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Abstract

The present study includes an experimental and numerical
investigation of the thermal performance of a phase change material (PCM)
inside a concentric two pipes heat exchanger. The RT-42 Rubitherm PCM
paraffin wax was used to fill the annular space between the hot copper
inner pipe of 25 mm diameter and the external insulated acrylic shell of 75
mm diameter. The experimental setup involves twelve thermocouples to
record the transient temperatures of PCM at desired locations. Also, the
progress of solid-liquid front during the melting process is tracked
photographically by a digital camera. A 2D numerical simulation applied
the enthalpy-porosity method was used to solve the problem of PCM
melting. The effect of the different temperatures (60, 70 and 80 °C) of hot
water as heat transfer fluid (HTF) which flows inside the inner tube on the
melting process is examined. Also, the impact of the two orientations
(horizontal and vertical) of the heat exchanger on the behavior of melting
PCM is researched.

The experimental and numerical results revealed that the melt layer
of PCM is formed symmetrically around the inner pipe for both
orientations of heat transfer due to the conduction domination at the first
stage of melting process. Later, the melt layer of PCM grows and the
influence of natural convection is developed causing a higher melting rate
at the upper portion of the cavity. It has appeared that the melting time is
clearly reduced by increasing the inlet temperature of water in both cases of
the heat exchanger, horizontal and vertical. Also, the melting rate of PCM
in the vertical direction is faster than the melting rate in the horizontal
direction. The experimental results revealed that the melting time in

horizontal PCM-annular cavity heat exchanger reduced about 27.5% and

46.3% when the temperature increased from 60 to 70 °C and from 60 to 80

°C, respectively. For the same temperature increase, the melting time is




accelerated by about 32.6% and 50.2% in the vertical heat exchanger. Also,
the amounts of energy stored by PCM in the vertical heat exchanger are
higher about 4, 14.2 and 16.3% than that obtained in the horizontal
orientation at 140 min for 60, 70 and 80 °C respectively. In addition, the
transient Nusselt number has the same behavior for the two orientations
and changes positively with the amount of transferred thermal energy from

HTF which in turns varies proportionally with an inlet temperature of HTF.

The numerical and experimental results showed a good agreement.

The maximum differences between the numerical and experimental results

for melting time, Nusselt number and energy storage is found to be 12.4,

22.5 and 22.1% for horizontal heat exchanger at 70 "C of inlet water
temperature. While those differences arel0.7, 14.9 and 15.4% for vertical

heat exchanger.
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Chapter One Introduction

1.1 Overview

Energy is an extremely important aspect of our daily life, and the need
for energy is continuously increasing with the development of life. People
depend on fossil fuels to provide energy for life requirements for long
periods of time. The combustion products of fossil fuels cause
environmental pollution and global warming that has led researchers to use
renewable energy. The problem of renewable energy is how to keep energy
available and sustainable which attracting the attention of many
researchers. Studies were carried out on renewable energy such as solar
energy, wind and tidal energy to avoid the depletion and the pollution

produced by using fossil fuel.
1.2 Thermal energy storage

The unavailability of renewable energy at all times becomes a major
obstacle of increasing the investments of renewable resources. For
example, solar energy exists during the day and lost at night [1]. For this
reason, energy storage becomes an insisting necessity to keep energy when
it is needed. The thermal energy can be stored as sensible, latent and
chemical as shown in Fig. (1.1). In thermal systems, the energy can be
stored in two forms: sensible and latent. The sensible storage occurs by
changing the temperature and phase stability and can be inferred through
thermocouples. While the latent heat storage occurs when the phase
changes from phase to another phase at an approximately constant
temperature. The latent heat has the following conversions; solid-to-liquid
with expansion volume, solid-gaseous, solid-solid as a change in the
molecular structure of the material occurs as a result of thermal gain. The

thermal energy can be stored/released during the chemical reactions.
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Thermal Energy Storage

Thermal Thermochemical

Sensible Heat of Thermochemical
Heat reaction Pipe line

Liquid
Soli- Liquid-
Ligiund Gaseous

Fig. (1.1) Hlustrated the kind of thermal storage [2].

