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ABSTRACT

Solar energy is an intermittent supply source of energy. Efficient utilization
of energy can be achieved by matching the energy supply with demand by
means of thermal energy storage systems. In this context, the use of phase
change materials in latent energy storage systems is the most effective way
to store thermal energy. The purpose of this study is to numerically
investigate the thermal behavior and heat transfer characteristics of a local
paraffin wax as a phase change material (PCM) filling the annulus of a
horizontal double-pipe pipe heat exchanger during melting and solidification
processes. Water is chosen as the heat transfer fluid flows through the inner
pipe (hot water for charging and cold water for discharging). The thermal
conditions of the outer pipe surface insulated (adiabatic) and the inner pipe
at constant temperature (isothermal). Finite volume method (FVM) is used
to solve the governing equations of transient laminar flow. The fluid flow in
the mushy zone was accounted for using the Darcy drag source term in
momentum equation, and the liquid percentage in each cell was updated
using the enthalpy-porosity method. Simulation results are presented in the
form of liquid fraction, average temperature and their contours over different
times and locations. It was found that during discharging, thermal conduction
dominates and natural convection has an insignificant impact on the LHTES
systems performance. This is due to the development of a solid layer of PCM
around the heat transfer tubes, which increases the thermal resistance and
reduces heat transfer to the liquid PCM. However, it also found that the
maximum and minimum temperature changes near the outer pipe surface
during the 16 hours are 56.25 % and 42.5 %, respectively. The results
showed that during charging, the PCM at the top of the store melts faster
than the PCM in the middle and bottom of the store due to natural convection
in the PCM and higher-temperature liquid PCM rising due to buoyancy
I



forces. A comparison has been made with previous studies of the temperature
profile for both processes. The comparison showed good compatibility
between the results, with the percentage of average error not exceeding about
4.5 %. Moreover, this study illustrates the extent to which LHTES systems
and heat exchanger designs need to be improved to meet the desired melting
and solidification time requirements for most short-term storage

applications.
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CHAPTER ONE

Introduction

1.1 Background

Thermal energy storage (TES) plays significant role in the energy
conservation and the development of renewable resources. This type of
storage can help resolve the mismatch between the supply energy and the
demand as well as boost the dependability of energy production systems [1].
Among different types of thermal energy storage, latent heat thermal energy
storage (LHTES) devices have attracted considerable attention worldwide
due to their large potential saving of energy and their ability to provide or
absorb a relatively large amount of thermal energy [2]. More recently, the
thermal storage technique based on the use of phase change materials (PCM)
as a storage medium has proved the most effective due to its high storage
density and small temperature variation during the processes solid-liquid
phase change. These specifications have made PCM promising for many
engineering applications, such as solar heaters, cooling/heating systems,
solar cookers, drying technology, building air-conditioners, electronic
devices cooling, preservation containers of pharmaceutical products and lots

of other applications [3].

Among different LHTES systems for heating and cooling applications,
double pipe heat exchange are the most common systems due to their
simplicity and ease of manufacture. The LHTES device consists primarily of
three major components: (a) phase change material, (b) container appropriate
for storing PCM, and (c) conductive heat transfer surface or surfaces for
transferring heat between the heat source and the PCM, as well as from the
PCM to the heat sink [4]. The main criterion for the selection of a PCM for

a particular application is the melting temperature or the phase change
1



temperature range of the PCM. Furthermore, with regard to latent heat
applications with PCMs, the applications can be categorized into two
categories: (i) protection or thermal inertia, and (ii) thermal energy storage.
The thermal conductivity of the PCM is one of the major differences between
these two sections. In the subject of thermal protection, low thermal
conductivity is desirable. On the other hand, the low thermal conductivity
values of PCMs make them undesirable for thermal storage systems. The
evolution of LHTES systems faces great challenges due to low thermal
conductivity of phase change materials, which leads to low heat transfer rate
during melting and solidification processes. Furthermore, paraffin wax is the
most frequent phase transition material for thermal storage applications due
to its enormous latent heat and low cost, as well as being stable, non-toxic,

and non-corrosive [5].

Recently, there is a growing demand for low-cost, efficient, and
sustainable energy production without harming the environment. Solar
energy has globally considered as an important renewable energy source.
However, solar water heaters are one of the most utilized technologies for
converting solar energy into thermal energy [6]. Solar water heaters rely
heavily on efficient thermal energy storage. In this context, phase change
material based latent heat energy storage systems have emerged as a
promising option to effectively store thermal energy for solar water heater
applications, as illustrated in Figure 1.1. Moreover, understanding the
fundamentals of phase change heat transfer processes that occur during the
melting and solidification of PCM is crucial for the development of more
practical and efficient thermal energy storage systems.
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Figure 1.1: PCM thermal storage arrangement for a domestic solar water
heating system [6].

1.2 Thermal Energy Storage (TES)

Thermal energy storage is a technology that stocks thermal energy by
heating or cooling a storage medium so that the stored energy can be used at
a later time for heating and cooling applications and power generation. There
are three common ways to store thermal energy: sensible heat, latent heat
and thermo-chemical energy [7]. Thermal energy may be stored by elevating
or lowering the temperature of a substance (i.e., altering its sensible heat),
by changing the phase of a substance (i.e., altering its latent heat) or through
a combination of the two. The process of storing thermal energy can be
described in three steps, referred to as a cycle. These steps are charging,
storing and discharging. The storage cycle applies to sensible, latent and
chemical storage; the differences between these methods are the material,
the temperature of operation and a few other parameters. The classification

of thermal energy storage is given in Figure 1.2.



1.2.1 Sensible Heat Storage

In sensible heat, energy is stored/released by raising/reducing the
temperature of a storage material without changing the phase. The amount
of energy stored depends upon the amount of the storage material, the
specific heat of the medium, and the difference between the change in

temperature at the initial and final stage.
1.2.2 Latent Heat Storage

In latent heat storage systems, the operation of storing and retrieving
thermal energy is based on the latent heat of fusion, where the storage
medium undergoes a phase transformation. The heat stored during the
material's phase change process is referred to as latent heat. The chemical
bonds of the PCM material break up when the source temperature rises,
resulting in the transition from one phase to another [8]. The material of
phase transformation can be solid-solid, solid-liquid, or liquid-gas. Unlike
sensible heat, latent heat storage is attractive in that it stores a greater amount
of energy at a constant temperature during phase conversion. There are two
different types of latent thermal energy: the latent heat of fusion and the
latent heat of vaporization. The latent heat of fusion refers to the energy that
is absorbed or released during the melting/solidification process. Latent heat
IS unique in that it is heat that is absorbed into a material without the material
itself increasing in temperature. Furthermore, is also important to distinguish
it from the other type of latent heat, the latent heat of vaporization, which

describes the transition from a liquid to a gas phase.
1.2.3 Thermochemical energy storage

In thermo-chemical energy storage, heat is absorbed or released through
a completely reversible chemical reaction when the molecular bonds are
reformed and broken during an endothermic or exothermic reaction. Due to

the high cost of such systems, their applications are very limited. Thermal
4



storage relies on the amount of storage material, endothermic heat of

reaction, and the extent of conversion.

Among above thermal heat storage techniques, latent heat thermal
energy storage is particularly attractive due to its ability to provide high-
energy storage density and its characteristics to store heat at a constant
temperature corresponding to the phase transition temperature of PCM.
Phase change can be in the following form: solid-solid, solid-liquid, solid-
gas, liquid-gas and vice versa. In solid-solid transitions, heat is stored as the
material is transformed from one crystalline to another. These transitions
generally have small latent heat and small volume changes than solid—liquid
transitions. Solid-gas and liquid-gas transitions through have higher latent
heat of phase transition, but their large volume changes on phase transition
are associated with containment problems and rule out their potential utility
in thermal-storage systems. Solid-liquid transformations have comparatively
smaller latent heat than liquid-gas. In addition, solid-liquid transitions have

proven to be effective in thermal energy storage systems.

Thermal Energy Storage

Sensible Heat Latent Heat Thermochemical Heat
Storage Storage Storage
Solid . Solid -Liquid L Thermochemical
Reactions
Liquid | Liquid - Gas Thermochemical

Pipeline Energy

Solid -Solid Chemical Heat Pump
Storage

Figure 1.2: Classification of thermal energy storage [7].
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1.3 Phase Change Materials (PCM)

Phase change materials (PCMs) are materials that undergo the solid-
liquid phase transformation. It is more commonly known as the melting-
solidification cycle, at a temperature within the operating range of a selected
thermal application. As a material changes phase from a solid to a liquid, it
absorbs energy from its surroundings while remaining at a constant or nearly
constant temperature. The energy that is absorbed by the material acts to
increase the energy of the constituent atoms or molecules, increasing their
vibrational state. At the melt temperature, the atomic bonds loosen and the
material transitions from a solid to a liquid. Solidification is a reverse of this
process, during which the material transfers energy to its surroundings and
the molecules lose energy and order themselves into their solid phase [9].

This can be seen in Figure 1.3.

Energy decreased

Rolidification®
PO |(Vegyoew
POew | © W
VoL VWV e
e ew -’ -’ %’ -

\Meltin ‘y

Energy Increased

Figure 1.3: The melting and solidification processes of phase change
materials [9].

There are many different types of PCMs available, but the vast majority
fall into three main classifications: organics, inorganics and eutectic. The

classification of PCM is illustrated in Figure 1.4. However, the melting point,
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thermal energy storage density, and thermal conductivity of organic,
inorganic, and eutectic phase change materials are the fundamental selection
criteria for a wide range of thermal energy storage applications [11].
Moreover, the following section offers details on each of the major

classifications of PCM in further depth.

1.3.1 Organic Materials

Organic PCMs can melt and solidify several times without phase
separation, and they crystallize with little or no super cooling due to the
depreciation of their latent melting heat. Organics can include a wide range
of PCMs such as those in the alkane (paraffin) family and the fatty acids
family. The alkanes and the fatty acids have similar physical characteristics,
exhibiting a white surface which is soft and waxy in appearance. There are
many advantages to using organic PCM. Organics also have high latent heats
of allowing them to store a high amount of energy in a smaller mass.
Organics are chemically and physically stable and will maintain their
performance over repeated thermal cycling without breaking down or
separating. Organics are compatible with a wide range of materials and do
not act to corrode or otherwise attack most common casing materials. The
main disadvantage of most organics is that they exhibit extremely low
thermal conductivity. The low thermal conductivity decreases their
effectiveness in both energy storage and thermal management applications
[12]. The following are the two major groups:

(1) Paraffin waxes are primarily composed of the straight-chain n-
alkenes CH;—(CH,)—CH;.The (CH;) chain crystallization releases a
lot of latent heat. With chain length, both the melting point and the
latent heat of fusion rise. Due to cost concerns, only technical grade
paraffins may be utilized as PCMs in latent heat storage systems.
Paraffin is safe, dependable, predictable, less expensive, non-

corrosive, and has a wide temperature range (5-80 °C) [8].
7



(2) Non-paraffin organic PCM are the most common type of PCM,
having a wide range of characteristics. A number of esters, fatty acids,
alcohols, and glycols that can be used to store energy have been
discovered. High heat of fusion, inflammability, low thermal
conductivity, low flash points, and instability at high temperatures are

all characteristics of these organic materials [13].

1.3.2 Inorganic Materials

The family of inorganic PCMs includes the salts and salt hydrates. Salt
hydrates are combinations of members of the inorganic salt family (oxides,
carbonates, sulfates, nitrates and halides) with water molecules in a specific
ratio. Inorganic materials have high volume latent heat storage capacity,
high thermal conductivity and high latent heat of melting. However, despite
these advantages, the negative attributes of salts and salt hydrates limit their
implementation. The inorganics tend to aggressively attack many common
casing materials making their design implementation challenging. Finally,
the inorganics tend to exhibit a high propensity towards supercooling,
meaning that they do not begin to freeze at their solidification point, but
instead can require substantial subcooling before solidification nucleation
begins. This is a form of undesirable instability that makes it difficult to
solidify the melted PCM for the next thermal cycle. [12].

1.3.3 Eutectic Materials

The metal and metal alloys PCMs include a number of materials with
melting points in the range of desired PCM applications. The eutectic
materials cover a wide range of melt temperatures and exhibit a much sharper
melt transition than the organics. The metals exhibit excellent chemical and
physical stability and are compatible with a wide range of casing materials,
eliminating many of the negative characteristics of the salts. Eutectic

materials are the only PCMs that do not suffer from low thermal
8



conductivities, with values that are several orders of magnitude larger than
those of organics and inorganics . The main detriments to the eutectic PCMs
are their high densities and low latent heats of fusion. The high densities do
offset some of the low latent heat concern, as high densities lead to greater
energy densities. However, the latent heats exhibited by the metals are low
enough that the higher energy density can’t entirely offset the low energy
storage values, and typically greater masses and volumes are required for

metals, leading to weight concerns with the high densities [12].

Phase Change Materials

A 4 A 4

[ Organic } [ Inorganic 1 [ Eutectic ]

I | I

Paraffin Salt Hydrates Organic-Organic
Non- Paraffin Metallic Inorganic-Organic

'

Inorganic-Inorganic

Figure 1.4: Classification of PCM [10].



