt% TiO, nano-particles as the supporting materials for thermal conductivity
enhancement; and the prepared nano-enhanced organic phase change materials
(NEOPCMs) were named as NEOPCM1, NEOPCM2, NEOPCM3, and NEOPCM4.
While preparing the nanofluid, certain factors were kept in mind, i.e. uniform and stable
dispersions, low agglomeration and no chemical reactions between the nano-materials
and the base material. SDBS in the ratio of 1:1 wt% of TiO, was used as the capping
agent (surfactant) for the uniform dispersions of nano-particles in palmitic acid.
Uniform and stable dispersions of nano-particles help in faster melting/freezing rate of
the PCM due to a higher thermal conductivity. In addition, for improving the nano-

particle dispersions and minimizing the aggregation, the liquid NEOPCMs were
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subjected to intensive ultrasonication using an ultrasonic vibrator (VCX 500, SONICS
made) at a frequency of 40 kHz (Chandrasekar et al., 2010; Shao et al., 2016).
Vibrational energy created at this frequency helps to disperse the nano-particles
uniformly into the base liquid PCM. The residing time for 0.5, 1.0, 3.0, and 5.0 wt%
nanofluids were set as 30, 35, 45, 60 minutes, respectively. A higher residing time may
induce the defect in the nanofluid (Fan et al., 2015). During the entire sonication
process, it was ensured that the temperature of the sonicator remains significantly above

the melting temperature of palmitic acid to confirm its liquid state during the process.

Homogenization of mixture using
ultrasonic vibrator at 75 °C

Melting of PA using
hot plate at 75 °C

Solid
Solid PA NEOPCM
ixi : Crystallization
Mixing nanoparticles
in small steps while at room
stirring temperature
(

Figure 4.1 Preparation steps of PA/TiO, composites

4.2.3 Instruments

4.2.3.1 For preparation of composite PCMs

The adopted instruments for preparation of composite PCMs were:

e A hot plate with stirring facility C-MAG HS7 230V IKA 3581200 make having
ceramic top that is kept in the Advanced Materials Laboratory, Department of
Mechanical Engineering, University of Malaya.

e Ultrasonic probe sonicator SONICS 500 Watt, VCX 500 installed at the

Department of Chemical Engineering, University of Malaya.
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4.2.3.2 Chemical analysis of NEOPCMs

To ensure the uniform dispersion and to visualize the surface morphology of the
composite PCM, a field emission scanning electron microscope (FESEM- CARL
ZEISS- AURIGA 60) was used. In order to determine the changes in the
compositional/functional groups during the cycle test, the Fourier Transform Infrared
(FT-IR) spectroscope (Brand: Bruker, Model: IFS66v/S) was used between the
wavenumbers of 4000 to 400 cm™ with the spectral resolution of 2 cm™. Crystalloid
phase of the NEOPCMs was investigated with an x-ray test conducted by an x-ray
diffractometer (XRD: EMPYREAN, PANALYTICAL). Thermogravimetric analysis
(TGA) curves depicting the thermal stability, and derivative thermogravimetry (DTG)
curves depicting the rate of decomposition of composite PCM was obtained by Mettler
Toledo TGA/STDA 851-Error £ 5 ug at a heating rate of 10°/min in the temperature
range of 50-500 °C. FESEM, FT-IR, XRD, and TGA facilities were acquired at

NANOCAT Lab, Institute of Postgraduate Studies, University of Malaya.

4.2.3.3 Thermal reliability test

The thermal reliability test of palmitic acid/TiO, composite NEOPCMs for 1500
thermal cycles was carried out using an accelerated thermal cycle tester as explained in

the Section 3.2.3. The melting temperature of palmitic acid is nearly 62 °C so the
temperature range of 40 to 80 °C was chosen in order to ensure that the material gets

melted and solidified completely during the cycle test.
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4.2.3.4 DSC analysis

The phase change temperature and latent heat of fusion of PA and NEOPCMs were
measured by a differential scanning calorimeter; model METTLER TOLEDO 820C
with an error of £ 0.25 °C. For a detailed description of this measurement, Section 3.2.4

can be referred.

4.2.3.5 Thermal conductivity measurement

The thermal conductivity of the pure PA and NEOPCMSs was measured using the KD-2
pro, which is based on the hot wire technique and a well-established technique for such
measurements. All the thermal conductivity measurements were taken when the
materials were in a solid state and at a temperature of 30°C. For this measurement, the
pure and composite PCMs were formed into a solid cylindrical form of 5.0 cm in length
and 2.5 cm in diameter using a die and a hydraulic press at a pressure of 1.5 tonnes.
Two holes of 1 mm diameter each were drilled on the flat surface of these cylindrical
samples. The gap between these holes was kept equal to the distance between the probes
of KD-2 pro. The temperature was maintained at a constant of 30 °C using a water bath.
A time gap of 15 min was kept between two subsequent conductivity measurements in
order to stabilize the temperature. Three measurements were recorded for each of the

composites at this temperature and the average value was considered for reporting.

4.3 Results and discussion

4.3.1 Morphology of palmitic acid and NEOPCM

FESEM images, showing the micro-structural features of nano TiO, and NEOPCM4 in
the solid state are shown in Figure 4.2. The spherical shape of the TiO, nano-particles

can be seen in Figure 4.2 (a). The FESEM images show the uniform dispersion of TiO,
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nano-particles in palmitic acid (see Figure 4.2 (b and c)). This is due to the repulsive
bond of the surfactant. Melting of the NEOPCM around the PA lump can be seen at
some places due to the concentration of the electric beam on that particular location of

the material, which makes it melt.

Figure 4.2 FESEM images of (a) TiO2, (b) NEPCM4 (5wt% TiO,) at 5000
magnification, and (c) NEPCM4 at 20000 magnifications.

4.3.2 FT-IR analysis of palmitic acid and NEOPCMs

FT-IR curves of TiO, nano-particles, PA, and NEOPCM1-4 between wavenumbers of
400 and 4000 cm™ are shown in Figure 4.3. The band at 648 cm™ corresponds to the
band stretching vibration of Ti-O. The band between 400 and 800 cm™ represents the
Ti-O vibrations. Two absorption peaks corresponding to 1642 and 3424 cm™ are

characteristic of the O-H bending of the hydroxyl group. The peaks at 2918 and 2850
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represent the symmetrical stretching vibration of the —CH3; and —CH, groups in PA.
Nitrile stretch (C=N) appears at around wavenumber 2400 cm™. C=O stretching
vibration is assigned by a peak seen at 1700 cm™. The deformation-vibration of —~CHj
and —CH, group in PA can be recognized at the peak of 1465 cm™ . The peaks at 1300
cm™ and 943 cm™ are corresponding to the in-plane and out-plane bending vibration of
the —OH group of PA. The symmetric peaks at 722 and 678 cm™ correspond to the
swinging vibration of the —OH functional group. FT-IR spectrum of NEPOCM1-4
shows neither any new peaks nor any significant peak shifts in the composite PCMs
which signifies that only a physical interaction exists between PA, TiO, and SDBS.
These spectra also do not show any chemical rearrangements of the functional group

which implies that no chemical reaction has taken place between PA and TiO,.
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Figure 4.3 FT-IR Spectrum of pure PA, TiO,, and NEOPCMs
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4.3.3 XRD analysis of NEOPCMs

Figure 4.4 shows the XRD patterns of palmitic acid, TiO, nano-particles, and
NEOPCM2-4. In the XRD pattern on TiO,, the peaks at 25°, 38°, and 48° confirm the
anatase form of the nano-particles. In the XRD pattern of pure PA, the peaks at around
20 = 12°, 20°, 21.5°, 23°, and 30° are due to the given crystallization. The rest of the
three curves represent the XRD patterns of NEOPCM 2-4. It can be found in these
curves that the peaks at 12°, 21.5°, and 23° are caused by the palmitic acid, and peaks of
the TiO, in the NEOPCM can be seen at 25° and 27.5°. The peak of TiO; at 25° can be
seen in the NEOPCM clearly. The intensity of this peak in the NEOPCM is not
significant when wheight fraction of nanoparticles is less than 1%, while it is clearly
evident in the NEOPCM3 and NEOPCMA4. The results of the XRD patterns indicate that
during the preparation of the NEOPCMs, the crystal formation of PA did not change

and the NEOPCM contains the peaks of both, PA and TiO..

