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ABSTRACT

The escalation in global growth has resulted in a heightened reliance on fossil fuels for
energy generation. This significantly affects the amount of greenhouse gases released into the
atmosphere. Researchers worldwide are exploring novel, cost-effective, and sustainable energy
alternatives. An alternative strategy is to enhance the current energy storage systems, which
are equally crucial to the development of new energy sources. Thermal energy is abundantly
present in nature as a secondary result of many energy conversion facilities. Thermal energy

may be stored utilising latent, sensible, and thermo-chemical storage techniques.

The usage of phase Transition materials in the latent heat thermal energy storage method is
considered the most capable strategy for energy storage. The approach has a high energy storage
density and is distinguished by minimal temperature fluctuations throughout the energy storage
process. The limited thermal conductivity of phase change materials (PCMs) is a significant
disadvantage that restricts their use as materials for storing thermal energy via latent heat. The
poor thermal conductivity of Phase Change Materials (PCMs) prolongs their thermal energy
storage and release durations. The current research examines several methods based on phase

change materials (PCMs) to improve the overall thermal efficiency of storage systems.

The solutions presented in this thesis include a novel design of metallic fins and the
incorporation of nanoparticles and varying HTF temperature into the heat exchanger.
Computing simulations are performed to assess the suggested solutions by monitoring the

melting process.

This publication is organised into two primary parts that provide the findings of the research
aimed at enhancing the efficiency of latent thermal energy storage systems using phase change
materials (PCMs):

In the first part of this study paper offers the findings of a study focusing on four various types
of stepped fins, including two-downward step wings, two-upward step wings, an ascendent and
descending stepped fin, and two-stepped wings opposite one another. The calculation of the
force of buoyancy in the vertical thermal energy storage system, which is filled with rubitherm
(RT27) phase change material and Cu nano-additives, was performed using the Boussinesq
approach. The numerical simulation of the governing equation was performed using the
enthalpy porosity approach, namely the Generalized Finite Element Method (GFEM). The

distinctive nature of the thermal and functional entropies for two-ascendent stepped fins and




two-descending stepped fins may be attributed to the effect of acceleration caused by gravity,
the mass of phase transition material, and the orientation of the intake fins. The container with
two downward-sloped fins facilitated a melting time of no less than 71 minutes. There is a
6.58% variance in the charging time among instances 1 and 2. Nonetheless, a notable disparity
of 26.76% is seen in the period required for charging.

The second phase of this work included the implementation of Y-shaped fins integrated with
nano-improved phase transition material. The study included examining and contrasting three
distinct setups of the TESS system: case 1, which served as the reference without any fins, case
2, which had two Y- formed fins linked to the tubes, and case 3, which featured four Y-formed
fins attached to the tubes. The system's governing equations are discretized using the finite
element approach. In addition to examining the impact of the TESS arrangement, we also
investigated the effects of the HTF temperature (338 and 348 K) and the volume percentage of
the nanoparticles (ranging from 0 to 0.08). The analysis focuses on the changes in temperature
contours and liquid fractions of three distinct designs when subjected to two different HTF
temperatures. The results indicated that the use of nanoparticles with a volume fraction of 8%
increased the thermal conductivity by 19% during the process of melting. Raising the HTF
temperature to 348 K resulted in an 87% acceleration of the melting process. Ultimately, it was
determined that TESS, equipped with four Y-shaped fins, proved to be the most efficient. It
managed to decrease the changing time by 48% when related to the base case, also known as

case 1.




RESUME

La montée en puissance de la croissance globale a entrainé une dépendance accrue aux
combustibles fossiles pour la production d'énergie. Cela a un impact significatif sur la quantité
de gaz a effet de serre émis dans I'atmospheére. Des chercheurs du monde entier explorent de
nouvelles alternatives énergétiques abordables et durables. Une stratégie alternative consiste a
améliorer les systemes de stockage d'énergie actuels, qui sont tout aussi cruciaux pour le
développement de nouvelles sources d'énergie. L'énergie thermique est abondamment présente
dans la nature en tant que résultat secondaire de nombreuses installations de conversion
d'énergie. L'énergie thermique peut étre stockée en utilisant des techniques de stockage par

chaleur latente, sensible et thermochimique.

L'utilisation de matériaux a changement de phase dans la méthode de stockage thermique par
chaleur latente est considérée comme la stratégie la plus efficace pour le stockage d'énergie.
Cette approche offre une densité de stockage d'énergie élevée et se distingue par des fluctuations
de température minimales pendant le processus de stockage d'énergie. La faible conductivité
thermique des matériaux a changement de phase (PCM) est un inconvénient majeur qui limite
leur utilisation comme matériaux de stockage d'énergie thermique par chaleur latente. La
mauvaise conductivité thermique des matériaux & changement de phase (PCM) prolonge leurs
durées de stockage et de libération d'énergie thermique. Les recherches actuelles examinent
plusieurs méthodes basées sur les matériaux a changement de phase (PCM) pour améliorer

I'efficacité thermique globale des systémes de stockage.

Les solutions présentées dans cette thése incluent une conception innovante de ailettes
métalliques et I'incorporation de nanoparticules et de variations de température du fluide
caloporteur dans I'échangeur de chaleur. Des simulations informatiques sont réalisées pour

évaluer les solutions proposées en surveillant le processus de fusion.

Cette publication est organisée en deux parties principales qui présentent les résultats de la
recherche visant a améliorer I'efficacité des systemes de stockage thermique latent utilisant des

matériaux a changement de phase (PCM) :

La premiére partie de cet article de recherche présente les résultats d'une étude axée sur quatre
types différents d'ailettes en gradins, y compris deux ailettes en gradins vers le bas, deux ailettes

en gradins vers le haut, une ailette en gradins ascendante et descendante, et deux ailettes en




gradins opposees. Le calcul de la force de flottabilité dans le systeme de stockage d'énergie
thermique vertical, rempli de rubitherm (RT27) et d'additifs nano-Cu, a été effectué en utilisant
I'approche de Boussinesq. La simulation numérique de I'équation gouvernante a été réalisée en
utilisant I'approche enthalpie porosité, a savoir la Méthode des Eléments Finis Généralisés
(GFEM). La nature distinctive des entropies thermiques et fonctionnelles pour deux ailettes en
gradins ascendantes et deux ailettes en gradins descendantes peut étre attribuée a l'effet de
I'accélération due a la gravité, la masse du matériau a changement de phase et I'orientation des
ailettes d'entrée. Le conteneur avec deux ailettes en pente vers le bas a facilité un temps de
fusion d'au moins 71 minutes. 1l y a une variation de 6,58% dans le temps de charge entre les
cas 1 et 2. Néanmoins, une différence notable de 26,76% est observée dans la période requise
pour la charge.

La deuxieme phase de ce travail incluait la mise en ceuvre d'ailettes en forme de Y intégrées
avec un matériau a changement de phase nano-amélioré. L'étude incluait I'examen et la
comparaison de trois configurations distinctes du systeme TESS : le cas 1, qui servait de
référence sans ailettes, le cas 2, qui avait deux ailettes en forme de Y reliées aux tubes, et le cas
3, qui comportait quatre ailettes en forme de Y attachées aux tubes. Les équations gouvernantes
du systéme sont discrétisées en utilisant I'approche des éléments finis. En plus d'examiner
I'impact de la configuration TESS, nous avons également étudié les effets de la température du
fluide caloporteur (338 et 348 K) et du pourcentage en volume des nanoparticules (allant de 0
a 0,08). L'analyse se concentre sur les changements dans les contours de température et les
fractions liquides de trois conceptions distinctes soumises a deux températures de fluide
caloporteur différentes. Les résultats ont indiqué que l'utilisation de nanoparticules avec une
fraction volumique de 8% a augmenté la conductivité thermique de 19% pendant le processus
de fusion. L'augmentation de la température du fluide caloporteur a 348 K a entrainé une
accélération de 87% du processus de fusion. En fin de compte, il a été déterminé que le TESS,
équipé de quatre ailettes en forme de Y, s'est avéreé le plus efficace. Il a réussi a réduire le temps
de changement de 48% par rapport au cas de base, également connu sous le nom de cas 1.
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CHAPTER.I : Background

1.1 Introduction :

he persistent need for energy has resulted in widespread concerns about climate
change, owing to the increasing utilisation of energy resources such as fossil
fuels. Reducing the reliance on fossil fuels and giving preference to renewable
energy sources is crucial. Solar energy is a promising and accessible
replacement power source that is both cost-free and readily accessible. Created
on the forecasts from the Paris-based International Energy Agency of the
Organisation for Economic Co-operation and Development (OECD), it is
predictable that solar power will account for 27% of the world's electricity generation by 2050.
A significant obstacle in harnessing solar energy is its reliance on variables such as time,
weather conditions, and geographical location. Hence, it is imperative to implement energy
storage technologies to efficiently store solar energy, either through electrochemical or thermal
means [2], [3]. The intermittent nature of solar energy limits its broad application in powering
cooling systems [4]. Therefore, it is crucial to include a thermal energy storage system, whether
it be for cold or hot temperatures, Within the solar cooling system [5], [6]. Latent heat thermal
energy storage (LHTES) is advantageous compared to sensible heat thermal energy storage
(SHTES) due to its greater energy storage density. [7]. Phase change materials (PCMs) are the
materials utilised in LHTES systems to store thermal energy. Phase Change Materials (PCMs)
can efficiently store large quantities of thermal energy during their phase transition, even with
a minor temperature variation in the material [8]. Phase change materials (PCMs) have found
extensive use in various applications, such as air conditioning systems in buildings, solar
cooling systems, greenhouses, electronic cooling, food refrigeration, solar water heating, solar
power plants, medical applications like blood transportation, and fabrics designed to improve
human comfort. [9],[10]

1.2 Energy Storage:
Energy storage devices have become a vital element of green energy technologies. Storage

systems are essential for managing the disparity among energy supply and demand, as well as

for absorbing and utilising excess or otherwise unused energy. Multiple energy storage systems
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are accessible, encompassing mechanical, electric, and thermal options. [11]. Figure 1.1
provides a summary of different energy storage methods.

Energy storage
methods
93
Mechanical Thermal Electrical
u Sensible heat u Latent heat u Thermochemical
Solid liquid Solid-Solid Solid-liquid Liquid-Gas

9 9 9

Figure I-1Energy storage methods

1.2.1 Thermal Energy Storage:

Thermal energy storage (TES) systems store thermal energy by altering the temperature of the
storage medium through cooling/heating, melting/solidifying, or condensing/evaporating, as
well as through the utilisation of thermo-chemical processes. Additionally, the stored energy
can be utilised for cooling, heating, and generating electricity. [12]. TES is an advantageous
option for solar power systems because of its significant storage capacity and highly reasonable
price. Thermal energy storage (TES) often has a heat storage capacity that is 1000 times greater
than hydraulic energy storage and twice as high as electric energy storage capacity. [13]. There
are three main types of thermal energy storage: latent heat thermal energy storage (LHTES),
sensible heat thermal energy storage (SHTES), and thermochemical energy storage. Figure 1.2
illustrates several methods for storing thermal energy. Sensible heat thermal energy storage
(SHTES) refers to the process of storing or releasing energy by changing the temperature of the
storage medium, which may be materials like rock, water, brine, soil, or oil. The quantity of

thermal energy stored in a sensible heat thermal energy storage (SHTES) system is dictated by
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the mass of the storage material, its heat capacity, and the temperature variance before and after

the storage process.

The sensible heat storage (Qsensible) May be defined as:

Qsensible = M X Cp X AT 1-1

Energy is stored throughout a phase shift in LHTES [14]. Phase change materials (PCMs) are
the materials utilised in LHTES. Typical instances of phase change materials include water/ice,
paraffin, and eutectic salts. The representation of latent heat storage (Qiatent) is as follows:

Qiatent = M XL 1-2

The variables in the equation are as follows: C, represents the specific heat, m represents the

mass of the storage material, AT represents the temperature change, and L represents the latent
heat of charing. LHTES has superior energy storage capability in comparison to SHTES,
resulting in reduced physical dimensions for LHTES units.