1.4 Problem Statement

A very common problem in solar power generation plants and various
other industrial processes is the existing gap between the period of thermal
energy availability and its period of usage. This situation creates the need for
an effective method by which excess heat can be stored for later use. Latent
heat thermal energy storage is one of the most efficient ways of storing
thermal energy through which the disparity between energy production or
availability and consumption can be corrected, thus avoiding wastage and

increasing the process efficiency.

The main advantages of the LHTES system are the ability to provide
higher energy storage density at a relatively constant transition temperature
using phase change materials (PCMs). However, paraffin wax is used as the
most common phase change materials for thermal storage applications. In
this regard, the solidification and melting processes of local paraffin wax as
a phase change material in horizontal concentric annulus pipes will be
discussed. Various numerical techniques are applied in ANSYS software to
solve the governing equations in which the natural convection heat transfer
is also considered. Simulation results are presented in the forms of liquid
fraction, average temperature and their contours. Measures to examine the
heat storage capability of the system will then be advantageous to the overall

energy savings.
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1.5 Aim and Objectives of Current study

The main aim of this study is to investigate numerically the
performance of solidification and melting phenomena of local paraffin wax
in a concentric annulus pipe. The primary objectives of this study are

itemized as follows:

1) To evaluate and analyze of PCM charging and discharging processes

in the annulus geometry of a double-pipe heat exchanger.

2) Investigate the thermal behavior and heat transfer characteristics of
local paraffin wax as a phase change material (PCM) during melting
and solidification processes.

3) To analyze and discuss the numerical results.

11



1.6 Thesis Outlines

This dissertation consists of five chapters, and it is briefly offered as

follows:

» Chapter One: explains the general background, thermal energy

storage systems, types of phase change materials, problem statement
and the objectives of the current study.

» Chapter Two: displays the literature review of numerical and

experimental investigations for phase change materials used in
thermal energy storage systems and different geometries of the storage
systems.

> Chapter Three: deals with the mathematical formulations used in the

present study. The physical model descriptions, the governing
equations, the boundary conditions, and the thermo-physical
properties of the PCM are presented. It also explains the numerical
procedures used in the present study. The mesh dependency, the
computational grid, and CFD modeling and simulation are all covered
in this chapter.

» Chapter Four: presents the numerical results obtained in the current

study. The initial part of this chapter focuses on the validation of the
present CFD code. The analysis and discussion of the results of the
solidification and melting processes of PCM are described in this
chapter.

» Chapter Five: defines the key conclusions that have been obtained

from the present study and some suggested recommendations for

future work.

12



CHAPTER TWO

Literature Review

2.1 Introduction

This chapter displays the previous studies concerned with phase change
materials and heat transfer characteristics during the melting and
solidification processes of latent heat thermal energy storage (LHTES)
systems. The first section reviews the experimental studies that illustrate heat
transfer enhancement techniques used in thermal energy storage systems.
The second section displays the numerical studies which show the effect of
using numerical simulation techniques to predict the thermal behavior of a
PCM and optimize the energy storage system configuration. The third
section presents the experimental and numerical studies which explain the
effect of the operating conditions and changed geometrical parameters on the

thermal performance of shell-and-tube LHTES units.
2.2 Experimental Investigations

Akgun et al. [14] studied experimentally the thermal performance of
the PCM in a concentric shell and tube system as a vertical heat exchanger
during charging and solidification operations. The shell space is filled with
paraffin wax as a phase change material (PCM), while water is passed
through the inner tube as a heat transfer fluid. The study focused on the
enhanced probability of heat transfer by tilting the outer surface of the
storage system at an angle of 5 degrees. The tests were performed with
varying HTF inlet temperatures of 60, 65, 70, and 75 °C and mass flow rates
of 4, 6, and 8 kg/min for both processes. It was found that the total charging
time for the above-inclined angle would be reduced by approximately 30%.
In addition, the charging time is reduced as the HTF's inlet temperature rises

and the mass flow rate decreases.
13



Rathod and Banerjee [15] presented an experimental study to evaluate
the thermal behavior of PCM with melting points of 58 °C and 60 °C as well
as the influence of HTF inlet temperature and mass flow rate on the thermal
performance of a shell-and-tube heat exchanger. The shell is filled with
paraffin wax as a PCM while water as HTF runs through the inner tube. They
observed that the melting time of PCM increases as the mass flow rate and
inlet temperature of water decrease. The results indicate that the temperature
of the inlet water has a significant influence on the improved performance of
the PCM storage unit. In addition, the mass flow rate was found to have an
insignificant impact on the overall time of charge and discharge. It was found
that convection and conduction were the controlling mechanisms for the

charging and discharging operations, respectively.

Jesumathy et al. [16] conducted an experimental investigation to
study the charging and discharging characteristics of a PCM (paraffin wax)
in a double-pipe heat exchanger where the PCM was embedded in the
horizontal annulus gap. The influence of the different mass flow rates of the
HTF (hot water for melting and cold water for solidification) and the inlet
temperature on the thermal performance of the PCM were presented. The
authors observed from their experimental results that convection and
conduction were controlling mechanisms for the charging and discharging
operations, respectively. It was also discovered that raising the inlet HTF
temperature by 2 °C increased the heat transfer rate during the charging and
discharging processes by 25% and 11%, respectively. Therefore, when the
HTF's initial temperature was increased from 70 to 74 °C , the total melting
time decreased by 31%.

Shen et al. [17] studied experimentally the melting and solidification
characteristics of a PCM (paraffin wax RT-60) in a multi-tube LHTES unit
where the PCM was embedded in the vertical annulus gap. Their heat storage
container consisted of five copper tubes with heat transfer fluid (water)

14



flowing inside the tubes. The goal of adding more pipes was to improve the
LHTES unit's efficiency. The thermocouples were positioned in four areas
of the unit, with different angular and radial directions, to record the
temperature over time for PCM through melting and solidification
procedures. The results showed that the convection in melting process was a
key factor affecting the heat exchanger's performance. At the lowest position,
the PCM will solidify quickly due to conduction heat transmission. The
quantity and location of tubes in the LHTES units increased the effectiveness

of heat transfer in each melting and solidification process.

Kousha et al. [18] performed an experimental study to evaluate the
effect of the number of tubes and HTF inlet temperature on the amount of
stored and recovered energy during the melting and solidification operations.
The heat storage container was a shell and multi-tube heat exchanger where
the heat transfer fluid (water) flowed through the inner tubes (made of
copper, with an outer diameter of 12.7, 8.98, 7.33 and 6.35 mm respectively),
while the PCM (paraffin wax RT-35) filled the annulus gap of the exchanger
(made of Plexiglas, with an inner diameter of 70 mm and a length of
400mm). To reduce heat losses, the shell's outer surface was insulated with
a 10mm thick Flex elastomeric. Four different numbers of tubes were
selected: one, two, three and four. The findings show that increasing the
number of tubes increases the heat transmission area between HTF and PCM,
resulting in improved melting and solidification operations. Furthermore, it
was found that compared to one tube heat exchanger, the four tubes heat
exchanger greatly increases the thermal performance of PCM. It was
observed that by increasing the HTF inlet temperature the stored energy
increased. Additionally, when the inlet temperature of HTF was at 80 °C, the
charging time was reduced by 43%, and when the inlet temperature of HTF
was at 10 °C, the discharge time was reduced by 50%.

Table (2.1) shows a summary of the experimental studies.
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2.3 Numerical Investigations

Wang et al. [19] presented a numerical investigation into the effect of
temperature variation between the PCM fusion point and the entry of HTF.
They also investigated the effect of mass flow rate during the melting and
solidification operations in the shell and tube system. The PCM filled the
shell as PCM while the water flowed through the tube as HTF. The governing
equations were discretized by using the finite difference method carry out in
FORTRAN language. It is observed that the water inlet temperature
displayed higher impact on the total time to complete melting and
solidification operations. The results show that charging and discharging
processes have three stages for the change of temperature regarding to time
in PCM and heat charging or discharging rate regarding to time: rapidly
changing period, slowly changing period and more slowly changing period.
With the same configuration and under the same HTF inlet temperature, to
complete discharging process needs less time than to complete charging

process does.

Al-Abidi et al. [ 20] conducted a numerical analysis to improve heat
transfer by using internal and external fins for PCM during charging
operation in a triplex tube storage system. Water was selected as the (HTF)
that circulated through the outer and inner tubes, whereas (PCM) was filled
in the middle tube. All tubes are made of copper because of the high thermal
conductivity and to facilitate heat transmission between the (HTF) and the
(PCM). The inner, middle, and outer tubes have a radius of 25 4 mm, 75 mm,
and 100 mm, respectively. Also, the inner and outer tubes have a thickness
of 1.2 mm and 2 mm, respectively. The simulation was carried out with the
ANSYS Fluent program, which uses the enthalpy-porosity approach and
finite volume methods. The effects of the number, length and thickness of
fins were presented. Their findings showed that as the number and length of

fins increased, the time it took for PCM to melt decreased. It means that the
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length and number of fins have significantly impacted on the heat transfer
enhancement of the storage system. Furthermore, the thickness of the fins
had minimal impact on the charging cycle. It is found that the different
shapes of storage systems with fins have an effect on the heat transfer

enhancement compared with those without fins.

Seddegh et al. [21] conducted a numerical investigation of heat
transfer enhancement and the performance evaluation in the axis-symmetric
for vertical cylindrical LHTES unit. The storage container consists of shell
and tube type where the heat transfer fluid (water) flows inside the tube while
the paraffin wax at melting temperature 331 K is considered as a PCM filled
in an annular space. Effects of the two different models involved utilizing
one a pure conduction model and the other a combined conduction-
convection model were studied and compared with declared experimental
data for charging and discharging phenomena. The unsteady energy and
Navier-Stokes equations were solved using the enthalpy method
implemented in Fluent ANSYS 15 software. It was concluded that there is a
good match between numerical forecasts and experimental data from prior
studies. They found that at the charging cycle, the free convection is the
major mode of heat transport in the paraffin wax. Moreover, the thermal
conduction controlling the discharging cycle. It was observed that the
combined model displayed higher heat transfer enhancement for the phase

change material than that of the pure conduction.

Seddegh et al. [22] executed a numerical investigation to study the
effect of horizontal and vertical shell and tube configurations on performance
evaluate for LHTES system by utilizing natural convective and conductive
heat transfer models. The paraffin wax (RT 50) filled the shell was used as a
PCM while the water passed through the inner tube as an HTF. The influence
of the inlet water temperature, mass flow rate, heat fraction and total phase
transition time for both melting and solidification on the charging and
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discharging operations behaviors were presented. The governing equations
of momentum, continuity and energy for laminar flow were solved
numerically by using the enthalpy method implemented in ANSYS 15
software. The predictions of the numerical results were compared with the
experimental data obtained from previous researches. Results showed that
the conduction controlled the heat transfer in the both horizontal and vertical
configurations during the solidification cycle. They illustrated that the active
melting of paraffin was found at the top part better than was found at the
bottom part in the horizontal configuration while the melting was
homogeneous in the vertical configuration. Furthermore, they observed that
the inlet water temperature has maximum impact on the charging cycle for
horizontal/vertical configurations compared with that of the mass flow
rate which has less impact on the charging and discharging cycles for

both configurations.

Esapour et al. [23] conducted a numerical investigation on the heat
transfer enhancement from the phase change material using multi-tube heat
exchangers. The paraffin wax RT 35 is chosen as a PCM filling the shell
side while the heat transfer fluid (water) flows through inside tubes. They
presented the effects of the mass flow rate and inlet temperature of water
during melting operation. Additionally, different numbers of inner tubes:
double, triple, and quadruple tubes were presented and compared with the
single tube heat exchanger. The governing equations were solved by using
the enthalpy porosity method. They found that the highest melting rate
occurred when increasing the number of tubes to quadruple tubes which
leads to a decrease in melting time up to 29 % compared with the single tube
.The results showed that the melting time was decreased with increasing inlet
water temperature .whereas, there was doesn't achieved any effect when
increasing flow rate of heat transfer fluid on the paraffin melting operation.
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Ajarostaghi et al. [24] executed a numerical investigation to
study the influence of different geometric shapes during the PCM melting
cycle to enhance the heat transfer and evaluate performance of latent heat
thermal energy storage systems .Their type of thermal storage system was
consisted of a shell and tube heat exchanger which water flow through the
tube whereas the shell was filled with the PCM at melting temperature 36 °C.
Five types of geometry of channels were selected: circular, rectangular,
elliptical, square and diamond shape. The numerical simulation was
performed by using ANSYS Fluent 6.3 software. The results indicated that
free convection quickened thermal energy transport in the charging operation
in the upper part but weakened in the lower part. Moreover, thermal
conduction at the melting phase was dominated for all-parts. It is found that
the vertical rectangular shape reduces melting time up to 75% compared with
the circular shape. However, the horizontal rectangular showed the lowest

melt specifications compared with other shapes.

Han et al. [25] studied the wunsteady laminar melting
process in a concentric horizontal/vertical annulus of shell and tube heat
exchanger using a finite volume method. Specifically, they modeled two
geometrical arrangements. In one case, they considered a pipe model in
which the annulus is filled with PCM while HTF flows through the inner
tube and in the second case, they considered a cylinder model in which the
inner tube is filled with PCM while HTF flows through the annulus. A
comparison of horizontal and vertical models with different HTF inlets and
evaluation of the effect of natural convection on the charging cycle were
present. They found that the PCM melting rate in the horizontal cylinder
model was improved by the effect of natural convection more than in the
horizontal pipe model. They also reported that the time it takes to finish the
melting process has been lowered by 23.5 percent. The results show that the

vertical pipe model with an HTF input at the bottom had the maximum PCM
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melting rate, in contrast to the horizontal and vertical cylinder models where

the HTF inlet at the bottom is nearly the same.