E _ e — NEOPCMA
N . — NEOPCM3
= L] N — NEOPCM2
Rl JUL — PurePA
AL — TiO,
10 2I0 gg 4‘0 50

Figure 4.4 XRD patterns of pure PA, TiO,, and NEOPCMs
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4.3.4 Thermal energy storage properties

Upon increasing the temperature of the PA, the microstructure of the solid PA starts
loosening up the compactness. When the temperature is further increased, the molecules
of palmitic acid absorb the latent heat and change its phase to liquid, which is the result
of the conversion of the absorbed energy into Kinetic energy, which overcomes the
intermolecular forces. Due to this conversion, the measurements of the latent heat and
melting temperature of the material are of paramount importance. DSC analysis has
been carried out for measuring the thermal energy storage properties of the pure PA and

NEOPCMs of different TiO, nano-particle weight fractions.
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Figure 4.5 DSC measurement of PA and NEOPCMs

Figure 4.5 shows the DSC curves of pure palmitic acid and the four prepared
NEOPCMs of 0.5, 1.0, 3.0, and 5.0 wt% nano TiO,. The melting point was estimated by
the tangent at the point of the highest slope on the face portion of the peak and the latent

heat of fusion as the area under the curve. It can be clearly seen in the Figure that all
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DSC curves of PA and all NEOPCMs are of similar shape. The measured values of the
melting temperature, latent heat of fusion and calculated PCM percentage using

Equation 4.1 are shown in Table 4.1.

PCM = T NEOFCM 5 10004 (4.1)

AHo-pcMm

Table 4.1: DSC data of melting of PA and NEOPCMs

Sample name Melting temperature Latent heat of fusion PCM percentage

(°C) (kJ/kg) (%0)
PA 62.21 213.46 100.0
NEOPCM1  62.47 209.02 98.0
NEOPCM2  60.16 202.9 95.0
NEOPCM3  60.75 184.43 86.4
NEOPCM4  61.59 180.03 84.3

As can be seen in Table 4.1, the melting temperature of the pue PA is 62.21 °C
and that of NEOPCM4 is 61.59 °C, which implies that the phase change characteristics
of pure PCM and NEOPCM are very close to each other. An irregular variation in the
melting temperature was measured with an increasing nano-particle volume fraction.
The melting temperature of the prepared composite PCMs is measured to be varied in
the range of -0.26 and +2 °C and latent heat of fusion between 2% and 15.5%. The
maximum reduction of +2 °C in the melting temperature of the NEOPCM s observed
compared to O-PCM (PA in the present case), which is in the case of NEOPCM2. On
the other hand, a regular degradation in the latent heat of fusion has been measured with
an increasing nano-particle volume fraction. This decrease in the latent heat of the

NEOPCMs is due to the changes in the physiochemical properties caused by the
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dispersion of TiO, nano-particles, which was expected. Lowering the latent heat of
fusion with the increase in the nano-particle wt% signifies that a lesser amount of heat is
required to change the phase from solid to liquid which consequently reduces the
melting/solidification of the O-PCMs. The maximum deviation of 15.5% of the latent
heat of fusion is observed in the case of the NEOPCM4 in comparison with the pure
PA, which is not very much significant for such a higher loading of the nano-particles.
As can be seen in Table 4.1, as expected, the percentage of the PCM in the NEOPCMs
decreases with the increase in the nano-particle mass fractions. The minimum PCM
percentage is 84.3% for the high loading of 5 wt% nano-particles, which implies that
the chances of the leaking of the O-PCM in the composite are less. A correlation is also
developed to predict the latent heat of the NEOPCMs based on the curve fitting of the
experimental data as a function of the weight fraction of nano-particles dispersed into

the base PCM, as given below:

LNEOPCM = LO—PCM(0'99 - 003264‘ X ®) (42)

Figure 4.6 shows the measured and calculated latent heat of fusion for the
NEOPCMs. The latent heat of the NEOPCMs can be calculated using the composite

theory (Wu et al., 2010):

Lygopcm = Lo—pem X @ (4.3)

where Lygopcy @nd Lo_pcp are the latent heat of fusion of the composite and pure O-
PCM, respectively, and @ is the weight fraction of the nano-particles dispersed into the

base O-PCM.
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Figure 4.6 Effect of mass fraction of TiO, nanoparticles on the latent heat

As can be seen in the Figure 4.6, the measured latent heat of each composite is
smaller than that of the calculated value and this deviation gets wider with the increase
in the wt% of the nano-particles, which might be due to the surface morphology and
structure of the material. Similar deviations in the measured and calculated values were
found in the investigations of Wu et al. (2010), Wang et al. (2009), and Sari et al.

(2009), which confirms the reliability of the current results.

4.3.5 Thermal stability

Thermal gravimetric analysis was carried out for the pure PA and NEOPCM1-
NEOPCMA4 to investigate their thermal stability. The TGA curves for the pure PA and
NEOPCM4 are shown in Figure 4.7, while Figure 4.8 shows the DTG curve of these
materials. The weight loss of the pure PA occurred between 202 and 282 °C and
between 202 and 286 °C for NEOPCMA4. Below 200 °C, the weight loss is around 4%,

which can be attributed as the removal of the absorbed water. The charred residue
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amount of the PA after 500 °C was determined to be less than 0.5% and it remained
constant thereafter, so it can be considered that the pure PA completely degraded at 282
°C, which can be understood as the complete breakage of the polymer chains into
monomers. In the case of NEOPCM4, which is the composite PCM of the high nano-
particle concentration (5 wt%) in the present study, the charred amount of residue after
500 °C was around 4.5% and this remained constant thereafter. So, the maximum
degradation of the NEOPCM4 occurred at around 286 °C which is close to that of the
pure PCM. This minor delay in the degradation may be due to the fact that the addition
of nano-particles in the pure PCM serves as a thermal retardant against the temperature,
which results in the delay in the decomposition. So, it can be understood from the TGA
and DTG (Figure 4.8) curves that the dispersion of nano-particles in the pure PA has
improved the stability of this PCM. Since, no decompositions of the material have been
noticed until 200 °C, the pure PA and NEOPCMs can be effectively used for the

cooling/heating applications of buildings and solar thermal energy storage applications.
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Figure 4.7 TGA curves of PA and NEOPCM4
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Figure 4.8 DTG curves of PA and NEOPCM4

4.3.6 Thermal reliability

An accelerated thermal cycle test was performed using our in-house (University
of Malaya) designed test rig to investigate the reliability of NEOPCMs after a large
number of repetitive melt/freeze cycles. The 1500 melt/freeze cycles for NEOPCM3
were performed and the melting temperature and the latent heat of fusion were obtained

using the DSC after 100, 500, 1000, and 1500 cycles.

