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General Introduction

General Introduction

In light of increasing environmental and economic challenges, the search for sustainable and
efficient energy sources has become critically important to ensure a secure energy future. The
International Energy Agency (EIA) projects that global energy consumption will increase by 50%
by 2050 [1], putting additional pressure on our natural resources and exacerbating the impacts of
climate change. In 2019, fossil fuels accounted for 75% of global energy supply, leading to massive
greenhouse gas emissions, totaling 33.2 gigatonnes of carbon dioxide[2]. This has accelerated global
efforts towards reducing reliance on fossil fuels and transitioning to more sustainable and
environmentally friendly energy sources. These efforts include the development and adoption of
renewable energy technologies such as solar power, wind energy, geothermal energy, and
hydropower. Among these sources, solar energy stands out as one of the most promising and widely
available options. Solar energy is one of the most abundant energy sources, with the Earth receiving
approximately 1.8 x 101t MW of solar energy, making it an inexhaustible and environmentally
friendly alternative to fossil fuels[3]. Solar energy can be utilized in a wide range of applications,
that extend from building air conditioning systems to solar water heaters.

However, the utilization of solar energy faces significant challenges related to the variability
of solar radiation intensity depending on location, seasons, and weather conditions, which affects the
efficiency of solar energy systems. Furthermore, storing solar energy requires innovative solutions
to ensure its availability around the clock, regardless of climatic or seasonal changes.

In this context, the development of Thermal Energy Storage Systems (TESS) is of paramount
importance as an effective solution for storing solar energy. TESS can be classified into three main
types: thermochemical storage, sensible heat storage, and latent heat storage. Among these, latent
heat storage systems using Phase Change Materials (PCMs) are particularly effective, offering high
energy density during melting and solidification processes, which reduces the volume of materials
required to store a given amount of energy.

However, the limited thermal conductivity of PCM presents a significant challenge to the widespread
practical use of PCM-TES units. Insufficient thermal conductivity can lead to slower heat
transmission and increased thermal resistance, causing prolonged charging and discharging times.
These time delays directly impact the unit's efficiency. Rapid energy exchange during charging and
discharging cycles is essential. It enables precise temperature control and minimizes downtime.
Expanding the adjacent surface area of the PCM stands as an effective solution to address the issue
of inadequate thermal conductivity.

In this thesis, our attention was directed towards shell-and-tube heat exchangers, given their

prevalence as one of the most commonly studied and utilized types of heat exchangers in both
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literature reviews and industrial applications. The present study attempts to solve the problems of
low thermal conductivity by introducing an innovative fin design.

Although extended surfaces provide a valuable advantage in enhancing heat transfer rates, they are
accompanied by a lot of disadvantages such as increasing weight, size, and cost. The challenge is
therefore to improve heat transfer rate without significantly increasing cited characteristics. To
achieve this goal, a two-dimensional numerical simulation was carried out to explore the melting
\solidification process of a vertically oriented LHTES heat exchanger with two types of fin shapes
(rectangular and triangular) that occupied the same volume ratio to the PCM region. This thesis aims
to enhance the thermal performance of Latent Heat Thermal Energy Storage (LHTES) systems by
investigating the effects of different fin geometries and their thickness. Rectangular and triangular
fins were compared to improve heat transfer efficiency and increase the heat transfer area while
maintaining the total storage capacity. Additionally, the impact of the number and length of fins on
the melting and solidification times was evaluated, along with an analysis of the effects of fin angle
and the inlet temperature of the heat transfer fluid. Finally, the effect of adding nanoparticles was
studied in comparison to the impact of fins of the same total size, to identify the optimal option that
enhances the thermal performance of the system.

The thesis is divided into four chapters.

Chapter 1 provides a clear overview of various thermal energy storage methods, focusing on the
distinct characteristics of latent heat thermal storage systems. It also includes a comparative analysis
of these methods to highlight the advantages and disadvantages of latent heat storage relative to other
technologies.

Chapter 2 reviews the literature and research on using phase change materials (PCMs) in thermal
energy storage, emphasizing techniques for enhancing heat transfer. These techniques include
incorporating high thermal conductivity nanoparticles into PCMs, using porous materials, applying
multiple PCMs, heat pipe configurations, and utilizing metal fins. The review indicates that most
enhancement methods focus on fins due to their simple design, low cost, and ease of fabrication.
Furthermore, the geometric design of fins significantly affects the energy storage and release times
in latent heat thermal energy storage (LHTES) systems based on PCMs. Thus, exploring innovative
geometric designs for fins is crucial to improving the thermal performance of PCM-based LHTES
systems.

Chapter 3 is related to numerical setup of simulation used for studying phase change process of
thermal energy storage unit. It consists of problem statement and analysis domain and geometry. It
also includes meshing strategy, boundary conditions, governing equations and Ansys fluent setup for
simulations.

Chapter 4 presents the results and discussions concerning the impact of geometric variables on the

performance of latent heat thermal energy storage (LHTES) systems. The analysis evaluates the
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thermal performance of rectangular and triangular fins by assessing melting and solidification times,
temperature distribution, enhancement ratio, Nusselt number, storage capacity, and storage rate.
Additionally, the results regarding the effect of nanoparticles on the thermal properties of PCMs are
presented, along with a comparative performance analysis between PCMs enhanced with
nanoparticles and fin configurations. Ultimately, the conclusions drawn reflect the influence of each
technique on melting time and temperature distribution.
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Chapter 1 : Methods for Thermal Energy
Storage

Introduction

Energy storage systems are essential for enhancing energy efficiency and ensuring sustainability.
These systems play a crucial role in balancing supply and demand, particularly with the increasing
reliance on renewable energy sources that are often intermittent. By storing energy during periods of
low demand and utilizing it during peak times, waste can be reduced, and overall efficiency
improved. Energy storage methods include various solutions such as mechanical, electrical, and

thermal storage. Figure 1.1 provides a comprehensive overview of these different technologies.

Energy storage

methods

|Mv('h:-minral l |Thvrm:—11 I Electrical I

| Sensible heat |L;1ttr11f heat I [Tll(‘l’l]I(J(‘h[.‘lllil.‘éll]

|S<Jli<1| [Liquid] [St:lid—ﬁulid] [S{Jli(l—Liquid] [Liquid—(]m}]

fig. 1.1 -Energy storage methods [4]

1.1 Thermal Storage
Thermal energy storage allows heat to be used at a later time. Heat can be stored in several

forms:

9 Sensible heat: storage in inert materials
9 Latent heat: use of phase change materials that store energy as they change phase

1 Heat from reactions: thermochemistry and absorption

1.1.1Sensible heat storage

Sensible heat is the most ancient and common method of thermal storage. Sensible heat storage

is realized by changing the temperature of a material without undergoing a phase change as shown
in Fig. 1.2.
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temperature

A sensible

.
*

stored heat

fig. 1.2 -Increase in Temperature During Sensible Heat Storage. [5]

Their storage capacity depends on the specific heat capacities of the materials used and
temperature differences. It is expressed mathematically through equation (1.1).

1 _ EETRIR A4 (1.1)

If the specific heat is considered to be constant in the temperature range [T initial, Tfinal], the
stored heat Q is given by the equation (1.2).

1 A 4 4 (1.2)

Where:

Q: stored heat

m: mass of material

C p: specific heat

AT: temperature increase

Where the initial temperature (Tinitial) and final temperature (Trinal) are indicated, the specific
heat Cp is the most important factor influencing the total quantity of heat stored for the same mass
(m) and same temperature difference (AT = Trinat — Tinitial). Different substances often have relatively

low specific heat capacities.

Thus, it is desirable to use materials that have a high specific heat capacity because they can
store the greatest amount of energy. On the other hand, these materials must also be competitively
priced, suitable for storage containers, and stable during a long heat cycle. Sensible heat storage can
be classified based on solid and liquid media [6], [7] The solid media used are metallic materials,
which are useful in applications requiring high thermal conductivity (e.g, copper, aluminium, iron,
and cast iron), and non-metallic materials, which are suitable for slow-cycle heat storage applications
(e.g, concrete, gravel, granite, marble, sand, and brick) [8]. For reasonable thermal energy storage in
liquid media, dissolved salts, water, and organic oils are the most common liquid media. This type
is also known as an active system, mainly due to its ability to rotate easily and facilitate efficient heat
transfer. In addition, density changes resulting from heating the liquid provide additional benefits, as

buoyancy contributes to creating a desirable temperature gradient across the storage medium[9].
5
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Table 1-1 -presents the thermophysical properties of some sensible heat storage materials.

Type Material r Cp I r Cp Reference
kgm?®  kJkg'K?! WmlK?! kJm3K?

Fonte 7800 0,6 40 4680 [5]
Aluminium 2707 0,89 218 2409,23 [6]
Solid Concrete 2200 0,85 1,5 1805 [5]
Magnesia Brick 3000 1,15 5 3450 [5]
Water 1000 4,184 0,58 4184 [3]
Liquid K-NaNO3 1950 1,57 0.50 3061,5 [7]
Mineral oil 770 1,966 0,12 1513,82 [5]

1.1.2Latent heat storage

Latent heat storage involves the retention of thermal energy by using phase-change materials
(PCMs). As opposed to sensible heat storage, which involves raising the temperature of a substance,
latent heat storage involves changing the phase of the material (solid/liquid, liquid/gas, solid/solid,
or vice versa) at a specific temperature or within a limited temperature range (in the case of non-
eutectic mixtures). During this phase change, a significant amount of energy is either absorbed
(during melting) or released (during solidification) without a significant temperature change. PCMs
make it possible to store, per unit of volume, on average, ten times more energy than sensible heat
storage systems. As an illustration, In a kilogram of refractory brick, it is possible to store
approximately 1 kJ of energy for every degree Celsius that the temperature rises. When melting a
kilogram of paraffin, approximately 250 kJ (335 kJ for ice) are absorbed.[10]

1 ; i A4 p— d YAh3 AT OEAA G (1.3)
1 ; i, cumyd h, AGERAO (1.4)

The quantity of heat stored in a latent system is presented on the temperature energy graph in
Fig. 1.3.
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fig. 1.3 -Evolution of temperature during heat storage in a PCM [5]

When a substance is heated, it initially gains sensible heat. The temperature of a substance
increases as its internal energy increases. Once a substance reaches a certain temperature it is known
as the phase change temperature. During a phase change, thermal energy is absorbed or released
without a temperature change. This is because the added thermal energy is used to break the bonds
between molecules in the solid structure rather than increasing the temperature provided the body is
pure. Therefore, it is impossible to store only the latent heat because to reach the point of phase
change, the material must undergo an increase in temperature, inevitably storing a part of the sensible
thermal energy. The quantity of energy stored can be expressed for the case of the solid-liquid

transition according to equation (1.6):

1 1 S M 1 R (1.5)

i Ap 4 A4 ]

1 d Y( 3 - 1A 4A0 (1.6)

Phase transitions solid-solid undergo not a state change in the strict sense of the word, but a
phase transition due to a change in the crystal structure or arrangement of molecules within the
substance. A small number of materials have been identified so far, including polyols, organometallic
substances, polymers, dialkylammonium salts, and acids. Phase change materials solid-solid have
little expansion during the phase change process and are easier to contain compared to liquids.
However, the latent heat of the solid-solid transition is too low compared to that of the solid-liquid
transition, which is the main reason why it is of limited importance for energy storage, especially in
applications involving low-temperature heat storage. In addition, many of these materials decompose

quickly when the transition temperature is exceeded due to their poor thermal stability.[11]

The transformations of liquid-gas are attractive in latent heat storage systems because of their large
latent heat content. However, the significant expansion of volume during liquid evaporation poses a
challenge that makes storage processes complex and impractical in many cases. Thus, liquid-gas
transitions are often excluded from latent heat storage systems. Instead, the focus is on using solid-

liquid transitions. Although the latent heat of solid-liquid transitions is lower than the latent heat of

7
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liquid-gas transitions, it is more promising, allowing for effective heat storage while reducing the
challenges associated with volumetric expansion. On the other hand, if we reduce the volume
expansion, the pressure increases at a rate that may reach about 10%. This pressure can be overcome

by increasing the volume of the container in proportion to the additional [5]

1.1.3Thermochemical TES

Thermochemical energy storage leverages the energy released and absorbed during the
breakage and reformation of chemical bonds, enabling the reversible storage and release of energy
through chemical reactions. Compared to sensible and latent heat storage methods, thermochemical
systems offer advantages such as higher volumetric energy densities of 10" - 10™ kWh/m" and the
ability to store energy with minimal thermal losses. This makes thermochemical storage well-suited
for long-term applications, as the stored energy can be maintained for extended durations with
negligible self-discharge, unlike other thermal storage techniques that are more susceptible to gradual
heat dissipation.[12] However, developing viable thermochemical energy storage systems remains
a significant challenge, requiring careful selection of materials, system design, and integration of

various components including compressors, heat exchangers, storage tanks, and reactors.

The material selection for thermochemical energy storage is crucial, as the materials must
exhibit a favorable combination of properties, including low cost, chemical compatibility, high
cycling ability, fast reaction Kinetics, and appropriate temperature ranges. Additionally, the materials
should be non-toxic, non-flammable, and possess good heat transfer and flow characteristics.
Beyond the materials, the reactor design is also a key consideration, as it must facilitate efficient heat
transfer and accommodate the chemical reactions.

Despite the higher energy densities and minimal thermal losses, the complexity and high
system costs associated with thermochemical energy storage have hindered its widespread adoption

compared to more established sensible and latent heat storage technologies.[13]

1.2 Comparison of Different Types of Storage

The appropriate type of thermal storage is selected based on the specific application
requirements, including storage duration, required energy density as well as technical, economic, and
environmental criteria [5], [14]. Technical standards include several essential aspects such as storage
capacity, durability, operating efficiency, safety of use, dimensions suitable for integration into
systems, etc. On the other hand, economic requirements require a careful analysis of the costs and
technical complexities of the system and its commercial availability. Environmental standards
advocate for the use of non-toxic materials and emphasize the necessity to minimize environmental
impact across all stages of the technology's lifecycle, spanning from production and distribution to
installation and daily operation. Table 1.2 shows the advantages and disadvantages of different
thermal storage systems (sensitive, passive, and thermochemical). in addition to. The storage

8
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capacity, development stage, commercial availability, and durability of the three types of TES are

shown in Figure 1.4. [6]

Table 1-2 -Advantages and disadvantages of various types of thermal energy storage TES: sensible, latent,

and thermochemical [6]

ADVANTAGES DISADVANTAGES
Sensible TES 1 Inexpensive 1 Low energy density
1 Simple engineering 1 Requires insulation
1 Medium to high energy Density  § Requires insulation
Latent TES
1 Compact devices 1 Technically complex
1 Energy absorption and release |
occur at a constant temperature
Thermochemical 1 Very high energy density, 1 Research phase
TES higher than sensible and
latent heat
1 Insulation not required 9 High price
9 Limited reversibility
9 Complex engineering
é - Sensible
% § Latent
& ~ Chemical

Commercially Commercially available In research phase, not

Commercial
Viability

available for some materials available commercially
1000 4000
® Temperature
'y 1 S > ) .
é, 800 u Storage Density L 3000
g 600
8 2000
£ 400 -
g 1000
£ 200 1
[~
0 4 - 0

Sensible Latent Chemical

Storage Density (MJ/m?)

fig. 1.4 -Comparison of thermal energy storage technologies: durability,
commercial viability, temperature range, and storage density [6]
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Sensible thermal energy storage (TES) has been widely used for a long time, despite its lower
storage density. Its simplicity, natural abundance, extended durability, and full commercial

availability make it a suitable choice.

Latent heat TES, which uses various phase change materials (PCMs), provides the broadest
operational temperature range and better storage density than sensible TES. However, despite
decades of research, it has yet to meet market needs due to insufficient PCM options that fulfill all

requirements and the high costs associated with commercialization[15].