Elmeriah et al. [26] presented a numerical study on the heat transfer
enhancement between heat transfer fluid and phase change material in the
LHTES system using forced convection and conduction. The system is a
shell and tube heat exchanger where the water as HTF flows inside the tube
whereas the paraffin wax RT 60 as a PCM fills the shell side. The parameters
studied were Reynolds number, tube length and shell diameter during
charging and discharging operations. Governing equations of two-
dimensional models were solved using the enthalpy method implemented in
ANSYS Fluent 17 software. They observed that there is a good match
between numerical forecasts and experimental data from prior studies. The
results showed that Reynolds number have a significant effect on the time
and rate of the charging and discharging operations. Also, it was found that
the shell diameter and tube length are the most effective parameters which
improvement of the storage system performances and have major effect on
the exit temperature of water as well as the time of the melting and

solidification processes.

Begum et al. [27] carried out a numerical investigation to study the
influence of hexagonal shell which fills with paraffin wax as PCM and
different shapes tubes models with water flows inside as HTF on the latent
heat thermal energy storage system performance during charging cycle at
melting temperature 59.9 °C.The unit built of a hexagonal shell which filling
with paraffin wax as PCM and different shapes tubes consists of circular,
and horizontal/vertical elliptical with water flows inside as HTF. The
governing equations were solved numerically by using the finite difference
method (FDM). They presented the effects of various inlet temperature and
mass flow rate of the heat transfer fluid. Their results indicated that the
natural convection affects the melting of the wax in the upper part of the test
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system more than the wax in the lower part of the test system because of the
buoyancy force. In addition, the temperature of the inlet water influences the
heat transfer performance more than the flow rate. Furthermore, they found
that a large amount of energy was charged in a horizontal elliptical tube
rather than a little amount in a circular tube. However, a great amount of
energy was charged in a bottom eccentric circular tube rather than in a top

eccentric circular tube.

Mahdi et al. [28] investigated the performance of PCM in a
triplex-tube storage system with nanoparticles and fins for discharging
period. The PCM was placed in the space between the inner and middle tubes
(the inner tube diameter was about 50.8mm, and the middle tube diameter
was about 150mm) with hot water circulating inside both the inner tube and
the annulus between the middle and outer tubes (outer tube diameter was
about 200mm). The enthalpy-porosity method was used to discretize the
governing equations. The impact of utilizing fins alone, nanoparticles alone,
or a combination of the two on discharging operation was studied. They
discovered that using fins alone reduces the time required to completely
solidify the PCM by up to 55%, using nanoparticles alone reduces the time
required by 8%, and combining fins and nanoparticles together reduces the

time required by 30%.

Al-Mudhafar et al [29] carried out a 2D numerical investigation to
improve the thermal performance of the PCM thermal energy storage system
by utilizing a webbed tube heat exchanger. The webbed tube consisted of
four horizontal inner tubes joined together by welded metal plates to increase
the surface area of heat transfer. Water as HTF passes through the inner
tubes, while the shell side contains the (RT82) as PCM. The governing
equations of momentum, continuity, and energy were solved by using the
finite-volume method implemented in ANSY'S software. They found that the
total melting time decreased as a result of an increase in the heat transfer area
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in the webbed tube exchanger. Furthermore, it was observed that compared
to traditional heat exchangers, the webbed tube heat exchanger greatly

increases the thermal performance of PCM.

Mahdi et al. [30] conducted a numerical investigation to study the
influence of the phase change material location during the charging and
discharging cycles on the thermal behavior of the LHTES unit in horizontal
shell-and-tube heat exchanger type by using two different models. The first
model was the paraffin wax RT 50 filling shell as PCM while the water as
heat transfer fluid flows through the tube. The second model was the paraffin
wax filling tube as PCM while the water as heat transfer fluid flows through
the shell. The study was carried out in the two-dimensional computational
domain by using enthalpy method and Boussinesq approximation
implemented in the ANSYS Fluent 15 software. The numerical simulation
was displayed for melting and solidification at initial temperature of 70 °C
and 30 °C respectively. They found that the charging time of the second
model decreased which was caused by high impact of convection up to 50%
when compared with that of the first model. Thermal conduction dominated
the beginning of charging for two models then after that changing controlling
to free convection. They observed that the increasing inlet temperature of
water in both models leads to significantly increased temperature divergence
between PCM and HTF. Additionally, at initial time the free convection was
predominant on the discharging cycle then replace by the conduction which

become predominant.

Kalapala and Devanuri [31] investigated an analysis study to improve
the performance of a shell-and-tube LHTES system with the effect of several
non- dimensional parameters on the melting characteristics of PCM. The
shell is filled with PCM while HTF flows through the tube. The main
objective was to study the influence of Reynolds, Rayleigh, Stefan numbers,
the ratio of tube thickness to shell diameter and the ratio of thermal
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diffusivities of tube and PCM. The governing equations of the theoretical
solution technique utilize the enthalpy porosity method to solve the problem
numerically in ANSYS Fluent software and the SIMPLE algorithm was used
for pressure-velocity conjugation. They found that the melting time reduced
with increasing the Rayleigh number and inlet temperature of HTF.
However, the Reynolds number, as well as thickness have little effect on the

PCM melting process.

Ghafoor and Mussa [32] examined the impact of changing the inner
tube geometric shapes on the thermal behavior of PCM in the LHTES
system. Three geometrical configurations of the inner tube, namely a circular
tube, horizontal elliptical tube, and vertical elliptical tube, were investigated
for the solidification cycle. The PCM was placed in the annular gap with cold
water circulating through the inner tube. The finite volume method was
utilized to discretize the governing equations. In order to deal with the liquid-
solid interface advancement through time, the enthalpy-porosity formulation
method was employed in the ANSYS fluent 19.2 software. They found that
the quick convection currents that govern the PCM discharging operation are
initially influenced by buoyancy force, then governed by conduction heat
transfer, which takes longer to complete. They found that the circular tube
performs better because of the prolonged heat absorption from PCM via HTF
at 66.37 percent efficiency and 14,430 seconds. This is because of the huge
area between the center of the tube and the circular wall in comparison to

other shapes.

Soni et al. [33] performed a numerical investigation on the heat transfer
between the heat transfer fluid, the wall, and the phase change material to
enhance the thermal performance of latent heat thermal energy storage
(LHTES) systems. The storage system consists of a shell and tube heat
exchanger with the paraffin wax as a PCM filling the shell side while the
water as HTF flows through the tube. They studied the effects of free
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convection, inlet temperature of water, inner tube diameter and length of the
storage system on the melting time during charging operation. The numerical
model was solved in the transient two-dimensional case by combining the
finite difference technique with the enthalpy transforming method for the
simulation of phase transitions. The unsteady-state governing equations,
convection-diffusion terms and convection terms were discretized by using
the implicit method, upwind and backward scheme, respectively. They
showed that free convection can noticeably enhance the charging operation
and decrease PCM's overall melting time by more than 50% compared to
that without convection. They found that the melting time of paraffin wax
decreases as the inlet temperature of water increases. Also, the increase in
the storage system length led to a rapid increase in the melting time along
with the rising mass of PCM. Therefore, the melting time increases as the

inner tube diameter decreases.

Shen et al. [34] conducted a numerical investigation to study the
influence of the radius ratio in a vertical storage unit using two different
chains: constant tube radius with changing shell radius and changing tube
radius with constant shell radius. The PCM was placed in the annular space
of a shell-and-tube LHTES unit with water as HTF circulating through the
inner pipe. The simulation was carried out with the ANSYS Fluent 17.2
program. A grid distribution of 30x300 grids was employed with time steps
of 0.1 and 0.15 for both the solidification and melting, respectively. To deal
with the liquid-solid interface advancement through time, the enthalpy-
porosity technique was employed. They found that the ideal radius ratio
slightly increases when the total melting and solidification time increases.

Also, the best shell-to-tube radius ratio is around five for both chains.

Table (2.2) shows a summary of the numerical studies.
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2.4 Experimental and Numerical Investigations

Jian-you [35] conducted an experimental and numerical investigation
on the heat transfer enhancement in the thermal energy storage unit using a
triplex concentric tube with phase change material (PCM). The n-
Hexacosane material as a PCM was stored inside the middle channel with
the inner tube for the passing of the cold heat transfer fluid for the
solidification process and the outer tube for the passing of the hot heat
transfer fluid for the melting process. The numerical simulation was
performed using iteration method for thermal resistance and temperature to
test the change in the phase of PCM. The influence of entry fluid temperature
and various mass flow rates of HTF for both cold and hot processes were
studied. Furthermore, with experimental data the numerical predictions were
validated. They observed that inlet temperature of HTF has a significant
effect on the time for full solidification and melting. They found that to
produce lowest time the inlet temperature should be low and high for
solidification /melting respectively. For each charging and discharging
operation, it was found that a good match between the numerical and
experimental diagrams for mass flow rate, heat transfer and temperature

distributions over time.

Hosseini et al. [36] performed an experimental and numerical
investigation to study the influences both of the free convection during
melting process of paraffin (RT50) as PCM in a shell and high temperature
of HTF on the heat transfer enhancement inside a horizontal shell and tube
heat exchanger system. The experimental data showed that the melt's
forehead appears to be near the HTF tube, and the migration from tube to
shell appears to be underway by natural convection. In addition, a large

amount of heat is transferred to the PCM melt area at the same time.
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Moreover, the numerical simulation proved that the entire charging time is

reduced by 37% when the inlet temperature for HTF is raised to 80°C.

Longeon et al. [37] carried out an experimental and numerical
simulation to study the PCM on melting and solidification operations in a
vertical double pipe energy storage system. The annulus geometry consists
of a shell and tube filled with a paraffin wax RT35 as a phase change material
(PCM) and water moves inside the inner tube as heat transfer fluid. The
governing equations were discretized by using ANSY'S Fluent software in a
2D axisymmetric geometry. The research was conducted in four cases. In the
charging process, the heat transfer fluid was used feeding into the tube from
the bottom, then reflecting the process to start from the top in the charging
process. However, discharging followed the same manner. Their study
focused on effects of the natural convection on melting zones as a function
of temperature considering the injection configuration in PCMs and its
implications for heat transfer. Obtained results of experimental/numerical
studies showed that the PCM placed in the top parts heated up quicker and
had higher gradients as a result of their proximity to the injection. They
noticed that the values were very close during the charging process due to
the effect of free convection. Further, the opposite occurs during the
discharge process. It was also found that the heat transfer fluid injection side
must be carefully selected and advised to charge from the top and discharge

from the bottom in order to optimize the performance of the storage unit.

Kibria et al. [38] presented an experimental and numerical study of
heat transfer and the effects of phase change material in the latent heat
thermal energy storage system, which was governed by thermal conduction.
A shell and tube heat exchanger make up the LHTES system. A paraffin
PCM melting at 61°C was selected as the storage medium filling the shell
while the HTF flows through the tube for both melting and solidification
cycles. This study was carried out by using temperature and thermal
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resistance iteration methods, and has been created in order to analyze heat
transfer between PCM and HTF for each operation of melting and
solidification. Effects of operating conditions and geometrical parameters
such as temperature entering HTF, various mass flow, tube thickness and
radii were displayed. Computational predictions for both the charging and
discharging processes agree well with the experimental data. The results
indicate that temperature of the inlet water significant influences on the
improve performance of PCM storage unit. In addition, the mass flow rate
was found to have an insignificant impact on the overall time of charge and

discharge.

Hosseini et al. [39] investigated the influence of inlet temperature of
water and thermal behavior of the PCM during paraffin melting and
solidification in shell-and tube heat exchanger, with the HTF circulating
inside the tube and the PCM filling the shell side. Theoretical model was
analysis using enthalpy method. Their results showed that raising the inlet
water temperature to 80 °C leads to reduces melting times of the phase
change material by 37%. Also, theoretical efficiency of the shell and tube
storage system in melting and solidification cycles increased from 81.1% to
88.4%. Obtained numerical results showed that convection and conduction
are the most common heat transfer methods that control the phase change
process. The convection heat transfer dominates charging of a PCM process
and the conduction heat transfer which influences discharging of paraffin

wax operation.

Kousha et al. [40] Investigated experimental and numerical the heat
transfer enhancement technique based on the modification of the storage
geometry of a shell-and-tube LHTES unit by tilting the outer surface of the
storage container with angles of (0°, 30°, 60°, and 90°) during both charging
and discharging processes of a PCM. A paraffin wax (RT35) filled the shell
was chosen as PCM while the water was selected as HTF flows inside the
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tube. Influence of the different parameters such as Reynolds number, slope
angle and Stefan numbers were studied and compared with experimental
data. The water flow was in the range of the laminar flow with Reynolds
number 770.Their results indicated that when the inlet temperature of heat
transfer fluid increases, the charging time decreases in synchronism. The
experimental and numerical results show that increasing the slope angle from
0° to 90° decreases the mean temperature of the PCM through the initial half
of the operation. Furthermore, in the charging operation, the average heat
transfer at horizontal systems is greater than that at vertical systems and vice

versa in the discharging process.