The DSC curves and FT-IR spectrum of pure PA before and after the thermal
cycle test are shown in Figure 4.9 (a and b). The DSC curves obtained and the thermal
properties measured of the NEOPCM3 during the cycle test are shown in Figure 4.9 and
Table 4.2 respectively. As can be seen in the Figure, the latent heat of fusion of the pure
PA after 1500 melt/freeze cycles has degraded by 17.88 % and the melting temperature
has changed by an amount of +1.76 °C. This degradation in the thermal properties is
mainly due to two reasons, one is due to the impurities present in the material and

another is due to the changes in their chemical structure. To identify the changes in the
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chemical structure, the FT-IR spectrum of the PA was taken before and after the thermal
cycle test and the curves are presented in Figure 4.9 (b). It is clearly visible in the Figure
that an absorption peak has been created in the pure PA after the cycle test at around
3500 cm™, whereas, along with the impurities being present in the material, this can be

inferred as a possible reason for the degradation of the material properties.
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Figure 4.9 (a) Melting DSC curves (b) FT-IR spectrum of pure PA before and after the
thermal cycle test

Figure 4.10 shows the DSC curves and FT-IR spectrums of NEOPCM3 before
and after the cycle test. As can be seen in the Table 4.1, the maximum jump in the
reduction of latent heat of fusion was observed in NEOPCM3, so this composite sample
was selected for thermal reliability test. The Table 4.2 shows that during the thermal
cycle test, the melting temperature of NEOPCM3 after the 100", 500", 1000™, and
1500" thermal cycles changed by 0.26, -2.05, -1.46, and -0.62 °C, respectively. In
comparison with the pure PA, a variation of -2.0%, -0.26%, -1.42%, and -2.54% in the
latent heat of fusion was observed after the 100", 500", 1000", and 1500™ cycles,
respectively. It can be understood by looking at the variations in the melting
temperatures and the latent heat of fusion that the changes are not significant even after

a large number of melt/freeze cycles. The depreciation in the latent heat of fusion of
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NEOPCMS3 is within the acceptable level of the LHTES applications (Sharma et al.,
2016). So, if 300 melt/freeze cycles are considered in a calendar year, these NEOPCMs
can be effectively used for five consecutive years for thermal energy storage in many

domestic and industrial applications.
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Figure 4.10 (a) Melting DSC curves (b) FT-IR spectrum of NEOPCM3 before and after
thermal cycle test

Table 4.2.Thermal properties of NEOPCM3 before and after the thermal cycle test

No. of test cycles Melting temperature Latent heat of fusion

(°C) (kJ/kg)
0 60.75 184.43
100 60.47 181.52
500 60.16 182.99
1000 61.02 184.02
1500 60.59 180.03

To study the changes in the compositional/functional group of the NEOPCMs
during the cycle tests, the FT-IR spectrum of NEOPCM3 before and after the cycle test
was obtained and is shown in Figure 4.10 (b). As can be seen in the spectrum, no new

peak has appeared after the 1500 melt/freeze cycles and no old peak has disappeared,
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which signifies that the accelerated thermal cycle test has not affected the chemical
structure of the NEOPCM. Accordingly, the PA/TiO, composite O-PCMs show the

stable chemical and thermal properties after such a large number of thermal cycles.

Figures 4.9 and 4.10 shows that the dispersion of the nano TiO, enhances the
thermal and chemical stability of the pure PA significantly. The addition of the 3% TiO,
decreases the degradation in the latent heat from 17.88% to 2.4% and melting
temperature from 1.76 °C to 0.16 °C. This enhanced chemical and thermal stability of
the PA/TiO, composite makes them highly suitable for effective solar thermal energy

storage.

4.3.7 Thermal conductivity

The energy storage and its discharge rate of the phase change materials is very
much dependent on their thermal conductivity (Wu et al., 2010). Higher thermal
conductivity increases the heat transfer rate, which in turn increases the melting and
solidification process and this leads to a lesser solidification/melting time. In the present
study, the TiO, nano-particles of 21nm average size, dispersed in different wt% into the
liquid PA. The thermal conductivity of the prepared NEOPCMs was measured in the
solid state at a temperature of 30 °C, which is below melting point using KD-2 Pro. This
equipment is based on the hot wire method. It is a well-known fact, that if the thermal
conductivity is measured at different temperatures, the enhancement in the value of
thermal conductivity is not very much significant (Sharma et al., 2015) so keeping this
in mind, the conductivity has been measured at one particular temperature. The values
of the measured thermal conductivity against the wt% of nano-particles are presented in
Figure 4.11(a). As can be seen, the thermal conductivity consistently increases with the

increase in the weight fraction of the nano-particles. The addition of a very small
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amount of nano-particles (0.5 weight%, NEOPCML) increases the thermal conductivity
by 12.7%. The enhancement in the thermal conductivity was 20.6%, 46.6%, and 80% in
the case of the NEOPCM2, NEOPCM3, and NEOPCM4, respectively. This
enhancement shows that the thermal conductivity of NEOPCMs is directly proportional
to the nano-particle wt%. The nonlinear behavior of the thermal conductivity
enhancement is mainly due to the agglomeration caused by a higher percentage of the
TiO; nano-particles in the PA (Harikrishnan et al., 2013). The enhancement of the
thermal conductivity also ascertains the lesser melting and solidification time of
NEOPCMs compared to pure PA. Supercooling effect in the case of the NEOPCMs is
also diminished due to the fact that the TiO, nano-particles dispersed into palmitic acid
act as a nucleating agent, which helps in achieving the congruent melting and

solidification of the NEOPCMs (Harikrishnan et al., 2013). Additionally, Figure 4.11

(b) shows the thermal conductivity ratio (= k%), where k is the thermal conductivity of
the NEOPCM and kg is that of pure palmitic acid. The value of this ratio is greater than
1 for all NEOPCMs, which also signifies the enhanced thermal conductivity of all
composite PCMs. A correlation to predict the thermal conductivity of NEOPCMs as a

function of loading of the nano-particles has been developed on the basis of the best fit

curve of the experimental data and is given below:

kneopcm = ko—pem (1 + 1.48 X ©) (4.4)

Where kygopcm 1S the thermal conductivity of composite PCMS, kg _pcp iS the

conductivity of pure O-PCM, and @ is the weight fraction of TiO, nano-particles.
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Figure 4.11 (a) Thermal conductivity and (b) conductivity ratio of PA and NEOPCM1-
NEOPCM4

4.3.8 Summary and comparison of thermal conductivity with previous studies

Table 4.3 shows the thermal conductivity and the latent heat of fusion of nano enhanced
PCMs prepared in previous studies based on the dispersion of the nano-particles of
metal oxides such as Al,O3;, CuO, SiO;, ZnO, Fe;0Os3, and TiO; and the results are
compared with the findings of the current study. Wang et al. (2014) prepared the
nanocomposites of paraffin and nano TiO, and reported a 13% enhancement in the
thermal conductivity with a dispersion of 7% at the cost of 9% reduction in the latent
heat. In another study, Harikrishnan et al. (2014) prepared the mixture of stearic acid
and lauric, and the nano TiO, was mixed together. A dispersion of 1% TiO, enhanced
the thermal conductivity by approximately 42% and a 2% reduction in the latent heat of
fusion. In their another work, Harikrishnan et al. (2013) prepared a NEPCM of stearic
acid and nano TiO, and they reported that the addition of the 0.3% nano TiO, enhanced
the thermal conductivity by approximately 63%. In a recent study, Motahar et al.
(2014a) dispersed the nano TiO; into organic PCM n-octadecane and found that the
dispersion of the 5% nanoparticles enhances the thermal conductivity by 26.6%. An
addition of 4% of Fe,O3, Al,O3, ZnO and SiO, have also shown enhanced thermal

conductivity of paraffin by 87.5%, 135%, 90%, and 90% respectively (Babapoor &
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Karimi, 2015). The present study shows an increment of approximately 80% in thermal

conductivity when the TiO, nano-particles dispersion of 5%. This can be considered as

a significant enhancement when compared with the existing NEPCMs. Furthermore, it

can be seen in Table 4.3 that the latent heat of the pure PA is higher than that of the

many PCMs which shows the suitability of this organic candidates in many domestic

and commercial energy storage applications. In addition, the thermal reliability results

also ensure the long term use of these NEOPCMs.