Thermochemical storage devices store energy by harnessing exothermic or endothermic
chemical processes [15]. Thermal energy storage (TES) systems that rely on chemical processes
are suitable for long-term storage applications since they do not experience any energy losses
throughout the storage time. Thermochemical energy storage devices are designed to store
thermal energy at typical room temperature. The fundamental concept of thermochemical
thermal energy storage (TES) relies on the usage of a chemical process that is capable of being

reversed. -

C+ heat = A+ B 1-3

By absorbing thermal energy, thermochemical material (C) is chemically transformed into two
substances (A and B) in this thermochemical reaction. The reverse chemical reaction takes place
upon the combination of components A and B, resulting in the formation of C. A release of
thermal energy occurs throughout this reaction. The thermochemical TES system's storage
capacity is determined by the heat of reaction during the formation of material C. As shown in
Fig. 1.2 (a), the thermochemical TES cycle consists of three primary processes: charging,
storage, and discharging. Although thermochemical energy storage has a high capacity for

storing energy, it is costly and in its infancy as a field of study. [16]
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Figure 1-2 Methods of thermal energy storage: (a) sensible heat storage; (b) latent heat and (c)

thermochemical reactions

1.2.2 Latent Heat Thermal Energy Storage:

The large energy storage capacity of LHTES makes it a potential approach for energy
storage. In addition, LHTES allows for the storage or discharge of energy at a relatively
consistent temperature in comparison to SHTES. LHTES relies on the heat gained or lost
during a phase transition, such as the conversion from a solid to a liquid, solid to a different
solid, or liquid to a gas, and vice versa. The transition from liquid to gas phase necessitates a
vessel with a substantial volume, while the transition from solid to solid phase has a relatively
limited capacity for storing energy per unit volume of the material. Hence, the transition from
a solid to a liquid state is favoured over other forms of phase changes due to its significant
ability to store energy and little alteration in volume throughout the process [17]. Phase change
materials (PCMs) are the materials used in LHTES for energy storage. PCMs' applicability in
TES is hindered by their low thermal conductivity, resulting in longer energy storage and

release times.
1.2.3 Description of the Problem

The low thermal conductivity of phase change materials (PCMs) hinders efficient heat
transfer and limits the pace at which heat can be stored or released. This is the primary challenge
that prevents the widespread use of PCMs in thermal energy storage (TES) systems that need
fast energy storage and release. Therefore, the use of heat transmission improvement strategies
is crucial for any Thermal Energy Storage (TES) systems that rely on Phase Change Materials
(PCMs).




CHAPTER | 2024 Introduction

1.3 Aims and Objectives

The aim of this study endeavour is to conduct an empirical investigation on the thermal

control

e To understand the complex physics governing the characteristics of PCM
e To study the influence of insertion of nanoparticles in PCM

e To study fins geometry and arrangement effect Heat transfer enhancement

1.4 Thesis Outline

The thesis is organised into five chapters. Chapter 2 presents a full review of the present
literature and research discoveries on the usage of phase transition materials in thermal energy
storage. The chapter primarily concentrates on methodologies that enhance heat conduction.
Nanoparticles that conduct heat very well can be scattered into phase change materials (PCM),
permeable materials can be used, multiple PCMs can be combined, and metal fins can be added.
Research has shown that fins are the most common method for improving heat transmission in
phase change materials (PCMs). The energy preservation and discharge timings of LHTES
systems based on PCMs have been significantly impacted by the geometric shape of fins.
Hence, it is crucial to investigate the potential inventive geometric configurations of the fins in
order to improve the thermal efficiency of PCM-LHTES systems. The literature study also
shows that modifying the heat exchanger shape has the potential to improve the thermal
efficiency of PCM LHTES systems. Chapter 3 discusses the governing equations employed to
address the issue of phase transition materials. In Chapter 4, an evaluation is made among
upward and downward-stepped fins with four different step ratios. The purpose of this
comparison is to improve heat transmission and promote the melting of PCM (RT-27) within a
rectangular cavity. The cavity absorbs thermal heat from one side. The TES system uses a pair
of wings. In Chapter 5, this subsection discusses a thermal energy storage (TES) unit shaped as
a shell and tube. Four tubes, including and finless, are being cooled by a shell filled with PCM
(RT27) in order to store thermal energy for a hot liquid flow. The heat transmission rates and
PCM melting processes are examined between two Y-shaped fins with two and four fins
respectively. To boost the melting ability of the PCM, we use nanoparticles (specifically

copper) at various concentration ratios (0, 2, 4, 6, and 8 vol%). An investigation was conducted
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to examine and report on the impact of temperature, liquid fraction, and the addition of

nanoparticles on heat transmission and melting processes.

1.5 Conclusion

This chapter provides a thorough discussion on the definitions of energy storage, thermal
energy, and latent heat energy storage. We also discussed the aims and objectives of the problem

in detail. Thesis Outline
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CHAPTER.II : Literature Review

hermal energy may be stored in two ways: as perceptible energy or as latent
energy. The latent heat storage system has many benefits compared to the
sensible heat storage system, such as a greater heat of fusion and increased
energy density. In a latent heat storage system, the transition from liquid to
solid phase offers more versatility compared to the transition from liquid to gas
phase. Phase change material (PCM) refers to a substance that undergoes a
transition from a liquid state to a solid state, which is often used for latent

storage purposes.

1.1 Phase change materiel:

Phase transition materials are the elements which have high latent heat of fusion,

charging is occurred at a fixed temperature, stores and releases large amount latent heat energy.
I11.1.1 Categorization of PCMs

An extensive range of PCMs with varying working temperature and thermal properties are
available. The classification of PCM (solid-liquid families) shown in Figure I1-1. These PCMs

broadly categorized as eutectic, inorganic and organic [34].

Phase
Change
Material

Eutectic

Organic

Inorganic

Organic-Organic

Paraffin Compounds

Non-Paraffin Compounds

Inorganic-Inorganic

Metallics

salt Hydrate [ Organic-Organic

Figure I1-1Classification of phase change materials
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11.L1.2 PCMs classification:

Phase-shifting substances are frequently classified according to their thermal
characteristics, including but not limited to their phase transition temperature and latent heat.
All of the aforementioned, however, is contingent upon the chemical constituents of the PCMs,
as stated by Abhat [18]. The organic, inorganic, and eutectic states of PCMs [40] are illustrated
in Fig.11-1

11.1.3 Organic PCMs

Due to their charging temperature range of 0-150 C, they have become widely used in
thermal storage use [19]. In addition, they possess several qualities that make them a strong
choice for TESA. The chemical properties of these substances exhibit excellent stability, with
high energy storage capabilities during phase shifting. They are also non-corrosive and non-
toxic, and do not experience supercooling during solidification. Additionally, they demonstrate
a favourable nucleation rate [20]- [22]. They also have their drawbacks, as their density is low
and they cannot withstand temperatures above 150 C [23]. Typically, they come in paraffin and

non-paraffin forms.
11.1.4 Paraffin:

These are saturated hydrocarbons with the formula Cn H2n+2. They offer melting
temperatures ranging from 10 to 100 degrees Celsius [24]. They are widely used as organic
PCM due to their availability, but they do have certain limitations such as their high cost.
Additionally, they experience volume changes during phase change. Their thermal conductivity
is only about 0.2 W/m.K [25]-[27].

11.1.5 Non-Paraffin:

The substances known as fatty acids (F.A.) have the chemical formula CH3(CH2)2nCOOH
[28]. They possess similar traits to paraffin, such as a melting temperature range of 40 to 150

degrees Celsius, but exhibit enhanced stability. 29- [32]
[1.L1.6 Inorganic PCMs

Inorganic phase change materials (PCMs) have melting points ranging from 100°C to
1000°C, which is about ten times higher than that of organic PCMs [30]. This makes them very
suitable for use in solar applications. Moreover, they are both affordable and non-flammable
[33]. However, they are unable to exist independently; they constantly need containers, which

poses a significant barrier in their production due to the risk of corrosion. The range of numbers
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is from 29 to 34. Typically, they consist of salt hydrates and metallic phase change materials
(PCMs).

11.1.7 Salt hydrates

These materials may be regarded as the most significant substances for storing thermal
energy due to their high latent heat of around 240 kJ/kg [29]. Their chemical formula is
ABNH20, indicating the presence of water [35]. The primary benefits of these materials are
minimal volume fluctuations and a thermal conductivity of around 0.5 W/m. K, which is more
than double that of organic PCMs [30], [36].

11.1.8 Metallic PCMs:

By using metallic compounds, they have achieved satisfactory thermal conductivity.
The need also sets them apart for their large capacity for thermal storage due to their low
storage-to-weight ratio.[37]
11.1.9 Eutectic PCMs:

These PCMs are created by combining two or more variations of the previous PCMs.
They can come in various combinations, such as inorganic-inorganic mixtures, organic-
inorganic, and organic-organic [38]. They are not commonly utilised in construction due to their
robust door [39], but they are frequently employed in the field of solar energy storage [40].
Although there is limited data available, it is worth noting the advantages of these materials,
such as their precise melting temperature, lack of segregation and consistent phase-change, and

high volumetric thermal storage density [41].
[1.L1.10 Implementation of PCMs as Thermal Energy Storage

PCMs have extensive commercial applications in thermal energy storage (TES)
systems. This section will focus on the application. PCMs may be used in many applications to
decrease the cost and increase the capacity of thermal energy storage. It is a methodical and
eco-friendly approach to energy use. Implementing Phase Change Materials (PCM) for Thermal
Energy Storage (TES) may result in a significant reduction of greenhouse gas emissions, up to
40% as reported in reference [42]. Phase change materials (PCMs) are crucial for thermal
energy storage (TES) applications. However, under some exceptional circumstances, the use of
Phase Change Materials (PCMs) might result in a 50% reduction in energy consumption in
Thermal Energy Storage (TES) systems. [43]
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11.1.11 Application in photovoltaic

PCM's phase change heat absorption qualities are used by people to combine it with
solar panels in various structural configurations. This integration serves the purpose of lowering
the temperature of the panels and recovering waste heat. Due to the significant latent heat value
and consistent phase change temperature of phase change materials, researchers and academics
have extensively investigated several integrated systems combining phase change materials
with different solar systems. The text will provide a detailed introduction to many components
of the system, including phase change material, photovoltaic, non-concentrating photovoltaic,
photovoltaic photothermal integrated system, photovoltaic-microencapsulated phase change

material, and phase change material-nanofluid. These components are shown in Figure 11 2.

Application in photovoltaic

Photovoltaic

Figure 11-2 Application framework in photovoltaics.

By using Phase Change Materials (PCM) to store cooling and heating energy, it is
possible to decrease the consumption of cooling and heating energy by transferring the peak
load to hours when demand is lower. Utilising Phase Change Material (PCM) to retain frigid
temperatures throughout a cold night might save energy use for the cooling system employed

to charge it, since it operates with greater efficiency during night time hours.

An innovation related to PCM was granted a patent in 2005 [44]. The patented device
in the present innovation primarily utilises the discharging and charging procedure for PCM to
soak up waste heat produced during the charging and discharging of battery modules. The main
purpose of the system is to regulate temperature fluctuations in the system by using PCM to
preserve it at the optimal temperature. This, in turn, enhances the general effectiveness of

charging and discharging the battery module.
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Huang et al. [45] developed a computational model to predict the thermal performance

of PV-PCM. The system employs fluid mechanics to solve the Navier-Stokes equations and the
energy equation. The system creates model configurations in three separate environments: (i)
an aluminium plate that emulates a photovoltaic (PV) cell; (ii) an aluminium plate with a
container containing phase change material (PCM); and (iii) an aluminium plate with a
container containing PCM that has an integrated heat sink. The experimental results indicate
that the phase change material (PCM) combined with a heat sink effectively regulates the

temperature of the photovoltaic (PV) panel.

Huang et al. [65] conducted a research on the advancement of three-dimensional (3D)
computational simulations, building upon a prior investigation. Figure 11-3 displays the 3D
model structure and simulation structure. This simulation was used to forecast the distribution
of temperature, velocity, and vortex formation inside the PV-PCM system. The investigation
revealed that the 2D model outperformed the 3D model in terms of prediction accuracy.
Additionally, the 3D model provided a more complete and detailed prediction of the

temperature distribution for the high thermal conductivity pin-fin reinforced PCM.

Solid-liquid
interface

Aluminium
plates

Liqmd PCM

Thermocoupl

v-0.001 ms" v=0.001 ms" v=0.001 ms™

temperature '

BRENRIEBL8E

Heght (m)

0050 0025 0050 0025 0050 0025 0050 0025 0050 0025 005
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Figure 11-3 A picture of the photovoltaic system, along with the anticipated temperatures and

velocities, showcases the melt process of the PCM with fins.
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Khanna et al. [46] included a thermal fin structure into the existing model by using PCM-PV

panel thermal management, as seen in Figure Il 4. Their findings indicate that in hotter climes,
the addition of fins to the PCM may result in a 12.1% increase in electrical production. In colder
climates, the increase is just 6.7% (b). In windy areas, the electrical output increases by 5.3%

when using finned PCM. In less windy conditions, the increase is 10.5%.