1.3 Phase Change Materials (PCMs)

Recently, the phase change materials have taken considerable interest
from researchers because they have the ability to store (charging) and
release (discharging) a large amount of thermal energy compared to
sensible energy storage system. In charging (melting) process, the heat is
absorbed by PCM and changes it from the solid phase to the liquid phase.
Conversely, in discharging (solidification) process, the transition from a
liquid phase to solid phase requires the releasing of heat. The thermal
energy is stored inside the PCM in two stages: the sensible heat and the
latent heat as described by Fig. (1.2). It is worth noting that the thermal
energy storage systems consist of three main parts: PCM, suitable heat
exchanger (container) and the surface of a thermal conductor between the
PCM and the source of heat. Therefore, researchers studied the three parts

to improve storage capacity and energy release by understanding the

2
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melting behavior of the phase change materials in different geometrical

shapes of heat exchangers such as rectangular, cylindrical, spherical, and

annular [3].
h

&

2

o
&
e
) Liquid
Solid
Thermal energy

Fig. (1.2) Energy stored by PCM vs. temperature during the sensible and

latent stage.
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1.3.1 PCM s classification

In general, PCM is classified into three main groups such as organic,
inorganic and eutectics materials. Therefore, PCMs have characteristics
that differ between them such as the melting point, expansion coefficient,
latent heat and heat storage capacity [2]. The classification of PCM
according to groups is depicted in Fig. (1.3), while the range of the melting

point for each group is introduced in Fig. (1.4).

Phase Change
Materials

- {1118 . | . L= . (= . .
Compounds i Compounds Metallics Orgaic | Inorganic | Organic

Wax
RT- 42

Hydrate

Fig. (1.3) The classifications of PCM[2].
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Fig. (1.4) Range of melting temperature and latent Heat for each group of
PCMs [4] .

1.3.2 Properties of PCM ([2], [4])

e Thermo-physical properties
- High energy storage with low volume change.
- Limited thermal conductivity.
- The phase change of PCM occurs at a constant temperature.
- Service life is high (stable for more cycles).

e Chemical properties
- Environment-friendly.
- Non- toxic, non- explosive, non-corrosives.

- Chemically stable.
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1.3.3 Applications of PCM

Applications of phase change materials (Fig. (1.5)) include, but are
not limited to:

- Thermal energy storage.

- Removing and dissipating the heat from electronic devices in
spacecraft and clothing of astronauts.

- Cooling of battery.

- Clothing industry for firefighters.

- Medical fields such as blood container.

- Cooling of electronic elements such as processors, chips, etc.

Insulation of buildings.

1.4 General description of the present work

The PCM is used as a medium of absorbing excessive heat when it is
available and releasing it at another time when it is needed. The present
study investigates experimentally and numerically the PCM-assisted heat
exchanger of two orientations: horizontal and vertical. The PCM contained
inside annular cavity receives heat from the hot water passing inside the
inner tube. The effects of orientation of heat exchanger and the water

temperature on the thermal behavior of melting of PCM are studied.
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Chapter Two Literature Review

Chapter Two: Literature Review

This chapter introduces a review of the previous studies related to
phase change materials (PCM) melting behavior in different shapes of heat

exchangers (e.g. rectangular, cylindrical, spherical and annular).
2.1 PCM melting in the cylindrical vessel heat exchanger.

The melting of PCM in the cylindrical cavity is affected by the
orientation of the cavity (horizontal or vertical), type of melting,

geometrical of a container and operating conditions.
2.1.1 Melting of PCM inside Vertical cylindrical enclosures.

For the melting of PCM inside vertical cylinders occurs due to the
heat supplied either from the outer wall of the cylinder or from the inside

through a tube or rod passing through the cylinder.