Seddegh et al. [41] carried out an experimentally and numerically
studied the performance of paraffin RT60 as phase change material during
melting and solidification processes inside a vertical shell and tube LHTES
unit. The water flows through the tube as a HTF while the PCM fills the shell
as a storage medium. They observed that the PCM fluid rises to the top of
the unit during the charging cycle. In addition, convection currents cause the
molten forehead to transport lower in this same cycle. They found that the
maximum heat transfer enhancement occurred at the liquid PCM transition
to the top of the storage unit for the solidification process due to the
buoyancy forces. Furthermore, the solidification front was observed moving

in the axial and radial direction at the same time period.

Korawan et al. [42] presented a numerical and experimental
investigation to study the effect of different geometries shapes of thermal
energy storage units on the paraffin melting operation. Three types of models
were selected: shell and tube, shell and nozzle, and shell and reduce .PCM
fills the shell while the water flows through the tube as a HTF. The numerical
simulation was displayed for Nusselt number, the liquid fraction and
temperature distribution in three-dimensional domains by using ANSYS
Fluent program. The empirical work concentrated on the temperature
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distribution of paraffin melting. The experiments were examined with
numerical results that showed good match. They found that melting of wax
occurs in the part near the hot wall «then the wax rises to settle at the top of
the model due to the density variations. It was observed that the shell and
nozzle system had shown the better time of charging which is 6130 seconds,
followed by the shell and tube system which take 8210 seconds while

reducer-and-shell system spent an around 12280 seconds.

Siyabi et al. [43] carried out an experimental and numerical
investigation to study the influence of slope angle on the thermal behavior
of the paraffin wax during the charging process in a vertical cylindrical
container storage unit under different operational conditions. The wax RT35
(melting point between 35 and 37 °C) as phase change material filling the
shell side while the water as HTF passing inside the tube. Results were
displayed at different angles (0°, 45°, and 90°), inlet temperature of water 60
°C and the mass flow rate was 120 ml/min. They observed that angles of
slope have a significant impact on the charging cycle. They found that to
produce the fastest melting rate, the slope angle should be around 45°. Also,
the slope angle of 0°has quicker melted of PCM in the axial orientation.
However, the opposite was seen at slope angle of 90° which PCM melts
faster in the radial orientation. Furthermore, the numerical results indicate
that the buoyant force had a main role on the melting rate and melting

orientation of paraffin wax.

Table (2.3) shows a summary of the experimental and numerical studies.
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2.5 Summary

This chapter presented an extensive review of the previous numerical
and experimental studies related to the heat transfer and enhancement
techniques employed in PCMs to effectively charge and discharge latent heat
energy. Based on the above review, it was observed that many numerical and
experimental studies have been done on the geometry and configurations of
PCM containers and a series of tests on the melting and solidification of
PCM in latent heat energy storage systems to evaluate the effects of different
parameters such as the inlet temperature and the mass flow rate of the heat
transfer fluid on the performance of these systems. In this section, a detailed
review of the previous work which is related to the current research is
presented. A large number of theoretical and numerical investigations exist
in the literature concerning the heat transfer and melting characteristics of

various PCMs in LHTES systems.

Furthermore, the majority of the previous numerical studies focused on
melting and solidification of pure PCMs. But in reality, wrought local PCMs
are much less costly than pure PCMs and the former are easily available and
convenient to use. The behavior of a local PCM during melting and
solidification are totally different than from a pure PCM and this is primarily
because of the existence of a mushy zone. The present 2D numerical model
was able to provide converged results in every instant of time to evaluate and
analyze local PCM for charging and discharging processes when the fluid

flow is laminar.
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Table2.1: Summary of the experimental studies.

Reference | Tested Model Operation Condition and Result
Geometry Specifics
» The concentric conical shell is | « The total charging
ali made of stainless steel and has an | time for the 5-degree
_ 7JI inner diameter of 94.67 mm and a | inclined angle is
Akgun et al. - : length of 465 mm filled with | reduced by
1 | PCM. approximately 30%.
[14] i
(2007) lii.ul;“! ? . .Copper tube for water with outer
] I diameter 28 mm.
I ¢ It was found that
A I *T-type thermocouples. the melting time is
;{ reduced as the HTF's
*32 channel data logger to | inlet temperature
measurements temperature. rises and the mass
flow rate decreases.
*The mass flow rates range of
water are: 4,6 and 8 kg/min.
Inner temperature range of water
: 60, 65, 70 and 75 °C.
. . . » The temperature of
rb * The vertical concentric shell is | the inlet water has a
- made of stainless steel and has an | gignificant influence
Rathod and | u  pomhur inner diameter of 0.128 manda | on the improved
Banerjee. - =) :hickness of25mm, witha | herformance of the
T ength of 1 m, which is filled with | pcm storage unit.
[15] I T PCM.
(2014) us| WP « Brass tube with an outside Vjagefg]uaﬁj I(')Orﬁ\'ﬁtgn
— et @ diameter of 0.035 m for water. insignificant impact
o Y W on the overall time of
g @ * Thirty-six thermocouples type- | charge and discharge
B A M K were distributed to measure the

temperatures of the PCM.

» The mass flow rate of water
ranges from 1-5 kg/min.

* Melting time
needed lower than
solidification time.

« Convection
dominates the
melting process,
while conduction
dominates the
discharging process.
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*1.3 kg of PCM is filled into a
horizontal mild steel shell with
an inner diameter of 98 mm
and a length of 620 mm.

oA concentric brass tube with
a diameter of 50 mm and a

« Convection and
conduction were
controlling
mechanisms for
the charging and
discharging
operations,

= length of 780 mm for water. | respectively.
« Raising the inlet
- eInsulation made of 30 mm HTF temperature
o thick asbestos rope. to 2 °C increased
- the heat transfer
Jesumathy et = 5 *Nine type-N thermocouples rate during the
al. [16] = were distributed to measure charging and
- £ PCM and inlet and outlet water | discharging
(2014) = : temperatures. processes by 25%
e _ = and 11%,
. = «The mass flow rate of water | respectively.
2 ; range: 2, 4, 6, and 8 I/min. *Minimized
= - : eInlet temperatures range for melting time by
8 = charging: 70, 72, and 74 °C. 31 % through
rising entry melt
»— eInlet temperatures range for temperature
= discharging: of water from 70
38, 40, and 42 °C. to 74°C.
eMinimized
solidification time
by reduced entry
temperature of
water.
* 35 kg of PCM is filled into a | * Convection in
vertical transparent the melting
R polypropylene concentric shell | process was a key
NN with an inner diameter of 0.35 | factor affecting
A m, a 500 mm length, and a the heat
bl (g thickness of 6 mm. exchanger's
I A performance.
A A I * The fife-oriented copper tube
Shen et al. (I E for water has a 19.05 mm « The PCM
[17] : ‘l e outside diameter. solidifies quickly
e at the lowest
(2019) « 25 mm thick insulation with | position, which is

0.036 W/m. K thermal
conductivity.

» Twenty-two thermocouples
T-type.

* Inlet temperatures for
charging: 80 °C and mass flow
rates of 20 I/min.

* Inlet temperatures for
discharging: 10 °C

and mass flow rates of 20
I/min.

controlled by
conduction heat
transmission.

* The number and
placement of
tubes in the
LHTES units
increases the
thermal
effectiveness of
each charging and
discharging
process.
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Kousha et al.
[18]
(2019)

+ 1200 g of PCM is filled
into a horizontal Plexiglas
shell with an inner diameter of
70 mm and a 400 mm length.

* Copper tube for water with
outer diameter

respectively: 12.7, 8.98, 7.33,
and 6.35 mm.

*Flex elastomeric (ten

millimeters thick) was used to
insulate the shell.

« Sixteen thermocouples J-
type.

» \Water mass flow 0.4 I/min.

* Inlet temperatures range for
charging: 70, 75 and 80°C.

* Numbers of tubes in the
shell:1,2,3, and 4.

* Inlet temperatures for
discharging: 10 °C.

* Re number was at the
laminar range.

*As the number of
tubes increases,
heat transfer
between the HTF
and PCM
increases, as does
the impact of
charging and
solidification.

* The locations
where tubes are
distributed have
a considerable
impact on
achieving the
best results
during
processes.

*When using 4
tubes and 80°C of
HTF instead of
one tube, time
for each melting
and discharging
is reduced by 43
percent and 50
percent
sequentially.
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Table 2.2: Summary of the numerical studies.

Reference Tested Model Operation Condition and Results
Geometry Specifics
*Horizontal shell having a | ® The entrance
0.0258 m outside diameter | temperature of the
and a length of 1 m, filled with | HTF has a
PCM. substantial impact on
the charging and
PC\] *Copper water tube having an dlscharglr?g
Wang et al. — outside diameter of 0.0158 m. | Processes
19 AV ) completion time.
[19] ‘ *The storage container has The flow mass
ood insulation. i
(2013) g guantity has a
*Range of water mass flow | Si9nificant influence
0.0015-0.0315 kg/sec, and g?sctt:‘:r ‘;Earg'”g and
Lk velocity range:  0.0119- rocessges'g
0.2514m/sec. P S
completion times.
“The temperature of the water |, 1 ne igenical
varies trom. 19- conditions of each
mass flow rate and
temperatures of HTF,
discharging has a
greater thermal
transfer than melting.
*The inner, middle, and outer | *Fin thickness has a
tubes have a radius of 25.4 | MO Impact
d compared to fin
mm, 75 mm, and 100 mm, length and number of
respectively. fins, which have a
Al-Abidi et al significant impact on
. melting rate time.
[20] «The inner and outer tubes | " 9 e HMe
(2013) have a thickness of 1.2 mm

and 2 mm, respectively.
*Max melting

was 95°C.

temperature

eIt is found that the
different shapes of
storage systems with
fins have an effect on
the heat transfer
enhancement

compared with those
without fins.
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®0.128 m
e

> 0.0465 m

*Vertical shell with outside
diameter of 0.128 m
which filling with PCM.

eConcentric tube for water

* A good harmonize
among

numerical forecasting
and the

experimental results

oam || [, with diameter of published in
Adel " | 0.035m. previous researches.
02m *Inlet temperatures for * Thermal
Bt el melting operation: 358 K. conductive/convective
Seddegh et al. type gives t/he best
[21] . Iqlgt temperatures _for characterization
solidification operation: of thermal
301K. performance for PCM
(2015) than thermal
i *The mass flow 5 I/min with | conductivity type.
D035 m Reynolds * Thermal conduction
number 32152. controlling
discharging process
while the natural
convection controlling
the charging process.
*Vertical copper shell with | ¢ The results matching
inner diameter 0.085 m and | the experimental
- 1 m length which filling numbers and showed
Y with PCM. that conduction heat
B0 m | control over
: *Concentric copper tube for | discharging in each of
water with outer diameter the vertical
0.022 m. and horizontal
equipment.
Seddegh et al | PCM« N *Inlet temperatures for * The active melting in
| chargmg process: the higher region of
[22] HTF«l | | Im | 343K with mass flow rate of PCM better than the
\U | I/min. bottom region in the
[] horizontal equipment
(2016) .4 l_|__ R *Inlet temperatures for while the similar
’ tlj \ solidification charging in each

operation: 293K

point in the vertical
equipment.

* Alow effect on the
mass flow rate of
water and large
influence on the
temperature of water
for each

horizontal /vertical
unit
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Esapouret.al

*Horizontal unit with
outer diameter tube
125 mm and mid
diameter tube 95 mm
with

1 m long which filling
with PCM.

*The inner tube for
water which outer

* Numerical results
showed that the
melt time of PCM
minimized due to
the rising HTF
temperatures entry.
* There was no high
effect Inferred

from the mass flow

diameter change:30, 21, | rising of HTF
[23] 17.4,and 15 mm. on PCM melting.

*Water mass flow s The melts time of

range: 0.024, 0.032, and | the PCM

0.04 kg/sec. decreased as the

(2016) *Water melts number of
temperature range: 50, | tubes inside the shell

60, and increased,

70 °C reaching 29 percent
with shell and four
tubes.

«Circular with * Thermal

outer/inner diameter: | conduction at the

23mm*10.38mm. charging

«Circular outer operation was the

diameter 23 mm with | main control for

horizontal of elliptical | all-region, afterward

13.25 mm*10 mm. the natural |

5 - .Circular outer convection control at
‘ - . 50 percent of
n D | | A diameter 23 mm with .
. .. the upper region.
. i — vertical of elliptical :
Ajarostaghl * * Best geometric
e 10 mm*13.25 mm. shapes f .
. pes for quickly
et.al [24] - «Circular outer charging PCM was
» W W diameter 23 mm with | yertical
horizontal of rectangular, vertical
—— = rectangular 25 elliptical,
(2017) T = e mm*16.61 square, and diamond
Y mm mm. shape

«Circular outer
diameter 23 mm with
vertical of rectangular
16.61 mm*25 mm.
«Circular outer
diameter 23 mm with
square

10.38 mm*10.38 mm.
«Circular outer
diameter 23 mm with
diamond 10.38
mm=*10.38 mm.

respectively from
others. Also, the
vertical rectangular
shape has 74
percent reducing
charging time
compared with a
circular shape.

* The horizontal
rectangular shape
has weaker charging
specifications

from other shapes
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» Horizontal / vertical
pipe model with an
inner tube diameter of
20mm for water and an
outer tube diameter of
28.28mm filled with

* The PCM melting
rate in the horizontal
cylinder model was
improved by the effect
of natural convection
more than in the
horizontal pipe model.