In their study, Jawad Sarwar et al. [47] examined the temperature control and power generation
of a concentrating photovoltaic (PV) system combined with a CPVPCM system, namely, a
concentrating photovoltaic system with a single sun crystalline photovoltaic (PV) system. The
concentration ratio of the concentrating photovoltaic system was 200. A simulation was
conducted to analyse the temperature variation, thermal energy storage, and power production
of a CPV-PCM system over a two-day period. The experimental findings demonstrate that the
CPV-PCM system has a higher daily power generation capacity than the natural convection
photovoltaic system. Additionally, the CPV-PCM system successfully maintains a maximum
temperature below 85 °C. In July, the CPVPCM system's PV cell reaches a maximum

temperature of 82.1 °C.

Emam et al. [48] examined the thermal efficiency of a slanted concentrated phase change
material system. The current study includes a schematic design of the hybrid CPV-PCM system,

which is shown in Figure Il 5.
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Figure 11-4 (a)System chosen for the current study and (b)finned-PV-PCM setup.
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Not to scale

Figure 11-5 Schematic diagram of CPV-PCM system.

In a study conducted by Ali et al. [49], they examined the experimental device, process flow,
and practical application limitations of MPCM slurry in a PV-T system. The PV-T system
utilises MPCMslurry to function effectively. It includes a PV module, an electrical control and
storage unit, a flat plate heat exchanger for suspension, and a heat pump evaporator for cooling.
Based on the experimental results, it is evident that with an MPCM concentration of 10%, the
overall system efficiency is 83%, and the coefficient of performance (COP) reaches an
impressive 5.9. The experimental results are satisfactory, however, the cooling medium
(MPCMS) adds a level of complexity that the system is still grappling with.. Ghasemi et al. [50]
conducted a study to analyse and enhance the movement of Microencapsulated Phase Change
Material (MPCM) suspension in a porous double tube heat exchanger. The researchers
constructed a heat exchanger using MPCMS as the base fluid, which served as the working

fluid for the double-tube system.

Fu et al. [51] developed and implemented a novel photovoltaic-thermal (PV-T) module, shown
in Figure 11 6. The working fluid used in the module consists of either tap water or a slurry of
Microencapsulated Phase Change Material (MPCM). The author used a serpentine form for the

fluid channel, as seen in Figure 11 7.
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Figure 11-6 Schematic diagram of the cross-section of PVT module
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Figure 11-7 Schematic diagram of solar PV module

Table 11-1 Recent research conducted on the cooling process of solar systems employing pure phase change
materials within 2020 and 2023, including study methodology, system configuration and setup, results
obtained, and a concluding remarks.

Refs. | Year PCM Used Methods Configuration Results Conclusion and
notes
Conducting With a thickness of | The  relationship
experiments with | 3cmand atiltangle | between electrical
various tilt degrees | of 30°, there is a | power and
m and thicknesses of | 15.8% increase in | efficiency IS
Paraffin Wax }'Z phase change material | electrical ~ power | directly
[52] 2023 (RT-42) ;D (PCM) by affixing it |and a  14.4% | proportional to the
5 to the rear surface of | improvement in | thickness of the
the panel. electrical PCM (up to 3 cm)
efficiency. and the tilt angle
(up to 30°).
[53] Hydrated salt m A trial configuration | The panel's | By incorporating
2023 (HS36) with g was devised and | operating phase change
latent heat 167 2 implemented at the | temperature saw a | materials (PCMs)
kJ/kg = institute's highest | reduction of 25.4%, | with various
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point, taking into
account the latitude
location and a tilt
angle of 11.5°.

Literature Review

equivalent to a fall
of 16.98 °C, while
the electrical
efficiency of the
panel saw a rise of
17.5%.

encapsulating

materials, the
research may be
expanded to
include other kinds
of PCMs suitable

for diverse
climatic
conditions.

[54] 2022 PEG — Utilising phase | The system's | Phase change
Polyethylene change material | electrical materials (PCMs)
glycol 1000 m (PCM) to capture | effectiveness has | are valuable

(melting _r';g excess heat emitted | increased by | temperature
temperature is cg from the backside of | 4.82%. regulators for
33-39 °C) =k solar panels, hence photovoltaic (PV)
enhancing overall solar cells.
energy efficiency.

[55]] 2022 | Soybean wax The solar cell panels | The optimal The use of the
were equipped with | temperature for soybean wax
50Wp polycrystalline | Photovoltaic cooling technique
solar cells. Some of | systems decreased has shown
the cells were blended | from 60.7 °C to efficacy in

o | With soybean wax, | 54.7 °C when the reducing the
Eg”? é" while others were not. | intensity of sunlight |  temperature of
__C;’. 3 | A phase  change | was 1100 W/m2. PV.
g (é) material (PCM) | Additionally, there
é’ 2:;_’ container wasused on | was a  0.42%

=

the backplate of the
panels to provide a
passive cooling

system.

increase in  the
maximum
efficiency of the
system when the
intensity was 900
W/m2.
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[56] 2021 | Polyethylene PEG-600 has a|The temperature | Using  materials
glycol 600 melting temperature | decreases by 18.3 | with low melting
(PEG-600) range of 23 to 26 °C. | degrees and the | pointsin areas with
.gl It is colourless, non- | efficiency increases | high ambient
g" toxic, odourless, and | by 2.45 percent. temperatures is not
% non-acidic. And recommended.
B positioned on the rear
surface of a 60 W
photovoltaic panel.

[56] 2021 Paraffin The melting | The  temperature | It is not advisable
temperatures  range | decreases by 40.2 [to use materials
from 56 to 58 °C. | °C, but the | with low melting

.%I PCM s transparent, | efficiency increases | points in

5' harmless, scentless, | by 2.8%. environments

% and non-acidic. characterised by

B positioned on the rear elevated ambient
surface of a 60-watt temperatures.
photovoltaic panel

[57] 2020 RT-35HC The experiments were | The  temperature | Using nanofluid in

(RUBITHERM) conducted between 9 | decreased by 11.9 | combination with

- Organic am. and 4 p.m. on | degrees Celsius, but | PCM enhances

Paraffin PCM days in July that had | the electrical | system

almost ~ comparable | efficiency rose by | performance

environmental 9.1 percent. compared to using

_%n conditions. We used PCM alone.

%‘ 30  monocrystalline Moreover, a hybrid

;E’E PV panels with a system consisting

power output of 30
watts each. The solar
panel was positioned
at an optimal tilt angle
of around 34°
(latitude angle: 33.7)

of PCM and
nanofluid exhibits
superior efficiency
compared to the
PCM

and water system.

integrated
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exposure and capture

the most sunrays.

Literature Review

to  maximise sun

[58] 2020 OM29 In order to surmount | The OM29 device | The decreased
the  obstacle  of | effectively lowered | melting point of
conduction, a liquid | the temperature of | the OM29 was
phase change material | the PV module by | associated with the
(PCM) is positioned | an average of 1.2 | inability of the
directly on the back | °C  till ~ 08:30. | supplied PCM to
surface of the | Unfortunately, the | lower the
photovoltaic (PV) | OM29 PCM was | operating

m module, allowing the | unable to reduce it | temperature of the
_r';g. PCM to directly | after 09:00. solar panel.
cg absorb heat from the
= PV module.
Moreover, the rear
surface of the PCM is
hermetically  sealed
using tin and
aluminium to ensure
that no leaks occur
during the phase shift
process.
[59] 2020 Calcium m The photovoltaic | There is a| The maximum
Chloride é panels were placed in | significant difference among
Hexahydrate % a "Sandwich model" | temperature the real and model
(CaCl2:6H20) - i’_’ for the PV-PCM | decrease of 26.3 C | results was 0.96%
3 = panel. Two clear | (38%  reduction) | and 8.25%,
g g plexiglass sheets, each | compared to the | suggesting a strong
2 8 mm thick, were | traditional PV | level of
g fastened together | module. With a | concurrence
gé:f using 5 mm screws. significant increase | among both
® in power output of | datasets.
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1.16 W (a 24.68%

increase).

11.1.12 Applications of PCMs in buildings

Hekimoglu et al. [60] successfully incorporated carbon-based nano additives into fly
ash/octadecane shape-stabilized composite phase change materials (PCMs), demonstrating the

potential of using fly ash, an industrial solid waste, to create eco-friendly composite PCMs.

Xu et al. [61] created a composite phase change material (PCM) for floor radiant heating. They
used diatomite to minimise leakage and aluminium nitride (AIN) to improve thermal
conductivity. The sodium acetate trihydrate-acetamide-AIN/diatomite SSPCM demonstrated
exceptional thermal stability, with negligible effects on the phase change temperature and

supercooling degree.

. Zhang et al. [62] used mica as a support material to create a composite phase change material
(PCM) by decorating it with KH-550. The addition of EG improved the thermal conductivity
of the mica/EG/PEG composite PCM. Huang et al. [63] used artificial culture techniques to
produce a composite phase change material (PCM) consisting of diatoms and PEG. This PCM
had a high melting latent enthalpy of 121.54 J/g and a high freezing latent enthalpy of 127.20
J/g. Additionally, it demonstrated an amazing relative enthalpy efficiency of 98.1%.

In their study, Yasiri et al. [64] examined how different thicknesses of typical expanded
polystyrene (EPS) thermal insulation might improve the thermal performance of building
envelope integrated phase change material (PCM) during hot summer months. The PCM-EPS
rooms exhibited a significant improvement of 143% in maximum reduction of indoor
temperature, 177.2% in time delay, 35% in average reduction of temperature fluctuation, and

8.5% in average reduction of operating temperature.

In a separate study, Ong et al. [65] investigated a passive cooling technique that involved adding
microencapsulated PCMs and glass bubbles to paint and coatings on mortar panels in tropical
regions. The PCM-based mortar panel, which included 30% PCM and 20% glass bubbles,
showed notable decreases in surface temperature (3.2 °C) and ambient temperature (7.0 °C) in
both laboratory and outdoor parametric studies. In a similar vein, Wi et al. [66] conducted
research on optimising the external insulation plastering method by incorporating PCM to

improve the efficiency of thermal energy utilisation.
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I1.L1.13 Phase Change Materials (PCMs) used in sophisticated electronics for cooling and

managing thermal conditions.

PCMs, in the field of electronics, are very important due to their capacity to control
temperatures and handle the dispersion of heat. This is essential for ensuring the effective

functioning and durability of electronic systems.

Liao et al. [67] presented a new kind of phase change material (PCM) film that has remarkable
form stability and super elasticity. This film is well-suited for applications in the next generation
of flexible heat management in electronics and wearable devices. The flexible film exhibited
excellent long-term cycling stability after undergoing 700 heat cycles. Additionally, it had
remarkable form foldability and stretchability, coupled with a high enthalpy value of 61.48 J/g.

Conducted in a distinct research project

Zhang et al. [68] created flexible phase change films that had improved thermal and electrical

conductivity. These films were particularly designed to effectively regulate heat.

Yang et al. [69] created a new CPCM that has outstanding characteristics and is especially
tailored for efficient battery temperature control. The researchers developed a Composite Phase
Change Material (CPCM) by using natural rubber as a flexible insulating layer between EG and
OP44E PCM. This CPCM exhibited a high energy storage density of 156.5 J/g, enhanced
resistivity of 2700 U/cm, and outstanding thermal conductivity of 3.4 W/m:K.

In their study, We et al. [70] introduced a novel approach for fabricating phase change
composites that are leakage-proof, flexible, and highly thermally conductive. These composites
find wide-ranging application in heat management, encompassing renewable energy thermal
harvesting, building energy control, and electronic thermal management. At high discharge
rates, the resulting flexible composite film effectively and dependably reduced the operational

temperature of a commercial lithium-ion battery by more than 12 degrees Celsius.