Thermochemical TES offers the highest storage densities but has short durability and is not
commercially available as it is still under development. Nonetheless, it holds significant promise for
future applications [16], [17], [18], [19], [20], [21]. Given the complexity of TES technologies, they
are better suited for seasonal storage, while latent heat thermal energy storage (LHTES) is more

appropriate for short-term storage.
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Chapter 2 Literature Review

Introduction

Phase change materials have garnered significant attention in recent years as a viable solution
for thermal energy storage due to their ability to absorb and release large amounts of latent heat
during the phase transition process. This chapter explores the various aspects of phase change
materials, including the criteria for selecting suitable materials, the different classifications, and their
advantages and disadvantages. Additionally, the review will highlight techniques to enhance heat
transfer in thermal energy storage systems based on PCMs, such as using multiple materials, surface
modification, adding nanoparticles, and utilizing porous materials and heat pipes. Furthermore, the

advantages and challenges of different fin configurations on thermal performance are emphasized.

2.1Phase change materials

Phase change materials (PCMs) belong to latent heat storage materials, which can store and
release large amounts of energy when they undergo a phase transition. Although a phase change can
occur between any two phases (solid, liquid, gas), one of the most important phase transitions is the

phase change between liquid and solid at a certain temperature, known as the melting point.

The ability of these materials to maintain a specific temperature range during the phase change
process makes them valuable in many applications, from energy storage to temperature regulation.
[22]

2.2 Criterion for selecting a goodPCM

Selecting the appropriate phase change material is crucial for latent heat energy storage and
thermal management applications. With over 16,000 species of PCMs available in the commercial
market, it's important to note that not all PCMs are suitable for thermal management purposes [23]

Differential scanning calorimetry (DSC) and differential thermal analysis (DTA) are two of the most
often used techniques used by researchers to assess thermal parameters, including specific heat, latent
heat of fusion, and melting/solidification point. These techniques involve subjecting a sample and a
reference material to heating at a constant rate. The temperature difference between the two materials
is directly proportional to the variance in heat flow, and this data is recorded in the form of a DSC
curve. Alumina (Al2O3) is the recommended reference material for these measurements. The
calculation of the latent heat of fusion involves determining the area under the peak, while the melting
temperature is determined by analyzing the tangent at the point of maximum slope on the ascending
section of the peak. Moreover, DSC testing can also be applied to analyze the thermal properties of
PCM wallboards, offering insights into the melting temperature and heat of fusion of the PCM.
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Additionally, it allows for the assessment of the distribution of PCM in the wallboard and the heat

storage capacity[24].

Previous studies have outlined qualitative criteria for determining the ideal PCM for specific
applications, taking into account factors such as thermophysical, kinetic, chemical, and economic
properties[5], [10], [25]- These criteria are crucial for ensuring the optimal performance of the PCM
in the intended application. For a detailed breakdown of each factor, please refer to Table. 2.1. The

observed changes in these properties after number of repeated thermal cycles can justify stability of

the PCM.

Table 2-1 -Some desirable properties of PCM for TES[5], [10], [25]

Property Desirable performance Remarks
Thermophysical High density & latent heat of Store/release of large quantity of
Properties fusion energy in small volume

High specific heat

Significant sensible heat storage

High thermal conductivity

Enhance heat transfer rate in
storage system

Congruent melting

Complete melting of PCM

Small volume change during
phase transition

Mechanical and chemical stability
of storage container

Low super cooling

Super cooling prevent full recovery
of stored energy

Kinetic properties

High nucleation rate

Avoid changes in the stoichiometric
composition

High rate of crystal growth

Meet recovery heat transfer rate of
system

Chemical properties

Chemically steadiness

Same thermochemical properties of
PCM even after multiple charging
and discharging cycle

Non-susceptibility to chemical
decomposition

Long-term stability of the system

Non-corrosive behavior to
construction material

Long-term stability of storage
container and avoid leakage of the
container

Non-toxic, non-combustible
behavior

Safety of the system and work
environment

Economics properties

Cost effective.

Competitive with other option of
energy storage

Long life

Avoid regular replacement and
maintenance of storage material

Commercial available in
abundance

Cheap and easily available

12
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2.3 Classification of PCMs

There are several ways to classify phase change materials based on different factors such as
chemical composition, transition temperature range, and application. [24]. PCMs can be classified
into three main categories based on their chemical composition: organic, inorganic, and eutectic.

Each category has PCMs with varying physical, chemical, and thermal properties [26].

Organic materials are further divided into paraffin and non-paraffin types, while inorganic materials
include salt hydrates and metallics [22]. Fig. 2.1 represents the different classifications of PCMs and
their respective sub-classes [27].—In addition to chemical composition-based classification, the
melting temperature and melting enthalpy are also two important physical indicators for selection of
PCMs [28].-These factors play a significant role in determining the suitability of a PCM for specific

thermal management applications.

Despite the wide variety of PCMs available today, each PCM has possesses unique properties,
advantages, and disadvantages. it is essential to carefully consider these characteristics when
selecting a PCM for a particular application to ensure optimal performance and efficiency [22], [23].
Fig. 2.2 shows the melting point and melting enthalpy distributions of common PCMs, which can be

used to guide researchers to preliminary screen PCMs according to different applications[28].

Phase Change Material

Paraffin Compounds

p——  Organic
Non-Paraffin Compounds

Salt Hydrate
Inorganic
Metallics
Organic-Organic
Eutectic

Inorganic-inorganic

— L A

Inorganic-organic

fig. 2.1 -Classification of PCMs [26]
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Enthalpy (kJ/kg)
800
700
600 .
Gas hydrates Salts and their
500 \ eutectic mixtures
water
400 ,
alt-hydrate
300 Sugar

Salt-water
200 . eutectics

alcohols

paraffins
100

100 50 0 50 100 150 200 250 300 350 400 450
Temperature (°C)

fig. 2.2 -Classes of PCM related with melting enthalpy and melting temperature[29]

2.3.1 Organic PCM compounds

Organic phase change materials (PCMs) are among the most commonly employed materials
in thermal energy storage applications. They can be classified into two main categories: paraffin and
non-paraffin materials. Notably, the phase-change temperatures of these compounds are
predominantly below 100 C° [30].

2.3.1.1 Paraffin wax

Paraffin wax is derived primarily from petroleum or coal and is a fairly solid, colorless or white
substance. Its composition consists of hydrogen and carbon molecules, and the number of carbon
atoms usually ranges from 20 to 40 (CnH2n+2). Longer chains result in an increase in both the melting
temperature and the latent heat of fusion, making paraffin wax compatible across a wide temperature
range. Paraffin wax has tremendous energy storage capacity due to its high specific heat of
fusion[31]. Paraffin wax is known to be safe, reliable, predictable, non-corrosive, has self-
diversifying properties and is less expensive. It also remains chemically inert and stable at
temperatures below 500°C, with minimal volume change during phase transitions. Aside from its
many favorable properties, paraffin exhibits some drawbacks, such as its poor thermal conductivity
during phase change, incompatibility with plastic containers, and partial flammability under
specialized containment conditions [27], which can be mitigated by making improvements to the
paraffin wax and storage device[32], [33], [34], [35], [36]. Table 2. 2 reports examples of paraffins
used as PCM.
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Table 2-2 -Example of paraffins that have been investigated as PCM[37]

Melting Melting Thermal
Material temperature enthalpy conductivity Density [kg/m3]
[°C] [kJ/kg] [ W m- K]
n-Tetradecane G4Hso 6 230 0.21 (solid) 760 (liquid, 20°C)
n-Pentadecane @Ha2 10 212 - 770 (liquid, 20°C)
n-Hexadecane GeHz4 18 210,238 0.21 (solid) 760 (liquid, 20°C)
n-Heptadecane G7Hzs 19 240 - 776 (liquid, 20°C)
0.148 (liquid, 774 (liquid,
n-Octadecane GgHas 28 200, 245 40°C) 0.358 (solid, 70°C)814 (solid,
25°C) 20°C)
n-Eicosane GoHaz 38 283 - 779
n-Triacontane CsoHe2 66 - - 775
nTetracontane CioHs2 82 - - -
nPentacontane GoH 102 95 - - 779
Polyethylene GHzn+2 nup ) 870-940 (solid, 20
to 10000 110 200 °C)

2.3.1.2 Non-paraffin

Non-paraffinic organic PCMs, such as fatty acids, fats, alcohols, and polymers, are the largest
non-paraffinic candidate materials for latent heat storage [38]. Among these materials, fatty acids
(such as stearic acid, myristic acid, palmitic acid, and lauric acid) are commonly used and are derived
from animal fats and plant oils [39]. Their functional groups play a significant role in determining
their chemical characteristics. These biobased materials boast desirable traits such as ready
availability, high latent heat of fusion, low cost, non-flammability, non-toxicity, little supercooling,
and robust thermal cycling[40], [41].

Compared to paraffin, non-paraffinic PCMs, which are mostly biobased, are safer to employ
for various applications due to their lower flammability, which offers a workable alternative to
paraffin in many TES applications. However, these materials must not be subjected to flames,
extreme heat, or oxidizing agents to maintain their stability [41]. Some non-paraffins are reported in
Table 2.3 (fatty acids)

15



Chapter 2: Literature Review

Table 2-3 -Examples of fatty acids that have been investigated as PCM[37].

Melting Melting Thermal _
] . Density
Material temperature enthalpy conductivity (kg/m3]
[°Cl kkal [ W/ m- K]
. . 0.149 (liquid, -
Caprylic acid 901 (liquid, 30°C
pry 16 149 38°C) ( at )
CH3(CH2)6COOH ] 981 (solid, 13°C)
. . 0.149 (liquid, -
Capric acid 886 (liquid, 40°C
g 32 153 40°C) (g , )
CH3(CH2)8COOH ) 1004 (solid, 24°C)
Lauric acid iqui 870 (liquid, 50°C
4244 178 0.1047 (liquid, (lig _ )
CH3(CH2)10COOH 50°C) 1007 (solid, 24°C)
Myristic acid - 861 (liquid, 55°C)
58 186,204 . .
CH3(CH2)12COOH 0.17 (solid) 990 (solid, 24°C)
Palmitic acid - 850 (liquid, 65°C)
61,64 185,203 :
CH3(CH2)14COOH - 989 (solid, 24°C)

2.3.2Inorganic

2.3.2.1 Salt hydrates

Inorganic phase change material (PCM) compounds can be categorized into two main types:
salt hydrates and metal alloys. These materials generally offer nearly double the volumetric latent
heat storage capacity, ranging from (250 to 400 kg/dm?3) compared to organic compounds, which
typically have a range of (128 to 200 kg/dm?3). Additionally, salt hydrates exhibit relatively high
thermal conductivity (approximately 0.5 W/m-K), undergo minimal volume changes during phase
transitions, and are cost-effective.[42]. These materials are well suited for low and medium
temperature applications, such as building heating, water heating, and solar energy storage. Table 5
provides an overview of some key thermal properties of salt hydrates.

Salt hydrates are crystalline solid alloys formed when anhydrous salts absorb water. Their chemical
formula is typically ABtnH,O. The strength of the ionic dipole bonds between water molecules and
salt determines the amount of latent heat of fusion. During the melting process, hydrate crystals break
down into anhydrous salt and one or more water molecules as described in Eq. (2.1) and (2.2),
resulting in three distinct melting behaviors: congruent melting, semi-congruent melting, or
incongruent melting. Consequently, when the liberated water cannot dissolve all the salt present, the
resulting solution becomes supersaturated. Due to differences in density, the extra-solid salt sinks to
the bottom of the container and cannot recombine with the water during the reverse freezing process.
This leads to a decrease in the efficiency of the melting/freezing cycle of the salt hydrate with each

charge-discharge cycle.
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Another significant issue with salt hydrates is supercooling. At the fusion temperature,

nucleation occurs at a very slow rate. To attain an adequate rate of nucleation, the solution needs to

be supercooled, which means energy is released at a much lower temperature than the fusion

temperature. Additionally, salt hydrates are incompatible with metal containers, posing challenges

for packaging. [27]. Table 2.4shows examples of salt hydrates used as PCM.

Table 2-4 -Examples of salt hydrates that have been investigated as PCM[37]

Meltin Melting Thermal
Material em ergture °C] enthalpy conductivity Density [kg/m?]
P [kJ/kg] [W/mK]
LiCIOs3H,0 8 155 - 1530 (liquid)1720
(solid)
1447 (liquid,
KF-3H,0 18.5 231 - 20°C)1455 (solid,
18°C)
0.540 (liquid, 1562 (liquid,
CaCi2-6H20 29,30 171,190 39°C) 1.088 32°C)1710 (solid,
(solid, 23°C)  25°C)
LiNO3-3H20 30 296 - --
Na2SO4-10H.0 32 254 -0.554 -1485 (solid)

. 0.476 (liquid) 1442 (liquid)1522
Na;HPO4-12H,O  35-44 280 0.514 (solid) (solid)
NaS;035H,0  48-55 187-209 - 1670 (liquid)1750

(solid)
Na(CH,COO)3H g 226,264 i} 1280 (liquid)1450
20 (solid)
0.653 (liquid, -
Ba(OH)»8H,0 78 265,280 86°C) 1.255 ;if’c?:)(zhlq;(;%soli 0
(solid, 23°C)
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0.49 (liquid, 95 1550 (liquid, 94
Mg(NO3),-6H,0 89,90 149,163 °C) 0.669 °C)1636 (solid,
(solid, 56°C)  25°C)

0.57 (liquid, 1450 (liquid, 120
MgCi2-6H.0 117 165,169 120 °C) 0.704  °C)1569 (solid,
(solid, 110 °C) 20°C)

2.3.2.2 Metals and alloys

Metal and metal alloys are often selected for high-temperature thermal energy storage (TES)
applications due to their significant melting temperatures. Metal alloys offer high energy density,
thermal stability, minimal volume change during melting, and thermal conductivity tens or even
hundreds of times greater than that of organic materials. These properties facilitate the swift uptake
and discharge of heat in large-scale power TES systems. However, metal alloys used in TES
applications are characterized by a lower energy storage density per unit mass, typically ranging from
100-500 kJ/kg. This is less compared to molten salt enhanced phase change materials (EPCMs),
which often exceed 600 kJ/kg. [43]. additional weight due to the low latent heat of fusion per unit
mass can be a significant barrier in TES applications where weight reduction is an important
consideration[44].

Salt hydrates and organic PCMs have lower melting temperatures than pure metals and
semiconducting materials such as silicon, magnesium, aluminum, zinc, and copper. Among these
metals, silicon has the highest melting point at an astounding 1410°C, while zinc has the lowest
melting point at a noteworthy 419.5°C [43]. Nevertheless, the high melting temperatures of these
pure elements prevent them from being widely used in TES applications. Metal alloys, created by
mixing various metals to provide a specified melting temperature appropriate for a given use, can
address this limitation. For example, copper, which typically melts at 1083°C, can be mixed with
magnesium, aluminum, and other metals to lower its melting point to a more practical range of 400-
500°CJ[43]. In recent years, alloys based on francium (Fr), rubidium (Rb), cesium (Cs), and mercury
(Hg) have garnered significant attention due to their low melting point or liquid metal nature. They
are characterized by their ability to remain liquid at room temperature, facilitating their shaping and
reassembly[45]. Their applications have seen notable growth in thermal management[46],

biomedical engineering[47], self-healing devices[48], and flexible electronics[49].

Gallium (Ga) stands out as one of the most promising metals due to its distinctive physical and
chemical properties, including low viscosity, non-toxicity, and flexibility[50]. Ga-based eutectic
alloys demonstrate the capability to adjust the phase change temperature within a wide range from -
19-C to well above room temperature while maintaining their metallic properties. This versatility
offers significant opportunities for heat management in electronic devices, such as thermal interface
materials[51], [52], liquid cooling systems [53], and cooling of high-heat-power chips[54], [55].
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Despite these advantageous properties, several challenges need to be addressed, including rapid
corrosion, supercooling, susceptibility to oxidation, and high costs. Initially disregarded, these
materials are now gradually gaining interest and being explored for numerous applications.[45], [56],
[57], [58]. Table 6 provides an overview of the thermal properties of liquid metals and Ga-based
eutectic alloys, serving as a valuable reference for evaluating their potential across various

applications.[23] Table 2. 5 Examples of Thermophysical properties of liquid metals and eutectics.

Table 2-5-Thermophysical properties of liquid metals and eutectics[23].