Table 4.3 Comparison of thermal conductivity and the latent heat of fusion of
NEOPCMswith previous similar composites

Composite Thermal Conductivity  Latent heat (kJ/kg) Ref
(W/mK)
Base PCM NEPCM Base PCM NEPCM

Paraffin/7% TiO, 0.22 0.25 165 150 (Wang et al.,
2014)

(SA+LA)/1% TiO;, 0.19 0.27 176.98 173.22 (Harikrishnan
etal., 2014)

n-octadecane/5% TiO, 0.45 0.57 - - (Motahar et
al., 2014a)

Paraffin/4% Fe,O3 0.75 105

Paraffin/4% Al,O3 0.4 0.94 212 200 (Babapoor &

Paraffin/4% ZnO ' 0.76 182 Karimi, 2015)

Paraffin/4% SiO, 0.76 200

Paraffin/5% v-Al,03 0.22 0.275 142.2 134.1 (Wang et al.,
2010)

Paraffin/5% CuO 0.25 0.2663 - - (Jesumathy et
al., 2012)

Paraffin/10% Al,O3 0.13 0.138 243.1 212.3 (Ho & Gao,
2009)

Palmitic acid/5% TiO, 0.19 0.35 213.46 180.03 Present study
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4.4 Summary

This experimental study was conducted on the preparation and characterization of
palmitic acid/TiO, nano-enhanced organic phase change materials. The TiO, nano-
particles in 0.5, 1.0, 3.0, and 5.0 wt% were dispersed into liquid palmitic acid (PA) and
the effect of its weight fraction on the thermo-physical properties of the NEOPCMs
were measured using the DSC and thermal conductivity apparatus. The results of this

study can be summarized as below:

e The FESEM and XRD images confirm the uniform dispersion of the
nano-particles and the FT-IR spectrum show that the TiO, nano-particles
are in chemical compatibility with the PA and the interaction between
the base O-PCM and nano-particles is purely physical.

e DSC results of the NEOPCMs do not exhibit any significant changes in
the melting temperature (maximum 3.3% deviation). A variation of about
15.5% is found for the latent heat of fusion. These finding show that this
composite PCM has great potential to be used as thermal energy storage
materials.

e The accelerated thermal cycle test of the NEOPCM showed that the
prepared composite material does not lose its thermal and chemical
properties even after a large number of melt/freeze cycles. During the
cycle test, the deviation in the melting temperature was found to be in the
range of -0.4 to +0.98% and in the latent heat of fusion +0.2 to 2.4%.

e Addition of nanoparticles of TiO, improves the chemical and thermal

stability of the pure PA.
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Thermal conductivity was found to be increasing with the increase of the
loading of the nano-particles. An 80% enhancement in thermal
conductivity was seen in the case of the NEOPCM4 compared to pure
PA. The prepared composites have shown the enhanced thermal
properties without significantly affecting the thermal energy storage
capacity, so, these NEOPCMs can be used as potential candidates for

solar energy storage applications.
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CHAPTER 5: MATHEMATICAL MODELING FOR ENHANCED
SOLIDIFICATION IN AN ENCLOSURE

5.1 Introduction

Understanding of the results of the thermal cycle tests and of composite nano enhanced
organic PCMs has led to the understanding that the dispersion of the nano particles of
metal or metal oxides enhances the thermal conductivity significantly which in turn
increases the heat transfer rate of PCMs. During the charging (melting) process, the
PCM remains in a liquid state and it becomes essential to store it in a leak proof
container. The shape of the container affect the heat transfer process within the PCM
significantly (Verma et al., 2008). The behavior of the melting/freezing phenomenon in
the PCM can be very well predicted using analytical or numerical methods. A
parametric investigation of solidification phenomenon of nanofluid flled in the
trapezoidal cavity has been carried out using ANSYS Fluent. The FLUENT has a
specific model to simulate and predict the phase front interface during melting/freezing
process and crystal growth. This computational fluid dynamics (CFD) software has
shown its capability in predicting the melt/freeze phenomenon very accurately in
previous studies The effect of nanoparticle concentration, trapezoidal wall, cold wall
temperature and Grashof number on the total solidification time has been investigated in

this chapter.

5.2 Methodology

5.2.1 Geometry

A two-dimensional (2D) trapezoidal cavity of 100 mm? internal area, as shown in
Figure 5.1, is considered in this study. The length (L) of the cavity is 10 mm and the

height (H) is varied in such a way that the internal area of the cavity remains constant at
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100 mm?. Three types of trapezoidal cavities are formed based on three different angles

suchas § =2.72°,5.42" and 7.69 . Details of these geometries are given in Table 5.1.

Th T,

)

Figure 5.1 Sketch of the two dimensional trapezoidal cavity

Table 5.1 Configuration of tested trapezoidal geometries

Tested cavity Length (L), mm Height (H), mm Inclination angle ()

Square cavity 10 10 0°

Cavity 1 10 10.52 2.72°
Cavity 2 10 11.20 5.42°
Cavity 3 10 11.91 7.69°

5.2.2 Boundary conditions

The horizontal walls are assumed to be insulated, non-conducting, and impermeable to
heat transfer. The mathematical relations given in the following section are identical to
the work of Khanafer et al. (2003) and Khodadadi & Hosseinizadeh (2007), thus they
can be used to benchmark our numerical model by comparing our findings with theirs.

The left and right inclined walls are kept at constant temperatures of Ty, = 283.15 K and
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T, = 273.15 K, respectively. The nanofluid in the cavity is considered to be Newtonian,
laminar, and incompressible. Thermo-physical properties of the nanofluids are assumed
to be constant in the case of water-Cu nanofluid, whereas the density variation in the
buoyancy force is handled by the Boussinesq approximation. In the case of paraffin-Cu
nanofluid, the thermophysical properties have been considered temperature dependent
and discussed in the following sections. The user defined functions (UDF) for
accommodating the variation in the thermophysical properties with the temperature
were written using language C and appended in the prepared ANSYS Fluent numerical
model. The nanoparticles are assumed to have a uniform shape and size (10 nm
diameter). The left lower corner of the cavity is the origin of a coordinate system.

Gravity acts in the negative y-direction, i.e., g = 0and g, = —g.

The initial and boundary conditions for the present investigation are as follows:

At the left inclined wall, u=v=0,T=T,, atx =0 and0 <y <H

At the right inclined wall, u=v=0,T=T, atx =L and0<y<H
: oT

At horizontal surfaces, u=v :E =0, aty=0H and0<x<L

Table 5.2 Thermo-physical properties of the base fluid (water) and the Cu nanoparticles

Property Copper nanoparticles Base fluid (water)
p [kg = m3] 8954 997.1

u [Pa s] - 8.9x107*
cpl]/kg K] 383 4179

k [W/mK] 400 0.6

B [1/K] 1.67 x 107> 2.1x107*
L[J/kg] - 3.35 x 10°

Pr - 6.2

Ste - 0.125

dy,[m] 107° -
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5.2.3 Governing equations

The continuity, momentum, and energy equations can be written as follows:

Continuity

X-momentum

oo ou ou 1 op )
—+U—4+V—=—| —+ 1. VU+ T-T +S,,
at aX 6y pnf ( aX :unf (pﬂ)nf gx( C)j X

Y-momentum

o v o 1( op )
Ny 2| Ry v T-T.)|+S.,
8t+u8x+vay Pm( 8y+,unf v+(pﬁ’)nf gy( C)j+ ,

Energy equation

oT oT oT a[(kmﬁkd)aT} a{(kmﬁkd)m}
u S LR R LR L

—+U—+V—-=
ot ox oy x| (pC)y Ox | oy| (pc,)y O

The density of the nanofluid is given by:
P =[1—0) p; + oo,
The viscosity of nanofluid is given by Brinkman (1952):

_ M
(1_ ¢)2.5 !