Han etal Ve PCM. *They reported that the
[25] N i « Horizontal/vertical time it takes to finish
l Vi cylinder model has a the melting process
(2017) . @ T 500 mm length, an has been lowered by
S\ 00— inner tube diameter of | 23.5 %.
— 20 mm, and is filled * The vertical pipe
R with PCM and outer model with an
tube HTF input at the lower
diameter 28.28 mm for | had the maximum
water. PCM melting rate, in
contrast to the
eInlet temperature of horizontal and
HTF is 573 K. vertical cylinder
models where the
eInlet velocity of HTF HTF inlet at the lower
is fixed at 15 m/s. is nearly the same.
*Horizontal shell with
1 m long and inner * A good match
diameter 0.036 m between numerical
which is filled with forecasts and
- paraffin wax. experimental data
L *Double copper tube | from prior studies.
Elmeriah et i for water with outer | *Reynolds numbers
al. [26] diameter 0.012 m. have a significant
*The storage system | effect on the time
\v is insulated. and rate of the
(2018) It o | *Inlet temperatures changing and
fow @lﬂ‘ fww | for charging discharging
operation: operations.
88°C with mass flow | * The shell diameter
0.072kg/min. and tube length are

eInlet temperatures
for discharging
operation:

25°C with mass flow
0.07 kg/min.
*Reynolds number
range: 100-1500

the most effective
parameters

which improve the
storage system
performances and
have a major
effect on the exit
temperature of
water.
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*Horizontal hexagonal
shell with a height of
4.21 cm and a length of
2.43 cm, filled with
paraffin wax.

*The water flows inner
tube cross-section

*The natural
convection affects
the melting of the
wax in the upper
part of the test
system more than
the wax in the lower

Begum et al. changes: concentric part of the test
[27] circular tube with system because of
inner diameter 1.7 cm, | the buoyancy
(2018) upper and lower force.
eccentric tube, *The temperature of
horizontal elliptic, and | the inlet water
vertical elliptic. influences the heat
*The storage unit is transfer performance
insulated. more than the flow
. rate.
Ej(_:harglng and * A big amount of
ischarging temperature
of PCM 59.9°C/51.2°C, | ENergy was charged
respectively. Ina h_orlzontal
elliptical tube rather
«Mass flow rate range: | than a little amount
0.01-0.04 kg/sec. in a circular tube.
* Three copper tube * They discovered
with long 500mm. that using fins
alone reduces the
eInner tube for water time required to
with diameter 50.8 Comp|ete|y So||d|fy
Mahdi et mm and thickness | the PCM by up
al 1.2mm. to 55%.
« Middle tube filled « using nanoparticles
28] with PCM and alone reduces
diameter the time required b
(2018) 150mm, thickness | Y

2mm.

*Quter tube for water
with diameter 200mm
and thickness 2mm.

*Solidification
temperature 350 K

8%, and

combining fins and
nanoparticles
together reduces the
time required

by 30%.
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« Horizontal four *The total PCM
tubes with inner melting time
diameterv20mm and | decreased as a result
thick 3 mm. of an increase in the
L heat transfer area in
» Shell with inner the webbed tube
dlgmeter 150.mm and exchanger.
Al - [ s thick 2mm, filled by
—iis PCM.
Mudhafar — ¢ «It was observed that
et al [29] *Plates length 144 compared to
mm and width one traditional heat
2018 ! 144mm and width exchangers, the
( ) two 26.5mm with webbed tube heat
: thick 3mm. exchanger greatly
: increases the thermal
«Copper was made for | performance of PCM.
tubes and plates.
*Horizontal shell with a | *The charging time for
7.07 cm inner diameter. | a second model
decreased which was
5 cm inner diameter caused by high impact
double tube. of convection up to
50% when compared
. S/ | «Using the first model, | with that of the first
Mahdi et al L/ [/ .\ | thetube for waterand | model.
el L 1| theshell for PCM and
[30] [ L\ j ‘ ‘; i ‘ ‘ the second model the + Conduction
| L)\ ] | inverse. dominated the
(2019) X \ / ' beginning of melting
A\ S *Inlet temperatures for two models then
range for charging after that melting
cycle: 70, 75, and 80°C. | control to free
convection.
*Inlet temperatures
range for discharging *At initial time the
cycle: 20, 25, and 30 °C | free convection
was predominant on
the solidification
cycle then replaced by
the conduction which
became the
predominant cycle.
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Kalapala and
Devanuri.

[31]

(2019)

HTFin

= oo ©

e [

*Vertical shell with
inner diameter 44mm
which filling with
PCM.

*Double tube for water
with outer diameter
17.5mm.

*Well outer shell
insulation.

*Stefan number range
:0.2-0.6

*Reynolds number
range :500-2000.
*Rayleigh number
range :(2.04 x 10°-2.32
X

10°.

* Tube thickness to
diameter ratio: 0.036—
0.113.

/D ratio :1-10.
*Thermal diffusivity
ratio :45.29-1500.

*The melting time is
reduced with
increasing the
Rayleigh number and
inlet temperature of
HTF.

*Reynolds number as
well as thickness and
material of tube have
little effects on the
PCM melting
process.

Ghafoor and
Mussa [32]

(2020)

» Geometric shapes
selected consist of:
*Horizontal shell with
1000mm long
,thickness 1.5mm and
outer/inner diameter
160,157mm which
filling with PCM.

* Copper circular tube
for water with 1500mm
long,1.5mmthickness
and outer /inner
diameter 54,51mm.

*Horizontal elliptical
tube with inner
diameter

47.5mm and outer
diameter 60mm.

*Vertical elliptical tube
with inner diameter
47.5mm and outer
diameter 60mm.

*Angle range: 0° ,45°
and 90° .

*They found that the
quick

convection currents
that govern the
PCM discharging
operation are
initially influenced
by buoyancy

force, then governed
by conduction

heat transfer, which
takes longer to
complete.

* The circular tube
performs better
because of the
prolonged heat
absorption from
PCM via HTF at
66.37 percent
efficiency and
14,430

seconds. This is
because of the huge
area between the
center of the tube
and the circular wall

40




Brass shell with inner

diameter 128mm filling
with PCM and external
insulation.

*Copper tube for water

in comparison

to other shapes.
They showed that free
convection can
noticeably enhance the
charging operation
and decrease PCM
overall melting time
by more 50%

Soni et al. e with inner diameter compared to that
respectively: 15, 25 and | without convection.
[33] we—t— B 33 mm. *The melting time of
§ araffin wax increases
(2020) *Vertical storage ZS the inlet
i system with long :1,2 | temperature of
r and 3m. water increases.
| *The increase in the
I eInlet temperature of storage system |ength
P HTF range :45, 55 and | led to a rapid increase
65 °C. in the melting time
along with the rise
sInlet velocity of water: | mass of PCM.
0.02 m/s. *The melting time
increases as the
inner tube diameter
decreases.
*First chain: varying | * They found that the
shell radius ideal radius
‘ i LY Lk | (25.4,50,8,63.5,76.2 ratio slightly increases
Ce «Cj;) @\ and 101.6mm) with when the total
Shen et al. i "*‘/ constant tube radius of | melting/solidification
( T ] | 22.7mm. time increases.
[34] ! L (L ) .
5 11 N il *Second chain: varying
k| jg SR SR | tube radius
(2020) L | (25.4,15.9,9.5 and * The best shell-to-
4| U \1} 7.1mm) with constant tube radius ratio
n: F \ & | | shell radius of 63.5mm. | is around five for both
(P (I;;@// m\‘?‘/ «Both chains have two | chains.

heights 600,1200mm.
*Copper tube for water
with thickness 1.2mm.
eInlet velocity of HTF
is 0.201m/s and
Reynolds number 7010.
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Table 2.3: Summary of the experimental and numerical studies.

Reference Tested Model | Operation Condition and Results
Geometry Specifics
« Three copper tubes are * The numerical
triplex concentric and the simulation was
outer wall insulated by a 20 | Performed using an
mm thick Styrofoam layer, | Itération method
*The inner tube for hot water for thermal resistance
with inside and
diameter of 90 mm and temperature to test the
ks outside diameter of 94 mm | change in the phase of
= k. with 3040 mm length. PCM.
; 1% | ‘The middle tube fills PCM ;fThe inlet temperature
Jian-vyou Lt with an inside diameter of 80 -
[3535 : 1 mm and outside diameter of | HTF has a significant
, Ly 82 mm with effect on the time for
" 'g%mﬂ — 3000mm length . full solidification and
(2008) Wi +The outer tube for cold melting. .
mowe] oo | Dfliese | \ater with inside » for each charging
1 [®] | diameter of 15 mm and and discharging
A outside diameter of 17 mm | OPeration, it was found
r with 3100 mm length . that a good match
¥z +16 thermocouples from a between the numerical
copper constant and .
(Type T) were used to experimental diagrams
calculate PCM temperatures. | TOF
«Scope of water mass mass flow rate, heat
flow:0.05-2 I/min. transfer, and
eInlet fluid temperatures for te_mperat_ure
melting: 58 °C. d_lstrlbutlons over
eInlet fluid temperatures for time.
solidification: 23 °C.
*A 1 m in length horizontal *The experimental
tube formed of 2.5 mm thick | data showed that the
iron with an interior diameter | melt's forehead
of 85 mm served as the 4 Kg | appears to be near the
PCM filling storage. HTF tube, and the
Hosseini et al. 22 mm outside diameter migration from tube to
[36] concentric copper tube shell appears to be
transporting hot water. under way. By natural
(20 12) eInsulation made of glass convection, a
wool with a 60mm thickness.

*There were 18 type-K
thermocouples distributed to
take temperature readings
and keep track of them in the
PCM.

*Water mass flow: 1 I/min.
*Melting temperatures range
at the inlet are

170, 75, and 80 °C.

large amount of heat
is transferred to the
PCM melt area at the
same time

. *The finite volume
method in numerical
simulation proved
that the entire charging
time is reduced by
37% when the inlet
temperature for HTF is
raised to 80°C.
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* The storage unit is
composed of two
concentric cylinders 400

* They noticed that the
values were very close
during the charging
process due to the

mm long.
* one vertical plexiglas effect Otf free
=~ o~ o | Withaninner convection.
e/ \ / i \ | diameter of 44 mm which
AT A A - * The values of both
Longeonal et | 1= ==+ | ) | the annular space is filled | oy perimental and
al. PR \ }/ /\]/ | by 4809 of FCM. numerical opposite
[37] ° '[__~1 - k{ N eother cylinder stainless occur during the
vl PN stgel for wat_er as HTF discharge process.
(2013) L e with inner diameter of 15
e e% mm and thick of 2.5 mm. | « They found that the
T\ ﬁ// « 48 thermocouples type-K | heat transfer fluid
ol N were distributed to injection side must be
(S measure the inlet and carefully selected and
outlet temperature of HTF. a;lwsed to dcg_argr:e from
* Less than 2300 Reynolds :c € top and discharge
rom the bottom in
number S0 the ﬂ.OW was order to optimize the
taken laminar \_Nlth performance of the
constant velocity storage unit.
0.01m/sec.
* 1 m long copper shell filled | « Computational
, . with paraffin wax with an predictions for both
AR inner diameter of 36 mm. the charging and
el o discharging processes
DF 0 KO « double copper tube with agree well with the
Kibria et al. B [ inner diameter 10.8 mmand | experimental data.
Lt e outer diameter12.0 mm with | * They observed that
[36] T water flowing through it. the tube radius
e | | insulated by a styrofoam produced greater heat
[ layer 20mm thick. transfer rates between
(2014) L v HTF and PCM than
=—""=T| | « thermocouples (type RTD) | the thickness
o T to measure entry /exit parameters.
-~ _| i | temperature of HTF and

PCM.

* Entry temperatures for
charging: 88 °C
and mass flow 0.072 kg/min.

* Entry temperatures for
discharging: 25 °C
and mass flow 0.07 kg/min.

* The temperature of
the inlet water
influences the heat
transfer performance
of the PCM storage
unit.

* The mass flow rate
was found to

have an insignificant
impact on the

overall time of charge
and discharge
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* 1 m long horizontal shell-
and-tube latent heat thermal
energy storage system.

* Double copper tube for heat

transfer fluid (water) with

outer diameter 22 mm.

* copper shell filling 4 kg

* Raising the inlet
water temperature to
80 °C leads to reduced
melting times of the
phase change material
by 37%.

» theoretical efficiency
of the shell and tube

Hosseini et al. VT — | | paraffin RT50 with inner storage system in
[39] N IERIR diameter 85mm. melting and
i | Glasswool insulation with a | solidification cycles
(2014) \ thickness of 60 mm. grew from 81.1% to
i | ° Eighteen thermocouples 88.4%.
™ type-K. * The convection heat
transfer dominates
| “ Ew * Entry temperatures range charging of a PCM
D / for charging :70, 75, and 80 | process and the
°C and mass flow 1 /min. conduction heat
" [ transfer which
e * Entry temperatures for influences discharging
discharging: 25 of paraffin wax
°C and mass flow 1 1/min. operation.
* Storage system consists of | *When the inlet
two cylinders and the space | temperature of heat
between them is filled with transfer fluid increases
g paraffin RT35 as PCM. the charging time
Kousha et al. T * 400 mm long Plexiglas decreases in
[40] T ‘ shell with inner diameter 70 | synchronism.
e | ——— . | M.
‘—Bé(—' = 1= 4 | *« Double copper tube for ) * Increasing the slope
L ) passing water as HTF wit angle from 0° to 90°
(2017) ”'m'h‘f?m | e outer diameter 12.7 mm. degreases the mean
pIE Flex elastomeric insulation | temperature of the
A with 10mm thick. PCM through the
= *Sixteen thermocouples initial half of the
| 1 p— J-type. operation.
: Iku_:f_ h_ *Inlet temperatures range for | « In the charging
B = charging: 70,75, and 80 °C operation, the
bt 5 and mass flow 0.4 I/min.