Compound Chemical TmC® ps pi AH, cps cp As Ai
formula kg/m?3 kJ/kg kJ/kg W/
K m K
Ga/ln/Sn Ga67In20Sn12 105 - 6360 - - 366. - 39
5 5
Ga/ln Ga75.5In245 155 - 6280 - - 403. - 26.58
5
Cesium Cs 28.7 - 1796 164 - 024 - 17.4
Gallium Ga 29.8 5910 5907 80.1 037 037 406 294
Rubidium Rb 389 - 1470 257 - 0.36 - 29.3
Bi/Pb/In/Sn Bi44.7Pb22.61 47 - 9160 36.8 - 020 - 15
/Cd n19.1Sn8.3Cd
5.3
Bi/In/Pb/Sn Bi49In21Pb18 58.2 9307 - 13.4 - - 10.1 -
Snl2
Bi/In/Sn Bi31.6In48.8S 60.2 8043 - 273 - - 145 -
n19.6
Potassium K 63.2 - 664 59.6 - 0.78 - 10
Bi/Pb/Sn/C Bi50Pb26.7Sn 70 - 9580 39.8 - 0.18 - 18
d 13.3Cd10
Bi/Pb/Sn Bi52Pb30Sn18 96 - 9600 34.7 - 017 - 24
Sodium Na 97.83 - 926.9 1132 - 1.38 - 86.9
3
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2.3.3 Eutectic

Eutectic Phase Change Materials (PCMs) have recently attracted considerable interest as a
promising solution to the limitations of both organic and inorganic PCMs. These materials are
formed by blending two or more solids in specific proportions, creating a phase-change material with
superior performance compared to the individual components.[41]. Eutectic PCMs can be mixtures
of inorganic-inorganic, organic-inorganic, or organic-organic substances[24].

A key advantage of eutectic PCMs is their adjustable melting points, achieved by varying the
weight percentages of the components. This adaptability makes them ideal for applications that
demand precise temperature control and frequent thermal cycling [41].

Despite limited data, eutectic PCMs offer several benefits, including a sharp melting
temperature, congruent phase transition, no segregation, and an acceptable volumetric thermal
storage density [59]. However, their latent heat and specific heat capacities are typically lower than
those of paraffin and salt hydrates. Furthermore, the high cost of eutectic PCMs hinders research

interest and commercial application [40]. Table 2. 6 shows examples of eutectics materials used as

PCM.

Table 2-6 -Examples of metallics that have been investigated as PCM [37].

Material Composition (wt. %)  Melting point (°C) Latent heat
(kJ/kg)
CaCl,-6H,0+CaBr.-6H20 45+55 147 140
Triethylolethane+water+urea 38.5+31.5+30 134 160
C14H2802+C10H2002 34+66 24 147.7
CaCl,+MgClz-6H.0 50+50 25 95
CH3CONH,+NH,CONH. 50+50 27 163
Triethylolethane+urea 62.5+37.5 29.8 218
Ca(NO3)-4H,0+Mg(NOs3)3-6H,0 47+53 30 136
CH3COONa-3H,0+NH2CONH; 40+60 30 200.5
NH2CONH2+NH4NO3 53+47 46 95
Mg(NOs)s-6H,0+NH4NO3 61.5+38.45 52 1255
Mg(NOs)3-6H,0+MgCl,-6H,0 58.7+41.3 59 132.2
Mg(NO3)s-6H,0+MgCl,-6H,0 50+50 59.1 144
Mg(NOs)s-6H,0+AI(NO3)-9H,0 53+47 61 148
CH3CONH,+C17H3sCOOH 50+50 65 218
Mg(NOs)s-6H.0+MgBr,-6H-0 59+41 66 168
Napthalene+benzoic acid 67.1+32.9 67 1234
NH>CONH2+NH4Br 66.6+33.4 76 151
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LiNOs+NHsNO3z+NaNO3 25+65+10 80.5 113
LiNO3+NHiNO3+KNOs 26.4+58.7+14.9 81.5 116
LiNOs+NHsNOs+NH.CI 27+68+5 81.6 108

2.34 Commercial PCMs

At the beginning of the 1990s, only a few companies, mainly based in the United States, were
marketing heat storage products such as hydrated salts and paraffins. Currently, leading suppliers of
phase change materials for heat and cold storage include Cristopia (France), TEAP Energy
(Australia), Rubitherm GmbH (Germany), EPS Ltd. (UK), PCM Thermal Solutions (USA), Climator
(Sweden) and Mitsubishi Chemical (Japan). The price of PCM varies in the 0.5-10 D /kg range [60]

2.4 Advantages and disadvantages of PCM types

Phase change materials (PCMs) come in various types such as organic, inorganic, and eutectic,
each with unique attributes that make them suitable for different applications. Here, we provide a

brief overview of their advantages and disadvantages, supported by examples categorized in Table

2.7.

Table 2-7 -Advantages and disadvantages of PCMs. Adapted from[27], [61], [62], [63]

Types Advantages Disadvantages Examples
* High latent heat - Not Affordable
» Noncorrosive * Low melting enthal
« Chemically & thermally & cnihatpy
* Low density
stable * Low thermal conductivit
* Little sub-cooling . Rare availabilit Y * Paraffins (Wax)
Organic * Durable and recyclable oY . * Fatty Acids (Oils)
. * Flammability (depending
* Efficient for thermal comfort . * Polyglycols
. . on containment)
* High heat of fusion
* Volume change
* Low vapor pressure
. * Costly for
» Safe and non-reactive .
, microencapsulated
*» Can be microencapsulated
* Sub-cooling
+ Corrosion of container
* High latent heat material
* High melting enthalpy s Phase separation
* High density and latency * Phase segregation
* High thermal conductivity * Lack of thermal stability
. * High heat of fusione® Sensible ¢ Instability of volume after
Inorganic * Salt hydrates

heat storage

* Non-flammable

* Low volume change

* Affordable

* Very wide melt point range

repeated change cycles

* Loses effectiveness with
thermal cycling

* Large degree of super-
cooling

* Cannot be
microencapsulated
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* Lack of testing and limited
data of thermo-physical

* Affordable roperties
. * Sharp melting temperature P .p . * Salt water
Eutectic . . * Limited temperature range .
* High volumetric thermal . solutions
storage density " Corrosive
* Cannot be

microencapsulated

2.5 Heat transfer enhancement techniques

The relatively low thermal conductivity of phase change materials (PCMs) significantly impedes
their efficiency in storing and releasing thermal energy, thereby restricting their application across
various industries. To mitigate this issue, it is essential to implement advanced heat transfer
enhancement technologies to improve the thermal responsiveness of PCMs. Effective strategies
include utilizing multiple PCMs in a cascaded storage configuration, dispersing high thermal
conductivity nanoparticles within the PCM, employing porous materials, and incorporating extended
surface structures such as fins. Figure 2.3 illustrates the primary heat enhancement techniques

applied in thermal energy storage (TES) systems utilizing PCMs.
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fig. 2.3 -PCMs heat transfer enhancement techniques.

Metal foams Metal meshes

Graphite

Longitudinal Plates

Pins Tree shape

2.5.1 Enhancement by utilizing multiple PCMs and Surface Modification Techniques

Utilizing multiple PCMs in strategic arrangements and employing various surface modification

techniques can significantly enhance the performance and efficiency of LHTES systems.

Elsanusi et al.[64] investigated the fusion characteristics of various PCM configurations, including
single PCMs, multiple PCMs arranged in series, and parallel configurations (Fig. 2.4). Their study
evaluated heat transfer with and without natural convection. The results demonstrated that employing
multiple PCMs in a series configuration reduced melting times by 50% and 15.5%, respectively,
compared to a single PCM arrangement.
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Similarly, Sadeghi et al.[65] looked at the thermal performance of numerous layers of PCMs
stacked in coaxial cylinders. It was discovered that changes in intake temperature affect the inner
layers more than the outer layers. The system was demonstrated to conserve roughly 23.28 % of the
inlet energy in the case of one layer of RT65, and up to 41.67 % in multi-layer setups. When PCMs
with the lowest and greatest melting temperatures are used in the region of the cold and hot borders,
high amounts of liquid fraction are produced throughout the process. Surface modification
techniques also play a crucial role in enhancing the efficiency of LHTES systems. Wang et al. [66]
investigated the impact of layering multi-phase change materials (m-PCMSs) within a zigzag plate.
The multiple- PCMs were arranged in the decreasing order of their melting points. However, the
author concentrated on multiple-PCM, and no comparisons have been made with the thermal
efficiency of zigzag plates and straight plates. They note that using numerous PCMs enhances the
charging process and that the large difference in melting temperature between PCMs can
considerably improve performance. Additionally, Wang et al.[67] found that the use of zigzag

surfaces with m-PCM (Fig. 2.5) can improve the discharge process.
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fig. 2.5 -Schematic of the zigzag tube PCMs Arrangement

Shahsavar et al.[68] explored LHTES four units with vertical triple-tube pipes featuring wavy
channels of variable wavelengths. Water as a heat transfer fluid (HTF) circulates through the internal
and external sides in different directions, with the PCM between them. It is found that as the wave
amplitude increases, the charge/discharge time of the PCM decreases by 50% and 48%, respectively,
compared to a smooth tube system without wavy channels. Shahsavar.[69] extended this research by
examining variable wavelength wavy channels in a vertical double-tube configuration. According to
their findings, using variable wavelength reduces melting/hardening time by 70.8% and 42.8 %,
respectively, when compared to straight walls, while melting time is lowered by 33 % when
compared to constant wavelength. Talebizadehsardari et al.[70]investigated the impact of four
different zigzag plate angles on the charging and discharging processes. The angles examined were
15°, 30°, 45°, and 60°, as illustrated in Fig. 2.6. They found a 32.6% increase in the storage rate

when the zigzag angle was increased from 30° to 60°.

T P
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fig. 2.6 -Schematic diagram showing the studied heat exchanger with a zigzag plate configuration.

Conversely, Girel [71] compared the thermal efficiency of LHTES systems using cylindrical
systems to that of trapezoidal plates, depicted in Fig. 2.7. The trapezoidal plate design demonstrated
superior performance compared to a cylindrical LHTES system of the same PCM size, boundary

conditions, and engineering properties, achieving an efficiency of up to 75%.
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fig. 2.7-The plate heat exchanger LHTES system design.

Ardahaie et al.[72] examined nine different designs of spiral tube thermal storage systems, as shown
in (Fig. 2.8). RT35 was used as phase change material. They found that an increase in the number of
spiral tubes reduced the melting time of PCM. It was also found that vertical configurations with
reduced space between spiral tubes at the bottom of heat exchanger reduce melting time by 30%,
compared to the horizontal configuration of heat exchanger. Chen et al.[73] focused on enhancing
charge/discharge performance by installing multichannel flat tubes within the LHTES and using
rectangular fins to improve the heat exchange area on the PCM side. Their findings revealed that

thermal stratification caused the phase change of PCM to occur from top to bottom.

PCM
/
HTF HTF
inlet outlet
(a)
(b)

fig. 2.8 -The new type of helical-coil heat exchanger (HX): (a) Side view, (b) front view.
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2.5.2 Enhancement by using nanoparticles

The limited thermal conductivity of phase change materials (PCMs) hinders their thermal
response and extends the time required for thermal energy storage and release. Consequently,
integrating nanoparticles with high thermal conductivity into PCMs offers a promising approach to
enhance their thermal performance. Masoumi et al. [74] examined a LHTES container with and
without upstanding fins filled by NePCMs. They discovered that incorporating fins can lower both
melting and solidification durations by around 54% and 76%, respectively. Nevertheless, it was noted
that the utilization of nanoparticles positively impacts the dissolution rate solely in scenarios where
the system does not feature fins. The study also highlighted the close relationship between heat flux
and both thermal transmission and natural convection. The presence of nanoparticles leads to a
simultaneous rise in both the heat transmission and viscosity of the PCM, which this latter
particularly hinders the natural convection process. Dhaidan et al [75] presented an experimental and
numerical investigation of NePCM inside a cross-section of two concentric cylinders. They reported
that the inclusion of nanoparticles accelerated the melting time by increasing the PCM's effective
thermal conductivity at low concentrations. However, the high nanoparticle quantities make it longer
due to the increment of nanoparticle agglomeration and viscosity effects. They recommended using
an eccentric configuration geometry by lowering the center of the internal cylinder to increase the

surface area and the amount of NePCM exposed to the buoyancy-driven convective flow effect.

To study the melting and solidification of a hybrid nano-PCM (HNPCM) in a shell-and-tube
unit. B. M. Lamine et all [76] developed a numerical model based on the enthalpy-porosity
technique. According to the findings, the addition of hybrid nanoparticles improves the effective

thermal conductivity and density of HNPCM, resulting in shorter charging and discharging times.

Hosseinzadeh.[77] investigated the optimization of the PCM solidification process in the triplex-tube
TTHX. Use a hexagonal shape and a rectangular copper fin with varying volume fractions of hybrid
nanoparticles (HNP) (TiO2-Go). On the other hand, Hosseinzadeh et al.[78] used a different design
with three longitudinal fins of varying dimensions made of aluminum, stainless steel, and copper, as
well as a mixture of hybrid nanoparticles (MoS.-Fe304). Recently Hosseinzadeh et al.[79] conducted
a new study employing tree-shaped and rectangular fins as well as hybrid nano-particles (MoSz-
TiO2) with various concentrations (0, 0.025 and 0.05). In comparison to a bare tube, the solidification

time is reduced by 78% when combining the use of nanoparticles and tree-shaped fins.

Through the use of a number of unique heat pipe structural designs and fin distribution research, the
results demonstrated that the combination of fin technique and nanoparticles has the best
improvement effect on the solidification performance of the LHTES system[77], [78], [79]. Changda
Nie et al.[80] Developed a two-dimensional transient numerical model to study the melting process
of RTs4H paraffin dispersed with concentration gradient nanoparticles in a vertical tube LHS system,

taking into account the natural convection. According to the results, the study reveals that the
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combination of full fins and multi-walled carbon nanotubes (MWCNTS) in the negative gradient
concentration (Owt%, 1wt%, 2wt%) demonstrate a 65.6% improvement in melting uniformity when
compared to the combined half-fins and MWCNTS in a consistent concentration. Furthermore, the

total melting time is cut by 11.4%.

2.5.3 Enhancement of PCM Thermal Performance Using Porous Materials

Porous materials, such as aluminum and copper metal foams, are widely utilized to enhance
PCM thermal performance. Their high porosity and thermal conductivity enable efficient heat
transfer and distribution. Joshi et al. [81] implemented an experimental and numerical evaluation,
comparing the melting efficiency of PCM infused fins with metal foam within a rectangular
container. Results revealed that with an equal quantity of PCM, fins demonstrated the highest heat
transfer efficacy, resulting in a 66.67% faster melting time compared to metal foam. Cui.[82]
investigated the heat transfer rate during paraffin melting using copper metal foams. They found a
36% increase in heat transfer rate compared to pure PCM samples without metal foams. Guo et
al.[83] performed a numerical analysis on graphite foam matrices saturated with PCM in shell-and-
tube storage units. It was found that paraffin/graphite foam improves heat transfer rate and can be
used as a suitable filter for LHTES systems. Ali Ghahremannezhad et al.[84] examined the transient
phenomena of PCM-based systems with a positive and negative gradient porous structure in different
spatial directions and compared them to the case with a uniform structure, as shown in Fig.2.9. The
results demonstrate that when the size of the enclosure changes in different spatial directions, the
improvement is more pronounced depending on the position of the heat source and the direction of

the gradient foam toward gravity.
Metallic foam PCM
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fig. 2.9 -Schematic representation of uniform and non-uniform metal foam configurations alongside PCM
[84].
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Sardari et al.[85] analyzed an RT-55 PCM-based thermal energy storage system in a vertical
shell/tube configuration with varying porosity and locally porous media in three different zones of
the phase change system. It was found that as the porosity decreased, the melting time decreased by
82%. Furthermore, treating the central section of the phase change material as a porous region

enhanced temperature gradients and reduced resistance during the melting process.

2.5.4 Enhancement by using heat pipes

Heat pipes are integrated into the PCM-TES system to establish a high thermal conductivity
pathway between the HTF and the PCM. These pipes facilitate the transfer of thermal energy from
the HTF to the PCM through the process of evaporation and condensation, which takes place at the
extremities of the heat pipes. Tiari et al.[86] developed a 2D numerical model supported by heat
pipes and fins, as shown in Fig. 2.10. To examine the LHTES system's performance at high
temperatures, the impact of heat pipe spacing and the number of attached fins on system charging
time were studied. It was found that increasing the amount of heat pipes increases the melting rate.
The number of fins also had no significant impact on the system's performance. Tiare et al.[87]
investigated the thermal characteristics of a storage unit using a mix of heat pipe and high
conductivity copper foam. The findings revealed that the porosity of the metal foam and the number
of embedded heat pipes have a significant impact on the system's thermal behavior during during

charging/discharging processes.
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fig. 2.10-Schematics of the LHTES units; with one central heat pipe (left) and with three heat pipes (right).