Flexible PCM composite sheets were suggested by Ge et al. [71]. These sheets were composed
of PCM PEG embedded in a polydimethylsiloxane matrix and single-walled carbon nanotubes.
The PCM composite exhibited remarkable flexibility and resistance to bending and distortion
at room temperature owing to the substantial bond angles and bond lengths of the SieOeSi
backbones. Furthermore, it demonstrated exceptional microwave attenuation of over 20 dB and
excellent frequency tunability spanning the entire 2e18 GHz range, all attained with a fixed

CNT filling ratio of 0.2 vol%. In the interim, the composite material incorporated PEG at a
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volumetric rate of 70% without compromising its mechanical strength or ability to prevent

leakage. As a consequence, the latent heat storage density surpassed 110 J/g.
11.1.14 Application of PCMs in biomedical fields

Phase change materials (PCMSs) have attracted considerable interest in biomedical
applications owing to their exceptional thermal characteristics and capacity to store and
discharge considerable energy during phase transitions. Thermoregulatory capabilities of these
devices have demonstrated their worth in augmenting medical procedures, optimising drug
delivery, and improving patient comfort. PCMs are utilised in a multitude of biomedical
applications, such as medical transport, thermotherapy, cold compress therapy, drug delivery

systems, anticancer therapies, wound healing, and bone cement.

Baniasadi et al. [72] created thermoregulating biomedical dressings using a combination
of PEG and polycaprolactone. They also added gelatine and curcumin to improve the
performance of the textiles in medical applications. The textiles containing curcumin displayed
a latent heat of 61.7 J/g and showed consistent capacity to absorb and release energy throughout
100 cycles of heating and cooling. Initially, there was a rapid release of energy followed by a
steady release over a period of one week.

Chen et al. [73] developed sophisticated carbon nanotube (CNT) bundles that were combined
with flexible hierarchical framework-based phase change material (PCM) composites. This
innovative design was aimed at achieving effective thermotherapy for allergic rhinitis, with
enhanced performance. The structure was built by using table salt as a sacrificial template,
leading to the formation of a hierarchical carbon nanotube (CNT) sponge. This sponge acted as
a highly compatible and suitable host for polyethylene glycol (PEG). The pristine carbon
nanotube (CNT) sponge shown exceptional efficacy in capturing particulate matter, but the
CNT sponge infiltrated with polyethylene glycol (PEG) exhibited improved performance as a
temperature regulator. This novel method has resulted in the development of a versatile PCM
platform with intriguing characteristics, providing a fresh and exciting opportunity for cutting-
edge biological applications. Zhou et al. [74] developed a technique to produce flexible phase
change composites with two functional layers by combining a layer that undergoes phase
change when exposed to light with a layer that conducts electricity when heated. This
innovative method led to the development of a composite material that can undergo a phase
transition and conduct electricity. As a consequence, it is well-suited for use in flexural heaters,
medical electrothermal devices, and defrosting systems. Yu et al. [75] conducted a research

where they created a textile that combines phase change and electrothermal functionalities. This
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textile has shown promise for a wide range of practical applications. In addition, Ong et al. [76]

sought to create a feasible method for preserving temperatures below freezing while
transporting frozen blood samples. A heat-insulated system was developed using a phase
change material (PCM) composed of 23.3% w/w seawater. This PCM was used to encapsulate
a 1.5-mL vial containing frozen blood samples. Based on their model, they made a prediction
that the phase change material (PCM), which was pre-cooled using dry ice, together with the
vial sample originally held at 20 °C before a flight, would be able to maintain a consistent

transport temperature of 20 °C for a minimum of 70 minutes.

1.2 Heat transmission improvement technique:

The low thermal conductivity of PCMs hampers their thermal response and prolongs the time
required to store or release thermal energy, which restricts their widespread use. Thus, it is
crucial to utilise heat transfer enhancement techniques in order to enhance the thermal response
of PCMs, making them more suitable for utilisation in LHTES systems. Several techniques
have been employed to improve the transmission of heat and address the subpar thermal
efficiency of PCMs.

The strategies used in this study included the utilisation of extended metal surfaces (fins), the
implementation of several phase change materials (cascaded storage), the dispersion of
nanoparticles with high thermal conductivity into the phase change material, and the

incorporation of permeable materials.
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Figure 11-8 Flow chart of different heat transfer enhancement techniques for LHTES systems

11.2.1 Fins:

The use of fins to improve the thermal efficiency of phase change materials (PCMs) is
very advantageous due to its efficacy, cheap cost of construction, and simple manufacturing
process [18]. Additionally, the design of the fins may be efficiently optimised by the use of
computer simulation programmes, resulting in a reduction in research expenses. Fins enhance
heat transfer between Phase Change Material (PCM) and Heat Transfer Fluid (HTF) by
increasing the surface area available for heat transfer. Different kinds of fins, including as
longitudinal fins and circular fins, have been used to improve the thermal efficiency of LHTES
systems. Numerous researches have been published on the use of fins to improve the thermal

efficiency of phase change materials (PCMs).

Qin et al. [77] performed a comparable experimental and numerical investigation, where
they examined a rectangular container filled with RT43 as phase change material (PCM) and
connected a single fin to one of the vertical sides that was being heated. The remaining walls
of the container were thermally insulated. The rectangular fin was affixed to the vertical wall

in five distinct orientations: 0°, £15¢, +30°. In each orientation, the edge of the fin that was




CHAPTER 11 2024 Literature Review

connected to the wall remained parallel to the ground. The digital camera captured the melting

outlines, which are seen in Figure 11 9.

The visual observation indicates that the presence of the fin speeds up the charging process at
all degrees of inclination. This may also be quantitatively evaluated by referring to Figure 11 9
- right. The melting process was expedited in the finned container with negative angles as
compared to the container with positive angles.
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Figure 11-9 The liquid/solid interface's progression [5] - left. LF and LF are the differences within the

horizontal (baseline) and the angled wing.

The impact of the fin-type inserts on the dynamics of heat transmission gets more intricate as
the LF (flow rate) rises. The inclusion of fins in the PCM mass significantly affects the
development of natural convection flow. From this perspective, some fin configurations might

impede the development of natural convection, resulting in the fins reducing heat transmission.

Al-Omari et al. [78] conducted a computational study on a heat sink that included vertical fins
and a phase change material (PCM) enclosed between the fins. The fins were partly submerged
in the PCM, namely Gallium. The metal base of the system was subjected to a heat flux, which
was then dispersed via the fins to the surrounding air and the phase change material (PCM).
The fins not only facilitated the transport of heat through the phase change material (PCM), but
also generated a temperature differential inside the partly melted PCM, so enhancing natural
convection. It has been discovered that the fins play a crucial function in restricting the

temperature at high levels of heat flow.
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of a pear-shaped confinement, which is made up of a hemisphere and a cone with a shared base.
The vertex of the cone is positioned on the opposite side of the base compared to the
hemisphere, and it points in the direction of g. Additionally, there is an internal fin that is
connected to the highest point of the spherical part. Please refer to Figure Il 10 for a visual
representation. The enclosure was filled with n-octadecane, a liquid compound, in which Al203
nanoparticles were evenly distributed at three distinct concentration levels: 0%, 3%, and 6%.
The primary discoveries that have been reported are as follows: (1) The heat transmission rate
exhibited a positive correlation with the concentration of Al>Os. (2) Among the several types
of fins, the Y-shaped fins had the highest heat transmission rate. By studying the Y-shaped
design variations, it is evident that they have the least impact on the creation of natural
convection flows. This finding describes the superior heat transmission performance stated by

the authors.

Two transverse fins Y-shaped T-shaped
Figure 11-10 . Container in the form of a pear with a variety of copper fin configurations

Laouer et al. [80] performed computational research to investigate the impact of three fins
affixed to the heated bottom wall of a PCM-loaded cavity (Figure 1l 10) on the heat transfer
rate. The values of the dimensionless fin length, a/H, and the dimensionless fin location, b/L,
were altered. Figure 11 12 displays the isothermal contour and the border between the liquid and

solid phases.
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Figure 11-12 Effect of the wing dimensions and layout on the charging procedure: temperature contour
and solid/liquid boundary (a/H = 0.75, Ra = 105)

I1zgi [81] performed a computational analysis on the motion of a phase shift in a phase transition
material (PCM) inside an enclosed vertical cylinder. The cylinder had a diameter of 30 mm and
a height of 170 mm. The study focused on the impact of introducing four longitudinal fins along
the cylinder wall, extending from the base to the top. The fins had a width ranging from 6 to 12
mm, a length of 170 mm, and a thickness of 1 mm. The analysis was conducted under
microgravity conditions. The PCM unit's total mass experienced a rise of 13.5%, 10.5%, and
7.2% respectively when fins with non-dimensional widths (width/radius) of 0.8, 0.6, and 0.4

were utilized. The investigation yielded the subsequent findings.:
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The melting process is significantly prolonged by 39% in microgravity circumstances compared

to normal gravity.

The inclusion of fins resulted in a reduction in charging time by 79%, 58%, and 30% for non-

dimensional width values of 0.8, 0.6, and 0.4, respectively.

The addition of fins results in a substantial reduction in the stored energy per unit mass. The
biggest decrease, amounting to 17.6%, is seen for non-dimensional fin widths of 0.8. This is
followed by reductions of 13.7% and 9.4% for fin widths of 0.6 and 0.4, respectively. The
section's analysis of many researches yields some incomplete conclusions:

The fins have distinct effects on the processes of melting and solidification. The vertical fins
do not impede the upward flow of buoyant fluid that occurs throughout the charging process,
whereas the straight fins impede the formation of convective flows. The impact of the tilted fins
relies on the angle at which they are positioned. The vertical fins have a major role in reducing

the stored energy per unit of system mass.

Tiari et al. [82] introduced a design for a horizontal annular fin with a diameter that may vary.
The system included a vertical axis shell-and-tube heat exchanger, seen in Figure 11 13, which
had a central finned pipe for circulating a high-temperature fluid (water at 70 °C). The finned
tube was submerged in RT55. The shell was constructed using a transparent acrylic tube with a
height of 30 cm and an interior diameter of 19 cm. For comparative purposes, a baseline

example was examined, which had a tube without any fins.

Config. la Config. 1b Config. l¢ Config. 2a Config. 2b Config. 2¢

Figure 11-13 Finned cylinder shape

In their study, He et al. [83] introduced a new fin design specifically aimed at mitigating the
drawbacks of circular horizontal fins, which impede the creation and progression of natural
convection flows. The LHS system included a vertical axis shell-and-tube exchanger including
a central tube for the circulation of a high-temperature fluid (HTF). Two distinct kinds of fins

were examined, as seen in Figure Il 14: (1) The annular fins HSU has 12 fins evenly spaced at
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a distance of 34 mm on the central tube. The fins have a thickness of 3 mm and a diameter of
100 mm. (2) The spiral finned HS unit is made up of spiral fins that are welded onto the HTF
tube. The fins are spaced at equal intervals of 34 mm, have a thickness of 3 mm, and a diameter
of 100 mm. The results presented in [83] are as follows: - In comparison to the UF-LHSU and
AF-LHSU, the SFLHSU saw a 300% increase in charging rate and a 5.7% rise in solidification
rate. Additionally, the solidification rate of SFLHSU rose by 793.5% compared to UF-LHSU
and by 14.6% compared to AF-LHSU. No information provided. Spiral fins had a reduced
inhibitory impact on free convection motions. The average Nusselt values for SF-LHSU are
2.7% higher compared to UF-LHSU and 28.6% higher compared to AF-LHSU. Based on these
data, it can be deduced that both annular and spiral fins have a substantial inhibitory impact on

passive convection. However, the inhibitory impact of the spiral fin is diminished.
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Figure 11-14 Schematic of the system described in [16].

In a separate experimental examination, Li et al. [84] examined how the combination of fin
shape and nano-additives loading affects the heat storage performance of a finned shell-and-
tube thermal energy storage (TES) unit loaded with nano-improved phase change material

(PCM). The study involved nine different experimental configurations, which included three
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different loadings of graphene nanoplatelets nanoparticles and three different fin shapes

(annular, helical, and longitudinal). It was discovered that the longitudinal fin, which has the
greatest heat transmission area when the fin volume ratio is equal, had an advantage during the
first phase of charging. A notable discovery from this research was that the efficiency of heat

transmission is influenced by the combination of fin type and nanoparticle loading.

Table 11-2 Studies on different fins by many scholars in recent years.