Shmueli et al. [5] investigated experimentally and numerically the
melting of RT-27 Rubitherm PCM inside a vertical cylinder. The cylinder
was opened from the top and the PCM was exposed to the atmosphere. The
enthalpy porosity formulation was adopted as a numerical solution. It is
evident that the conduction dominates at the beginning of melting. As time
travels, the natural convection dominates which leads to the change of solid
PCM to a conical shape. This shape shrinks in size from top to the bottom.
After PCM melted, the PCM layer which is exposed to air ascends as a
result of the increase in volume during melting. Moreover, the temperature
gradient of the upper part drops faster compared with the lower part due to

the earlier solid melting in the upper part.

Waghmare and Pise [6] carried out a numerical study to
investigate the effect of gravity and buoyancy on the melting PCM inside

concentric vertical cylinders. Enthalpy porosity and volume of fluid
8



Chapter Two Literature Review

methods were used to solve the transient behavior of PCM melting
problem. The numerical solution was validated through experimental
findings. The results revealed that the heat is transported to PCM by
conduction at the beginning of the melting process. Then, the liquid
fraction is expanded and the convection becomes dominated heat transfer.
It is observed that the effect of both gravity and buoyancy starts close to the
hot tube, and the melt moves upward; then it descends to the bottom.
Moreover, without gravity and buoyancy effects, the PCM melt moves
from the tube in a radial direction and reaches the cylinder wall.

Bechiri and Mansouri [7] numerically and experimentally studied the
melting of RT- 27 PCM inside a vertical cylinder. The upper part of the
cylinder contains about 15% of the air to accommodate the PCM expansion
during melting as exhibited in Fig. (2.1). The enthalpy-porosity methods,
the finite volume technique, and the volume of fluid (VOF) model were
used numerically to solve the PCM melting problem. The effect of different
parameters (Fourier number, Grashof number, wall conductivity, and
aspect ratio) were investigated, and it was found that all these parameters
clearly affect the PCM melting rate. Also, the increase in wall temperature
results in expediting the melting process while there is an inverse
relationship between the melting rate and the size of the storage unit. In
addition, it is noticed that longer melting time is occurred by increasing the
wall thickness. Also, the initial temperature effected on the sensible and
latent heating process. Decreasing the shell-to-tube diameter ratio leads to

expediting the melting process.

Wang et al. [8] experimentally studied the melting of paraffin inside
a vertical cylinder container. The PCM was heated by electric heater rod
located in the center of the cylinder. The readings of the thermocouples
located inside PCM and the interpolation method were used to obtain the

phase front and liquid fraction during the melting process. In the initial

9
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melting stages, the paraffin close to the heater rod melts first due to
conduction and then natural convection develops causing the acceleration
of melting rate in the upper region of the container. The result revealed that

the melting rate is directly affected by the amount of heating power.

Alsiyabi et al. [9] numerically and experimentally investigated
melting of PCM (RT-35) inside a cylindrical container. The study focused
on the effect of inclination from vertical to horizontal with three inclination
angles; 0, 45 and 90 degrees. The result showed that the melting rate is
directly affected by inclination angles where natural convection develops
by increasing the inclination angle. It is noted that the melting rate is faster
with 45 in comparison with the 0 and 90" inclination angles. Also, the
inclination influences on the direction of the melt where the PCM melts in
axial direction faster than radial direction at (f degree (vertical position),
while in a horizontal position, the direction of the melt is reversed. At 45
degree inclination angle, the rate of melting was faster than horizontal and

vertical directions.

2.1.2 Melting of PCM inside Horizontal cylindrical enclosures.

Generally, the melting in horizontal cylindrical and spherical capsules
is classified into constrained and unconstrained modes. In the constrained
melting, the solid part melts by convection from the top and the bottom,
since the thermocouples prevent the solid part of PCM from falling in
liquid PCM. The unconstrained melting occurs when there is no obstruction
to solid movement inside the liquid melt. Thus, the solid PCM remains in

contact with the container wall.

Chung and Lee [10] investigated numerically by the enthalpy-porosity
method the effect of a wide range of Rayleigh numbers on the heat transfer

and shape of flow liquid melt during constrained melting of n-octadecane
10
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PCM. The results revealed that before the start of the Benard convection,
there is a stability of the flow in the molten gap at the low Rayleigh
number. Also, at intermediate Rayleigh number, the flow tends to take
different patterns when the viscose force and thermal buoyancy force are
balanced. At the high Rayleigh number, the base flow does not affect the

Benard convection.