/unf

(5.1)

(5.2)

(5.3)

(5.4)

(5.5)

(5.6)
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The heat capacitance of the nanofluid and part of the Boussinesq are:

(0C,)w = A=)(oC,); +d(poC,), (5.7

(0B = L=P)(pB) ¢ +P(B), (5.8)

The latent heat of the nanofluid is evaluated using

(PLy)w =(L=9) (L), (5.9)

The thermal conductivity of the quiescent (subscript 0) nanofluid is given as (Wasp,

1977):
K Ko +2K; —20(K, =K,
f — f ¢( f ) (510)
Ke ko +2K, +20(k, —k,)
The effective thermal conductivity of the nanofluid is:
Ker = Kigo +Kyg. (5.11)

Where Kk, is the thermal conductivity enhancement term due to the thermal dispersion

and is given as (Amiri & Vafai, 1994):
kg =C(poC,) VU +Vv2ed . (5.12)

The constant C is obtained from work of Wakao and Kaguei (1982).
In Egs. (2)-(4), S is the source terms which are given by:

s, =A(f)u, S,=A(f),
o LN,
" ot (5.13)
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2
)" causes the gradual change in velocity from a finite value in the

where A(f) = .
+&

M (1-
Ma-1y

liquid to zero in the solid in the computational cells. Here £ =o0.001, a small
computational constant used to avoid division by zero and M (10° in the current
investigation) is the mushy zone constant reflecting the morphology of the

melting/solidification.

The sensible enthalpy n, and total enthalpy, He is written as:

]
h=h,+[C,dT
7, (5.14)

H,=h+ fL, (5.15)

where fLy is latent heat which varies between zero for solid to Ly for liquid, and f is

given by:
0 if T<T,

S LI FTINE PSS (5.16)
TI _Ts
1 if T>T,

Where Ts and T, are the solidus and liquidus temperatures, respectively.

The calculation of the Nusselt number is an effective way to represent the heat transfer

rate of a nanofluid. A local Nusselt number (Nu ) is calculated with the following

equation:
u:Ei—H—QI (5.17)
- kf AT on'y .
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An average Nusselt number is calculated by integrating the local Nusselt number:
1 S
Nu,, = s ! Nu,ds (5.18)

Where s is the distance along the inclined wall and S; is the length of the inclined wall.
5.2.4 Simulation cases

A total of sixty two CFD simulations as shown in Table 5.3 were carried out for
validation and to study the effect of various parameters, such as the inclination angle of
a trapezoidal section, nanoparticle volume fraction, and wall temperature difference on
the total solidification time of the nanofluid. Case 1 CFD model, which is based on a
rectangular cavity of 8.89 cm x 6.35 cm filled with solid gallium, is used to investigate
the propagation of the melt front of gallium. Case 2 is based on the solidification of
water filled in a trapezoidal cavity and is used to investigate the temperature distribution
at a certain height of the cavity. Eight simulations, i.e., Cases 3-10 are based on a square
cavity of 1 cm length, filled with nanofluid, and these cases are used to validate the U-
velocity at the vertical mid plane and the temperature profiles at the horizontal mid
plane for Gr = 10* and 10° against such results from Khanafer et al. (2003). The
remaining cases are based on a trapezoidal cavity. Thirteen simulations, i.e., Cases 11-
23, were used to investigate the effect of the nanoparticle volume fraction, ¢, inclination
angle, 0, and temperature difference, AT on the total solidification time of the nanofluid
in a trapezoidal cavity. Three simulation cases (24-26) are used to investigate the effect
of Gr on the mode of heat transfer. Cases 27-62 (thirty six simulations) are used to
calculate an average Nusselt number along the hot wall of the trapezoidal cavity for

various values of Gr, 6, and ¢.
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Table 5.3 Simulation cases

EJ

Sim. Inclmatlg)n Material AOT Gr Remarks
cases angle, @ (°C)
Used to validate the phase front of
1 (square . . i Gau and Viskanta (1986), Brent et
cavity) 0 Solid gallium 9.7 al. (1988), and Khodadadi et al,
(2007)
2 Used to validate the temperature
(trapezoidal - Pure water - - profile of solidifying water in the
cavity) cavity (Duggirala et al., 2006)
3-10 (square 0, 0.1, and 10" Used to validate the temperature
cavit )q 0 0.2 Cu-H,O - profile and U-velocity results of
y nanofluid 10°  Khanafer et al. (2003)
11-13 0, 0.1, and To study the effect of nanoparticle
(trapezoidal 2.72 0.2 Cu-H,O 10 - volume fraction on solidification of
cavity) nanofluid nanofluid
2.72
14-16 To study the effect of inclination
(trapezoidal 5.42 0.2 .CU'HZO 10 - angles on solidification  of
! nanofluid .
cavity) nanofluid
7.69
2.72
17-19
(trapezoidal  5.42 0.2 _Cu-HZO 10 i To stu_dy _ the p_hase _front
cavity) ' nanofluid propagation in trapezoidal cavity
7.69
10
20
?tcr)ézzzoi dal 272 0.2 Cu-H,0 30 i To study the effects of temperature
cavi%y) ' nanofluid 55 difference on the solidification
110
10°
24-26 0.2 Cu-H-O To study the effect of conduction
(trapezoidal  2.72 nanofluid 22 10° or convection dominated heat
cavity) transfer
10’
2.72 10°
27-62 0, 01, and he val £
(trapezoidal  5.42 0.2 Cu-H,0 - 10 'Il\'lo colmputebt € valles ot average
cavity) nanofluid usselt number
7.69 10°
“Simulation
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5.2.5 Mesh independency test

Structured and uniform square grid spacing for x and y-direction, as shown in Figure

5.2, is used for all the numerical simulation cases reported here. The grid independence

study is carried out from coarse to fine grid using five different uniform grids 50 x 50,

80 x 80, 120 x 120, 150 x 150, and 200 x 200. The complete solidification time for all

grids are numerically computed and shown in Table 5.4. Between the grid size of 50 x

the fluctuation in results is as high as 4% but increasing the grid size

50 and 120 x 120

beyond 120 x 120 reduces the variation substantially down (to 1%), so the grid size of

120 x 120 is considered in the present study with the finer grid on the side walls.
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Figure 5.2 Meshed trapezoidal cavity
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Table 5.4 Mesh independency test

Sr. Inclination  Mesh size Total solidification time (s) Deviation
No. angle (%0)

Lo o 50 x 50 1292 ]

2 9790 80 x 80 1304 0.92

3 g7 120 x 120 1360 4.118

4 970 160 x 160 1378 1.306

> 9790 200 x 200 1392 1.006

5.2.6 Numerical methods

The Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) method within the
commercial CFD package ANSYS Fluent (13.0., 2011) is used to solve the governing
Egs. 5.1 — 5.4. The Enthalpy-porosity approach is used for the phase change region
inside the PCM, by which the porosity in each cell is set equal to the liquid fraction in
that cell. The Quadratic upstream interpolation for convective kinematics (QUICK)
differencing scheme is used for solving the momentum and energy equations, whereas
the Pressure Staggering Option (PRESTO) scheme is used for pressure correction
equations. In the enthalpy method, the solution is based on a fixed grid and governing
equations are modified such that they are valid for both phases. Also, the mushy zone
constant (M) is set to 10° kg/m®s. The time step size used for all the simulations in this
study is 0.5 s and number of iterations for each time step are 800. The under-relaxation
factor of all the components, such as velocity components, pressure correction, thermal
energy etc. is kept at 0.3. Convergence criteria are set at 10° for continuity and

momentum and 10°® for thermal energy.
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Numerical simulations of solidification begin with the steady state natural
convection within the trapezoidal cavity filled with nanofluid (Cu-H,0). At t = Os, the
left wall of the cavity is kept at 10°C higher than that of the solidification point of water
(273.15 K) and the right wall is held at the solidification temperature. The nanofluid is
maintained at uniform temperature 273.15 K throughout the cavity at t = 0s. Then, the
temperatures of both inclined walls are lowered by an equal amount (10°C).
Consequently, solidification of nanofluid begins at the right wall and the solid-liquid
interface travels towards the left until the complete solidification of the nanofluid within

cavity is calculated. This phenomenon is discussed below.