Melting ) ) ) )
Fin shape Fin material Melting
) ) ) enhances
Fin shape Fin material " Author enhances the effect Author
e
Structures of fin
effect

Rectangular fin Copper, Steel 5.2% Qin et al. (2022) [85]

Huang et al. (2023)

Rectangular fin Copper 45.99%
[86]
) Zhang et al. (2023)
Rectangular fin Copper 4.62%
[87]
_ Sanchouli et al.
Annular fin Copper 27%

(2022) [88]
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) . Shahsavar et al.
Annular fin Aluminium 41.4%
(2020) [89]
H S J l-
Helical fin Aluminum 20.9% He et al. (2023) [90] Al i,
i . . Najafabadi et al.
Helical fin Aluminum 23%
(2023) [91]
. ) Choudhari et al.
I-shaped fin Aluminum 9.28%
(2020) [92]
Y-shaped fin Copper 66% Yan et al. (2022) [93]
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] Copper, Khaboshan et al.
Wave shaped fin _ 65.74%
Aluminum (2023) [94]
y=0.1sin(mx)
Copper,
Snowflake shaped )
; Aluminum, 45.59% | Renetal. (2022) [95]
in
Steel

11.2.2 Enhancement by utilizing multiple PC

One efficient method to enhance thermal control in a heat exchange unit with phase change
materials (PCM) is to use several PCMs organised in layers, allowing the heat transfer fluid
(HTF) to flow along either an axial or circular channel. Several phase change materials (PCMs)
are arranged in a strategic, axial, or circular manner to enhance the flow of heat transfer fluid
(HTF). PCMs, or phase change materials, have the ability to efficiently retain and release
energy throughout phase transitions, enabling accurate temperature regulation. The thermal
energy storage capacity of many phase change material (PCM) layers rise, making it ideal for
effectively managing temperatures over long periods or for handling variable heat loads. Design
flexibility may be achieved by choosing axial and circular paths for the flow of heat transfer
fluid (HTF). This study demonstrates the collaboration between material science and
engineering to enhance energy efficiency and sustainability in many fields, including solar
power systems and industrial processes. Figure 11-15 illustrates the generally used arrangement
by most writers, regardless of variations in system orientation and the amount of PCMs.
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Figure 11-15 Numerous forms of multiple-PCMs: a) Physical representation of various phase
change material (PCM) configuration, b) cylindrical or capsule shape, and ¢) Festoon design H

Sun et al. [96] introduced a thermal conductivity model that showed a direct correlation
between the input temperature of the heat transfer fluid (HTF) and the thermal and exergy
storage of the CPCES system. The exergy efficiency was negatively affected by the quality of
HTF.

Cheng et al. [97] created a one-dimensional dispersion-concentric model to optimise the
structure of a CPCES configuration that contains several encapsulated PCMs. The findings
from the experiment and simulation showed that the configuration of CPCES was advantageous
in decreasing the time it takes to charge and raising the average rate of charging. In addition, it
was advised to use 3-5 phases since they exhibited thermal characteristics that were most

comparable to the 24 stages.

Zhang et al. [98] proposed the use of multiple phase change materials (PCMs) in
combination with finned heat exchangers to enhance the rate at which thermal energy is stored
in a configuration known as CPCES. The findings demonstrated that when numerous Phase
Change Materials (PCMs) were present in the optimal proportion of 6:4, the duration required
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for charging was shortened by 29% and the efficiency of heat storage was enhanced by 9% in

comparison to using a single PCM.

Guo et al. [99] used CPCES technology in the packed bed thermal energy storage
(PBTES) system. The cascade PBTES system exhibited a 6.96% enhancement in the average

heat transfer rate when compared to the non-cascade PBTES system.

Elbahjaoui et al. [100] presented that the solar thermal energy storage device, when
combined with the CPCES unit, had superior collecting efficiency. In addition, the limited
temperature range of phase change materials (PCMs) significantly restricted the overall
performance and energy storage capacity in building envelopes. Kishore et al. [101] used
CPCES technology with adjustable PCMs to achieve energy conservation and load regulation
throughout heating and cooling seasons. In comparison to traditional LHTES units, this
particular unit has the capability to double the utilisation of PCMs. Additionally, it may result
in a significant decrease of 99% in peak cooling load and 34% in peak heating loads. Based on
the study provided, it is clear that the CPCES technology demonstrates a lucrative enhancement
for traditional single PCM. Figure 11-16 summarises the usual models of CPCES units,
including simulation methodologies, enhancements, and application analysis. The purpose is to

provide a reference for future study.
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Figure 11-16 The computational models stated in the overhead studies [97]-[106]

11.2.3 Enhancement by using nanoparticle:

Nanoparticles, also known as NPs, may effectively increase heat transfer in phase change
materials (PCMs). Nanoparticles (NPs) may be used either as the primary method of
enhancement or in conjunction with other enhancement strategies. These approaches include
the usage of nano-enhanced phase change materials (PCMs) combined with highly conductive
porous materials and multiple PCMs, as well as the incorporation of fins and heat pipes in nano-
enhanced PCMs. Nanoparticles (NPs) enhance the overall thermal conductivity of a material

without altering the volume of the phase change material (PCM).
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Table 11-3 Studies on nano-enhanced PCMs
) Number
Temperature Experimental
Method NePCMs ) of Both | References
range (°C) studies )
studies
Cu, CuO, Al0O3, [107]-[116]
Low (14810 | 1'0% MgO. Zno, [117]- [127]
85 MWCNTSs, Graphene,
) _ _ 16 11 3 | [128]-[134]
- Siz, multi-wall carbon
% nanotube, CeO», Ag,
= Fe>Os3, Carbon, Al
QD
- Graphene, = COOH- ([135]-[142]
o
o functionalized
>
3 Middle (120 | graphene
2 6 1 1
< 250) nanoplatelets (f-
S GNP), TiD2, CNTs,
Si02, Al203, MgO
High (306—- | AlI203, CuO, SiO2, 3 0 0 [143]- [145]
399.7) and ZnO
Cu, CuO, AI203, [146]- [152]
NePCMs ) )
) MOS2-TiO2, with
Combined Low (0-85) ) 0 7 0
o fins, branched, and
with Fins o
stair fins
Graphite nano- 153]- [156
NePCMs P 1531561
) ) platelets, Cu, CuO,
combined h Heat Pipes )
) Al203, Ag, with
with Heat Low (44-57) ) _
_ horizontal, and finned
Pipes )
heat pipes
_ Cu, CuO, AI203, [157]- [159]
High (335- )
metal foam  with
485.85)

finned heat pipes
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Low (41-62) | Nano-AIN,  carbon [160], [161]
nanotubes, graphene,
Cu, Al, Fe, and Ni,
NePCMs CuO, AI203, with
combined graphite, aluminum,
with Highly and copper foam
conductive | Middle (120) | Carbon nanotubes, Al, [160], [162]
porous media Ag, graphene NPs,
with carbon foams
High (383.5) Expanded graphite 0 [163], [164]
and SiO2, NPs

11.2.4 Enhancement by using metal foam

Metal foams, such as aluminium and copper, possess a significant degree of porosity and
exhibit excellent thermal conductivity. As a result, they are used to enhance the thermal

efficiency of phase change materials (PCMs).

Sardari et al. [165] demonstrated an 85% reduction in melting time while using metal foam
soaked with PCM. The influence of metallic foam is contingent upon its geometric parameters,
which ascertain the volume percentage and properties of the pores. Zhu et al [166] conducted a
study on the efficiency of a metal foam heat sink that was partly filled with RT40. The
dimensions of the heat sink were 707025 mm3. The height of the metal foam filling 6 has been
varied from 0 to the entire height of the phase change material (PCM). The significance of heat
conductivity is heightened by the cavity's tiny height. Comparing the heater temperature, it has
been observed that the metal foam with a thickness of & = 2/3 and 6 = 1 exhibit similar
performance at source powers of 40 W and 80 W. However, increasing the filling height ratio
from 0 to 2/3 leads to a decrease in temperature to 40°C at a thermal load of 80 W.

Table 11-4 Prior research has focused on the impact of nano-additives and metal foam on the

melting behaviour of phase change materials (PCM).

Author, Ref

Study type | Heat transfer enhancers Focus Results




CHAPTER I

2024

Literature Review

Mahdi
[167] (2020)

et al.

Al203,
aluminum foam 0.92 <g<

0.98

Nanoparticles

A heat exchanger
consisting of various

segments of phase

Raising the concentration of
nanoparticles to 5% may result
in a 19% increase in the rate of

change material | solidification. Employing metal
Num (PCM) and either | foam with progressively higher
metal foam or non- | porosity towards the outer
equilibrium  phase | radius results in a reduction of
change material | solidification time exceeding
(NePCM) is used. 90%.

Heyhat et al. Copper nanoparticles (¢ < | Enhancing heat | The battery's heat dissipation
[168] (2020) 7%), copper foam (¢ > | transmission in Li- | powers of 46 W and 9.2 W
0.85), copper concentric | ion battery thermal | have been taken into account,
fins control via the use of | and the subsequent indications
various latent heat | have been accomplished: At
techniques. both power levels,
nanoparticles do not have a
Num substantial influence. However,
the use of metal foam results in
a reduction of the average
temperature by 4°K and 6°K,
respectively.  Similarly, the
implementation of copper fins
leads to a temperature drop of

2°K and 4°K.
Nematpou Nanoparticles metal | An investigation on | The inclusion of metal foam
rKeshteli[169] oxides, metal foam 0.92 < | the three- | results in a reduction of the
€<0.95 dimensional melting | charging time by 84.38%.
and freezing process | When NePCM and metal foam
Num of a NePCM (Nano- | are combined, the charging time

enhanced Phase
Change Material) in
a solar collector,

considering the

may be lowered by 85.16%.
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inclusion of metal
foam and a wavy-

wall.

Hashem
Zadeh et al.
[170] (2020)

Num

Cu/GO nano-additives (0
< ¢ < 8%), metal foam

(0.8<e<1)

A a 2-D LHTES
designs  containing
two inside  heat
pipelines clad in
metal foam and

loaded with NePCM

The system's effective heat
capacity is reduced by the
occurrence of particles and
foam, which is caused by a drop
in the volume fraction of the
PCM. However, by intensifying
conduction, it becomes possible
to increase the charging power.
When the enclosure is fully
saturated with foam, the
charging power, as measured by
the storage capacity,
experiences a rise of about 70-
fold, but the heat capacity of the
system reduces by 17%.
Nanoparticles have a lesser
impact compared to partial

metal foam.

Farahani et al.
[171] (2021)

Num

Al,O3, FesOq, CuO
nanoaddtives (¢ < 3%),
aluminum porous fin (¢ =

0.2,6=0.5,£=0.8)

The cross section
depicts a triple tube
containing  Helium
Phase Change
Material (HePCM) in
the outer and middle
layers, which is
further improved by

radial foam fins.

Aluminium oxide nanoparticles

have the most favourable

outcomes in  terms  of
accelerating the solidification
process. Research has shown
that  the inclusion of
nanoparticles may decrease the
duration of solidification by as
much as 60%. By decreasing
the amount of empty space
inside a material and lowering

the ratio of viscous forces to
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inertial forces, the duration
required for melting may be
lowered by 27%.

Li et al. [172] Num Nanoparticles  Al203, | Melting process of | The inclusion  of 1%
(2022) copper foam 0.90 < ¢ < | NePCM in a | nanoparticles may decrease the
0.96 (pore size 5 mm) macroscale melting time by 7.77%. The
homogeneous porous | permeable insert mitigates the
region 10x10%30 | impact of nanoparticles. At a
mm3 value of € = 0.96, the addition of
nanoparticles at a mass fraction
of 1% results in a reduction in

the melting time by 2.55%.
Amudhala Num Graphene nanoplatelets | A shell and tube heat | The phase transition rate
palli et al. (¢ < 1%), copper foam (g | exchanger. The | exhibits the most notable
[173] (2023) >0.93) impact of | alterations within the porosity

permeability and the

number of particles.

range of 0.95 to 0.97. The most
rapid melting is found when the
value of € is 0.93 and the value

of ¢ is 1%.

Bondareva et
al. 2024 [174]

Num

Al1203 nanoparticles (¢ <

2%), copper foam (¢ >

0.9)

The process of
liquefaction of nano-
improved lauric acid in a
rectangular chamber that

is only partly occupied by

metal foam.

Nanoparticles expedite the
process of melting, but, the
temperature of the heater does
not diminish. The foam filling
capacity directly affects the
duration it takes for the foam to
melt and the distribution of
temperature in the region. The
most significant variations are

noticed within the range of 0.5

<6<1.
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11.2.5 Enhancement by using expanded graphite

The thermal conductivity of liqguid PCMs may be enhanced and the heat transfer rates of LHTES
systems can be increased by combining them with expanded graphite, which has a high

absorbability and high thermal conductivity.