Kawanami et al. [11] investigated experimentally the unconstrained
melting of the slush ice (a mixture of fine ice particles and ethylene glycol
aqueous solution) inside a horizontal cylindrical container heated
isothermally. The study showed that the movement of the liquid is caused
by both convection and the motion of the floating ice. Also, it is noticed
that the motion of slush ice during the process of melting to the top leads to
an increase in the melting rate resulted from the contact of the slush ice
with the hot wall of the cylinder as shown in Fig. (2.2). As time travels, the
convection effect is generated from stratified layers formed between the
slush ice and the cylinder hot wall. Moreover, the melting front is clearly
affected by the location and the height of the stratified layers as well as
their number. The melting rate increases monotonically with time

regardless of heat flux and concentration of the primary solution.

Regin et al. [12] experimentally and numerically studied the
unconstrained melting behavior of PCM (paraffin wax) in a horizontal
cylindrical container utilized as latent thermal energy in a solar heating
collector. The enthalpy method was adopted to solve the PCM melting
problem. The results revealed that melting is governed by the value of
Stefan number, PCM melting point, and the radius of the container. At the
beginning of melting, the heat flux is high because the solid PCM is in
direct contact with the hot wall of the cylinder. Furthermore, the formation

of a liquid PCM layer between the wall of the cylinder and solid PCM

11
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causes a quick decrease in the heat flux. In addition, the melting rate varies
inversely with the radius of the cylinder for the same volume of the cavity.

Hlimi et al. [13] investigated the role of natural conviction on the
unconstrained melting motion of the PCM (gallium) inside a horizontal-
cylindrical capsule. The enthalpy porosity method and finite volume
technique were adopted to solve the phase-change problem. The different
melting shapes and the predicted PCM temperatures showed the
importance of natural convection on heat transfer in the melting region.
The conduction and paralleled solid-liquid front to the shape of the
container wall were dominated at the beginning of the melting process. It
Is observed that with the progress of time, the natural conviction becomes
dominant so the shape of melting become nonsymmetrical between the
upper part and lower part of melting.

Ansyah et al. [14] experimentally investigated the constrained
melting of paraffin wax RT-52 in a horizontal cylindrical capsule
surrounded by HTF (water). The effect of temperatures of 60, 65, 70 T on
PCM melting was studied. At the early stages of the melting process,
conduction is dominated heat transfer between the wall of the cylinder and
the solid PCM. In addition, convection is dominated and responsible for
temperature rise in liquid PCM in the upper region. It is also observed that
melting time is reduced by about 34% with an increase of 5 C in

temperature of HTF.

12
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Shell Opening

Axis of
symmetry

Insulation

o

Fig. (2.1) Schematic of geometry (Bechiri and Mansouri et al.[7].).

Heated Wall

Fig. (2.2) Unconstrained melting of slush ice inside the cylindrical capsule
(Kawanami et al. [11]).
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2.2 PCM melting in the rectangular cavity heat exchanger.

Rectangular PCM-heat exchangers are considered as the solution to
some of the engineering applications such as casting, cooling of electronic
equipment, crystal growth, photocell, heat storage unit and transport of
thermal energy.

Ghasemi and Molki et al. [15] numerically studied the unfixed
solid melting of gallium as PCM in a square container heated isothermally
on its walls. A fixed—grid enthalpy method was adopted to solve the
melting process. The results revealed that as Archimedes (Ar) and Rayleigh
(Ra) numbers equal zero, the melting is dominated by conduction only and
symmetrical melting shape is observed. The role of natural convection
appears as a result of the increase in Rayleigh number which leads to
melting enhancement and an asymmetrical melting shape. The role natural
convection is more effective when Ar # 0 due to the downward motion of
solid PCM which causes induced liquid flow. Also, the flow is more active,
and more melting of PCM is noticed in the upper part of the square cavity.