5.2.7 Selection of nano enhanced phase change materials

This particular study has been divided in two sections. One belongs to the organic PCM
based nano-enhanced phase change material and another is the inorganic PCM based
nano-enhanced phase change material. Paraffin is chosen as organic PCM and water as
inorganic. Cu nanoparticles of 20 nm are chosen as dispersant in both PCMs and their
effects on thermo-physical properties are determined. The data for the thermophysical
properties of the nano enhanced organic PCMs are limited in the literature, so a
preliminary analysis for determining the effect of nanoparticles on the thermal
performance of organic PCM and effect of trapezoidal cavity on the solidification of
paraffin based nanofluid is carried out. Then using the same methodology, a detailed
parametric study is carried out to investigate the effect of various pertinent parameters
such as nanoparticle volume fraction, cold wall temperature, Grashof number, inclined
walls of trapezoidal cavity etc. on the heat transfer mechanism during solidification of

Cu-water nanofluid filled inside a trapezoidal cavity.
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5.3 Results and discussion

5.3.1 Validation of the numerical model

The results of the Case 1 CFD model are compared with those of an experimental study
of Gau and Viskanta (1986), numerical predictions by Brent et al. (1988) and
Khodadadi and Hosseinizadeh (2007) of the melting of solid gallium in a two-
dimensional rectangular cavity (height, L, = 6.35 cm; width, Ly = 8.9 cm) in Figure 5.3.
The horizontal walls are adiabatic and vertical walls have different but constant
temperatures. A uniform internal temperature at the melting point of gallium, 302.95 K
Is set to the cavity. At t = 0s, the temperature of the left vertical wall is suddenly raised
to a prescribed temperature above the melting point, resulting in the melting of the
gallium. The values of the governing dimensionless numbers and aspect ratio are listed
in Table 5.5. The melt front is plotted at different times, i.e., 2, 6, 10 and 17 minutes, in
Figure 5.3. It is evident from this Figure that a reasonably good agreement exists
between the computed and experimental melt front positions with a small discrepancy
between the measured and calculated results. This discrepancy between the predicted
phase front of the present CFD model and the experimental results may be due to the
sub-cooling of approximately 2 °C in the solid (Gong et al., 1999). In addition, at
specific times, e.g., 2 min, 6 min and 10 min, our results are relatively much closer to

that of the experiment than the numerical prediction of Khodadadi et al. (2007).

Table 5.5 Parameters used in the validation of melting of gallium

AR Aspect ratio 0.714
Ra Rayleigh number 3x10°
Pr Prandtl number 0.021
Ste Stefan number 0.040
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Figure 5.3 Progress of the melting phase front with time: Comparison among the
prediction of Khodadadi et al. (2007) Brent et al. (1988), experimental data of Gau and
Viskanta (1986), and present work.

To benchmark our model for solidification of water based PCMs, the results of
the numerical study (Case 2) have been compared with the experimental data as
reported by Duggirala et al. (2006) and presented in Figure 5.4. To validate the current
numerical model, a 2-D trapezoidal cavity with a bottom and top width of 65 mm and
165 mm respectively and a height of 130 mm was used. This cavity was completely
filled with pure water and the initial temperature was kept at 0 °C. Top and bottom wall
were made insulated and both inclined walls were kept at -30 °C. As soon as the
simulation was started, solidification began immediately. The temperature profile at a
distance of 37 mm from the bottom wall and t = 72 min was plotted and compared with

the experimental data available in literature. Numerical prediction is in good agreement

with the experimental data.
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Figure 5.4 Comparison of the temperature profile at y = 37 mm in the pure water
between the experimental data of Duggirala et al. (2006) and present work.

The results from Case 3-10 CFD models, which are based on a square cavity of
1 cm, have been checked against numerical results reported by Khanafer et al. (2003).
Figure 5.5(a), and 5.5(b) show the U-velocity distribution at the vertical mid plane for
Gr = 10* and 10°, respectively based on nanoparticle volume fractions of 0, 0.1, and 0.2.
Figure 5.5(c) shows the temperature distribution at the horizontal mid plane of the
differential heated square cavity of height 1 cm filled with nanofluid of nanoparticle
volume fraction 0.2, for Gr = 10* and 10°. In general, for all of the nanoparticle volume
fractions, the well-established trend of the horizontal velocity is seen exhibiting an
accelerated flow near the top and bottom horizontal walls and a weak flow near the
center of the cavity which shows the nanofluid behaves like a base fluid (water) near the
center. Overall, the CFD results for all nanoparticle volume fractions are close to those
from the literature (Khanafer et al., 2003). In particular, the results for the water (¢=0)
for the both Grashof numbers have an excellent agreement. However, small
discrepancies can be seen for ¢ =0.1 and ¢ =0.2 especially at the peaks. Figure 5.5(c)

shows the temperature distribution at the horizontal mid plane for Gr = 10* and 10°
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based on nanoparticle volume fraction of 0.2. The temperature distribution of the CFD
models is consistent with that of Khanafer et al. (2003) for both Gr. All of the above

comparisons were used to validate our CFD models.
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Figure 5.5 Comparison of the U-velocity along the vertical mid plane of the
cavity between present work and those of Khanafer et al. (2003) for (a) Gr = 10*, and

(b) Gr = 10°, and (c) comparison of temperature on the mid plane for ¢ = 0.2.
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Figure 5.5 continued. ..
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Figure 5.5 Comparison of the U-velocity along the vertical mid plane of the cavity
between present work and those of Khanafer et al. (2003) for (a) Gr = 10%, and (b) Gr
=10°, and (c) comparison of temperature on the mid plane for ¢ = 0.2.

Table 5.6 shows the comparison of variation of average Nusselt number ( Nu,,, )

given in Eq. (18) with the Grashof number along the hot wall to validate the present
results with those reported by Khanafer et al. (2003), Ho et al. (2008), and Das and Ohal
(2009) for a square cavity filled with pure water. A good agreement is obtained between

the present and benchmark solutions.

Table 5.6 Comparison of the average Nusselt number for square cavity where Pr = 6.2
(water) for ¢ = 0.0

Literature Grys = 10° Grys = 10° Grys = 10°
Present 1.9377 4.1093 8.2521
Khanafer et al. (2003) 1.9806 4.0653 8.3444
Ho et al. (2008) Not applicable 3.9494 7.8258
Das and Ohal (2009)  2.3097 4.6512 9.3662
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5.3.2 Solidification of paraffin-Cu nanoparticles nanofluid filled in trapezoidal

cavity

A nanofluid of liquid paraffin and copper nanoparticles was considered to be filled up in
a trapezoidal cavity and a parametric investigation was carried out to study the effect of
the trapezoidal cavity and Cu nanoparticle concentration on the total solidification time
of the paraffin based nanofluid. The thermo physical properties of paraffin wax and Cu
nanoparticles are given in the Table 5.7. As can be seen in the Table, the solidus and
liquidus temperature of paraffin are different, and this difference defines the phase

transition from solid to liquid state.

Table 5.7 Thermophysical properties of paraffin and Cu nanoparticles

Property Paraffin wax Cu
Density (kg/m°) 750 8954
0.001 (T —319.15) +1
Specific heat (J/kgK) 2890 383
Thermal conductivity (W/mK) 0.21 iIf T < Tsolidus 400

iscosi 2 1790\ -
Viscosity (Ns/m’) 0.001 exp (—4.25 = )
Latent heat (J/Kg) 173,400 -
Thermal expansion coefficient (1/K) - 1.67 x 107
Solidus temperature (K) 319 -
Liquidus temperature (K) 321 -
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5.3.2.1 Effect of trapezoidal cavity of the total solidification time

To study the effect of trapezoidal cavity on the total solidification time of Cu
nanoparticle enhanced paraffin, the three different inclination angle of side walls 4 as

discussed in the Section 5.3.1 and temperature difference of 10 K are considered in the

present study and the results of trapezoidal cavity are compared with that of square
cavity and shown in Figure 5.6. This parametric investigation is carried out considering
that the nanofluid has 10% concentration of Cu nanoparticles dispersed into liquid
paraffin. It can be noted that the internal area of these selected cavity geometry is same
i.e. 10 mm? As can be seen in the Figure that, the total solidification time of the
nanofluid decreases with the increase of angle of the side walls. A total reduction of

22% in the solidification time is observed when the inclination angle is 7.69° compared
to that of square cavity (6 = 0°). This reduction is because of the surface area normal to

the direction of heat transfer increases with increase of 6.
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Figure 5.6 Liquid fraction in trapezoidal cavity filled with nanofluid of 10% Cu
nanoparticled
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5.3.2.2 Effect of nanoparticle volume fraction on the total solidification time of

paraffin based nanofluid

To study the effect of Cu nanoparticle concentration on the solidification time of liquid
paraffin, the nanoparticles were considered to be dispersed in volume fractions of 0%,
10%, and 20%. For the nanofluid with 10% nanoparticles dispersed, the total
solidification time was observed to be 40 % less than that of in case of pure paraffin.