*Slope angle range:0, 30, 60,
and 90.

*Reynolds number: 770.

average heat transfer
at horizontal systems
is greater than that at
vertical systems and
vice versa in the
discharging process.
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Seddegh et al

Leveld

« vertical cylindrical thermal
storage unit
with 0.5 m length.

* polypropylene transparent
shell with inner diameter
0.35 m filling with 25 kg
paraffin wax.

* They observed that
the PCM fluid

rises to the top of the
unit during the
charging cycle while
convection currents
cause the molten

[41] o forehead to transport
an * Double copper tube for lower in this same
(2017) ld2 | water as HTF with cycle.
C W™ L. | outer diameter 20 mm. « The maximum heat
el sm transfer enhancement
T e *Thermocouples type-T were | occurred at the liquid
*50m used. PCM transition to the
top of the storage unit
* Insulated by using an for the solidification
Armaflex sheet process due to the
with thermal conductivity of | buoyancy forces.
0.036 W/m ‘K.
* The solidification
front was observed
moving in the axial
and radial direction at
the same time period.
* Vertical copper nozzle for
water flows through the tube | « The experiments
with small diameter 7.8 mm | were examined
and large diameter 22.9 with numerical
mm and 0.5 mm thlckngss. results that showed
Korawan et * Shell made of PVC with good match
al. inner diameter 47.4 mm and '
[42] 83 mm length filling with « The melting of wax
PCM. occurs in the
* Two models have been
(2017) included for numerical then the wax «part

analysis: a tube with an outer
diameter of 16.4mm and a
reducer with a small
diameter of 7.8 mm and a big
diameter of 22.9 mm.

* The system is insulated by
Styrofoam with 10 mm
thickness.

* Five thermocouples were
distributed to measure HTF
and PCM temperatures.
*Inlet temperatures for
charging operation:

330 K and 301K initial
temperature of wax.

near the hot wall
rises to settle at the
top of the

model due to the
density variations.

* The shell and
nozzle system had
shown the better
time of charging
which is 6130 sec,
followed by the
shell and tube
system which take
8210 seconds while
reducer-and

shell system spent an
around12280
seconds.
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Siyabi et al.
[43]

(2019)

* Vertical cylindrical storage
system consists of a shell and
tube heat exchanger.

* Shell with inner diameter
40 mm and 183mm length
which is filled with 170 ¢
paraffin wax.

* Double copper tube for
water as HTF with

inner diameter 8 mm and 2
mm thickness.

*Eight thermocouples type-K
were distribution to

measure PCM and HTF
temperatures.

*Entry temperatures for
melting operation: 60°C with
mass flow 120 ml/min.

* The slope range of angles:
0°, 45°, and 90°.

* The angles of slope
have a significant
impact on the charging
cycle and to produce
the fastest melting
rate, the slope angle
should be around 45°.

*The slope angle of
0°has quicker melted
of PCM in the axial
orientation.

* The PCM melts
faster in the radial
orientation at slope
angle 90°.

* The numerical results
indicate

that the buoyant force
had a main

role on the melting
rate and

melting orientation of
paraffin wax.
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CHAPTER THREE

Mathematical Model and Numerical Solution

3.1 Introduction

This chapter describes the mathematical model and procedure of the
numerical solution used in the current study. Explains the physical model
description and assumptions of this study. However, the governing equation
of the laminar flow in the form of cylindrical coordinates and the boundary
conditions for all dependent variables are presented, as well as the
thermophysical properties of the utilized materials are included. Moreover,
the procedure of the numerical solution begins with the discretization of the
governing equations, which were illustrated in the next part by using the
enthalpy-porosity method. The computational grid and mesh dependency are
presented as well. CFD technology was utilized the ANSYS software
package for dealing with fluid flows (FLUENT) to simulate the present

problem.
3.2 Research methodology

In the current study, the arrangement of geometry essentially consists
of two pipes, the inner pipe subjected to a constant temperature and the other
an insulated outer shell pipe. A transient two-dimensional cylindrical
coordinate axi-symmetry in computational fluid dynamics (CFD) model has
been developed to simulate the thermal behavior of PCM during the melting
and solidification processes using a commercial software package (ANSYS
FLUENT 2020 R2). The model geometry is built by using Design Modeler.
Then, the model geometry is meshed to split the domain into sub domains
(i.e., cells or elements) using a square mesh. However, when the geometry is

created, the mesh is constructed and boundary conditions are prescribed.
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Many meshes are examined in order to get an appropriate grid system. This
is well known as the "grid independence test” (GIT). An intensive mesh takes
a long time to simulate the case, while the low-density mesh provides
incorrect results. As a result, the GIT limits the mesh density and saves
solution time. In order to obtain an accurate result after doing GIT. Three
important stages of FLUENT-CFD analysis are implemented as follows: The
first stage, which is called "pre-processing”, which involves generating and
developing the geometrical shape as well as meshing of the studied geometry
and adjusting the boundary conditions. The second stage called "solver" or
"processing”, which includes solving the applied governing equations.
Finally, the "post-processing stage" includes the simulated results and
representation of these results via graphics, plots and animations. The

approach flowchart of this research is presented in Figure 3.1.
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Start

Create geometry
> < Pre-processor
Generate mesh

l

Physics setting

> Specify laminar model

Specify boundary Conditions

l Solver

Choose computation algorithm

Solve the governing equations

Set convergence monitoring criterion

Converge

— > Post-processor

Figure 3.1: Flow chart of the numerical study
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3.3 Physical Model Description

The basic geometry of the horizontal shell-and-tube LHTES system,
which consists of two concentric pipes, is shown in Figure 3.2. The inner
tube has an internal diameter of (51 mm) and an external diameter of (54
mm), while the outer shell has an internal diameter of (157 mm) and an
external diameter of (160 mm). The inner pipe is made of copper, whereas
the outer pipe is made of aluminum. The annulus is filled with paraffin wax

as PCM while water as HTF flows through the inner pipe.

(a)
Outer pipe
Inner pipe
SR
a8l
_— ‘,.i“ed by PCM Water
Pipe thickness 3 mm S =
(b)

Figure 3.2. Schematic of the concentric annulus pipes: (a) 3D view of
concentric annulus, (b) Side view, (¢) Cross section view.
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3.4 Thermophysical Properties and Assumptions

The thermophysical properties of PCM, water, aluminum and copper
that utilized in the numerical study are shown in Table 3.1. The main

assumptions of phase transitions and fluid flow can be defined as follows:

1) A laminar flow, incompressible, Newtonian fluid, unsteady and two-
dimensional flow.

2) The PCM is isotropic and homogeneous.

3) The outside shell pipe's surface is insulated.

4) The HTF inlet temperature is fixed at 300 K.

5) Boussinesq approximation is implemented to buoyant force and

density.

Table 3.1: Thermophysical properties of used materials [32].

Property PCM Water  Aluminum Copper
Melting temperature [K] 334
Density in solid state [kg/ m3] 894.56 2719 8978
Density in liquid state [kg/m3] 783.42 998.2
Specific heat in solid state [J/kg K] 1659 871 381
Specific heat in liquid state [J/kg K] 2460 4182
Latent heat of fusion [J/kg] 235512.5
Thermal conductivity in solid state 0.259 202.4 387.6
[W/m K]
Thermal conductivity in liquid state 0.158 0.6
[W/m K]
Dynamic viscosity [kg/m s] 0.01405 0.001003
Solidus temperature [K] 318.5
Liquidus temperature [K] 339
Thermal expansion coefficient [1/K] 0.000307
Density [kg/m3] 2621.3-5.4215T
Specific heat capacity [kJ/kg. K] -10786+39.073T
Thermal conductivity [W/m. K] 1.8282-
0.0049268T
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The material properties like density, specific heat and thermal
conductivity were represented as a function of the temperature in a set of
linear equations. Depending on the PCM temperature range between each of
the liquid-state and solid-state. The temperature range was 300 K < T < 350
K of the PCM. Table 3.2 shows the result of the thermophysical properties
of PCM.

Table 3.2: Thermo-physical properties of PCM in Temperature Range

300K < T < 350K.
Temperature Density Specific heat Thermal
(K) (kg/m?) (kJ/kg. K) conductivity
(W/m .K)
300 994.85 935.9 0.35016
305 967.7425 1131.265 0.325526
310 940.635 1326.63 0.300892
315 913.5275 1521.995 0.276258
320 886.42 1717.36 0.251624
325 859.3125 1912.725 0.22699
330 832.205 2108.09 0.202356
335 805.0975 2303.455 0.177722
340 777.99 2498.82 0.153088
345 750.8825 2694.185 0.128454
350 723.775 2889.55 0.10382

3.5 Governing Equations

The enthalpy-porosity method [44,45] applied in Fluent software was
employed to consider the phase change phenomenon. It is used because of
its capacity to simplify explicit tracking of the solid-liquid interface and

proving a simple procedure for phase-change problems [46,47 and 48]. This
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method provides the most accurate simulation results as well as the most
accurate visualize image of the active operations. The followings are the
benefits of this technique:
e Multi-dimensions and numerical solution.
e It is updated and more accurate.
e The enthalpy components at a mushy zone contain a mixture of each
liquid and solid materials.
e The governing equations similar to the single-phase equation.
e No explicit conditions are needed to be satisfied the solid-liquid
interface.

All researchers depend on it now [49,50].

Numerical models were performed to simulate the cases in this work,
according to the following steps, which are:

e Modeling the required geometry.

e Mesh the geometry.
e \Write the correlations, materials, conditions of cell zone and boundary
conditions, solution procedure and control.

e Analysis of the finding and post-processing.

The conservation equations governing the problem of phase change

[22], these equations are displayed in detail in the following:

Continuity equation:

2 +7-(p#) =0 (3.1)
Momentum equation:

dpv
at

1-)? -

+ V- (pP D) = ~VP + V- (VD) +pg + 5 PAmusn (3.2)
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Energy equation:
apH
V-(pvH)=V-(kVT)+S (3.3)

The enthalpy is as follows:

H= h+ f L (3.4)
h = hper + fTTref Cp dT (3.5)

where (f) is the liquid fraction:

0 T < TSolidus
T — Tsolidus
= Tso1i < T < Ty
f TLiquidus — Tsolidus Solidus Liquaus
1 T > Tiiquidus (36)

Rearranging the energy equation by applying equations (3.4), (3.5) and
(3.6) into eq. (3.3) gives:

2L+ V- (pih) = V- (kVT) =22~ 7 (pifL) +$ (3.7)

The Boussinesq approximation [52,53] was used to account for the
buoyancy force driving the fluid's convective motion. The density is
considered to be constant throughout the governing equations, with the

exception of the buoyancy element. The density variation is defined as:

p=p(1—-B(T—Ty)) (3.8)

By substituting eg. (3.8) in eq. (3.2), the momentum equation can be

expressed as follows:

apov

+V- (pv U) = f) _)Amush (3 9)

The term A,,,,.s, 1S the mushy zone constant and the value in this study is
used as 10°,¢ is a tiny number (0.001) to avoid a zero division. (p, ), (Ty)

are operating density and temperature.
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3.6 Boundary and Initial Conditions

In order to discretize the governing equations, the boundary conditions
for all dependent variables should be defined at all boundaries of the
computational domain. Due to symmetry, the solution domain is selected as
the right-half of the annulus. The PCM s initially as a liquid with a
temperature of 67°C during the solidification process and as a solid with a
temperature of 27°C in the melting process. The HTF temperature is 27°C
for solidification process and 67°C for melting process. Thermal conditions
of the outer pipe insulated (adiabatic) and the inner pipe at constant

temperature (isothermal). The boundary conditions are explained in Figure

3.3.

Tpem =67
o /,'
Line 4

//

Tp=27C — ¥

\Line 5

Line 3

symmetry
|
|

— Linel——
/v

(a)

symmetry

(b)

Figure 3.3. Computational domain with boundary conditions: (a)
Solidification process, (b) Melting process.
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3.7 Numerical Solution and Mesh Dependency

The numerical simulation of the transient two-dimensional problem
was executed based on finite volume method. The current problem is solved
numerically utilizing the CFD program, FLUENT 20. The pressure-velocity
coupling correlations were simplified with utilizing the Semi-Implicit
Pressure-Linked Equation (SIMPLE) algorithm and the correction
correlation of the pressure was simplified using the PRESTO scheme. A
quick differencing scheme is conducted to discretize the convection terms
of the momentum and energy equations while the diffusive terms have been
discretized using central difference scheme. Tables 3.3 and 3.4 show the grid
sizes studied to validate the numerical solution for grid size independence.
The number of nodes that was employed in this study (315601). Each time
step has a number of steps be 300 and the time step is set to 0.001s. Mesh
dependency applied to present case study for solidification process during
transient solution after 3 hours according to PCM average temperature and
PCM liquid fraction.