2.5.5 Enhancement by utilizing fins

Among all the above-mentioned enhancement techniques, the use of extended surfaces (or fins)
is the most attractive method for enhancing heat transfer. Due to its low cost, excellent heat transfer

improvement ratio, simple structure, and ease of manufacturing [88].

In this investigation, our attention was directed towards shell-and-tube heat exchangers, given
their prevalence as one of the most commonly studied and utilized types of heat exchangers in both
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literature reviews and industrial applications. Researchers growing interest in this exciting
technology creates new opportunities for more effective and efficient system development. Efficient
design techniques and appropriate material choices can greatly affect the system's cost. Selecting the
suitable combination of phase change materials (PCMs) along with consideration of operating and
design parameters is a laborious and intricate process that demands particular attention during the
developmental stage. In addition, the fin material plays a crucial role, affecting not only the thermal
performance but also the lifetime of latent heat energy storage systems (LHTESS). The selection
criteria for fin materials are based on basic evaluation indicators, including a preference for fins with
high thermal conductivity, low density, cheap price, availability, and corrosion resistance. Table 2.8
presents the properties and costs of some materials commonly used in practical applications. In this
research, the latest studies on enhancing the thermal performance of PCM were examined by
investigating the effects of various fin configurations (including annular fins, longitudinal, helical,
and topologically optimized). This study offers a nuanced perspective intended for researchers and

industry professionals in the field.

Table 2-8 -Properties of common fin materials [24].

Property Graphite  Aluminium  Stainless Carbon Copper
Foil steel Steel

Thermal conductivity 150 200 20 30 350

(W/(m tK))

Density (kg/m?®) 1000 2700 7800 7800 8800

Estimated volume 10 000 7000 20 000 15000 40 000

specific cost ($/m?)

2.5.51 Annular fin

Several studies [89], [90] have shown that adding fin arrays in a radial pattern (annular) along
the circumference of the heat exchanger tube is a proven efficient way to improve thermal
transmission in LHTES units. (Fig. 2.11).
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fig. 2.11 -Schematic diagram of annular finned shell-and-tube TES [91].

Hassan et al [92] performed an experimental examination of the fin shape influence on the PCM

discharging process inside a TES system. Three fin designs were tested (annular, longitudinal, and

without fin). According to the results (Fig. 2.12), utilizing annular fins enhances thermal performance

when compared to other system designs. Furthermore, the findings show that using ring-shaped fins

reduces melting time by more than 69%. It is also found that annular fins increase storage capacity

by 52% compared with longitudinal fins.
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Zhang et al.[93] studied heat transfer in latent thermal energy storage (TES) systems, including shell-
and-tube configurations with and without annular fins. They found that both heat load and heat
conduction play significant roles in accelerating phase change processes, and natural heat load leads

to uneven melting, affecting temperature uniformity and liquid ratios.

To optimize the benefits of natural convection during the melting process, several innovative
configurations of annular fins have been introduced in the literature. Tiari et al [94] conducted a
computational study on the effect of annular fins with different lengths on PCM melting and
solidification phases. They tested a different fins' lengths and thicknesses by maintaining a constant
volume occupied by the fins. As a result, using 20 multi-length fins while keeping the longer ones at
the bottom half part of the tube minimizes charging period by 73.7%. While 20 fins of similar length

answer the optimal design for the solidification process, which means about 79.2% of time reduction.

In the pursuit of maximizing enhancement, designers must carefully balance the improvement
in heat diffusion with the simultaneous reduction of the buoyancy effect. This delicate equilibrium
can be achieved by selecting an optimal fin geometry and pitch. So, Perforated and grid structures
are proposed as a potential solution to increase convective heat transfer intensity, further reduce fin
weight and material costs, and increase the PCM volume (shown in Fig. 2.13). Karami and Kamkari
[95] conducted an experimental study to compare the heat transfer enhancement between solid and
perforated fins. The results revealed that the average Nusselt number for the perforated annular fins
was approximately 30% higher compared to the annular fins without perforations. Additionally, the
total melting time was observed to decrease by about 7% when utilizing the perforated annular fins.
based on the experimental findings of Karami and Kamkari .Li et al. [96] conducted numerical
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fig. 2.13-Comparison of Melting Behavior between Solid-Finned versus Perforated-Finned latent
(TES).

simulations to optimize hole diameter and hole location on annular fins. The proposed optimum

fins exhibited a notable reduction in melting time by 5.49%.

Sanchouli et al. [97] recently designed and studied a horizontal LHTES sleeve with a new grid
annular fin construction, as shown in Fig. 2.14. The results indicated that utilizing grid annular fins,
as opposed to conventional annular fins of equivalent volume, accelerates the melting process and
enhances the amount of stored energy. The best thermal performance is shown in (Case 10), which
speeds up the melting process by 40% as compared to (Case 9). Additionally, they looked at the
nonuniform distribution of the grid fins, which revealed a 16% faster melting rate (case 15) than with

uniform grid fins (case 10).
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fig. 2.14 -Schematic diagrams of various annular fin configurations for pcm applications (Cases 1-15).

In addition, the optimization of fin height, pitch, number, angle, and material can improve
heat transfer and speed up phase transitions. An experimental and numerical examination was
performed by Kalabala et al [98] on an annular fin unit. It was found that the horizontal double tube
LHTES with five annular fins (Fig. 2.15) takes 85.63% greater melting time compared to the vertical
orientation. Therefore, considering the average Nusselt number and energy efficiency, the vertical
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orientation exhibited superior thermal behavior and storage performance compared to the other

orientations.
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fig. 2.15-Temporal changes in the phase field across different inclinations in an annular-
finned shell-and-tube TES.

Yang et al [99] evaluated the influence of the effect of fin arrangement and spacing in TES unit. The
results demonstrated that when non-uniformly distributed annular fins were used instead of evenly
distributed ones, melting time and the average PCM temperature were reduced by 62.8% and 34.4%,
respectively. Whereas, moving the fins down can lead to a uniform melting process. Furthermore,
Elmaazouzi et al [100] focused on a similar problem treated the annular fin in TES system. They
tested several fins geometrical configurations including length, thickness, number, and step. The
outcomes revealed that the optimum fins addition decreased both melting and solidification duration
by 65.04% and 58.36%, respectively. Pu et al.[101] explored the influence of fin geometry on the
melting rate of Phase Change Materials. Focusing on annular fins with a constant volume, they found
that increasing the fin diameter beyond a certain point hindered natural convection within the Latent
Heat Storage Unit. The researchers compared four fin configurations (lower, upper, middle, and
arithmetic) and determined that the arithmetic fin arrangement yielded the most significant
improvement, reducing the total melting time by 49.9% compared to a system without fins. In
addition to studying fins geometry, the correctly selected annular fin angle affects natural convection
heat transfer, ensuring its redirection of the heat flow in the desired direction. Parsazadeh et al. [102]
focused on a study on the effect of fin inclination angle and the addition of nanoparticles during the
thermal charging process of LHTES. They reported that the addition of nanoparticles in PCM does
not accelerate the melting process due to the increase of resistance to liquefied PCM flow.
Interestingly, the at angle (45°) was more conducive to the evolution of PCM melting, and this was
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attributed to the enhancement of natural convection through the formation of local eddies above and
below the fins, while only a small eddy forms below the fins when the fin angle is fixed by (- 45

degrees). The results showed that the local eddies had an important effect on the melting rate.

2.5.5.2Helical fins

Borhani et al [103] conducted a comprehensive study to analyze the impact of helical fins, tilt
angle, and fin thickness on PCM melting interval (Fig. 2.16). The findings revealed that rising the
spiral fin inclination decreases the full PCM melting time. However, increasing the thickness of the

spiral fin adversely affects the system's performance.

HTF Inlet~"

b R L=300mm

B e
D=44 mm

d=10mm |

fig. 2.16 -Schematic view of spiral fin heat exchanger [103]

Zhang et al [104] compared the melting properties of PCM in both the transversal and longitudinal
axes for LHTES with several types of fins: annular, helical, longitudinal, and quadruple helical. It
was found that various fin structures correspond to various orientations. The vertical position of the
annular fin and the helical fin achieves better performance and less melting time, unlike the
longitudinal fin system and the quadruple fin system, which produce the best performance in the
horizontal direction. On the other hand, helical fin configurations have stronger and larger vorticities

than other fin configurations, which speeds up the melting process (Fig. 2.17).
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fig. 2.17 -Comparison evaluation of an annular fin, helical fin and longitudinal fin [104].

Ghalambaz et al [105] studied a three-tube LHTES system with twisted fins and compared it with
LHS cases with and without longitudinal fins. The PCM is occupied the annular region of the heat
exchanger, and the water is circulated in the opposite direction. The results revealed that using four
twisted fins decreased melting time by 18% and 25% compared to a unit with a same number of
longitudinal fins and another without fins. Zonouzi et al. [106] compared the thermal performance
of two different types of fins (helical and coaxial) with the same volume of pure PCM. According to
the findings (Fig. 2.18), at 355 K for the inner tube wall, the helical-finned LHTES system can
shorten overall PCM melting time by 21.5% when compared to the axially-finned LHTES system.
This occurred because the helical fins assisted heat in penetrating the material more deeply and
because the buoyancy forces from the fins led the melted material to move. As a result, the material
melted more quickly in the system with helical fins because it experienced both transverse and

longitudinal convection.
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fig. 2.18 -Temporal variations of the liquid volume fraction of the PCM for three different arrangements and
for the inner tube wall temperature of 345 K.

2.5.5.3Longitudinal fin

Al-Abidi et al [107] studied the heat transfer improvement in a triplex tube heat exchanger
(TTHX). Their obtained results showed that the PCM melting time was influenced more by the fin's
length than its thickness, which reduced the melting time by 26.1% and 56.6% for the fin's lengths

of 10 and 42 mm, respectively, compared to the non-finned heat exchanger.

Tang et al [108] assessed the thermal efficiency of horizontal TES unit employing various types of
fin configurations, angles, and lengths. The outcomes stated that the heat efficiency of the LHTES
system can be boosted by utilizing a variable fin design with fin lengths lower than the radius of the
shell and placed in a region far from the HTF inlet. Additionally, during the melting process, Kazemi
et al [109] and Mahood et al [110] evaluated the best fin design angles. They discovered that
concentrating the fins toward the bottom half of the container is more impactful at minimizing the
melting duration when the unit is positioned transversely due to natural convection. Abdulateef et al
[111] examined the impact of two types of fins: longitudinal and triangular inside a horizontal triplex
tube, as shown in Fig 2.19. They discovered that the triangular fins accelerate the PCM melting 15%

faster than the longitudinal fins.
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fig. 2.19-Physical Configurations of TTHX Model Designs.

Sarani et al. [112] investigated the geometric distribution of continuous and discontinuous fins to
optimize the solidification time in the presence of nanoparticle additives (see Fig 2.20). They
reported that discontinuous fins have demonstrated superiority over continuous fins and have a
greater potential to improve LHTESS performance than nano additives. Nonetheless, an optimal
spacing between the discontinuous fins is necessary to achieve peak performance, as exceeding this

limit would have an adverse effect on the solidification rate.

fig. 2.20-Schematic of (A) continuous and (B) discontinuous fins
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2.5.5.4Topologically optimized fins and treelike fins in latent TES

In addition to simple longitudinal fin designs, many researchers have created a variety of more
complex fin designs. Zheng et al [113] conducted numerical study on various tree fin designs, ranging
from two to four levels of branching. In comparison to a TES system featuring standard straight fins,
the four-level tree-shaped fins enhance efficiency by 53% and facilitate a quicker and more consistent
solidification process. Zhao et al [114] numerically examined six variations of the energy storage
tank based on various fin designs. The optimized fin design improved heat transfer and decreased
melting and solidification periods by 70% and 81%, respectively. Based on the optimization
approach, the configuration of fins offered an important advantage, such as metal savings through
fewer fins and less weight. Sciacovelli et al [115] utilized a computational model to examine the
impact of single and double Y-shaped fin bifurcation on TES efficiency. According to the findings,
the used fins can significantly rise the TES effectiveness. Moreover, the smaller angle of the Y-
shaped fins is required for long operating times. Pizzolato et al [116], [117] presented topology
optimization of fin designs for LHTES units. The outcomes concluded that the novel fins
configuration could significantly enhance the thermal transmission effectiveness. Tian et al [118]
established a computational model to optimize the bionic topology using fins, which is identical to
the leaf structure (Fig. 2.21). The results showed that the employed asymmetrical fins boosted the

melting rate and provided a temperature uniformity.

(a) (b)
T/K
362
360
358

356

fig. 2.21 -Bionic topology fin.

However, Chuan Li [119] demonstrated that the thermal performance of symmetrical fins with ever-
increasing lengths of sub-branches can be further improved by improving both the angle and shape
of the sub-fin. The results showed that the fins sub-branches with an angle of 75° accelerated the
entire melting process by 12% compared to the fins sub-branches with an angle of 90°. Additionally,
it was discovered that the triangular fin sub-branches might offer an extra thermal surface, resulting

in a 30.1% faster melting time than the rectangular fin sub-branches (see Fig 2.22).
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fig. 2.22 -Effect of fin shape on melting behavior: (a) liquid fraction evolution

Ren et al.[120] proposed an innovative fin design in an effort to enhance thermal heat dispersion
inside the PCM domain. Their findings revealed that the new fins Inspired by the natural snowflake
structure reduced charging time by 45.59% compared to traditional longitudinal fins. Furthermore,
an increase in the end fin length and width led to noticeable enhancements in the melting rate and
average temperature of the PCM. However, it is noted that this improvement comes at the expense
of a decrease in the PCM's effective volume and mass, thus reducing the system's overall capacity
for energy storage. Huang et al [121] conducted a computational investigation on the solidification
efficacy of paraffin in a triple tube using longitudinal triangular fins with varied distributions. The
solidification duration was lowered by 30.98% when the triangular longitudinal fins were used
instead of traditional rectangular fins. Additionally, incorporating all fins on the external surface
minimizes the discharge duration by 13.61% evaluated against to the connected fins in the inner tube.

2.5.5.5Multiple finned -tube latent TES

Increasing the number of finned tubes in heat exchangers can also contribute to enhancing
thermal conductivity by expanding the contact surface between the phase change materials (PCM)
and the tubes. Muzaffar et al [122] numerically assessed the PCM solidification operation, utilizing
three configuration types of heat exchanger: triple tube, webbed tube, and modified webbed tube
(Fig. 2.23). The results revealed that employing the modified webbed tube one speeds up the PCM
solidification rate by 41%.

40



Chapter 2: Literature Review

The colour code:
Pipes
HTF
PCR

Flates

dll'l

(a) TTHX (b) WTHX (c) MWTHX

fig. 2.23 -Cross-sectional view of various heat exchanger configurations: (a) Triple tube, (b) Webbed, (c)
Modified webbed.

Bouhal et al [123] performed a numerical assessment of the gallium melting operation using the
enthalpy-porosity approach. Two configurations were assessed: one featuring cylindrical heating
elements and the other incorporating four slender fins positioned around the circle of heating
elements. The inclusion of fins in the multi-tube setup improves the thermal transmission efficiency

and minimizes the required melting interval for the PCM to 13,35 minutes, down from 18,35 minutes.

2.6 Advantages and Challenges of Different Fin Configurations on Thermal

Performance.

Heat transfer enhancement in PCMs is primarily achieved through the incorporation of fins,
due to their straightforward design, low cost, and minimal maintenance requirements during
operation, making them a more favorable choice over other methods such as nanoparticle dispersion

or porous material integration.