And this solidification time was reduced by 53% in case of 20% nanofluid.
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Figure 5.7 Liquid fraction in trapezoidal cavity of 6 = 7.69° filled with paraffin and
different concentration of Cu nanoparticles

5.3.3 Solidification of water-Cu nanoparticles nanofluid filled in trapezoidal cavity

This section discusses the heat transfer phenomenon during the solidification of the Cu-
water nanofluid filled in the trapezoidal cavity of different inclination angle of the side
walls. The three different concentrations of Cu nanoparticles 0%, 10%, and 20% are
considered for a detailed parametric investigation to assess the feasibility of such

geometry for PCM containment. The effect of the nanoparticle concentration (¢),
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inclination angle of side walls (), and the temperature difference between hot and cold
walls (AT) have been investigated. In addition, the average values of the Nusselt
number, Nuge calculated for various values of Grashof number (Gry, ¢, and 6 along

the hot wall of trapezoidal cavities have been calculated and discussed.
5.3.3.1 Effect of nanoparticle volume fraction on solidification time

The vertical walls of the square cavity were inclined to form a trapezoidal cavity in such
a way that the internal area remains constant for all inclination angles. Solidification
was studied for three different angles, 8 = 2.72°, 5.42°, and 7.69°. For § = 2.72 °, the
reduction in solidification time is almost 8% and then it further increases with

inclination.

The dependency of the solidification time on the dispersed copper nanoparticle
volume fractions (¢ = 0, 0.1, and 0.2), in the base fluid (H,O) filled in a trapezoidal
cavity of § = 2.72° is investigated in Cases 11-13 CFD models. Note that, the internal
area (10 mm?) of the trapezoidal cavity is kept equal to the square cavity used by
Khodadadi et al. (2007). The solidification time for Cases 11-13 and those from the
literature are presented in Figure 5.8. The increase of the nanoparticle volume fractions
decreases the solidification time of the nanofluids for all cases. For example, the total
solidification time of the trapezoidal cavity (6=2.72°) for ¢=0 and 0.2 are about 2700s
and 1300s, respectively. In general, the last 30% of the fluids needs about a half of the
total solidification time before it completely solidifies and this is true for all cases. A
possible reason for the reduction in solidification time with the dispersion of the solid
nanoparticles is that, when there is a higher heat transfer rate of NEPCM, the crystal
grows rapidly. It may also be due to the fact that less energy per unit mass of nanofluid

is required to solidify it because of the lower latent heat of fusion.
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Now, compare the trapezoidal cavity with the square cavity. The nanofluid
requires less time to solidify completely in the trapezoidal cavity than in the square
cavity. The solidification time in the trapezoidal cavity of 6 = 2.72° filled with pure
water is almost 10% less than that of water filled in a square cavity, while this time is
approximately 5% and 8% less for the trapezoidal cavity of 8 = 2.72° filled with
nanoparticle volume fractions of 0.1 and 0.2 respectively. This enhancement of the heat
transfer may be due to a higher surface area normal to the direction of heat transfer in
the trapezoidal cavity than that in the square one. In other words, the length of the side
walls of the trapezoidal cavity is higher than that of the side vertical walls of the square

cavity.

Liquid Fraction

0.0

0 600 1200 1800 2400 3000
Solidification Time (s)

Figure 5.8 Effect of nanoparticle volume fraction on solidification time of nanofluid
within the square and trapezoidal cavity of 6 = 2.72°.

5.3.3.2 Effect of inclination angles

Figure 5.9 shows the effect of the inclination angle of the side walls, 6, on the
solidification time for Cases 14-16, which are based on 6 = 2.72°, 5.42° and 7.69°, ¢ =

0.2 and the temperature difference of 10 K. For a comparison, the total solidification
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time of the nanofluid (¢ = 0.2) under the same temperature difference in a square cavity
Is included in the Figure. Note that the internal area of the trapezoidal cavities of these
cases and that of the square cavity were kept constant and equal to 10 mm? The
solidification time of the nanofluid within the trapezoidal cavities decreases with the
increase of #. The total solidification time for the trapezoidal cavity of 8 = 7.69° filled
with nanofluid (¢ = 0.2) is approximately 140s (11.3%) less than that for the square
cavity. This may be because of the surface area that is normal to the direction of heat

transfer increases with increase of 6, resulting in the enhanced heat transfer rate.
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Figure 5.9 Effects of inclination angles on solidification time of nanofluid within a
trapezoidal cavity at AT =10° C and ¢ = 0.2

The heat transfer phenomenon for solidification consists of both conduction and
convection energy transfer. To understand this phenomenon in the solidification of the
nanofluid, the propagation of the solid-liquid interface for Cases 17, 18 and 19 are
shown in Figure 5.10a, 5.10b and 5.10c, respectively at 10s, 100s, 300s, 600s, 900s and
1200s. In general, the higher the inclination angle of side walls, the quicker the phase

front moves. For example, at 900s, the phase front has reached near the extreme left
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corner of the cavity for the case of 6 =7.69° (Figure 5.10c). However, this is not the
same for the case of # =2.72° (Figure 5.10a) where the phase front is yet to reach the
left inclined side wall. The Figure also shows the apparent difference in phase velocities
for all inclination angles and the solid-liquid interface is parallel to the cold wall which

means the heat transfer in all these cases is consistently conduction dominated.
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Figure 5.10 Solid — liquid interface position at different time during solidification
process for temperature difference of 10 C and ¢ =0.2. (a) 6 = 2.72°
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Figure 5.9 continued. ..
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Figure 5.10 Solid — liquid interface position at different time during solidification
process for temperature difference of 10 C and ¢ = 0.2. (a) 8 = 2.72°, (b) § = 5.42° and
(c) 6 =7.69°.

Velocity vectors at a certain time during the solidification of pure water (¢ = 0)
are shown in Figure 5.11. Figure 5.11 (a) shows the velocity vectors at 200s for three
inclination angles (0 = 2.72°, 5.42°, and 7.69°). The Figure shows that for a particular
AT, the strength of circulation diminishes with increase in 6. This is due to the decrease
in the vertical velocity with increase in 6. Instantaneous velocity vectors during the
solidification of pure water filled in a cavity with 8 = 7.69° are presented in Figure 5.11
(b). In the early time step of 50 s, two vortices nearly equal in size formed in the CW
and CCW directions. As the solidification progresses this dual vortex structure persists

but because the solid-liquid interface moves towards the left, both vortices shrink in

covered space and their strength decays.
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Figure 5.11 Velocity field for pure water (¢ = 0), and temperature difference AT =
10 °C (a) at t = 200s, (b) for 8 =7.69 °

5.3.3.3 Effects of temperature difference and Grashof number

The variation of the liquid fraction against the solidification time of Cases 20-23, which
are based on ¢ = 0.2 at five different temperature differences, AT = 10°, 20°, 30°, 55°
and 110° in the trapezoidal cavity with inclination angle, & = 2.72° is shown in Figure
5.12. The increasing temperature difference consistently decreases the solidification

time. Similar to the low temperature difference, the phase front moves parallel to the
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cold wall for a large temperature difference of 110 °C as well, which signifies that

conduction still dominates the heat transfer phenomenon as shown in Figure 5.13.
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Figure 5.12 Effect of temperature difference on the solidification of nanofluid of
nanoparticle volume fraction 0.2 inside cavity of 8 = 2.72°.
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Figure 5.13 Effect of temperature difference on the solid-liquid interface at 100s during
solidification of nanofluid of nanoparticle volume fraction 0.2 inside cavity of 6 =
2.72°,
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To study the effect of natural convection on heat transfer, the Gr is varied from
10° to 107 (Cases 24-26) and the results are shown in Figure 5.14. The Figure shows the
solid-liquid interface at two different times (100s and 300s) during solidification for all
three Grashof numbers. For Gr<10° the solid-liquid interface is almost parallel to the
cold wall and moves towards hot wall with uniform wvelocity until complete
solidification from which conduction dominated heat flow can be inferred. As the Gr
increases (10°, and 107), buoyancy force increases within the liquid which causes the
interface to deflect and rapid solidification appears in the lower half of the cavity

compared to the upper half which indicates the natural convection dominated heat flow.
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Figure 5.14 Solid — liquid interface position for ¢ = 0.2 and 6 = 2.72° at (a) 100s, and
(b) 300s.