Lu et al. [175] examined PA/EG composites with varying mass percentages and investigated
the impact of EG concentration on thermal conductivity. Jiang et al. [176] synthesised a
composite material consisting of polyamide (PA) and ethylene glycol (EG) with a high thermal
conductivity. They then used this material to improve the thermal management of lithium-ion
batteries, resulting in a considerable reduction in the batteries' temperature increase. Karami et
al. [177] implemented thermal control of the surface of a PV module by incorporating ethylene
glycol (EG) into phase change material (PCM). They investigated how the amount of EG
affected the temperature distribution throughout the PV module.

11.2.6 Enhancement by modifying the geometry of the heat exchanger

Shell and multi-tube LHTESS is regarded as a pragmatic method for enhancing the heat transfer

efficiency of the system [178].

In their work, Punniakodi et al. [179] used three heat transfer fluid (HTF) tubes arranged in a
triangle configuration to investigate the processes of melting and solidification of phase change
material (PCM) in a horizontal container. The most efficient setup was the arrangement of
tubes, with a single high temperature fluid (HTF) tube positioned towards the lowest section of
the shell.

PCM container

HTF In PCM container
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Figure 11-17 PCM container and HTF tube arrangements: (a) Case-1, (b) Case-2, (c) HTF flow

direction and PCM container (Dimensions are in mm).

Ma et al. [180] led sensitivity analysis and optimisation to assess the impact of various structural
parameters on the charging performance of a multi-tube heat exchanger that uses PCM. These
parameters included the number of tubes (factor A), eccentric distance to shell (factor B), angle
ratio (factor C), and tube wall thickness (factor D). The study revealed that component A and
factor B had substantial influence on the charge rate, but factor C and factor D had no
discernible impact. In addition, the uneven arrangement of tube locations results in a 5.21%

higher charging rate compared to the evenly distributed arrangement.

(c) N=4 (d) N=5

Figure 11-18 Definition of structural parameters for multi-tube heat exchanger with different

Harmen et al. [181] investigated how the eccentricity of a multi-tube storage unit affects the
efficiency of charging and freezing processes. The charging time of ideal eccentricities was
improved by 54%, 60%, 63%, and 63% for the single tube, double tube, triple tube, and

quadruple tube, respectively, as to the concentric case.
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‘\ Tnner tube

™ Outer tube

Fig. 1. Three-dimensional schematic of the physical model: horizontal single-tube LTES unit (a) and two-dimensional diagram of the computational model (b).

PCM

‘ Q9 L N A eolee

Configuration a Configuration b Configuration ¢ Configuration d

Figure 11-19 Physical models: configuration a: single-tube, configuration b: two-tube,

configuration c: three-tube and configuration d: four-tube

Vikas et al. [182] led a computational study to examine the melting and freezing behaviour of
a shell and multi-tube latent heat thermal energy storage system (LHTESS). The purpose was
to determine the most appropriate arrangement of multiple heat transfer fluid (HTF) tubes. After
evaluating nine tubes arranged in eight different configurations, it was discovered that the
staggered array with a high ratio of tube pitch to tube diameter worked better than the inline

array.
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= e

D= 160mm

Pitch diameter ratio

PCM

d=125mm

(a) Inline array (b) Staggered array O HTF tube

Figure 11-20 The proposed MT-LHSS arrays. (a) Inline array, (b) Staggered array.

Alizadeh et al. [183] led a computational study to improve the thermal performance of a STHX
by using the Koch snowflake fractal design for the inner tube. The high-temperature fluid
(HTF) passes through a tube with a cross-section that follows the Koch snowflake fractal
pattern. The phase change material (PCM) is located on the outside side of the tube. The
Galerkin Finite Element Technique was used to model the solidification process of PCM
(water). A 2D computational model was used for the study. The impact of the first three
iterations (n) of the fractal pattern on the solidification process of the PCM was examined, as
seen in Figure 11-21. The findings demonstrated that using the Koch snowflake fractal pattern
cross-section with increased iterations expedited the solidification process. This is a result of
the expansion in the surface area for heat transfer and the improvement in the depth at which

thermal energy may penetrate.
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The colour code:
B Pipes
B u1r
B rcMm

n=2 n=23

Figure 11-21 The LHTES system incorporates the Koch snowflake spiral design for the inner
tube of the heat transfer fluid (HTF).

Pourakabar and Darzi [193] conducted a computational investigation on the melting and
solidification processes of phase change material (PCM) in a shell-and-tube heat exchanger
(STHX). They explored different shell forms and varied the number of inner tubes to determine
the optimal design (Figure 11-21). A new elliptical shell form was created and compared to the
traditional circular design. The phase change material (PCM) was positioned in the outer shell,
while the heat transfer fluid (HTF) flowed through the inner tube/tubes. The findings indicated
that the circular shell form with four inner tubes arranged in a diamond array yielded the fastest

complete melting and solidification time.
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Figure 11-22 Various physical configurations of a Shell-and-Tube Heat Exchanger (STHX) with

The colour code:
B Pipes
B HTF
B pcm

varying shell forms and numbers of inner tubes.

Energy storage systems rectify the energy generation-demand imbalance and store extra or free
energy that would otherwise be squandered. Energy storage might be mechanical, electronic,
or thermal. The thermal energy storage technology is cheaper and denser than previous
methods. Three mechanisms store thermal energy: sensible, latent, and thermochemical. Latent
heat storage is chosen over sensible heat storage due to its large energy storage capacity and
low temperature change. With the same volume, latent heat storage materials may store 5-14
times more energy than sensible heat storage materials. Latent heat storage materials are PCMs.
A key drawback of PCMs is their low heat conductivity. Heat transfer improvement methods
have been proposed to increase PCM thermal performance. Fins, porous materials, high thermal
conductivity nanoparticles in the PCM, and numerous PCMs were used to improve heat
transmission.

Utmost heat transmission improvement approaches of PCMs employ fins because of their
simple design, cheap cost, and minimal maintenance, compared to nanoparticle dispersion and
porous materials. Fins improved PCM thermal performance more than nanoparticles [15, 89].
Longitudinal, annular, plates, and pin fins were examined to increase energy storage system
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thermal performance. Using longitudinal fins improved thermal performance, particularly with

cylindrical PCM containers.

The inclusion of fins on the phase change material (PCM) side of the latent heat thermal energy
storage (LHTES) systems does not affect the flow of the heat transfer fluid (HTF) and does not
cause any drop in pressure. This characteristic gives them a distinct advantage over other
systems that are not based on phase change materials (PCMs). Although there has been much
research on using fins to improve the thermal efficiency of PCMs TES systems, there has been
very little attention given to the geometric configuration of fins. The geometric configuration
of fins significantly impacts the storage and release of energy in thermal energy storage (TES)
systems that use phase change materials (PCMSs) [2]. Further investigation is necessary to
examine potential novel geometric configurations of the fins in order to enhance the thermal
efficiency of PCMs-LHTES systems and decrease the time needed for charging and
discharging.

This thesis proposes novel fin designs to enhance the thermal efficiency of thermal energy
storage systems utilising phase change materials (PCMs). The recommended fin designs are
then contrasted with conventional fin shapes to assess their effectiveness.

Furthermore, this literature study has demonstrated that modifying the heat exchanger design
can improve the thermal efficiency of PCM TES systems. Heat exchangers need to be built in
a way that allows for a fast pace of storing and releasing thermal energy by increasing the
surface area for the transmission of heat. As a result, a novel configuration for an exchange of
heat

The computational techniques provide a solid foundation for resolving the phase transition
issue. The intricacy of the phase shift issue has led to the majority of computational and
analytical approaches for PCMs issues published so far being based on one or two-dimensional
space. You may save both time and money by optimising the creation of PCM TES systems via

computational modelling.

11.3 Conclusion

This chapter provides a comprehensive discussion of the definition, characteristics, and
applications of phase change materials. And A synthesis of the various works relating to these
subjects has been carried out to clarify and understand the characteristics of the PCM and heat

transfer enhancement techniques.
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CHAPTER.III : Mathematical Methodology

his chapter presents the equations that are involved in the heat transmission process

for materials undergoing a phase shift. The defining characteristic of the charging

(phase change) procedure, known as the Stefan issue, is the existence of a dynamic

border between the solid and liquid phases. The calculation of heat transfer becomes
more sophisticated owing to the challenge of simulating the velocity field. The numerical
simulations in this study use COMSOL Multiphysics. The mathematical equations used to solve
the charging procedure in COMSOL Multiphysics rely on the finite element approach and the
enthalpy-permeability methodology.

[1.1.1 COMSOL Multiphysics

COMSOL Multiphysics is a computational modelling software that enables the study
and optimisation of designs and processes based on physics principles. This research project
used COMSOL to examine the thermal impacts in a room by conducting a heat transfer analysis.
COMSOL is advantageous for two primary reasons: it allows for the implementation of phase
transition materials (PCM) in heat transfer analysis, and it enables the simulation of design-

based parameters to a great degree.

COMSOL contains two physics modules which could be combined to form an accurate

representation of an PCM container

e Heat transmission module — to study the heat transmission processes through solids

and liquids on convection, conduction and radiation in detail.

e Fluid flow module — to study the laminar and/or turbulent flow of the air inside a

cavity.

Initial simulations have shown that the combination of the heat transmission and liquid motion
modules results in a complex and time-consuming set-up of the model. Since the scope of this
project involves the simulation and evaluation of various parameters on both thermal and visual
level, the studies have to become manageable with representative outcomes. Hence, only the
heat transfer module is applied within a 2D simulation space to produce results regarding the

temperature differences and functioning of the PCM.

Table I111-1 The Properties of the PCM and the Copper
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Properties material RT-27 Copper
T, (K) 300
AH, (Kk]J/kg) 189
k, (W/mK) liquid 0.15
solid 0.35 401
p, (kg/m3) liquid 774
solid 814 8933
Source: Durakovic and Torlak [185] and Kraiem et al. [186]

Il1.1.2 Governing equations

The governing equations containing all definitions utilised in this simulation are provided in
Table 2. The equations (1-3) illustrate the Navier-Stokes equations. V represents the total flow
velocity, which comprises the velocity component u in the radial direction and the velocity
component v in the angular direction (0). In addition, in order, P, p, 1, and, B are the pressure,
density, dynamic viscosity, and thermal expansion coefficient. The last element on the right-
hand side of the momentum equations (Egs. (2) and (3)) represents the damping effect of
Darcy's law. The constant Amush corresponds to the mushy zone, while ¢ is a tiny value (0.001)
in the denominator to prevent division by zero. Moreover, y represents the proportion of liquid
in a substance, which is calculated by considering changes in temperature, as shown in Equation
(4). Equation (5) is the energy equation for PCM, where h denotes the sensitive enthalpy
obtained using Equation (6). In Equation (6), the terms hrr and Cp represent the reference

enthalpy at the reference temperature and the specific heat capacity, respectively. The
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calculation of the latent heat (AH) may be determined using the fusion latent heat (I"), as shown
in Equation (7). The thermophysical parameters of NPCM, including as dynamic viscosity,
latent heat, thermal expansion coefficient, density, specific heat capacity, and thermal
conductivity, may be determined using the formulae given in Table 3. The equations include
three variables: np, pcm, and npcm, which represent nanoparticle, pure PCM, and NPCM,

respectively. Additionally, ¢ denotes the volume percentage of nanoparticles.

Table 111-2 The governing equations and definitions used

Equation Expression
V- v=0 -1
ou 1 1—17y)?
z —+V-V-u=-— vp+""ﬂv2u+Amushu(3—Y) 11-2
<. at Pnpcm Pnpcm y>t+e
@D
2] ov 1
S — 4V -V-v=— vp + Ewemgz,, | BrpemG(T — Tref)
® at Pnpcm Pnpcm -3
(1-py)*
s 31
0 ifT < T,
Liquid fraction y=<S{T-T,)/(Ty —Ty) ifT,<T<Ty -4
1 ifT > T,
oh 0(AH k
Energy a—+%+v-(wl) —v.|—2™ gy 11-5
t t (pcp)npcm
. T
Sensible Enthalpy h=hye + f;,, CpdT 11-6
Latent heat AH =y.T 1i-7

Table 111-3 The correlations employed in this investigation to determine the properties of NPCMs

Property Equation Unit

Viscosity Hopem = 0.983e(129%0) -8 Ns/m2

Ref.