2.6.1annular fins

Adding annular fins is an effective and proven way to improve thermal performance, especially
in a shell and tube unit. Annular fins showed superiority over their longitudinal fin counterparts. The
vertical orientation also showed the best thermal behavior and storage performance. It has been noted
that while annular fins increase convection as well as thermal conduction, a trade-off between these
two heat transfer mechanisms had to be made to achieve maximum enhancement. In this regard,
designers had to carefully balance the improvement in heat diffusion with the simultaneous reduction
of the buoyancy effect. This delicate balance can be achieved by selecting the perfect fin geometry,

including fin shape and length, thickness, pitch, number... etc.
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2.6.2spiral-finned

The spiral-finned LHTES system has the highest melting rate compared to conventional fin
designs. Helical fins provide a larger surface area which contributes to deeper penetration of the melt
front. Therefore, buoyancy forces induced by temperature gradients within the PCM lead to the
formation of natural convection currents. The spiral geometry intensifies natural convection currents
along the fin's curvature, promoting more efficient heat transfer between the fin and PCM surfaces.
How ever, detailed studies on various structural characteristics such as number, fin pitch, and helix
angle are needed to fully understand and optimize their performance. Additionally, the intricate

design of these fins can complicate analysis and implementation compared to simpler fin structures.

2.6.3longitudinal fins

The extensive study of longitudinal fins by many researchers has provided valuable insights.
However, a common limitation exists in that many studies have primarily focused on 2D units. In
these studies, results derived from 2D configurations are often extrapolated and generalized to
represent the entire unit. Therefore, the reliance on 2D models may not fully capture the 3D
complexities and nuances of actual longitudinal fin configurations, because the interaction between
the longitudinal fins and the heat transfer fluid is dynamic and is affected by several factors such as
the heat transfer fluid's temperature, speed and flow rates, fluid characteristics, and unit size. Thus,
there is an urgent need for research that goes beyond the boundaries of 2D models and embraces 3D
configurations to provide a more realistic and comprehensive understanding to enhance the accuracy

of research findings and their applicability in practical applications.

2.6.4topologically optimized

The majority of recent research has concentrated on topologically optimized fins. However,
the lack of 3D study and comparative analysis with other fin types (annular, spiral, and longitudinal
fins) represents a notable gap in the current research landscape. Thus, it hinders researchers and
professionals in the industry from making informed decisions regarding the most appropriate fin type
and the practical feasibility and efficiency of these structures in thermal energy storage systems.
Besides, these topologically improved structures are more complex and, therefore, require advanced
fabrication techniques. The use of advanced manufacturing techniques and the complexity of
topologically optimized fin designs can contribute to higher fabrication costs compared to traditional
fin types. Balancing the enhanced performance benefits with cost considerations is crucial for

practical implementation.
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Chapter 3 : Problem Formulation

Introduction

This chapter describes the setup of simulation cases for both the base case and the proposed
fin designs, specifying geometric features, initial, and boundary conditions. The melting and
solidification processes, commonly referred to as the Stefan problem, involve a dynamic interface
that separates the solid and liquid phases. This moving boundary poses significant computational
challenges, particularly in modeling heat transfer and fluid flow accurately. In this study, ANSYS
Fluent is used for numerical simulations, applying the finite volume method along with the enthalpy-

porosity approach to solve the governing equations of the phase change process.

3.1 physicaldesign and computational domain

Fig.3.1(a) and (b) show the 3D model of the annular finned tube heat exchanger unit and the
cross-section along the heat transfer fluid (HTF) direction, respectively. The setup comprises two
coaxial tubes with a length of L=400 mm. The inner tube is composed of stainless steel, possessing
a diameter of Dc=15 mm and a thickness of 6=2.5 mm. The outer tube, made of Perspex, has a
diameter of Di=44 mm. Aluminum fins in a ring shape are connected to the exterior of the central
tube. The variables I, t, and p represent the length, thickness, and spacing between the fins,
respectively. Water maintained at a constant temperature, serves as the HTF, flowing through the
inner tube at a steady velocity of 0.01 m/s from top to bottom. For this investigation, Paraffin RT35
was chosen as the PCM, with a melting point of 308 K. The properties of the PCM, water, and

aluminum are detailed in Table 3.1.

Table 3-1 -Thermo-physical properties of PCM; aluminum and HTF [124]
Fin HTF (T=325

PCM (RT35) (Aluminum)  K)
Melting Temperature, Tm (K) 308.15 _ _
Latent heat L (kJtkg?) 157 3 3
Densitim3 p (kg 880(s)/760(1) 2719 998.2
Specific heat capacity, cp (kg™ tK1)  2400(1)/1800(s) 871 4182
Ther mal condimdkK% v 02 202.4 0.6
Dynamic vi sim%syi t y 0.0029 _ 0.001003

Thermal expansionc o e f f i ¢t) ¢ 0.001
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Five fin structures with the same volume ratio were numerically examined and details of their
dimensions are given in Table 4.1. The case 1 has 10 rectangular fins, which are transformed into 10
triangular fins in casel. Case 3 has five rectangular fins equivalent to ten triangular ones in case 4.
The same thing is repeated in case 5 and case 6, where the number of ten rectangular fins doubles to
twenty triangular ones. It should be noted that the length, thickness, and number of fins change in
each case while maintaining the same size ratio of the fin as shown in Fig.3.2 and Fig.3.3. Owing to
the rotational symmetry, the physical setup is reduced to 2D axisymmetric domain, considering the

impact of gravity and natural convection.
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- (Adiabatic)

e o o o

Outer-tube
il Container Side Wall
(Convective)

Triangular Fins

Container Lower Wall
—  (Adiabatic)

X

Outlet
Outlet

(a) (b)

fig. 3.1 -Coaxial system with annular fins: (a) 3-D representation of triangular fin; (b) 2-D

axisymmetric representation of triangular fin.
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fig. 3.2 -Schematic of the TES unit with annular fins: Case 1 rectangular fin; Case 2 triangular fin.
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fig. 3.3 -Schematic of the TES unit with annular fins: (a) rectangular fins; (b) triangular fins

3.2 Governing equations

These assumptions were considered in the current numerical model:

9 The model is bi-dimensional (2D) and axisymmetric.

9 The HTF flow is laminar, Newtonian, and incompressible.

9 Except for the PCM density and the specific heat capacity, all the thermophysical properties

of the PCM are considered constant.
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9 The thermal expansion coefficient related to the phase change has been considered.
The transient phase change heat transfer with local natural convection are governed by the
following equations:

Continuity equation

NP T (3.1)
Momentum equation

m— mOXBG b tn® 3 3 (3.2)
Energy equation

M — M O4 nDInd  m — (3.3)

The phase transition process is simulated employing the enthalpy-porosity method [125],
where the solid-liquid interface is conceptualized as a porous medium. This method allows for a
continuous change in the liquid fraction across the 'mushy zone," with porosity values ranging from

0 in the solid phase to 1 in the liquid phase. The momentum source term is presented as:

ol ® (3.4)

The parameter C denotes a constant that characterizes the shape of the melting interface within
the mushy region. It is recommended to constrain its value within the range of (10* to 10).
Additionally, to prevent the occurrence of dividing by zero, a small value of 3 = 0.001 is employed.

Here, ui represents the liquid phase's flow velocity in the PCM.

As the PCM temperature changes between solidus and liquidus phases, y refers to the liquid
fraction varying between 0 and 1 and is defined as:

. T 4 4
.

e 4 4 4 (3.5)
U P 4 4

Boussinesq approximation was adopted to calculate the change in PCM density as a function
of temperature in the liquid density given by:
3 m Qg4 4 (3.6)
Where pref IS the reference density of the liquid PCM at melting temperature Trm, B thermal
expansion coefficient.
For the HTF, the fluid flow and convective heat transfer are governed by the following

equations:

N T (3.7)

M — m GG bt nb (3.8)
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m # — m # G4 101 n4 (3.9)

Conjugate heat transfer is considered at the interface between HTF and tube wall:

4 4 HhY — 1 — (3.10)

Here, pHtr, CpHTF and AnTr are separately the density, specific heat and thermal conductivity;
T is temperature; t denotes time; subscripts HTF and tube stand for HTF and heat transfer tube,

respectively.

3.3 Initial and boundary conditions
The initial inlet HTF velocity (u) and the temperature (To) of the whole studied domain are
given by the equation (10).
O n4 4,0 O = (3.11)

The initial HTF temperature and velocity at the tube inlet were defined as follows:

4 ocy® mipb O n (3.12)
The conditions at the coordinate x =0 mm

@ O m— m— T (3.13)
The upper and lower walls are thermally insulated:
— T (3.14)

The temperature difference between the perspex wall and the surrounding temperature still
results heat loss, even though the thermal conductivity of the perspex walls is low. The natural
convection heat transfer coefficient can be computed by:

E — (3.15)

Where A and Nu represent the thermal conductivity of air and the Nusselt number, respectively,
and D represents the length of the LHTES.

The boundary condition of the Perspex wall is:
1— E4 4 (3.16)

Where, To is the ambient temperature.

3.4. Numerical procedure and validation

34.1 Numerical procedure
The phenomena under investigation are addressed using Ansys Fluent version 18.1. The
software offers two primary solvers: pressure-based and density-based coupled (DBC) solvers. The

solidification/melting model is exclusively compatible with the pressure-based solver and cannot be
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employed with density-based solvers. The pressure-based segregated algorithm employs a method
from a broader class known as the projection method, wherein the velocity field's mass conservation
is achieved by solving a pressure equation or applying a pressure correction. This pressure equation
is derived from momentum and continuity equations to ensure the pressure-adjusted velocity field

adheres to continuity requirements.

Since the governing equations are nonlinear and interdependent, the solution process involves

iterative cycles, solving the full set of equations repeatedly until convergence is reached.

Various interpolation methods are available within the software for handling the transfer terms,
including first-order upwind, power law, second-order upwind, central differencing, and quadratic
upwind interpolation schemes. Among these, the first-order upwind, power law, second-order
upwind, and quadratic upwind schemes are frequently used for solidification/melting problems, with

the latter two providing greater accuracy.

When utilizing the segregated solver, several pressure interpolation schemes are available.
Typically, the "standard" scheme suffices for most cases, but certain models benefit from more
specialized methods. For instance, the software recommends the PRESTO scheme for situations
involving highly swirling flows, free convection with high Rayleigh numbers, high-speed rotational
flows, porous media flows, and flows in sharply curved regions. Additionally, methods for face
pressure interpolation in momentum equations include the semi-implicit pressure-linked equation
(SIMPLE), SIMPLE-consistent (SIMPLEC), pressure-implicit with splitting of operators (PISO),
and the fractional step method (FSM).

Further details on solving the initialization equations and the discretization techniques can be
found in [51]. The physical properties of materials, such as density, thermal conductivity, heat
capacity, and viscosity, can vary with temperature or composition. The temperature dependence can
be modeled using polynomial, piecewise-linear, or piecewise-polynomial functions. These properties
can either be input by the user or calculated using kinetic energy theory. Additionally, these physical
properties can be entered into the software as constant values, temperature-dependent functions, or
custom user-defined functions written in a specific programming language to express their

temperature dependence.

in this study, the phenomena under investigation are addressed using Ansys Fluent, where the
equations controlling these phenomena are solved. For the coupling of pressure and velocity, the
SIMPLE algorithm is employed [44], while the convection terms are discretized using the QUICK
scheme, and the PRESTO scheme is applied to get the pressure correction. Buoyancy forces resulting
from temperature gradients during phase transition are accounted for using the Boussinesq
approximation. Finally, the convergence criteria for the governing equations are set at 10 for energy

and 10" for momentum and continuity.
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Additionally, the heat capacity was implemented using a piecewise linear function. A C++ code
was also developed to apply temperature-dependent thermal conductivity for alumunium oxide
nanoparticles, which was then integrated into ANSYS Fluent. The numerical simulations were
carried out on a computer with a Core™ i9-1300 CPU. The Graphical presentation of the

methodology of the work is shown in Fig. 3.4
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fig. 3.4 -Methodology of the work

2. Grid and time step independence study.
In general, the numerical simulation of any physical phenomenon is influenced by the grid’s

structures and the time step size.

Fig 3.5 illustrates the details of the mesh system used in the numerical model, which includes
three computational domains: water, solid materials for the heat exchanger pipes, and phase change
materials. A non-structured mesh was adopted, with the boundary layer mesh ensuring the
convergence of the momentum equations at the onset of melting. To reduce the heat transfer
calculation errors at the interface between computational domains and to capture temperature field

characteristics more accurately, the mesh density was increased at the interface walls, the outer walls
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of the heat exchanger pipes, and the water inlet and outlet. The first boundary layer mesh height is
1/10 of the central region mesh height, with a growth factor 1.2.

Fig. 3.6(a) presents the variation of the melting fraction versus different cell numbers
considered to examine the independence of the grid. Three various mesh numbers (4900, 19600 and
39200 grids) were investigated.

It can be observed that the differences in results between the cases of 19600 and 39200 grids
are small and negligible; thus, the cell number of 19600 was adopted the whole numerical

calculations.

The findings of the transient simulation regarding the solid-liquid phase transition process
exhibit a high degree of sensitivity to the selected time step size. To ensure the robustness of the
results independent of the time step size, we compared three different time step sizes: 0.1s, 0.5s, and
1s. As illustrated in Fig. 3.6(b), we found that the relative deflection is very small. Consequently, for
all subsequent simulations, we adopted a cell count of 19,600 grids and a time step size of 0.1s. This

selection not only conserves computational resources but also validates the accuracy of the results.

Velocity-inlet

Pressure-outlet

axisymmetric

(3A1198AU02) [[BAA BPIS JBUIRIUOD

fig. 3.5 -Time step and mesh size independency tests
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fig. 3.6 - computational grid used

3.4.3 Validation

We validated the present model by comparing it with the experimental and numerical findings
of Martin et al [124].

This validation is performed in a 2-D simulation of a vertical LHTES unit, considering the same
initial and boundary conditions, including material properties, operation conditions, and geometry
parameters as Martin et al [124]. The temperature evolution was recorded at two fixed points (section
D) as shown in Fig 3.7 (a) during charging with top HTF injection. In this study, the maximum error
calculated by equation (3.17) was used to evaluate the difference between numerical measurements

and experimental results.

As shown in Fig 3.7 (b), our current numerical results agree with the experimental and numerical

results of Martin et al [124], with a maximum error of (4%).
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fig. 3.7 -Comparison of the experimental results and numerical solution.
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Chapter 4 : Results and Discussion

Introduction

Utilizing fins to improve the thermal performance of PCM is a highly effective approach due to its
significant performance benefits, low construction costs, and ease of fabrication. This chapter analyzes the
impact of new fin shapes on the thermal performance of phase change materials in shell and tube heat
exchangers (STHX). To evaluate the thermal performance of these fins, A comparison was conducted between
traditional rectangular fins and new designs, with a focus on examining various design parameters such as
shape, thickness, length, number, spacing, and angle. Key thermal performance indicators, including melting
and solidification time, thermal capacity, and storage rate, were analyzed to determine the optimal design.
Additionally, the impact of heat transfer fluid (HTF) temperature on the melting process was reviewed. In
addition to studying the role of nanomaterials in enhancing system performance.

4.1 Effect of fin shape design on melting process

As depicted in Fig. 3.2, case 1 involves 10 rectangular fins with a dimension of 2x5 mm (base
thickness x length). In case 2, rectangular fins are transformed into triangular ones, increasing their
length to 10 mm while preserving the total area occupied by the fins as a constant (2% from the
whole PCM region). (see Table 2)
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fig. 4.1 - Variation of liquid fraction versus time

The comparative analysis in Fig.4.1 shows that the PCM melting process is faster in case 2
compared to case 1. This is mainly because the rectangular fins are unable to easily access the solid
PCM located between the straight fins and the outer wall. Consequently, the melting process takes
significantly longer due to the strong PCM thermal resistance. By changing the shape of the fins to

triangular (Case 2) with the same volume ratio, their surface area and length increase, where the first
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parameter accelerates the heat transfer rate, while the second allows heat to be transferred deeper
into the PCM. Thus, it reduces the PCM melting time by 12.64% compared to rectangular fins. It
should therefore be noted that for the same size as fins, the triangular shape is more efficient than the
rectangular one for the same base thickness because it allows primarily an enlargement of the heat
transfer surface area, as shown in Fig. 4.1, which speeds up the PCM melting process, and secondly
gives the fin a longer shape that enables it to reach deeper regions inside the PCM.