Table 3.3: Mesh dependency in the present study for PCM average
temperature after 3 hours of solidification process.

No. of nodes 256478 | 290865 | 312323 | 315601 | 326145 | 358213
Line 1 26.31482 | 37.5926 | 41.76956 | 42.622 | 42.83511 | 42.40676
Line 2 30.35262 | 43.36088 | 48.17876 | 49.162 | 49.40781 | 48.91373
Line 3 32.69195 | 46.70278 | 51.89198 | 52.951 | 53.21576 | 52.6836
Line 4 35.22267 | 50.3181 55.909 | 57.05 ] 57.33525 | 56.7619
Line 5 36.11852 | 51.59788 | 57.33098 | 58.501 | 58.79351 | 58.20557

Table 3.4: Mesh dependency in the present study for PCM liquid
fraction after 3 hours of solidification process.

No. of nodes | 256478 | 290865 | 312323 | 315601 | 326145 358213
Line 1 0.158208 | 0.226012 | 0.251124 | 0.279027 | 0.279585 | 0.279306
Line 2 0.158208 | 0.226012 | 0.251124 | 0.279027 | 0.279585 | 0.279306
Line 3 0.237691 | 0.339558 | 0.377287 | 0.419208 | 0.420046 | 0.419627
Line 4 0.341567 | 0.487953 | 0.54217 | 0.602411 | 0.603616 | 0.603013
Line 5 0.378334 | 0.540477 | 0.60053 | 0.667255 | 0.66859 | 0.667922
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During transient solution for melting process, mesh dependency was used to
the current case study based on (PCM) average temperature PCM and liquid
fraction. Figures 3.4 and 3.5 show the grid sizes studied to validate the

numerical solution for grid size independence.
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Figure 3.4: Mesh dependency tests for PCM average temperature.
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Figure 3.5: Mesh dependency tests for PCM liquid fraction.
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3.8 Computational Grid

Grid generation or meshing is a very critical part of the CFD simulation
process as it not only dictates the simulation time but also the accuracy of
the results of the study. The mesh for the models is created using the mesh
generation tool provided in the ANSYS-Fluent (workbench 2020 R2)
program. The goal of making a mesh is to be able to input all of the domain
geometry using high-quality cells. Therefore, when establishing the mesh,
consideration must be given to the fact that it must be valid and conform to
the domain boundary. Furthermore, the mesh density must be adjustable in
order to achieve a balance between accuracy and solution time while also
accounting for the amount of computer memory required for processing.
There are different methods to obtain the computational grid, such as
structured, unstructured and hybrid grid generation methods. Due to the
complex geometry used in the current study, a structured grid generation
method can be utilized to develop the computational mesh. This method,
which relies on the quadrilateral shape is used to generate the computational
grid of the present geometry. Figure 3.6 depicts the structure mesh that was
employed in this study (315601). The time step is set to 0.001s and each time
step has a number of 300. At each time step, with a convergence criterion of
107° for all variables. Half of the domain has been analyzed due of the
symmetrical system around the concentric. This will significantly reduce the
analysis time and improve the compatibility between the numerical

simulation and the previous investigations, thereby reducing the error rate.
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(A) (B) (©)

Figure 3.6: Mesh generation for the physical domain.

3.9 CFD Modeling and Simulation

Computational Fluid Dynamics (CFD) is the simulation of fluids
engineering systems using modelling (mathematical physical problem
formulation) and numerical methods (discretization methods, solvers,
numerical parameters, and grid generations, etc). It is increasingly used to
model the heat transfer and fluid flow in heat exchangers. A numerical
simulation for each charging and discharging operations has been advanced
effectively by using ANSYS-Fluent software (workbench 2020 R2). CFD
shares with the numerical solution of differential equations governing the
momentum, mass, and energy in the fluid problems. The mathematical
formulation of the physical problem includes a set of partial differential
equations, which are solved numerically by using finite volume method
(FVM). Solving complex problems was the most challenging task in research
laboratories and industry; therefore, using CFD analysis can solve this
problem precisely. ANSYS Fluent software supplies the capability to
modeling thermo-fluid problems, mesh them, apply the boundary conditions
and simulating the status to get results.
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3.10 Analysis of Solid — Liquid Phase Change

In order to fully understand the physics of phase change materials, it is
important to consider the mathematics that describe melting and
solidification. The energy storage potential of a material is quantified using
the latent heat of the material. Latent heat of fusion is the measure of how
much energy can be stored in a specified mass of material as it transitions
from solid to liquid. The energy storage potential of a material as it melts is
found by multiplying the mass of material by the latent heat of fusion.
However, the rate of heat transfer is dependent on the temperature
differential between the melt point and the heat source, the boundary
conditions of the material and the initial temperature condition of the PCM.
Heating a material through the melting process generally occurs over three
distinct steps.

Initially, the material is raised uniformly in temperature from its initial
temperature to the melt point through sensible heating. Once the melt point
is reached and as the heating process continues, the material no longer
increases in temperature with the addition of heat but now changes phase
through the latent heating cycle .During this time, the material transitions
from solid to liquid and the melt front, which marks the transition point from
solid to liquid, progresses through the material. As the melt front crosses the
material and the material becomes fully melted phase, further addition of
heat raises the temperature of the now liquid material through sensible
heating . This process can be quite complex in reality. The motion of the melt
front through the PCM depends on the interaction of the boundary conditions
at its edges. The melt front can speed up or slow down depending on the rate
of heat added and lost through the boundaries. This creates a situation where
the location of the melt front at any point in time is not known in advance
but must be solved for. As the boundaries interact, the temperature
distribution within the PCM takes on a three-dimensionality, creating a

situation where the melt front does not simply move uniformly from one side
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to the other across the material, but can instead move diagonally. The
initiation of natural convection with the melt phase leads to further
complexity in the melt front motion and the mathematics of the situation .
The use of PCMs that are blended materials, or which feature a melt range

rather than a sharp melt temperature leads to the development of a broad
“mushy zone” in which the melt front motion is indistinct. In these types of
materials, the material melts slowly over a wider temperature range. Due to
the broader melt zone the material slowly softens throughout and regions of
liquid and solid phases can be found interspersed within the mass of PCM .
For these reasons, it is challenging to develop exact analytical solutions to
the melting and solidification processes which are widely applicable. Instead
these problems, which are known as moving boundary problems, are only
solved analytically for situations in which the physics can be simplified with

various assumptions.
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CHAPTER FOURE

RESULTS AND DISCUSSION

4.1 Overview

In this chapter, the numerical simulation results have been presented for
the melting and solidification processes of a PCM (paraffin wax)
encapsulated between two concentric horizontal pipes. The results are
discussed and explained in terms of temperature contours and liquid fraction
distribution in the domain over a sixteen-hour time span. In addition, the grid
independence test of the current numerical algorithm and the validation tests
are displayed. On the other hand, it can be noted here that all results will be
presented in the half-right domain only because the physical domain is

symmetric about the 6-direction.
4.2 Validation Tests

In order to verify the CFD code in the present study, several
comparisons were made with numerical published studies. The reliability of
the simulation was validated by comparing the current numerical forecasts
for the solidification process to prior findings of Al-Abidi et al [20] and
Mahdi et al [28] under the same conditions as shown in Figure 4.1. It can be
observed that the predicted transient PCM temperatures are in good
accordance with the other results. The validation results demonstrate that the
current physical model and simulation are correct and dependable. In the
physical configuration of the validation case study, the inner tube radius is
25.4 mm with 1.2 mm thickness, the middle tube radius is 75 mm and the
outer tube radius is 100 mm with 2 mm thickness, all pipes are made from
copper to ensure high thermal conductivity and to enhance heat transfer

between the PCM and the heat transfer fluid [20]. The minimum temperature
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required to operate the liquid desiccant air conditioning was approximately
65 °C. Water was used as fluid because of its high heat capacity and low
cost, so the maximum charging temperature was 95 °C which equivalent to
13 °C temperature difference between the PCM and the heat transfer fluid.
Finally, the validation case finds a good agreement with the previous studies
where the average error about 4.5% and 3.3% with [20] and [28]
respectively.
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Figure 4.1: Comparison of temperature profile vs. previous studies Al-
Abidi et al[ 20] and Mahdi et al[28 ] .

Moreover, the accuracy of the finding was validated via the comparison
of the current numerical forecasts for the melting process to prior results of
Al-Abidi et al [20] and Al-Mudhafar et al [29] under the same conditions.
Figure 4.2 presents the validation result. It can be observed that the predicted
transient (PCM) temperatures are in good agreement with the other results.
The validation results demonstrate that the current physical model and
simulation are correct and dependable. The maximum errors occurred
between 8 minutes and 20 minutes during charging mode. Finally, the
validation case finds good agreement with the previous studies, with an
average error of about 3.7% and 2.9% with [20] and [29] respectively.
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Figure 4.2: Comparison of the temperature profile with previous studies by
Al-Abidi et al[20 ] and Al-Mudhafar et al[29 ].

4.3 Solidification Process

In order to evaluate the thermal performance of (PCM) in a horizontal
shell-and-tube LHTES system during the solidification operation, low-
temperature HTF is passed through the inner tube to remove thermal energy
from the high-temperature liquid PCM in the annulus. The temperature of
the PCM (67 °C) was higher than the melting point. Whereas, the cold HTF
has a temperature of 27°C. Figure 4.3 presents the temperature contours of
the PCM at different time steps from 0 s to 59575 s during the solidification
process. At the initial time t = 0 s, the liquid fraction value is one, indicating
that the state is liquid. Due to the hugely large temperature difference
between liquid PCM and the HTF, the sensible heat of the PCM is removed
by natural convection in the liquid PCM. As a result, the temperature of the
PCM rapidly drops to the freezing point. When that happened, the PCM that
surrounded the tube began to solidify, forming a solid PCM layer around the
tube. It can be seen that the liquid of PCM decreases with the increasing
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thickness of the solid layer. Consequently, the decreased rate of heat transfer
led to a decrease in the rate of PCM phase change from liquid to solid. This
indicates that thermal conduction between the HTF and the solid/liquid
interface controls the rate of solidification. The liquid fraction decreases
gradually with time, convection circulation occurs in the liquid area of the
PCM, causing a clockwise and anti-clockwise vortex to form to the left and
right of the tube, respectively. The high-temperature liquid PCM flows
upward due to natural convection, whereas the low-temperature liquid PCM
flows downward due to gravity. On the other hand, effects of buoyancy and
convective heat transfer can explain why the lower part of the PCM solidifies
faster than the upper part. Thermal conduction dominates heat transport,
giving adequate time for slow solidification. It takes approximately 16 hours
for the PCM temperature to drop from 340 K to 302 K during a discharging
process. The same behavior repeated in Figure 4.4 according to liquid
fraction value. It is noted that the solid phenomena found on the bottom side
of the annulus are due to the buoyancy force effect. especially after 990 s

until reaching a solid state after 5957 s.
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Figure 4.3: Contours of PCM transient temperature during discharging
process.
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Figure 4.4: Contours of the PCM transient liquid fraction during
discharging process.
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Figure 4.5 shows the temperature distribution on the annulus radius in
dimensionless form for different times and locations in the domain. Whereas
at the beginning, the max. temperature did not exceed 55 °C at line 1, after
that the time increase led to a decrease the temperature profile along line 1,
where the solid state would dominate. But this distribution is irregular and
depends on buoyancy force effects. Finally, after 16 hours, the maximum
temperature reached 37°C. This drops in max. temperature along line 1 by
32% during this time period. The temperature gradient was small at the
beginning, but it became strong as time increased, especially near the outer
pipe surface. On the other hand, the temperature gradient is constant nearly
from RR=0.25 to the end of RR=1 when time equals 3 hours (line 3), but
after that the temperature gradient quickly becomes irregular due to solids
phenomena. This behavior is repeated along other lines, but it is strong and

quick.

RR= (R-R2)/(R3-R2)

It can be noted here that R, represents the outer radius of the inner tube,

while R represents the inner radius of the outer tube.
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Figure 4.6 presents the PCM transient liquid fraction contours during
the discharging process, where the decrease from 1 at time=0 to O at time
=59575 s. The temperature changes near the outer pipe surface during 16 hrs.
can be seen in Table 4.1, while the liquid fraction changed during 16hrs as
Table 4.2 according to Figures (4.5 & 4.6) as shown below. According to
Table 4.1the temperature difference has lower value at line 1 while it is
increase to higher value at line 5 due to line location in the dolman and
bouncy force direction with or without gravity force. Table 4.2 presents the
solid-state domain according to RR value in the annuls. Where RR near the
zero leads that to the location near the inner tube surface where it is near to
the HTF while when RR close to 1 that means neared to the outer tube
surface. From the table the liquid fraction changes from lower value at
starting time and it is increase gradually with time to reach 1 in the end of
scarification processes approximately about 16 hr. In line 2 there is a
fluctuation values of the liquid fraction values due to turbulence effects and
bouncy force movement in this case.

Table 4.1: Temperature changes near the outer pipe surface during 16 hrs.