[187]
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Density Pupem = @PnPnp + (1 — @)Ppem 11-9 kg/m3 [188]
Specific heat
(pC,)  =¢(pC,) +1—-¢)(pC,) 1-10  JkgK 188
capacity P mpem P mp P pem : e
Latent heat thermal (PD)mpem = (1 — @)(PD)pem 1-11 J/kg [187]]
Expansion coefficient (PB)npem = P(PB)np + (1 — @) (PB)pcm 111-12 1/ K [189]
knpcm
Thermal 11-13 W/m K [188]
Knp + 2Kpem — 2(Kpem — K - m
conductivity = pem — 2(Kpem = Knp)p Kpem
knp + 21(pcm + (kpcm - knp)(p
Table 111-4 nanoparticle inputs in this model [196]
Parameter Typical Range/Example Value Units

Nanoparticle Type

Copper (Cu)

Nanoparticle Size 50 Nanometers (nm)
Nanoparticle
] 0-—8 Percentage (%)
Concentration
Size Distribution +5—+20 Nanometers (nm)
Geometric Shape Spherical -




Chapter 111 2024 Numerical Methodology

o Watts/meter.Kelvin
Thermal Conductivity 401
(W/m.K)
Interaction with PCM High (depending on surface treatment) -
Chemical Stability Good (in inert environments) -
Dollars/kilogram
Cost [79] 50 — 500
(USD/kg)

The local entropy generation rate includes the thermal and frictional entropy generation
rates, which are given by Eq. (13) and Eq. (14):

2 2 2
st (%) Oy ) | 4 (Px, O
o _T{Z (5 +<6y oy " ax 11-14

k [(0T\* [9T\*
n_ | (of ot 11-15
St T? (ax> +<0y)l

The global entropy generation rate of the entire domain is computed as the integral of the
local rates over the entire volume Eqgs. (14) and (15) as

s}:fs; ds 111-16
S
Sy =f5}'ds 111-16
S
Where:
St = 7.+ 5 11-17

The mean and local Nusselt numbers are of the form

N 1N IVN 00 111-18
um—JO udfNu = ——

The average Bejan number is defined as
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Sr 111-19

I11.1.3 Validation:

The existing model, represented by equations (1)— (5), has a significant degree of non-linearity.
Consequently, the COMSOL programme was used to seamlessly integrate the energy and
momentum equations, taking into account the specified boundary and starting conditions. This
integration was done using the Galerkin weighted residual finite element technique developed
by Bayat et al. [185] and Bashirpour-Bonab [190]. The present partial differential equations
also use the weak form transformation. The heat and momentum equations were interconnected
using Newton's constant method. The PARDISO Coupled Direct Solver was used for the
computing procedure in each time step of the simulation process. The solver was run for eight
iterations with a damping factor of 0.9 until the residual value of 0.001 was reached. For more
details, refer to the works of Schenk and Gartner [191] and Zienkiewicz et al. [192]. The
research used the Galerkin weighted residual finite element method because to its ability to
decrease the complexity of the issue and provide a dependable approximation solution. The
calculation cell is divided of non-uniform triangular pieces. In order to verify the accuracy of
the numerical method used for converting the authorised code, the liquid fraction was compared
to the findings of Darzi et al. [193].

1,0 1 Present model
® Darzi et al[193]
0,8
c
8
§ 0,6 -
g
>
g 04
-
0,2
0,0
T T T T T T T
0 2 4 6 8 10 12
Time(min)
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Figure 111-1 Comparison of the findings presented by Darzi et al. [193] with the results of the
present study
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CHAPTER.IV  : Insight into latent heat
thermal energy storage: RT27 phase
transition  material  conveying
copper nanoparticles experiencing
entropy generation with four
distinct stepped fin surfaces

IV.1.1 Techniques of the investigation:

The LHTES system, consisting of two stair fins, is shown diagrammatically in Figure 1V-
1. Paraffin-loaded cage was supplemented with copper nanoparticles. The selected PCM has a
significant latent heat capacity and demonstrates chemical durability. The dimensions of the
cage, namely its width (D) and height (L), remained unchanged at 50 mm and 132 mm,
respectively. The right wall was subjected to a heating power of 1000 W per square metre, while
the other three walls were insulated. The nano-enhanced phase change material (PCM) was first
heated to a temperature of 300 Kelvin. The stair fins were positioned in both upward and
downward orientations. The geometric characteristics are fully shown in Figure 1. According
to Figure 1, the stair fins had a thickness of 4 mm. Four distinct instances were simulated. In
their study, Arshad et al. [194] found that the effectiveness of a phase change material (PCM)
used in a heat sink is influenced by the volume of the PCM and the number of fins. They
conducted an experimental examination to examine the impact of pin-fin thickness on a PCM
heat sink for different input heat fluxes. The research used RT-27 and copper nanoparticles
because of their special phase transition properties, which allow them to melt and solidify at
precise temperatures. This makes them suitable for temperature control in a wide range of

applications.
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Figure IV-1 Diagram of four distinct stepped fins connected to a latent heat thermal energy

storage system.
IV.1.2 Results and discussion:

The research analysed the temperature circulation, liquid percentage, thermal entropy, and
frictional entropy at four different time intervals (10 minutes, 30 minutes, 60 minutes, and 90
minutes) for two fins with upward steps and two fins with downward steps, as depicted in Figure
IV 2 and Figure IV 3. During the first 10 minutes, heat energy is mostly transferred to the
vertical heated wall and the two upward stepped fins due to the established temperature
gradient. A study conducted by Durakovic and Torlak [185] examined the usage of phase
change materials (PCMs) in a temperature-responsive window system consisting of Rubitherm
RT 27 and air. The study found that the heat gain into the interior can be reduced by increasing
the time it takes for the PCM to melt and by adding a thicker layer of the PCM. The presence
of the occurrence is also apparent, as seen in Figure 1VV-4 for the scenario involving fins that
step upwards and downwards. After 60 minutes, the temperature differential had caused
substantial heat conduction. As a result, the heat energy distribution was discovered to be highly
concentrated and exceeding 334K. Heat transfer occurs as a result of the accelerated movement
of atoms and molecules in a material when it is heated, and this process is dependent on time.
Moreover, the larger the temperature disparity between thermal storage, the more rapidly heat

energy dissipates from the hotter region. Arshad et al. [194] discovered that including paraffin
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wax in the free cooling system of electronic devices using PCM reduces the base temperature
of the heat sink, hence increasing the duration of operation for the electronic device. The
minimal liquid percentage at the insulated walls may be readily determined during the first time
period of 0<t<30 minutes. After 30 minutes, it is clear that the liquid percentage around the two
fins that are stepped upwards reached their maximum value. Indeed, when the duration exceeds
30 minutes, it becomes evident that the two fins, which are stepped in an upward direction, have
the ability to impact the proportion of liquid present. Ma et al. [195] investigated the impact of
the Reynolds number on the rate of frictional entropy formation, and observed that it is growing.
It has been shown that the rate at which frictional entropy is produced in the dynamics of water

carrying alumina nanoparticles increases as the Reynolds number increases.
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Figure V-2 The temperature propagation,
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entropy at four specific time points are being analysed for the two-upward stepped fins.
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Figure 1VV-3 The temperature propagation, liquid percentage, thermal entropy, and frictional

entropy are measured at four specific points throughout time for the two-downward stepped

fins.
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Figure 1V-4 The temperature propagation, liquid percentage, thermal entropy, and frictional

entropy at four specific time points are compared for both an upward and downward stepped fin.
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Figure 1V-5 Temperature distribution, liquid fraction, thermal entropy, and frictional entropy at

around 60 minutes for two-upward stepped fins, an upward and downward stepped fin, two

downward stepped fins, and two-stepped fins facing one another
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Figure 1VV-12 Variations in the liquid fraction over time in the four scenarios

Bashirpour-Bonab [190] observed an increase in the liquid fraction up to an ideal value over
time throughout the charging process of paraffin RT82 with CuO nanoparticles. This finding
suggests that the maximum liquid fraction may be achieved at a later period. This accounts for
the observed fluctuation in the proportion of liquid at the 90-minute mark. Durakovic and
Torlak [185] previously shown that the PCM sample has reduced temperature variation and has
the ability to retain latent heat from convective and radiative sources by maintaining a lower
temperature on its inner surface at the phase transition point. The thermal entropy of stored
energy is a constant and increasing function of temperature that measures the amount of thermal
energy that cannot be transformed into useful work. The results of this research indicate that
thermal entropy increases over a longer period of time. The fractional entropy varies at different
time intervals of 10 minutes, 30 minutes, 60 minutes, and 90 minutes. It is important to note
that there is no substantial disparity in the temperature distribution and liquid fraction
fluctuation at four specific time points for both two-upward stepped fins and two-downward
stepped fins. The thermal entropy and frictional entropy of two-upward stepped fins and two-
downward stepped fins exhibit different characteristics. There is a notable difference in the
fractional entropy between the fins that step upward and the fins that step downward. This can
be seen in instance scenario 2 of Figure 1V-5. Firstly, it is quite likely that the concentration of
the material between the upward and downward stepped fins is considerable. In their study, Ma
et al. [195] found that a higher proportion of nanoparticle volume results in enhanced heat

transmission and greater entropy generation. This occurs because an increase in concentration
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leads to a corresponding increase in viscosity, which in turn enhances the development of

frictional entropy and the loss of pressure.

Figure IV 6 illustrates that the Nusselt number decreases with time for all four cases: two-
upward stepped fins, an upward and downward stepped fins, two-downward stepped fins, and
two-stepped fins facing each other. The shortest duration for the liquid portion may be seen in
the case of a fin that has both uphill and downward steps, as shown in Figure IV 7. Figure IV 8
and 9 demonstrate that thermal entropy and average temperature increase with time, but thermal
entropy decreases after 60 minutes in all four scenarios. Figure 1V 11 demonstrates that the
Bejan number remains constant at the beginning of the time period. Over time, the Bejan
number decreases for the four instances and eventually hits zero after 80 minutes. Figure IV 11
demonstrates a significant change in the thermal entropy caused by friction between 55 and 62
minutes for both an upward and a downward stepped fin. The liquid percentage increases over
time in all four instances, as seen in Figure IV 12. After a duration of 40 minutes, a minimal
liquid fraction is seen when two stepped fins are positioned opposite each other. However, after
80 minutes, the liquid fraction reached unity for all four instances. When two fins with a two-
step design were positioned opposite each other, the proportion of liquid seemed to be much

more influenced compared to the other three scenarios.

1VV.2 Conclusion

This work presents an examination and discourse on a Thermal Energy Storage (TES) system
that is packed with RT27 Phase Change Material (PCM) and Cu nonadditive. The emphasis is
placed on four distinct instances: two fins that ascend in steps, a fin that ascends and descends
in steps, two fins that descend in steps, and two fins that face each other and have steps. It is

important to mention that

1. The thermal entropy and frictional entropy of two-upward stepped fins and two-
downward stepped fins differ owing to the effects of gravity acceleration, the mass of

RT27 phase change material, and the orientation of the inlet fins.

2. Following 30 minutes, the phenomena of heat conduction, which is the transmission of

heat energy into thermal energy storage, and the liquid portion became noticeable.

3. Initially, the liquid fraction, thermal entropy, and Bejan number remain unchanged.
Nevertheless, the Bejan number decreases over time, but the fluid percentage grows

over time.
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CHAPTER.V : Effect of Y-shaped fins on the performance of shell-
and-tube thermal energy storage unit

V.1 Problem description

igure 1 depicts a 2D presentation of the shell-and-tube latent heat thermal energy
storage (LHTES) that was examined in this study. The High Temperature Fluid (HTF)
is circulated via four smaller pipes with a diameter of 4 mm, while the Phase Change
Material (PCM) is circulated through the larger outer shell with an inner diameter of
64 mm. Fins with a longitudinal length of 4 mm are attached to the cylindrical tubes in
order to enhance heat transmission and reduce the time needed to melt the PCM. Figure
1 (a) displays the geometric measurements of STHEs, including primary tubes, tubes with two
Y-shaped fins, and tubes with four Y-shaped fins. Every geometry is used with a uniform
surface area to guarantee mass conservation in all configurations. The characteristics of the fin
are shown in Table 1. RT27 served as the Phase Change Material (PCM), while water with
input temperatures ranging from 343 K to 343 K was utilised as the Heat Transfer Fluid (HTF).
In addition, copper was used for the tubes. Table 2 provides a concise overview of the
characteristics of PCM. The initial temperature of the device at initial time was recorded as 366

K, and the volume was adjusted in all situations to ensure a constant amount of PCM was used.