4.2 Effect of fin design parameters

Utilizing rectangular fins represents a prominent strategy to enhance the thermal efficiency of
LHTES unit used in thermal engineering. However, based on the outcomes of the previous section
(4.1), and the above reference [100] the significance of fin length becomes evident. For the best
understanding of other parameters, we extended our investigation to the fin base thickness linked to
the inner tube. By fixing the fin length to 10 mm, and its base thickness of 1 to 2 mm, we obtain four
different TES units, where the number of triangular fins is doubled compared to the rectangular ones

for each thickness. As mentioned in Table 4.1

Table 4-1-Fins dimensions of the studied cases including length, thickness, and numbers.

Fin volume Fin length (1) Thickness | Fin number

ratio (Vs) (mm) (t) (mm) (N)
Casel(rectangular fin) 2% 5 2 10
Case2 (triangular fins) 10 2 10
Case3 (rectangular fin) 10 2 5
Case4 (triangular fins) 10 2 10
Case5 (rectangular fin) 10 1 10
Caseb (triangular fins) 10 1 20

The melting fraction (M) serves as a very important parameter for effectively illustrating the
impact of various fin designs on the PCM melting operation. Fig.4.2 represents the contours of liquid

fraction and streamlines throughout the melting process for the cases under examination.

At the beginning of this process, all the cases almost show the same behavior: the liquid portion
of the PCM expands with the heat transmission wall and shape of the fin due to direct contact between
them. But as the time elapsed, the PCM liquid phase layer becomes large and forms small eddies
between the fins, as appeared in Fig. 4.2 at 1500 s. With the passage of time, particularly at t =2000s
and t =2500s, the small eddies progressively recombined to form a large vortex between the fins and

the inner surface of the Perspex, due to the natural convection.

Essentially, the transfer of thermal energy occurs because of the density gradient, meaning that
the fluid with higher density moves towards the bottom while the fluid with lower density moves

towards the top. According to the melting contours, the LHTES cavity with a triangular fin design
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(Case6) shows a larger area of melted PCM compared to the rest configurations. This is attributed to

the large number of fins in the container, which consequently extends the heat exchange area. Also,

it is worthy of mention that the addition of triangular fins not only subdivides the PCM into smaller

regions but also enhances both conduction and convection heat transmission rates.
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fig. 4.2 -Velocity (left) and liquid fraction (right) contours using triangular or rectangular
fins at h =10mm.
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In addition, Fig. 4.3 shows the complete melting time of PCM for all cases. The results showed
that a TES unit without fins needed 6600 seconds to complete a full charging cycle. Whereas it takes
4350 s, 3800s, 3750s, and 3250s for Case3, Cased, Case5, and Case6, respectively. These
configurations reduced the total melting time by 34.09%, 42.42%, 43.18%, and 50.75%, respectively,

compared to the case without fins.

Comparing the results, we find that using 20 triangular fins instead of 10 rectangular ones of the
same length (10 mm), thickness (1 mm), and occupied area (2%) can lower the entire required period
for PCM melting by 15.38%. Hence, opting for triangular fins over conventional rectangular ones
represents an efficient approach that maximize the heat transmission region between the fins and the
PCM. Therefore, the subsequent sections focus on analyzing various physical parameters of the

triangular fins.
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fig. 4.3 -The average melting fraction using triangular or rectangular fins at | =10mm.

4.3 Effect of fin spacing and length

The outcomes of the space between fins and its length on the PCM melting phase were evaluated
in this part, The most relevant studies on this subject are those of Pu et al [126]. Enhancing the heat
transfer region promotes the dynamic heat transmission from the fin to the PCM. However, a higher
number of fins also results in increased thermal conduction resistance in the fin area, consequently
raising the cost and weight of the TES unit without significant improvement in heat transfer
performance. To ensure a reliable comparison, we considered that the whole area equipped by fins
represents 2% from the entire volume of PCM, with a constant fin thickness of 1mm. Therefore, six
units with fin lengths of 0 mm, 5 mm, 5.7143 mm, 6.6667 mm, 8 mm, and 10 mm are proposed. The
more the fin length increases from 5 to 10, the more the fin number decreases from 40 to 20, while
the fin spacing increases from 10 to 20 mm. The structural parameters of different fin lengths are
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recapitulated in Table 4.2. Fig.4.4 presents the temperature and liquid fraction distributions for
various fin lengths at different stages.

Table 4-2 -Finned TES unit parameters for a fin volume ratio (2%) and fin thickness (1 mm).

Fin volume ratio (Vs) Thickness (t) Fin length (1) Fin number Fin spacing (p)
(mm) (mm) (N) (mm)
2% 1 5 40 10
5.7143 35 11.4286
6.6667 30 13.3333
8 25 16
10 20 20

In the initial phase (t=500 s), the PCM in the whole studied cases initiates to melt, resulting in
the formation of a thin layer along the adjacent heated wall and fin surfaces primarily due to
predominant heat conduction. Besides as mentioned in Fig. 4.4 a difference in thickness of the molten
PCM is evident between the upper and lower sections of the tube. In fact, the reason behind is the
significant gradient in HTF temperature between the top and the bottom due to the heat transmission
along the flow direction. Over the time, the solid to the liquid PCM transition decelerates gradually
in the presence of small fins. This is attributed to the fins length which is small to cover most of the
PCM's region, leading to a significant increment in the thermal resistance between the hot water and
the PCM. As the fin length increases, despite the spacing between the fins expands, the melting rate
of the PCM increases. This is occurring due to the high thermal conductivity of the fin material,
which enables even distribution of heat across most of the phase change area.

The time required for the full melting of PCM varies with the fin spacing and length, as shown
in Fig.4.5 and Fig.4.6. For the cases with fins’ length of 5, 5.7143, 6.6667, 8, and 10 mm, the full
PCM melting time takes 3950 s, 3750 s, 3600 s, 3400 s and 3250 s, respectively. which saves time
by 40.15%, 43.18%, 45.45%, 48.48% and 50.75%, respectively, comparing to the case without fins.

Therefore, it is obvious that the longer the fins, the shorter the full melting time.

During the PCM phase transition, the length of the fins is more important than the spacing
between them because it directly affects the surface area in contact with the phase change zone,
effectively accelerating the transfer of heat throughout the entire region.
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4.4 Temperature history curve

The PCM axial temperature curve along the HTF flow direction was investigated. The entire
system was divided into 5 axial sections with similar dimensions (80 mm each). Measurement lines
(Ato D) are placed between fins at the locations shown in Fig.4.7 (b). In fact, the LHTES unit without
fins takes more time for the full PCM’s melting, especially at the bottom because the HTF loses a lot
position in the unit with fins which is reduced by 2500 s as shown in Fig.4.7(a). This due to the large

temperature gradient within the PCM, which is reducing by using fins.of its thermal energy in the
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upper regions. The use of fins can overcome this problem. It is apparent that the PCM in the line D

region requires more time to melt about 4500 s comparing with the same

Regarding the full PCM melting time, the whole PCM temperature curve can be divided into
three regions: the cold sensible region (Region 1), the latent region (Region I1), and the hot sensible
region (Region I11). In the first region, the temperature gradient between the hot water and PCM rises
significantly, which causes the temperature to increase slightly faster in the early stages until it
approaches the PCM melting point. At the same time, we observe a negligible variance in
temperatures among different locations. The next zone represents the most significant area for the
LHTES system. The PCM temperature with fins rises rapidly at the phase change point within the
range of 1550-3100 s and then slowly decreases to the final stage of the melting process. Likewise,
the duration of the mushy zone shortens with increasing fin length, which shows that increasing the
length of the fins along the radial direction greatly increases the heat transmission rate and provides
perfect temperature uniformity inside the TES system. When the fin length is increased from h =0
mm to h = 10 mm, the full PCM melting time at line (D) is reduced by approximately 6800 and 3500
s, respectively. Thus, increasing the fin length improves the full heat transmission mechanisms within
the LHTES system.

4 5 Effect of fin number

4.5.1 Melting characteristics

Fig 4.8 depicts the variation of liquid fraction, temperature, and Nusselt number for the various
fin numbers. Fig.4.8 (a) and (b) it shows that the liquid fraction and temperature increase

monotonically with time, and the increasing trend is steep at first and then becomes slow due to the
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gradually increasing heat transfer thermal resistance between the SA liquid phase and the thermal
boundary in all cases.

Fig 4.8 (c)illustrates the differences in total melting time along with the percentages of time
savings and material savings for various fin numbers. As the number of triangular fins increases from
2 to 20, a gradual decrease in total melting time is observed, dropping from 5200 s to 3250 s. This
decrease indicates a significant improvement in the rate of heat transfer within the system, leading
to time savings in the melting process ranging from 21.21% to 50.76%, respectively. Moreover,
triangular fins (n=10) demonstrate a performance very similar to that of rectangular fins (case 5) with
the same number of fins, while providing a greater storage capacity for energy. The melting times
for the rectangular and triangular fins were 3750 seconds and 3850 seconds, respectively, resulting
in a reduction in melting time of 1.51% compared to the triangular fins (n=10).

Increasing the number of fins from 2 to 20, while keeping their thickness and length constant,
expands the total volume occupied by the fins within the system from 0.2% to 2%. This expansion
directly improves the heat transfer efficiency within the phase change material (PCM). However, it
necessitates the use of additional materials, thereby reducing the volume allocated for the PCM.

To assess the impact of the number of fins on melting performance, we use the enhancement
ratio n. This ratio measures the difference in melting performance between the proposed fin design
and a base case at the same instant of time. The mn is calculated using the following
equation[127][128]:

S ——5 — pmm (4.1)

vi(t) represents the liquid fraction associated with the finned configuration, while r n(t) denotes
the liquid fraction of the base case (without fins) at the same time. Figure 4.8(d) illustrates the
relationship between the enhancement ratio and time across different fin configurations. The analysis
reveals a pattern of enhancement ratios that initially increase, followed by a subsequent decrease for
all cases examined. As the number of fins increases from 2 to 20, the peak enhancement ratios range
from 3.7% to 22.3%. However, the difference in enhancement ratio gradually decreases with more
fins. Therefore, blindly increasing the number of fins is not an effective solution for improving the
poor thermal transfer performance of the LHTESD system.

The results indicate that the difference in enhancement ratios between triangular fins (n=10) and
rectangular fins (case 5) is 1.1%, which is a marginal value. The data also show that the enhancement
ratios reach their peak values at different time points before gradually decreasing until the end of the
melting process. The decline in the enhancement ratio is primarily due to the complete melting of
most PCM, coupled with the challenges associated with melting PCM in the lower section of LHTES,
which causes the enhancement ratio to decrease after reaching its peak value.

To further understand the role of natural convection in the PCM melting process, Nusselt number

was used to characterize the convective heat transfer intensity[129], which is expressed as follows:
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6 @ — (4.2)

Where Ov is the amount of heat stored per unit of time during the heat storage process, A is the
thermal conductivity of the PCM, 0 is the heat transfer area of the PCM side, and & ‘@ the
characteristic length of the heat accumulator, "Y 0is the HTF pipe wall temperature, “Ydis the average
melting temperature of the PCM.

In the case of finned heat exchangers, the aggregate area A is defined as the sum of the surface
area of the bare heat transfer tube and the additional area contributed by the attached fins, as
illustrated in Equation (4.3)[130]:

6 “00 ¢ 0 —— (4.3)

In this equation, Dr, D¢, L, and O denote the fin diameter, the outer diameter of the heat transfer
tube, the tube length, and the number of fins, respectively.

Fig4.8 (e) illustrates the variation in the Nusselt number with an increasing number of fins. The
results indicate that the Nusselt number follows a variable time pattern, initially increasing and then
decreasing. Initially, the convective heat transfer is weak due to the limited amount of liquid (PCM).
As melting progresses, more solid PCM dissolves into the liquid, and natural convection gradually
strengthens until it reaches a peak. Subsequently, convection intensity diminishes as the system
approaches thermal equilibrium. The convection intensity is notably higher near the heating wall
than other regions, owing to greater thermal disturbance at the thermal boundary. Increasing the
number of fins from 2 to 10 results in an 18.97% improvement in the Nusselt number, while
increasing the fins to 20 leads to a 37.04% enhancement. However, as the number of fins increases,
the strength of natural convection gradually decreases, indicating that the benefits of adding more
fins reach a certain threshold, after which the effect of convection begins to diminish. On the other
hand, Fig. 4.8 (e) demonstrates that the streamlined shape of the triangular fins helps reduce fluid
flow resistance, facilitating smoother liquid movement within the system. Additionally, these fins
provide a larger surface area, enhancing the effectiveness of natural convection compared to
rectangular fins.

Figure 5 illustrates the changes in liquid fraction and temperature contours at time intervals of 1000
s, 2000 s, 2500 s, and 3000 s. Initially, at 0< 1000 s, the solid-liquid interfaces appear similar across
all five cases. However, as time progresses, a larger volume of PCM adjacent to the fins undergoes
melting, thereby increasing the available space for natural convection. This convection facilitates the
upward movement of the melted PCM, which enhances the local heat transfer associated with
melting. As shown in Figure 4.9 at 0= 2000s, the solid-liquid interface advances more rapidly in the
upper region, followed by the middle and lower regions. A comparison of the solid phase area and
the low-temperature zone beneath the fins at 0= 2500 s and 6= 3000 s reveals that as the number of

fins increases, the distance between the fins and the bottom of the LHTESD decreases. Consequently,

61



Chapter 4: Results and Discussion

both the solid phase surface area and the area of the low-temperature zone diminish. This reduction
in distance between the fins and the bottom correlates with improved heat transfer performance

during the heat exchange process.
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4 5.2Solidification characteristics

Fig 4.10 shows the solidification contours of the PCM, illustrating the liquid fraction (left) and
temperature (right) of the PCM for different fin numbers at a cold fluid temperature of 17°C. The
results indicate that during the initial stages, the solidification of the PCM surrounding the metal fins
occurs at a higher rate. This is attributed to the natural convection-driven flow at the onset of melting,
where high-temperature SA ascends along the outer wall surface and descends along the heat transfer
wall surface. During this flow, SA continuously exchanges heat with the heat transfer wall surface,
leading to a temperature decrease. However, as solidification progresses, a thick layer of solid PCM
forms along the heat transfer wall and metal fins, creating a thermal boundary. This solid PCM layer
acts as a barrier, impeding heat transfer from the liquid PCM to the fins. Consequently, heat transfer
in the liquid PCM relies solely on its low thermal conductivity, resulting in a slower solidification
rate during the middle and late stages. Therefore, the solidification process takes significantly longer
than the melting process. It is also worth noting that the upper part of SA is closer to the cold fluid
inlet side based on the Y axis, which has a greater driving force for heat transfer. Therefore, it can
be seen that the solidification rate of the upper PCM is larger than that of the lower side.

From the temperature distribution perspective (Fig 4.10), the temperature gradually decreases over
time. The plots at 1000 s and 2000 s show that the SA temperature is lower in the small spaces formed
by adjacent fins in the middle region of the LHTESD and at the top and bottom.