5.3.3.4 Effect of Grashof number on Nusselt number

Figure 5.15 shows the variation of the average Nusselt number along the hot wall for
Cases 27 - 62 where the Grashof number (Gr) is varied from 10° to 10° cavity
inclination angles (#) from 0° to 7.69° and nanoparticle volume fractions (¢) from 0 to
0.2. Pr = 6.2 are used in all these cases. The Nusselt number depends strongly on the
inclination angle and it increases with the increasing angle. In general, the Nusselt

number increases with an increase of the nanoparticle volume fractions and this occurs
139




for all Grashof numbers because the thermal conductivity of the nanofluid enhances
with the void fraction. For low Grashof numbers (<10° and 10%), the increase in the
Nusselt number versus the angles is small because of the dominant conductive heat
transfer but as we increase the Grashof number (> 10°), the buoyancy-driven heat
transfer dominates and a higher difference in Nusselt number versus the angle can be
seen. It should be noted that the trend in the Figure for the average Nusselt number
along the hot wall against the inclination angle would be downward if the Nusselt

number is based on the effective thermal conductivity k..
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Figure 5.15 Effect of Grashof number, nanoparticle volume fraction and inclination
angle on average Nusselt number for Pr = 6.2.

140



5.4 Summary

The solidification process of the nano-enhanced organic and inorganic phase change
materials in the isosceles trapezoidal cavities has been studied using CFD. Various
nanoparticle volume concentrations, inclination angles, and Grashof numbers have been
considered to study their effect on the heat transfer. This study has the following

conclusions:

e The heat transfer performance of NEPCM is significantly enhanced with the use
of a trapezoidal cavity when compared to a square cavity having the same
internal area.

e For the temperature difference of 10° C, and a small inclination angle (2.72°) in
the side walls of square cavity decreases the solidification time of nanofluid of
20% nanoparticle volume fraction by approximately 7% while increasing the
inclination angle to 5.42° and 7.69°, it reduces by 11% and 11.5% respectively.
In short, the solidification time reduces with an increase of the inclination angle.

e NEPCM as used in the current study shows great ability to store/release the
thermal energy in comparison to conventional PCMs. Increasing nanoparticle
volume fraction decreases the solidification time.

e The heat transfer rate greatly depends upon the temperature difference and
increasing temperature difference increases the heat transfer rate for all values of
nanoparticle volume fractions and inclination angles but, the mode of heat
transfer remains conduction.

e The mode of heat transfer depends on the value of the Grashof number. For low
values of Gr (< 10°), conduction is the main heat transfer mechanism while for
higher values of Gr (> 10°), heat transfer takes place majorly by convection.
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CHAPTER 6: CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

The performance of four organic phase change materials during an accelerated thermal
cycle test was investigated experimentally to assess their thermal energy storage
capabilities. The changes in their thermal properties during the cycle test were
monitored using the differential scanning calorimeter (DSC) and the changes in the
compositional/functional group were studied using the Fourier transformation and
infrared spectrometer (FT-IR). The results of this study and understating obtained from
the literature review were used to prepare a novel nano-enhanced composite of an
organic PCM and nano titanium dioxide (TiO,) of various mass fractions. In addition, a
novel geometry was also proposed for containing the PCMs for practical use. The

output of this research can be summarized as follows:

The results of the accelerated thermal cycle test of paraffin, palmitic acid,
myristic acid, and polyethylene glycol (PEG 6000) show that the organic PCMs are
more stable than inorganic PCMs when they undergo a large number of melt/freeze
cycles. In this study, a new organic PCM viz. polyethylene glycol (PEG) of molecular
weight 6000 was also tested for a 1500 melt/freeze cycles and the variations in thermal
and chemical properties were monitored. The results show that PEG 6000 is a potential
candidate for low temperature solar thermal energy storage applications. The variations
in the thermal properties of all four PCMs were not very much significant and this
makes them highly suitable for many industrial and domestic energy storage devices.
Also, the FT-IR results show that these PCMs do not lose their compositional/functional
group for the 1500 thermal cycle test, which makes them chemically stable for long

term use.
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Dispersion of nanoparticles in the base PCM is a well-established way to
enhance the thermal conductivity of organic PCMs. Nano particles of titanium dioxide
(TiO,) were dispersed in liquid palmitic acid (PA) in various mass fractions and the
thermal properties of these composites were measured. It was observed that the thermal
conductivity of palmitic acid increases with the increase in the mass fraction of
nanoparticles at the slight expense of the latent heat of fusion. It was also observed that
the addition of nano TiO, makes PA more stable thermally and chemically in
comparison to the base PA. The XRD and FESEM images show the uniform dispersion
and FT-IR spectra of composite PCMs exhibit the chemical compatibility of PA and
nano TiO,. The accelerated thermal cycle test of the nano enhanced organic PCM
reveals the thermal reliability of the composite, which show the potential of energy

storage capacity of these materials.

A novel trapezoidal geometry for encapsulation of organic/inorganic PCMs was
also proposed and a detailed parametric study was carried out numerically using the
CFD technique. The effect of the geometry aspect ratio in terms of the inclination angle
of the geometry wall, cold wall temperature, nanoparticle mass fraction, Grashof
number, etc. were investigated and discussed. The results of this study revealed that the
geometry shape plays a very important role in improving the heat transfer process
during the solidification/melting of PCMs. Trapezoidal geometry has shown the
expedited heat transfer process which resulted in a reduced solidification time of the
PCM. Grashof number was found to be an important factor for deciding the conduction
and/or convection driven heat transfer process. This particular geometry can be very

much suitable for solar water heating systems and mold casting processes.
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6.2 Future works

This study mainly concentrated on the investigation of the thermal energy storage
properties of organic and nano enhanced organic phase change materials. An
accelerated thermal cycle test of paraffin, fatty acid and poly ethylene glycol was
conducted and their thermal and chemical properties were investigated during the cycle
test. This study can be extended by testing these materials for a longer number of
thermal cycles. Glycols are the potential thermal energy storage materials, so new

glycols and their eutectics can be tested for a large number thermal cycles in the future.

Another potential concept which can be investigated in the future is the use of a
mixture of different nanoparticles as a dispersant for enhancing the thermal conductivity
of organic PCMs. The major issue with nano composite PCMs is the leakage when they
are in the liquid state. To avoid this issue, they need to be encapsulated properly to be
prepared in form stable phase change materials which can also be investigated in the
future. TiO, of micro size and other metal or metal oxides of micro size can be used to
prepare form stable materials. Form stable phase change materials provide as advantage

of not being encapsulated and avoid the requirement of encapsulation materials.

The shape of the container for holding the PCMs plays an important role as well.
A careful selection of enclosure geometry can affect the heat transfer process in PCMs
significantly. A trapezoidal shape for containing the PCMs has been investigated
numerically in this study, which can further be extended for other irregular geometry
too. A trapezoidal cavity with inbuilt fins inside can also be investigated as fins are able
to enhance the heat transfer rate greatly. The numerical study of the
solidification/melting phenomenon can be made more realistic by considering variable

thermal properties of PCMs.
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