AT =Th — T¢ AT =T —T, Percentage = AT /AT, qx.
Line 1 17 °C 425 %
Line 2 18 °C 45 %
Line 3 20 °C 50 %
Line 4 21.8°C 54.5 %
Line 5 22.5°C 56.25 %

Table 4.2: Liquid fraction changes in the annulus during 16 hrs. according

to RR value.
RR where RR = 0 at time = 0

Time (hr.) 0.5 1 3 8 16
Line 1 0.05 0.28 0.56 0.82 1
Line 2 0.025 0.14 0.23 0.68 0.98
Line 3 0.04 0.09 0.12 0.28 0.96
Line 4 0.025 0.05 0.08 0.18 0.94
Line 5 0.02 0.04 0.06 0.175 0.55
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4.4 Melting Process

The average temperature and liquid fraction presented in graphical form
as a function of time are displayed on the symmetric right-half separated by
a vertical line passing through 6=0° and 6=180°. Figure 4.7 presents the
history curves of the PCM average temperature over different line locations.
It can be seen that conduction heat transfer leads to PCM melting in the
vicinity of the inner pipe at first, but as the melt layer grows, convection heat
transfer gradually takes control. Starting with the line 5, which is located at
the symmetry axis (6=180°), (PCM) was solid at 27°C. The melting begins
after an hour and a half to bring the PCM from its initial temperature to the
melting point. It is evident that the PCM average temperature rises rapidly
early on, which indicates that there is a high level of heat exchange between
the cold (PCM) and the hot (HTF) surface via conduction heat transfer.
Furthermore, it has been observed that over the course of five hours, the
melting rate of PCM increases by more than 50%, while the average
temperature rises to 59 °C. After this time, the curve becomes linear, and the
average temperature stays consistent over all time spans (6hr, 10hr, and 11hr)
at around 60°C, indicating a mushy phase transition operation in which the
heat transfer rate between the PCM and the HTF is regulated by the
integrated effect of convection and conduction via the phase change.
Moreover, one can also find that this behavior is repeated along line 4 at an
angle of 135°.It is evident that line 3 at position (6=90°) has the same
behavior as the preceding lines, with small differences. The mismatch in
curve three occurs only at the start of the melting operation and at the end of
that too. On the other hand, as demonstrated in this figure, the lines 2 and 1
at 45° and 0°, respectively, have similar trends and behave differently when
compared to other lines. It can be observed that the global behavior of the
curves varies with variation in position, i.e., the non-linearity of these curves

increases as the angular degree deviates from 90° for all the line locations
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studied, as is illustrated in graph 4.8. Consequently, it's possible to draw the
conclusion that the higher the evaluation line, the greater the temperature
values are achieved for the entire simulation period. so that temperature
changes are greatest at line5 (8= 180°) and least at linel (6= 0°). This is
owing to the buoyancy force discussed in the momentum equation (Equation
(3.9)), which uses the Boussinesq approximation to account for density
fluctuations with temperature, causing liquid (PCM) to have a specific

velocity.
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Figure 4.7: History of PCM average temperature over different line’s
locations during melting process.

To further confirm this conclusion, we additionally present the history
of PCM liquid fraction for these five different line locations in the domain
as shown in Figure 4.8. Based on the difference in the slopes of the locations
of the lines, there are three stages to this operation. At the first stage, heat is
mainly transferred through conduction. The liquid portion of PCM increases
as time passes and the slop trend is sharp at first, then progressively weakens,
indicating that the melting interface's thermal conductivity performance has
been reduced. However, at this stage, the total liquid fraction value for

variation locations at melting time, t = 1.5hrs, is 78 percent at line 5, 76
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percent at line 4, 23 percent at line 3, and percent at lines 1 and 2. At the
second stage, heat is transferred through conduction in the solid (PCM) and
through the combined impact of conduction and free convection in the liquid
(PCM). The total liquid fraction for this stage at melting time, t = 10, when
compared to the corresponding values for the first stage, is 2% higher at line
5, 4% higher at line 4, 57% higher at line 3, 66% higher at line 2 and 60%
higher at line 1. At the third stage, heat is transferred through both thermal
natural convection and conduction. In this final stage of the charging cycle
at t = 14hr, the total liquid fraction is 80% for the top region (lines 4 and 5),
which in comparison to the middle region (line 3), is only 13% less, and in
comparison, to the bottom region (lines 1 and 2), the liquid fraction is 38%
lower. From the above quantitative findings, it is clear that the top zone of
the annulus has a much higher melting rate than the bottom zone. As
mentioned earlier, as confirmation of this, the melting process ends up with
a relatively short period of time in the upper region, followed by the middle

region, and eventually the lower region.
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Figure 4.8: History of PCM liquid fraction over different lines locations
during melting process.
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Figure 4.9 show the contours of PCM temperature during charging
process in the horizontal LHTES unit. The solid PCM around the HTF tube
absorbs thermal energy from the hot HTF via the tube surface and starts
melting when the temperature reaches the melting point .The melted liquid
PCM forms a recirculation region normal to the tube direction and around
the tube. The recirculation induces a strong convective heat transfer between
the liquid PCM and HTF tube, and between the solid and liquid PCM
interface, which dominates the heat transfer in the PCM and expedites
melting of the PCM. Initially, the rate of PCM melting is very high. The
liquid PCM rises directly upwards to the solid PCM above the tube due to
buoyancy and results in high melting rate. However, the low thermal
conductivity creates a high thermal resistance to heat flow preventing the
heat from effectively penetrating into the PCM and initiating the melt
process. This can lead to isolation of the melt process near the heat source,
resulting in a superheated liquid layer at the source and a solid layer farther

from the source.

After that, the melt is forced to bend and flow downward along the
relatively cool outer pipe. At this point, the hot downward melt collides with
a cooler solid. Because of the conduction and free convection, the downward
motion of the melt is slowed by the resistance force supplied by the solid,
and melting occurs on the top of the annulus in the radial and angular
directions. With time elapsed, the hot melt moves down along the cold
mushy region, subsequently losing energy, becoming colder, and eventually
attaining the bottom of the solid region, meaning that convection has been
replaced by conduction in the bottom zone. Moreover, the low thermal
conductivity of the PCM decreases the conduction rate of heat transmission.
Consequently, the melting rate in the lower zone of the annulus is much
slower than in any other part of the annulus.
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It can be seen that the PCM temperature at different levels reaches the
melting temperature at different times. The time needed for the PCM to melt
for the lower level is longer than that of the upper ones, and a temperature
gradient in the liquid PCM in the upper -level higher temperatures than those
in the lower-levels as a result of natural convection. The charging process

can be categorized into three stages:

Stage (I) sensible heat storage in the solid PCM with heat transfer by
conduction and the solid PCM temperature increases linearly. In this stage,

there is no big difference among the temperature for various locations.

Stage (I1) latent heat storage in the PCM during solid/liquid phase change
with heat transfer by conduction in the solid PCM and conduction and
convection in the liquid PCM. As the latent heat capacity of the PCM is much
greater than the sensible heat capacity of the solid PCM, the rate of increase
in PCM temperature reduces when the temperature approaches the phase

change temperature.

Stage (I11) sensible heat storage in the liquid PCM above the phase change
temperature with heat transfer by conduction and natural convection. In this
stage, the PCM temperature rises rapidly with heat transfer dominated by
natural convection. The measured temperatures at every thermocouple
location can be seen to diverge, with the effect of thermocouple height being

evident.
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Figure 4.9: Contours of the PCM transient temperature during melting
process.
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Furthermore, to better understand the movement of the liquid-solid
interface, the contours of the liquid fraction found in the numerical solution
for the storage system are illustrated in Fig. 4.10. In the initial stage of
melting, it can be seen that a very thin melting layer is formed around the
inner tube at 20s. Because there is not enough liquid PCM to support natural
convection and because convection has a limited influence on heat transfer,
thermal conduction is the dominating heat transport mode. As a
consequence, the trend of the solid-liquid interface is radially outwards. As
time passes (t = 1.3hr), increasing the liquid fraction in melted PCM to 25%
provides a bigger carrier for natural convection, resulting in the heat
transmission mechanism being controlled by natural convection rather than
conduction. With time, the melt gains heat and moves, carrying energy
upward, driven by the buoyancy force. It then changes the flow direction
under the influence of the temperature gradient when it reaches the top of the
annulus and transfers energy to the vicinity of the liquid-solid interface. After
4 hours, the liquid fraction is up to 58%. Meanwhile, the phase change
interface moves downward, the melting zone expands, and the liquid zone
gradually thickens until it reaches the bottom region in a time span of 6 hours
with an increasing liquid fraction of up to 73%. Furthermore, it is evident
that in the final stage of the phase transition operation, the driving force of
natural convection is reduced. Consequently, the PCM in the lower region
will slowly melt. The reason why this phenomenon occurs is due to weaker
buoyancy and increasing thermal resistance. Therefore, conduction plays a
main role in the process of heat transmission at the bottom of the PCM.
Figure 4.11 shows the history of local (PCM) temperature over different
locations in the annulus. Generally, PCM local temperature decrees
gradually with the line length due to the bouncy force direction effect as
shown for lines 1, 3 and 5. Increasing the time value leads to converting the
relationship from a curve to a line with a small change in PCM local

temperature. The curves have a high temperature near the inner wall and then
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decrease with the direction of the outer wall. The same sequence is repeated

in Figure 4.12, but according to the liquid fraction of PCM.

Solid

state

t=20s
f =0,T,, =27

Mass Fraction
Contour 2

. Liquid
% 27 % % % %% % 9 % % 7o state

t= 0.5hr t=1.3hr
f =0.08, T,,. = 40 f =0.25,T,,, = 47

t =2hr
f =0.27,T,,, = 49

t =3hr
f =0.42,T,,, = 54

7N

-

t = 10hr
f=071,T,, =602

t =4hr t =5hr
f =0.588, T,,, = 57 f =0.67, T,,, = 59
o o
-
t=11hr t=12hr

f =0.75,T,,, = 609  f=0.79,T,, =614

.

t = 6hr
f =0.73, Ty, = 60

t = 14hr
f =0.804, T,,, = 62
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CHAPTER FIVE

Conclusion and Recommendations

5.1 Conclusion

A numerical model for the prediction of the thermal energy storage
characteristics of a local paraffin wax during melting (charging phase) and
solidification (discharging phase) when it is embedded in an annulus formed
between two horizontal concentric pipes has been presented. The model rests
on solving the Navier-Stokes equations and energy equation using a single
domain enthalpy-porosity approach. An isothermal condition at the inner
pipe surface and an adiabatic condition at the outer pipe surface of the
annulus have been considered. Transient progressions of liquid fraction and
temperature distribution fields are obtained from the numerical solutions of
the governing equations during charging and discharging processes. The
obtained results have revealed the conductive and complex conductive-
convective heat transfer phenomena existing in the solid, the mushy zone,
and the molten phases, respectively. The performance of the present model
is verified with the available previous findings of natural convection of a
single-phase fluid in a horizontal pipe annulus under steady state conditions.

The predicted results show good agreement with the previous results.

Based on the findings of the present numerical study of a PCM during

melting and solidification processes, the following conclusions are drawn:

1. Initially, heat transfer in the PCM is dominated by conduction in the
solid PCM during charging, subsequently as melting occurs and the
liquid fraction increases, natural convection in the PCM becomes the

dominant mode of heat transfer.
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. During charging the PCM at the top of the store melts more rapidly
compared to central and bottom locations due to natural convection in
the PCM and higher-temperature liquid PCM rising due to buoyancy
forces.

. After a while, the melting response of the PCM is very slow. This is
because with the increase in time, the melt temperature reaches very
close to the inner pipe wall temperature thereby reducing the heat
transfer rate.

. At the later part of the melting process only conduction takes place in
the lower part of the annulus. This makes the melting process very
slow and as a result the development of melting zone is nearly stopped.
The complex nature of the melting process for the concentric
horizontal annulus is further aggravated due to the fact that the thermal
conductivity of the commercial PCM used in this study is very low.

. During solidification process, thermal conduction dominates and
natural convection has an insignificant impact on the LHTESS
performance. This is due to the development of a solid layer of PCM
around the heat transfer tubes, which increases the thermal resistance
and reduces heat transfer to the liquid PCM.

. The maximum and minimum temperature changes near the outer pipe
surface during discharging after 16 hours are 56.25 % and 42.5 %,

respectively
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5.2 Recommendations and Future work

In order to increase the thermal storage efficiency, a number of possible
modifications and extensions of the double-pipe LHTES system are

suggested below:

1. The present study is restricted for a fixed value of the diameter of the
inner pipe and also for a fixed value of the diameter ratio of the outer
to the inner pipes. The energy storage efficiency should be further
studied by varying the above two geometrical parameters of the
problem.

2. The vertical orientation of the double-pipe LHTES system should be
studied and the energy storage efficiency should be compared with the
horizontal LHTES system.

3. In order to establish the effects of the inlet temperature and mass flow
rate of the heat transfer fluid (HTF) through the inner pipe, the
convective melting process in the annulus should be considered as a
conjugate fluid flow and phase-change heat transfer problem.

4. High porosity and high thermal conductivity solid matrix should be
considered in the lower part of the annulus to improve the thermal
performance of a PCM energy storage system.

5. An interesting numerical undertaking would be to use two immiscible
PCMs, one having a lower melting point and a higher density
compared to the other, which will fill the annulus gap with the lower
melting point PCM at the bottom and the higher melting point PCM
at the top portion of the annulus.

6. Investigate the addition of nanoparticles to paraffin wax is a
suggestion to improve the thermal conductivity.

7. The study can be extended to investigate the effects of fins and
extended surfaces on the thermal efficiency and thermal performance
of the PCMs in general.
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