As observed from the liquid fraction plots (Fig 4.11(a)), the solidification process exhibits a
monotonically decreasing liquid fraction over time. The temperature profile follows a similar trend
to the melting process. The complete solidification time decreases with an increase in the number of
fins. This is primarily due to the reduced distance between the fins and the bottom and top of the
LHTESD, which lowers the thermal resistance between the fins and the SA in these regions.
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As shown in Fig 4.11(c), increasing the number of fins from 2 to 20 reduces the total
solidification time from 5700 seconds to 3550 seconds. When compared to an LHTES system
without fins which takes 5750 s, the solidification time is reduced by 0.87% to 38.26%, respectively.
As illustrated in Fig4.11(d), increasing the number of fins results in a noticeable rise in the
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enhancement ratio (n), with the rate of increase remaining relatively steady compared to the changes
observed during the melting process. The figure shows that the difference in the enhancement ratio
between rectangular fins (Case 5) and triangular fins (n=10) is only 0.896%, indicating that this
difference is very minor and practically insignificant. In this case, the effect of conduction is stronger
than that of convection. So, Increasing the number of fins is more efficient in the solidification
process than in the melting process. This is because, during melting, more fins can block the flow of
melted PCM and reduce natural convection, which limits efficiency.
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46Ef fect of fin angle, a

To determine the optimal fin angle (o) for both melting and solidification processes, four
different fin angle configurations (10°, 20°, 30°, 40°) were analyzed, with 0° used as a reference case
(Case 6). Fig 4.12(a) illustrates that the instantaneous liquid fraction increases with the fin angle up
to approximately 2450 seconds, reaching a maximum at o = 0°. This indicates that changes in a have

minimal impact during the early stage of melting. However, after 2450 seconds, a significant
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improvement in the melting rate was observed for a = 10° and a = 20°, where the instantaneous
liquid fraction surpasses that of the other angles. The accompanying graph (Fig 4.12(a)) shows that
the angles 10° and 20° achieve similar melting times of approximately 3200 seconds, with a reduction
in heat storage time by 1.54%. In contrast, sharper angles (30°, 40°) exhibit a gradual increase in
melting times, extending to about 3250 and 3400 seconds, respectively, representing a 4.41%
increase for the 40° fins compared to the reference case. This suggests that sharper angles reduce
heat transfer efficiency. Additionally, the temperature distribution at different fin angles shown in
Fig 4.12(b) reveals a gradual increase in temperature over time. The transient temperature is

proportional to the fin angle, a phenomenon that continues until the SA melts completely.
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During the solidification process, the liquid fraction of the PCM decreases gradually over time,
as depicted in Fig 4.13(a). Data indicate that the angle a = 10° results in the shortest solidification
time of approximately 3550 seconds, followed by angles 20°, 30°, and 40°, with solidification times
of 3600, 3650, and 3800 seconds, respectively. This corresponds to an overall time extension of
1.39%, 2.74%, and 6.58% compared to the reference case. Regarding temperature, Fig4.13 (b) shows
that the angle o= 10° achieves the lowest temperature sustained until PCM solidification is complete,
indicating that the 10° angle provides the best performance in maintaining heat transfer efficiency

during the solidification process.
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4.7 Energy storage density during chargingand Discharging

Energy density (Q) is an important parameter for measuring the thermal storage performance of
LHTESD, representing the thermal storage capacity of LHTESD. It can be calculated using equation
(4.4) as a function of temperature and melting ratio[127].

0 " Y Yo o (4.4)

Where V and Tecwm,int represent the volume and initial temperature of (SA), respectively; Tecm
is the instantaneous temperature of the SA. Lt denotes the latent heat of fusion, while y represents
the fraction of PCM that has undergone phase change. The heat storage rate Qv is defined as[131]:

~

J— (4.5)

where ts i the total melting time.

The impact of different fin numbers and fin angles on heat storage capacity is shown in Fig 4.14
and Fig 4.15. The results depicted in Fig 4. 14(a) demonstrate that energy storage density decreases
with an increase in the number of fins. This is because the increase in the number of fins leads to a
reduction in the filling mass of SA. Notably, as the number of fins increases from 2 to 4, 6, 8, 10, 12,
14, 16, 18, 20, the peak value of Q decreases gradually by 0.23%, 0.39%, 0.66%, 0.8%, 0.99%,
1.21%, 1.41%, 1.62%, and 1.84%, respectively. However, the graph of the energy storage rate (Qv)
shows that the TES rate increases with an increase in the number of fins, where the peak value of Qv
at 4, 6, 8, 10, 12, 14, 16, 18, and 20 fins is higher by 12.75%, 20.42%, 29.14%, 33.93%, 39.11%,
44.66%, 48.58%, 52.67%, and 57.03%, respectively, compared to the case with 2 fins.

Fig 4. 14(b) illustrates the energy density (Q) and energy release rate (Qv) when SA is fully
solidified in different cases. The results indicate that Q decreases with an increase in the number of

fins, leading to an increase in Qv. It is clear that as the number of fins increases from 2 to 20, the
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peak value of Q decreases by 1.14%, 2.08%, 2.68%, 2.66%, 2.70%, 3.16%, 3.41%, 3.78%, and
3.80%, respectively. However, the energy release rate (Qv) increases significantly with an increase
in the number of fins, where the peak Qv for fin numbers ranging from 4 to 20 is higher by 0.65%,
2.5%, 6.73%, 15.64%, 24.65%, 31.49%, 39.41%, 46.36%, and 54.51%, respectively, compared to
the case with 2 fins.

Therefore, by altering the number of fins, there emerges an inverse relationship between the heat
storage/release rate and the heat storage capacity, making them irreconcilable: increasing the number
of fins boosts the rate of heat storage per unit of time while reducing the overall heat storage capacity.

Therefore, when optimizing latent heat thermal energy storage (LHTES) systems, it is not
sufficient to consider heat exchange efficiency alone; thermal energy storage capacity must also be
taken into account. The fins should not occupy too much volume to maximize the system's
effectiveness.

To gain a deeper understanding of these fins, we compared the same number of rectangular and
triangular fins with similar dimensions (Case 5 and Triangle Fins, n=10), as shown in Fig 4.14(a,b).

The results indicate that the thermal storage capacity in the presence of rectangular and triangular
fins is 93,624.36 J and 94,693.04 J, respectively, with a difference of 1,068.409 J in favor of the
triangular fins. This advantage arises primarily because, despite the triangular fins having the same
length and equivalent fin height, the overall volume of the triangular fins is 50% less than that of the
rectangular fins, allowing for greater PCM storage.

Regarding the storage rate, the thermal storage rate with rectangular and triangular fins is
24.97% and 24.59%, respectively, with only a 0.38% difference, a marginal effect. Although the
rectangular fins in this study show a 0.38% higher thermal storage rate compared to the triangular
fins, the additional 1,068.409 J of PCM storage provided by the triangular fins not only meets the
application requirements but also allows for greater thermal storage capacity without compromising
the overall thermal performance of the LHTES system.

Fig 4.14(b)shows that triangular fins significantly outperform rectangular fins in both storage
capacity and storage rate during solidification. The storage capacity with triangular fins is 51,126.66
J, an increase of 658.61 J compared to the 50,468.05 J capacity of rectangular fins. Furthermore,
triangular fins achieve a slightly higher thermal storage rate of 10.62% compared to 10.65% for
rectangular fins.

Thus, the results indicate that triangular fins achieve comparable or superior performance to
rectangular fins, particularly during the solidification process, where they significantly enhance
thermal storage capacity while maintaining the same thermal storage rate. Therefore, the proposal
for triangular fin LHTES systems represents a strategic advancement, marked by the judicious use
of minimal copper mass to achieve thermal efficiencies similar to those of rectangular fins. This

compact design is especially advantageous in space-constrained applications.
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Additionally, the effects of different fin angles on Q and Qv during charging were investigated,
as shown in Fig 4. 15(a). The peak energy storage Q for angles (a = 0°, 10°, 20°, 30°, 40°) is
93699.31, 93524.89, 93432.08, 93328.84, and 93455.36 J, respectively. Comparing Qv, it is evident
that the peak Q per unit time at 10° is higher than those at angles 20°, 30°, and 40° by 0.1%, 1.74%,
and 5.95%, respectively. This indicates that the best heat transfer capacity is achieved at o = 10°.

Moreover, as shown in Fig 4. 15 (b), the energy density varies slightly with different fin angles
during solidification. It is observed that as the fin angle increases from 0° to 20°, the energy density
decreases, but it increases again at angles of 30° and 40°. This suggests that larger fin angles enhance
energy storage during solidification, contrary to the melting process. However, although larger fin
angles lead to higher energy density, the energy release rate decreases as the fin angle increases. The
peak Q per unit time at 10° is 0.07% lower than that at 0°, which is a negligible difference, but 1.41%,
2.53%, and 5.77% higher than that at 20°, 30°, and 40°, respectively. This indicates that smaller fin

angles are more effective during both the melting and solidification processes. However, we can
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conclude that the fin angle has a weaker effect on the melting and solidification process than the

number of fins.

4.8 Effect of HTF temperature

Fig. 4.16(a)-(b) shows the liquid fraction curves and the total PCM melting durations at various
inlet HTF temperatures. Specifically, Fig 4.16 (a) demonstrates that higher inlet water temperatures
create a more pronounced temperature gradient between the PCM and water, which leads to reduce
the melting duration. Furthermore, as seen in Fig. 4.16 (b), the time difference decreases as HTF
temperature increases. Thus, the timeframe for achieving complete melting in the triangular fin
design unit (case 6) displayed variability across different water temperatures. For example, with an
increase in HTF temperature from 325.15 K to 345.15 K, the melting interval sharply decreases from
3250 s to 1750 s, resulting in a reduction of 46.16%. While the melting time decreases by 17.14%
when the HTF temperature increases to 355.15 K. The reason behind is the large amount of heat

transmitted to the PCM. This means that after a certain temperature difference, the melting time

stabilized.
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fig. 4.16 -Effect of temperature difference HTF and PCM on melting behaviour: a) Melting
fraction b) setting time required.

Fig 4.17 illustrates the evolution of total stored energy and energy storage rate for the PCM as a
function of time at four different HTF temperatures (325.15K, 335.15K, 345.15K, and 355.15K). At
the onset of melting, the temperature difference between the HTF and the PCM sidewalls is
significant, leading to a rapid increase in the total stored energy and the energy storage rate. This
increase continues gradually until it reaches a maximum at the end of the charging process.

The maximum values of the total stored energy reached 93,699.32J, 101,944.10J, 109,258.079J,
and 115,916.28J, corresponding to the respective HTF temperatures, with increases of 8.089%,

14.24%, and 19.17% compared to the value (Q) at 325.15K.
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The energy storage rate (Qv) graph also shows that this rate increases significantly with the rise
in HTF temperature from 335.15K to 355.15K by 36.37%, 53.82%, and 70.56% compared to the rate
(Qv) at a temperature of 325.15K. These results confirm that both the storage capacity and energy
storage rate are higher when the temperature difference between the HTF and the PCM melting point

is large, leading to improved system thermal efficiency.

f—1325.15 K|
120000 4—335.15 K 115916.28
34515 K 79.94 - 80
355.15 K 109258.079
B 32515K
1000001 o 33515k 101944.10 5
=) 34515 K] 62.43 2
o ¥ 355.15K y . 9369932 Lo
80000+ S
o ()]
o o
7 , o ® *4531 @
60000 “e |40 5
o . ;
Q (9]
D 40000 L ammmnm 2883 S
an " %
" 20

20000 +

0 500 1000 1500 2000 2500 3000 3500
Time (8)
fig. 4.17 -Average energy absorption of rt35 during charging at various temperatures

Figure 4.18 shows the evolution of average Nu at different temperatures during charging. It is
observed that Immediately after the HTF is introduced, the PCM adjacent to the tube absorbs heat
rapidly. The Nusselt number (Nu) first appears at 325.15°C, 335.15°C, 345.15°C, and 355.15°C
respectively. This sequence is attributed to the forming of a thin molten layer of PCM due to the
increase in HTF temperature. This layer acts as a temporary thermal insulator because of the
significant temperature difference, causing a slight delay in the onset of natural convection during
the initial seconds. However, natural convective flow later overcomes this delay, helping maintain a

higher heat transfer rate.

In the early stages, natural convection develops rapidly due to the large temperature difference
between the HTF and solid PCM, resulting in a high Nu early in the melting process. At the lower
temperature of 325.15°C, the thermal gradient within the PCM develops more slowly, leading to
slower heating of the internal layers and a delay in the development of convection, thereby reaching
the peak Nu earlier. In contrast, as temperatures increase, heat transfer becomes more effective and
faster due to the greater thermal difference, leading to a quicker rise in Nu, but it takes longer to

reach its peak due to the need to achieve thermal equilibrium.

As the melting process progresses, the thermal gradient between the HTF and PCM decreases,
leading to a sharp drop in Nu due to the diminished effectiveness of natural convection.
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fig. 4.18 -Evolution of average Nu for rt35 at various temperatures during charging

4.9 comparison of different performance enhancementtechniques on melting and

solidification

Phase Change Materials (PCMs) are considered promising solutions for thermal energy storage due
to their ability to absorb and release large amounts of energy during melting and solidification
processes. To enhance the performance of these materials, a detailed numerical investigation was
conducted to compare different techniques, including the use of aluminum oxide nanoparticles Al>O3
(2%NEPCM), a combination of nanoparticles and fins (1%NEPCM/1%fins), and the use of fins
alone as an extended surface (2% fins). A constant PCM volume was maintained across all cases to
ensure accurate comparison, and a fixed ratio of metallic materials (2%) was determined. Also, all
studied cases and their geometric characteristics are shown in Table 4-3. This study aims to identify
the most effective solution for improving key aspects such as melting time and solidification and

enhancement ratio. The model equations used to find the properties of Nano-particles are discussed

below.
Table 4-3 -presents all studied cases along with their geometric characteristics.
Configuration Number of Fin Volume Ratio | Aluminum Oxide Particles
Triangular Fins
(2%NEPCM) B B 2%
(1%NEPCM/1%fins) 10 1% 1%
(2% fins) 20 2% _

Table 4-4 - Properties of Nano-PCM

Specific heat capacity

Thermal Dynamic Latent Heat

Concentration Densit .. .
ensttys p Conductivity, L | Viscosity, n of Fusion, L

Cp (Solid) Cp (Liquid)

(Kg/m3) (kd/kg K) (W/m-K) (kg/m-s) (kJ/kg)
1% 911 2329 1755 User defined 0.002974 150.1574
2% 941.8 2262.16 1712.74 User defined 0.00305 143.7639
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4.9.1Dengty and specific heat

The specific heat and density of the PCM mixed with nanoparticles are determined using
equations 4.6 and 4.7, respectively[76]. In these equations, " represents the fraction of aluminum
oxide added to the base PCM. The left-hand side of the equations provides the values for specific

heat and density by combining the specific heats and densities of the base PCM and the nanoparticles.

"R "8/ p N N (4.6)

" ” S p— 4.7)

4.9.2 Latent heat, thermal conductivity anddynamic viscosity

Latent heat, thermal conductivity and dynamic viscosity of Nano-particles mixed PCM are
calculated using equations 4.8, 4.9 and 4.10 respectively. Where latent heat and dynamic viscosity is
depending upon the percentage of nanoparticles used while calculation of thermal conductivity
involves the function of thermal conductivity of base PCM and thermal conductivity of nanoparticle

with the percentage of nanoparticle used.

In this study, the specific heat capacity of the materials was introduced using a piecewise-linear
approach, facilitating a more precise analysis of thermal behavior. Additionally, thermal conductivity
was calculated using user-defined functions (UDFs) implemented in the C++ programming
language. This methodology enabled the development of a robust mathematical model, ensuring the

accuracy and reliability of the obtained results.

"D "9 p N (4.8)
— (4.9)
: — (4.10)

Fig 4.19(a) compares PCM's melting fraction and temperature variation using the different
enhancement techniques. The results showed a gradual increase in the melting fraction over time,

with a faster melting of the PCM in the presence of fins compared to other cases.

The application of aluminum oxide nanoparticles (2% NEPCM) leads to a slight increase in the
thermal conductivity of PCM, which may positively affect the reduction of melting time compared
to pure PCM. The introduction of nanoparticles influences the thermophysical properties of PCM,
such as increasing specific heat capacity, thermal expansion coefficient, density, and thermal
conductivity. In addition to a slight increase in viscosity that may negatively impact melting and
solidification times, there is also a decrease in the latent heat of fusion (as shown in Table 4-4). These

changes significantly impact the thermal performance of LHTES.
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Despite the enhanced thermal conductivity, the data indicated that the system with 2%
nanoparticles (2% NEPCM) experienced a longer phase change duration compared to other
configurations. This extended phase change time is attributed to the relatively low thermal
conductivity of the PCM, even with the incorporation of nanoparticles. Conversely, the combination
of nanoparticles and fins in equal proportions (1% NEPCM / 1% fins) demonstrated a much better
thermal performance compared to using nanoparticles alone. Nanoparticles improve the thermal
conductivity within PCM at the molecular level, while fins increase the surface area available for
heat exchange. Although the PCM volume was constant in all cases, fins (2% fins) remain the most
efficient in enhancing the thermal performance of the latent heat thermal energy storage (LHTES)

system.

As shown in Fig 4.19(a), the total melting time of PCM in the LHTES system, including
2%NEPCM, 1%NEPCM/1%fins, and 2%fins, is 5950s, 3650s, and 3250s, respectively. This
corresponds to a reduction in the melting time by 9.85%, 44.7%, and 50.76% compared to the

baseline case without fins.