‘/,SheH outer tube

Adiabtic

A) B)
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D)
Figure V-1 (A) three-dimensional representation of the shell and tube with fins in a 2Y
configuration. (B) A 2D depiction of the analysed model, including the imposed boundary

conditions. (C) a piece of grid fabric. (D). The measurement of the fins
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Figure V-2 various cases were considered in this study.
V.2 Results and discussion

This section discusses a thermal energy storage (TES) unit in the form of a shell-and-
tube. Four tubes, both with and without fins, are used to facilitate the flow of a hot liquid. These
tubes are cooled by a shell that is filled with PCM (RT27) in order to store thermal energy. Two
Y-shaped fins and four Y -shaped fins are evaluated and compared in terms of heat transmission
rates and the process of phase change material (PCM) melting. The melting performance of the
phase change material (PCM) is further investigated by using nanoparticles (specifically
copper) at various concentration ratios (0, 2, 4, 6, and 8 vol%). An investigation was conducted
to examine and report on the impact of temperature, liquid fraction, and the incorporation of

nanoparticles on heat transport and the melting process.
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V.2.1 impact of tubes temperature:

The impact of tube temperature, as well as the occurrence of various fins, on heat
transmission is shown by temperature curves in Figure V-3 (at 338 K) and Figure V-4 (at 348
K), as well as profiles in Figure 6. Figure 4 demonstrates that the inclusion of fins improves the
temperature distribution from the hot tubes to the outer shell. Specifically, four Y-shaped fins
outperform the scenario with just two fins. As the charging time increases, the temperature
gradually rises and approaches the target temperature of 338 K. Nevertheless, a duration of 180
minutes seems to be inadequate for achieving a consistent high temperature throughout all the
instances under investigation. The temperature distribution in the case of the four Y-shaped
finned tubes has the greatest magnitude, indicating a significant improvement in the rate of heat
transmission. The reason for this is because the inclusion of Y-shaped fins in both horizontal

and vertical orientations reduces the thermal resistance of the TES unit.

Figure V-4 displays the temperature contours with a tube temperature of 348 K. The
pattern shown in Fig.V-3 is replicated here, taking into account higher temperature values
resulting from the hotter tubes. Increasing the temperature results in increased heat transfer rates
for the same surface area. The latent heat necessary for the melting process is supplied by these,
leading to a faster charging process. Therefore, increasing the heat flow at elevated
temperatures accelerates the charging procedure.
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Figure V-3 The temperature profiles of the shell-and-tube thermal energy storage (TES) unit,
comparing the configurations with two and four Y-shaped fins to the configuration finless. The

temperature of the tube is set at 338 degrees.

Figure V-5 illustrates the variation in temperature among the three designs, with and
without fins augmentation, and the two tube temperatures of 338 K and 348 K, as seen in the
history profiles. It is evident that instance C3, which involves four Y-shaped finned tubes,
exhibits the greatest temperature values during the whole investigation period. Conversely, the
lowest temperature values are recorded in the case of naked tubes finless. The temperature
values rise when the hot stream within the tube reaches a temperature of 348 K, as a result of
an escalation in heating rates. The temperature rises rapidly when conduction heat transmission
first occurs, then when the nano-PCM begins to melt, free convection heat transfer occurs in
the liquid areas near the tubes, resulting in a noticeable but slower increase in temperature.
After all phase change material (PCM) has melted, the temperature stabilises at its highest point.
The highest temperature recorded for case C3 at Trwbes = 338 K is approximately 337.8 K at time
=226 min (Fig.V- 5(a)). Conversely, when Ttubes = 348 K, the shell temperature reaches 347.5
K at Time = 166 min (Fig. V-5(b)). These findings indicate that increasing the temperature
leads to improved heat transfer rates and faster melting processes. Four Y-shaped fins may
minimise almost half of the melting time. Previous studies in the literature have shown that the
use of Y-shaped fins may improve the melting point [51]. The increased penetration of fins into
the PCM unit reduces the thermal resistance of the unit. In comparison to the uniform radial
fins (which resulted in a 14% decrease in melting time [52]) and staggered longitudinal fins
(which resulted in a 36% reduction in melting time [53]), the Y-shape fins demonstrate superior

improvement in the charging process.
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Figure V-4 The temperature distribution of the shell-and-tube thermal energy storage (TES) unit
is depicted using contours. The system is shown with two and four Y-shaped structures, both with
and finless. The temperature of the tube is set at 348 K.
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Figure V-5 The temporal temperature profiles of the shell-and-tube thermal energy storage (TES)
unit are compared for three different configurations: without fins (C1), with two Y-shape fins
(C2), and with four Y-shape fins (C3). The comparisons are made at two different tube
temperatures: (a) 338 K and (b) 348 K.

V.2.2 Liquid portion:

The distribution and characteristics of the liquid fraction are crucial for illustrating the
time process of melting. This section examines the impact of temperature and the occurrence
of Y-shaped fins on the liquid fractions. Figure V-6 and Figure V-7 show the contours of the
liquid fraction at temperatures of 338 K and 348 K, respectively. The rate at which melting
spreads inside the shell is accelerated by increasing the applied temperature and the number of
fins (specifically, four Y-shaped fins). This is because the bigger temperature differential
between the tubes and the outside shell enhances the heat transfer. Additionally, the use of fins
improved the overall thermal conductivity of the TES unit by dividing the huge distances
between the PCM (which has poor thermal conductivity) with fins, hence decreasing the
thermal resistance of the TES unit. Enhancing heat transfer rates accelerates the process of
melting and reduces the duration of melting. The use of fins and higher temperatures has
significant promise in increasing the energy storage capacity of PCM materials and facilitating
the usage of thicker shells for enhanced energy storage.
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Figure V-6 The liquid portion of the profiles of the shell-and-tube thermal energy storage (TES)
unit are shown for three cases: without fins (C1), with two Y-shape fins (C2), and with four Y-
shape fins (C3). The temperature of the tube is set at 338 K.
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Figure V-7 Liquid fraction contours of the shell-and-tube TES unit without fins (C1) and with

D
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two (C2) and four (C3) Y-shape fins. The tube temperature implemented is 348 K

The duration necessary for complete melting of TES units is shown in Figure (a and b).
The melting process takes 286 minutes for finless tubes, 243 minutes for two Y-shape finned
tubes, and 193 minutes for four Y-shape finned tubes at a temperature of 338 K. Conversely, at
a temperature of 338 K (as shown in Figure V-8(b)), the whole melting process takes 148
minutes for finless tubes, 126 minutes for tubes with two Y-shaped fins, and 103 minutes for
tubes with four Y-shaped fins. The findings demonstrate that the use of four Y-shaped finned
tubes leads to a decrease in melting time of about 48% (maximum) compared to the use of
finless tubes. Furthermore, the incorporation of hotter tubes (with a temperature increase of 10

Kelvin) results in a significant decrease in melting time, namely by 87%.
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Figure V-8 The liquid portion of the profiles of the shell-and-tube thermal energy storage (TES)

unit are shown for three different configurations: without fins (C1), with two Y-shape fins (C2),
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and with four Y-shape fins (C3). The temperature of the tube is set at 348 K.
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V.2.3 Nanoparticle incorporation

The aforementioned findings demonstrate that the use of four Y-shaped finned tubes at
elevated temperatures increases the rate of heat transmission and decreases the time required
for melting. Modifying the nanoparticle concentration might further improve the melting rates
of the TES unit. The nanoparticles exhibit greater thermal conductivity compared to the original
PCM, leading to improved thermal diffusion and melting rates. This fact is shown for the
examined TES unit, as seen in Figure V 9 for the TES historical average temperature (Figure V
9 (a)) and the average liquid percentage (Figure V 9 (b)). It is observed that greater temperatures
and liquid fractions are achieved with larger concentrations of nanoparticles, such as eight
volume percent. At a specific period of 140 minutes, the average temperature of the phase
change material (PCM) is 340.6 K for the 8 vol% nano-PCM and 336.7 K for the pure PCM.
There is a temperature difference of about 4 K between the two. Simultaneously, the average
liquid fraction is 0.998 for a mixture containing 8 volume percent of nano-PCM and 0.899 for
pure PCM. This demonstrates a 10% improvement in reducing the time it takes for the material
to melt. The significance of integrating nanoparticles with PCM materials for enhanced
performance is evident. The whole liquefaction process takes 179, 158, 156, and 145 minutes
when using nanoparticle concentrations of 0, 2, 4, and 8 volume percent, respectively. Using a
nanoparticle concentration of 4 vol% may result in a melting time reduction of around 11%,
while a concentration of 8 vol% can yield a decrease of about 19%. The literature indicated that
incorporating CuO nanoparticles into PCM resulted in a 9.1% improvement in the melting
process [54], representing a recent advancement. Therefore, it is advisable to use four Y-shaped
fins, employ elevated temperatures, and integrate larger concentrations of nanoparticles in order

to achieve optimal performance for TES units.

V.3 Second conclusion:

An analysis is conducted on a thermal energy storage unit that consists of a shell and tube
configuration. The study examines the performance of the unit with and without fins, while
varying the temperature of the tubes. The shell contains varying amounts of copper
nanoparticles mixed with PCM (RT27). The study focuses on investigating and comparing the
heat transfer increase of two and four Y-shaped fins. Based on the circumstances that were

applied, the following observations may be concluded:

1. With the implementation of two and four Y-formed finned tubes, there is a significant

improvement in heat transmission rates and a decrease in melting time by
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approximately 32% and 48% respectively, when when compared with finless tubes.

That is a result of the decreases in unit thermal resistance.

2. Using a hotter tube (e.g., 348 K instead of 338 K) can result to speeding the charging
process by 87%. For instance, the highest temperatures within the storage unit, which
are 337.8 K and 347.5 K, are achieved after 226 and 166 minutes when the tube

temperatures are set at 338 K and 348 K, correspondingly.

3. Furthermore, the integration of nano additives with phase change material (PCM)
might enhance the overall thermal conductivity when the PCM undergoes the melting
process. Utilising a nanoparticle concentration of 4 vol% may provide a decrease in
melting time of about 11%, while a concentration of 8 vol% can yield a reduction of
approximately 19%.

Therefore, considering the issues discussed above, it is advisable to equip the shell-and-tube

thermal energy storage unit with four Y-shaped fins, operate it at elevated temperatures, and

use nano-PCM (with a concentration of 8 vol%) in its place of pure PCM.
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Figure V-9 impact of nano additives on the TES unit (a) mean temperature and (b) average

liquid fraction for tube temperature of 338 K
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Heat transmission improvement for latent heat thermal energy storage systems, founded on

PCM by using wing nano additive material.

First work presents an examination and discourse on a Thermal Energy Storage (TES) system
that is packed with RT27 Phase Change Material (PCM) and Cu nonadditive. The emphasis is
placed on four distinct instances: two fins that ascend in steps, a fin that ascends and descends
in steps, two fins that descend in steps, and two fins that face each other and have steps. It is

important to mention that:

e Owing to the impact of acceleration due to gravity, the mass of RT27 phase change
material, and the orientation of the intake fins, the thermal and functional entropies for
two-upward stepped fins and two-downward stepped fins were unique in nature. The

two-downward stepped fins enclosure yields a minimum melting time of 71 minutes.

Second Work An analysis is conducted on a thermal energy storage unit that consists of a shell
and tube configuration. The study examines the performance of the unit with and without fins,
while varying the temperature of the tubes. The shell contains varying amounts of copper
nanoparticles mixed with PCM (RT27). The study focuses on investigating and comparing the
heat transfer increase of two and four Y-shaped fins. Based on the circumstances that were

applied, the following observations may be concluded:

e The findings revealed that using nanoparticles with 8 vol% enhanced the thermal
conductivity during melting by 19%. The melting process was accelerated by 87% when
the HTF temperature was higher (348 K). Finally, TESS with four Y-shaped fins was
found to be the most effective as it achieved a 48% melting time reduction compared to
the base case (case 1).

e Based on the aforementioned concerns, it is recommended to enhance the shell-and-
tube thermal energy storage unit by including four Y-shaped fins, operating it at higher

temperatures, and substituting pure PCM with nano-PCM at a concentration of 8 vol%.
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CHAPTER.VII FUTURE
SCOPE OF THE WORK

PCM is a highly promising technology for thermal management and energy storage, and it may
be used in a variety of applications, including solar water desalination, solar greenhouses, solar
dryers, solar stills, and other applications. The influence of fin and nanoparticale on PCM
domains is the primary focus of the current research that we are doing. We are going to
investigate the impact on photovoltaic panels in the future and observe how it influences the

thermal and electrical efficiency of the panels.
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