Yanxia et al. [16] experimentally studied the melting of the
ethanolamine-water binary mixture as PCM in a closed rectangular cavity
with heated vertical walls. It showed that the natural convection effect
increases the melting rate as a comparison with conduction alone.
Moreover, at the beginning of melting, the heat conduction is dominated,
so the shape of the melting front is parallel with the heated walls. Although
the wall temperature is constant, the liquid temperatures are higher in the
upper part due to the currents of natural convection. Furthermore, it was
noticed that the Nusselt number decreases in all cases with the progress of
time, and it is stable in convection domination as compared with

conduction domination.

14
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Younsi et al. [17] numerically studied the melting of PCM (RT-27)
in a rectangle cavity heated differentially at vertical walls, while the
horizontal walls are adiabatic. The finite volume and enthalpy method was
adopted numerically to solve the PCM melting. At the beginning of
melting, the solid-liquid interface is flat and parallel to the hot wall as a
result of prevailing heat conduction. With the progress of time, the melting
at the top is increased as a result of the buoyancy effect as shown in Fig.
(2.3). Moreover, the heat conduction has a short transient phase as a

comparison with natural convection.

Qarnia et al. [18] presented a numerical study to examine the
melting of n-eicosane in a rectangular container. The container was heated
by three discrete protruding which were put on one vertical wall to simulate
the heat source in the electronic component as introduced in Fig. (2.4). To
solve the melting problem, the enthalpy-fixed-grid method was adopted. It
was noticed that the rate of heat absorption becomes higher whenever the
discrete protruding heaters were closer to the bottom wall. According to the
correlation which combines the maximum working time with the melting
fraction, it is found that the approach can be utilized in the design of PCM

cooling system.

Kousksou et al. [19] numerically studied the melting of gallium in a
rectangular capsule with a wavy bottom, isothermal hot wall and the other
walls are adiabatic as shown in Fig. (2.5). The finite volume and enthalpy
methods were used to solve the melting problem of PCM. It was found that
the melting rate and the distribution of the local heat flux along the wavy

surface are affected by the amplitude of the wavy surface.

Kamkari and Amlashi [20] experimentally and numerically studied
PCM melting inside a vertical inclined rectangular container. The bottom

wall of the rectangular is heated and the other walls are insulated as

15
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presented in Fig. (2.6). In order to solve the problem of PCM melting, the
enthalpy-porosity method was used. The study included investigation the
effect of inclination angles (0% 45 and 90) on the melting rate. At the
beginning of the melting process, the solid PCM which is in contact with
the hot wall melts as a result of conduction. With the progress of time, the
molt ascends to the upper part due to natural convection. It can be observed
that the melting time reduces about 52% and 37% for the inclination
angles 0" and 45 respectively as a comparison with the vertical position

regardless of Stephan number.

Wang et al. [21] presented a numerical and experimental
investigation of melting of PCM (RT-60) inside a rectangular container
with different inclination angles as shown in Fig (2.7). One of the walls
was isothermally heated and the rest of the walls were insulated. A fixed-
grid enthalpy method was adopted to solve the melting problem. Heat
conduction is dominant at the beginning of melting at all inclination angles.
The results revealed that the inclination angles have a significant effect on
the melting performance of PCM. An increase of angles from (f to 18(

leads to a nonlinear reduction in melting rate.

Hong et al. [22] utilized enthalpy-porosity approach to numerically
study the melting process of PCM in the differentially-heated rectangular
cavity as shown in Fig. (2.8). The effect of the mushy zone constant and
acceleration of gravity was investigated The results showed that the
melting rate is affected by the mushy zone constant and acceleration of
gravity. As the mushy zone constant increases, the convection of the liquid
PCM decreases, and the melting time is increased. At the same time, the
liquid fraction increases with the increase in acceleration of gravity since
the increase in Rayleigh number and consequence development of natural

convection.