Fig 4.19(b) illustrates that the temperature curves for the three enhanced cases show that fins
play a more significant role in improving heat transfer compared to nanoparticles. Due to their direct
contact with the heat source, the fins located on the inner surface receive increased thermal flux,
which allows for effective heat transfer into the depth of the PCM material. Additionally, localized
convection currents form in the molten PCM between successive fins, enhancing the rate of heat
transfer through convection. This phenomenon results in a greater accumulation of thermal energy
between the fins, ensuring a more uniform temperature distribution within the system and overall

improved efficiency. This has been confirmed by the results presented in Fig4.19(a).
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fig. 4.19 - comparison of liquid fraction and temperature evolution over time for enhanced PCM systems.
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Fig 4.20(a,b) describes the liquid fraction and temperature curves for the three LHTES systems
during the solidification process. A cold heat transfer fluid (HTF) at 290.15 K circulates through the
HTF tube during discharge, facilitating the transfer of stored energy from the PCM to the cold fluid,
which leads to a gradual decrease in the material's temperature over time. Based on the liquid fraction
and temperature curves, the solidification results exhibited effects similar to those observed during
melting. The total solidification times for the enhanced systems using nanoparticles (2% NEPCM),
the combination of nanoparticles and fins (1% NEPCM/1% fins), and fins only (2% fins) were 5400s,
4650s, and 3550s, respectively. Compared to the baseline heat exchanger structure, which takes
5750s, applying these enhancement techniques reduces solidification time by 6.09%, 19.13%, and
38.26%, respectively. Metal fins show a clear advantage in reducing solidification time compared to
the effect of nanoparticles or even the combination of both techniques. This is attributed to their
ability to function as effective thermal bridges, enhancing heat transfer and improving thermal

distribution within the system.

1 1 1 1 1 1 1 1 1 1 1 1
= 29%NEPCM —=— 2%NEPCM
1.0 4 —e— 1%NEPCM/1%fins|[" 40 —e— 19%NEPCM/1%fins| F
2% fins A \ 2% fins
08 4 —y—nofins | ] —v—no fins
35 4 L
S g
3 056 r 2
= ‘g,_ 30 L
o
504 - =
=1 @
25 L
02 L
0.0 4 L 20 - i
3550 4650 5400 5750
T T T T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Time (s) Time (s)

fig. 4.20 -comparison of liquid fraction and temperature evolution over time during the solidification process.

Fig 4.21(a,b) shows the variation in enhancement ratio (n) for different TES systems during
charging and discharging processes. Fins achieve peak n values of 0.33546% and 0.2945% at 2250s
and 2300s, respectively. In contrast, the (L% NEPCM/1%fins) and (2%NEPCM) configurations show
peak n values of 0.2794%, 0.04897%, 0.19001%, and 0.03365% at 2600s, 2900s, 2450s, and 3750s,
respectively. The highest n values were found with 2% fins, followed by (1%NEPCM/1%fins) and
(2%NEPCM). This indicates that the addition of metal fins and nanoparticles accelerates both the
melting and solidification rates, leading to higher n values and thus reducing charging and

discharging times compared to the baseline condition.

76



Chapter 4: Results and Discussion

1 1 1 1 1 1 1 1 1 1 1 1 1

35 1 —a— 2%NEPCM - 30 4 —=— 2%NEPCM

—e— 1%NEPCM/1%fins| | —+— 1%NEPCM/1%fins
—A— 2% fins —a— 2% fins

T T T T T T
T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000  B0OO

Time (s) Time (s)

fig. 4.21 -Enhancement ratio for different LHTES systems during (a) melting and (b)
solidification.

4.10 Effect of enhancement surface area on heat transfer

In this study, we analyze the effect of heat transfer surface area within the same specified volume
by comparing different cases of fins with and without the addition of nanoparticles, as well as
nanoparticles alone without fins. As mentioned in previous sections, the volume fractions of solid
materials are kept constant across all studied cases, allowing for a fair comparison between the
performance of the different systems. However, the heat transfer surface area varies depending on
the configurations of the fins and nanoparticles. The heat transfer surface area across the entire field

is calculated using the previously mentioned equation (4.3)[130].
0o “O00 ¢ 0 — (4.3)

Thus, for the heat transfer surface area across the entire field for fins with a 2% volume fraction,

using the above equation (4.3):
Ant = 23864+12590.162 = 36454.162 mm? (4.11)

In the case of fins at 1% and nanoparticles at 1% (1%NEPCM/1%fins), the fin surface area is

half that of the previous case:
Anr =18227.081mm? (4.12)

Additionally, to calculate the heat transfer surface area for the nanoparticles, the target volume
is first divided by the particle volume to determine the number of particles. Given that the

nanoparticle diameter is 20 nm, the number of nanoparticles is:

0 ——— PR X OpT (4.13)

77



Chapter 4: Results and Discussion

Next, the heat transfer surface area for nanoparticles at 2% (2%NEPCM) is calculated by
multiplying the number of particles by the surface area of each particle:

00 pPpXepmM T “pTMpPT PTXR @A (4.14)
In the case of nanoparticles at 1%, the surface area is half of the previous case:

n 8
ov

X 0 @ud o (4.15)
Finally, in the case of nanoparticles at 2% only, the total heat transfer surface area is:
Aur = 25120+14770.56 = 39,890.56 mm? (4.16)

Although nanoparticles significantly increase the total surface area, fins exhibit greater
efficiency in reducing melting and solidification times due to their primary role in directing and
facilitating heat flow. This indicates that increasing the surface area alone is not the decisive factor
in improving heat transfer; the distribution, thickness, shape, number, and of fins play a larger role

in achieving better thermal system performance.
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Conclusions

Energy storage plays a pivotal role in enhancing the efficiency of modern energy systems,
significantly contributing to the conservation of available energy and its use when needed. Latent
heat thermal energy storage systems are among the promising solutions in this field, especially with
the increasing reliance on renewable energy sources that exhibit temporal fluctuations. Thermal
energy storage technologies allow for the exploitation of surplus energy, enabling it to be stored for

use during peak periods, thereby reducing waste and enhancing the sustainability of thermal systems.

In this context, phase change materials (PCM) are one of the most efficient technologies for
thermal energy storage due to their ability to absorb, store, and release large amounts of thermal
energy during the phase transition between solid and liquid states. These properties make them ideal
for low-temperature applications typically ranging from 20 to 60 degrees Celsius, such as building

heating, solar energy storage for residential use, and thermal management systems in electronics.

As part of the search for innovative solutions to enhance the performance of latent heat thermal
energy storage (LHTES) systems, a numerical study was conducted aimed at accelerating the melting
and solidification processes of PCM by improving heat transfer between the heat transfer fluid (HTF)
and the PCM. The focus was on designing a horizontally mounted shell-and-tube thermal energy
storage unit utilizing effective annular fin designs. Fins are considered an effective means of
improving thermal performance, although their effectiveness depends on various design parameters,

such as shape, thickness, length, quantity, and spacing.

In this study, several indicators were analyzed to evaluate performance, including liquid fraction,
melting and solidification times, thermal response rate, enhancement ratios for melting and
solidification, and thermal storage capacity. To achieve this analysis, ANSYS Fluent is used in the
numerical simulations. The mathematical equations used to solve the melting and solidification

processes in Fluent are based on the finite volume method and the enthalpy-porosity technique.

To verify the accuracy of the results, the numerical model was compared with experimental data
from Martin et al [124], which showed good agreement between the numerical and experimental
results, thereby enhancing the reliability of the model and confirming its effectiveness in simulating

the performance of latent heat thermal energy storage systems.

Initially, a comparison was conducted between rectangular and triangular fins to evaluate the
impact of fin shape on the performance of latent heat thermal energy storage systems (LHTES)
utilizing phase change materials (PCM). As anticipated, the results indicated that employing an equal
number of rectangular and triangular fins with identical surface areas allows for increased heat
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transfer area and fin length for triangular fins compared to rectangular ones, thereby reducing the
PCM melting time by 12.65%.

The analysis of the evolution of melting and solidification interfaces in LHTES primarily
depends on heat transfer mechanisms. This study revealed that natural convection plays a significant
role in the melting process, while its influence diminishes during solidification. As the number of
fins increases, the strength of natural convection gradually decreases, indicating that the benefits of
increasing fins reach a certain threshold, after which the impact of convection begins to decline.
Therefore, performance optimization is not solely dependent on randomly increasing the number of
fins; a balance must be struck between enhancing heat transfer and maintaining available storage

volume.

The results demonstrated that increasing the number of fins from 2 to 20 significantly reduces
both melting and solidification times. Compared to a bare tube system (without fins), the melting
time was reduced by 21.21% to 50.76%, and the solidification time decreased by 0.87% to 38.26%.
This improvement enhances system efficiency and reduces the time required to complete thermal
charging and discharging processes. However, increasing the number of fins results in a reduction in
the available space for the PCM, consequently decreasing the overall thermal storage capacity of the
system, which is a drawback to be considered. Thus, a balance must be maintained between reducing
melting time and enhancing heat transfer efficiency, while also preserving the system's total storage

capacity.

Based on the analysis of results, replacing rectangular fins with triangular ones of the same
length, base thickness, and occupied area effectively doubles their number. Consequently, this
increases the heat transfer surface area without compromising the thermal storage capacity of the
TES unit. Therefore, when optimizing LHTES, it is insufficient to consider only heat exchange
efficiency; the thermal storage capacity must also be taken into account. To highlight the
effectiveness of triangular fins in enhancing thermal energy storage performance and adapting to
volumetric constraints, a more precise comparison was necessary between rectangular and triangular
fins with the same number and dimensions (length and thickness). The findings underscore that
triangular fin, utilizing only 50% of the solid material compared to their rectangular counterparts,
provide a higher thermal storage capacity with a difference of 1068.409 J, demonstrating a notable

improvement of 1.13% over the rectangular fins.

Regarding the thermal storage rate, it is evident that rectangular fins outperform by a marginal
0.38%. While this difference indicates a slight superiority for rectangular fins, it remains minimal
compared to the improvement achieved by triangular fins in storage capacity. Furthermore, triangular

fins exhibit significant advantages during the solidification phase in both capacity and storage rate,
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making them an ideal choice. The storage capacity reached 51,126.66 J, an increase of 658.61 J
compared to the 50,468.05 J for rectangular fins. In terms of thermal storage rate, triangular fins
achieved an efficiency of 10.65%, reflecting performance enhancement compared to the 10.62% for

rectangular fins.

On another note, investigating the effects of both fin length and number in thermal energy
storage systems is crucial for determining the optimal design. In this study, the impact of increasing
fin length against reducing their number was explored to achieve high efficiency without
compromising overall energy storage capacity. The results indicated that extending fin lengths from
5 mm (40 fins) to 10 mm (20 fins) led to a reduction in melting times ranging from 40.15% to 50.75%
compared to the finless system. This improvement can be attributed to the enhanced capability of
longer fins to effectively transfer heat to areas distant from the heat source, thereby accelerating the
melting process. Conversely, increasing the number of short fins did not demonstrate a significant
impact on the overall thermal performance, as their benefits were limited to enhancing localized heat
exchange only. Thus, it can be stated that fin length plays a more influential role than number in
improving the overall thermal performance of the system. However, attention must be paid to
ensuring a balance between fin length and number to guarantee optimal performance, considering
that excessive length may lead to adverse effects such as increased thermal resistance or hindering
convective flow between the fins and the unit's outer wall. Additionally, excessively reducing the

number of fins may yield negative effects in specific areas of the system.

The impact of fin inclination angle was analyzed, revealing that an angle of 10 degrees is ideal
for accelerating melting and solidification processes. Although the overall effect of angle on
performance was weak, it improved convective flow, enhancing system effectiveness. A study of the
influence of inlet temperature on melting performance indicated that increasing the temperature
differential between the heat transfer fluid (HTF) and PCM leads to an increase in heat transfer rates.
However, when a certain temperature threshold is exceeded, its effect begins to gradually decline. It
was concluded that optimal performance is achieved when the inlet temperature exceeds the PCM
melting point by 20 Kelvin. Furthermore, when the inlet temperature rises above a certain level, it
may surpass the optimal limits for PCM, leading to a loss of physical or chemical properties of the

material, thus negatively affecting system efficiency in the long term.

Finally, to evaluate the impact of heat transfer enhancement techniques on system performance,
the influence of adding Al203 nanoparticles in conjunction with fins was also investigated. Three
different systems were utilized: the first containing PCM with 2% added nanoparticles (2%NEPCM),
the second comprising PCM with 1% added nanoparticles along with 10 triangular fins
(1%NEPCM/1%fins), and the third including PCM with 20 triangular fins only, without
nanoparticles (2% fins) as design case 3. It is worth noting that the solid material volume (fins or
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nanoparticles or both) is kept constant across all tested cases to avoid reducing the system’s storage

capacity and to ensure comparability among the studied cases.

Fins exhibited higher melting and solidification rates, followed by the nanoparticle/fins
combination and then nanoparticles alone without fins. The total melting time for the 2%NEPCM,
1%NEPCM/1%fins, and 2% fins was reduced by 9.85%, 44.7%, and 50.76%, respectively, while the
solidification time decreased by 6.09%, 19.13%, and 38.26%, respectively, compared to the LHTES

without fins.

The results also showed that fins were more effective in heat transfer, despite the larger surface
area of the nanoparticles. This is because fins facilitate direct and rapid heat transfer to areas distant
from the heat source, thereby enhancing system efficiency. In contrast, nanoparticles focus on

improving the thermal properties of the materials used.
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ABSTRACT

The present numerical study treats the impact of fin shape design on the thermal efficiency of
phase change material (PCM)-based thermal energy storage (TES) unit, focusing on the same surface
area occupied by fins. Comparing two different finned TES units equipped with rectangular and
triangular fin shapes, respectively, showed significant enhancements in PCM melting activity.
Comparative analysis demonstrated that triangular fin shape lowers PCM melting time by 12.64%
for equivalent fin numbers, and by 15.38% for equal fin lengths due to the enlargement of the heat
transfer area provided by the triangular shape. Further examination of fins with triangular shape in
terms of spacing and length, under fixed thickness and size parameters, revealed significant reduction
in melting time with increasing fins length. Notably, 50.75% decrease in melting time was achieved
by decreasing the number of fins to 20 while increasing fin length to 10 mm. Moreover, maintaining
a heat transfer fluid (HTF) temperature 20 K higher than the melting PCM temperature maximizes
TES thermal efficiency. These outcomes emphasize the importance of optimizing fin shape design
for enhancing heat transfer without affecting the energy storage capacity of TES systems, with

potential applications in building thermal management.

Keywords: Heat storage, PCM, Fins shape, melting process, heat exchanger, surface area.



RESUME

La présente étude numérique traite de lI'impact de la conception de la forme des ailettes sur
I'efficacité thermique d'une unité de stockage d'énergie thermique (TES) basée sur des matériaux a
changement de phase (PCM), en se concentrant sur la méme surface occupée par les ailettes. La
comparaison de deux unités TES a ailettes différentes, équipées respectivement de formes d'ailettes
rectangulaires et triangulaires, a montré des améliorations significatives de I'activité de fusion des
PCM. L'analyse comparative a démontré que la forme triangulaire des ailettes réduit le temps de
fusion du PCM de 12,64% pour un nombre équivalent d'ailettes, et de 15,38% pour des longueurs
d'ailettes égales, grace a l'agrandissement de la surface de transfert de chaleur offerte par la forme
triangulaire. Un examen plus approfondi des ailettes triangulaires en termes d'espacement et de
longueur, sous des parameétres fixes d'épaisseur et de taille, a révélé une réduction significative du
temps de fusion avec l'augmentation de la longueur des ailettes. Notamment, une diminution de
50,75% du temps de fusion a été obtenue en réduisant le nombre d'ailettes a 20 tout en augmentant
la longueur des ailettes a 10 mm. De plus, maintenir une température du fluide caloporteur (HTF) de
20 K supérieure a la température de fusion du PCM maximise I'efficacité thermique du TES. Ces
résultats soulignent I'importance d'optimiser la conception de la forme des ailettes pour améliorer le
transfert de chaleur sans affecter la capacité de stockage d'énergie des systemes TES, avec des

applications potentielles dans la gestion thermique des batiments.

Mots-clés: Stockage de chaleur, PCM, forme des ailettes, processus de fusion, échangeur de

chaleur, surface