16
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(a) X (b) X (ay =

Fig. (2.3) Contour progress of melting front (Younsi et al. [17]).
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Fig. (2.4) The schematic view Fig. (2.5) layout of model
of model (Qarnia et al. [18]). (Kousksou et al. [19]).
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Fig. (2.7) Effect the inclination on the melting rate (Wang et al. [21]).
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Fig. (2.8) Physicall model (Hong et al. [22])
2.3 PCM melting inside the spherical vessel

The spherical container is one of the most common heat exchangers
that use a PCM as a heat storage medium. The PCM melting in this
spherical capsule is divided into constrained or unconstrained melting. The
applications for this type are quite broad, such as thermal reservoirs,

clothing, and cooling of electronic equipment, etc. [23]

Khodadadi and Zhang [24] studied computationally the
constrained melting of PCM in a spherical vessel using the finite volume
enthalpy formulation. The results revealed that the heat conduction transfer
is dominated at the beginning of the PCM melting. Then, with the
expansion of the melt zone, the buoyancy-driven convection is
strengthened. Consequently, the melting in the upper part of the sphere is
accelerated significantly more than in the lower part as indicated in Fig.
(2.9). It is also observed that buoyancy convection does not affect the

melting process when the Rayleigh number is small.

Tan et al. [25] experimentally and computationally studied the

constrained melting of paraffin wax (n-octadecane) encapsulated in a

19
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spherical container. A single—domain enthalpy formulation and finite
volume numerical were used to simulate the governing equations. The
results revealed that conduction is dominant in the early period and melting
is faster for the PCM layer in contact with the wall of the sphere. The
influence of convection grows and be dominated by the progress of time.
An unstable molten layer at the lower part causes chaotic fluctuations, and
it is responsible for the waviness occurring at the bottom of the PCM. The
discrepancy between the predicted results and experimental findings was
reasoned by staying the bottom of the container unheated due to the use of

a support structure to hold the sphere.

Khot et al. [26] carried out an experimental study to evaluate the
constrained and unconstrained melting of PCM inside a spherical container
as shown in Fig. (2.10). The spherical container was exposed to different
HTF (water) temperatures. It was found that as Stefan number increases,
the melting rate increases in both constrained and unconstrained melting.
The unconstrained melting takes the shorter melting time because the solid
part of PCM in the bottom is in the direct thermal contact with the wall.
While, the solid part of the PCM melts by convection only in the

constrained melting from both upper and lower parts.

Hosseinizadeh et al. [27] carried out an experimental and
numerical study on unconstrained melting using n-octadecane as PCM in a
spherical container. Enthalpy-porosity method and volume of fluid were
used to simulate the PCM melting. The PCM close to the wall melts at the
beginning of the melting process with a high rate. Then, as time travels,
melting rate decreases because of the formation of a liquid layer of the
PCM between the wall and the solid PCM. Also, it is noticed that the
melting rate is faster in the upper part due to the effect of natural

convection.
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Faistauer et al. [23] carried out a numerical study on PCM
unconstrained melting in a spherical container. The enthalpy porosity
method was used numerically to solve the PCM phenomena. Three types of
PCM are involved namely; RT 35, RT 55 and RT 82. Also, four sizes of
spheres and three temperature differences between the wall and the melting
point were considered. The spheres were filled with 85% of their volumes
by PCM while the rest space is occupied by the air. It was found that the
melting time is increased with the increase in radius and/or with the
reduction of temperature difference. Also, it was observed that the three
types of PCM consumes approximately the same melting time as long as
they have the same size and they exposed to the same temperature

difference.

Sattari et al. [28] numerically presented the study of constrained
melting of PCM in a spherical capsulate. Enthalpy porosity method was
adopted to solve the melting PCM problem. At the beginning of the melting
process, the solid PCM closed to the inner wall of the container melts by
conduction. With the progress of time, the liquid PCM expands and a
molten grows due to convection domination. The results revealed that the
initial temperature has a little effect on the melting rate. Also, the surface
temperature has a more significant effect on the melting rate if it is
compared with the effect of the geometrical and other operating conditions.
In addition, it was found that the melting rate becomes faster when used
higher surface temperature and a smaller diameter of a sphere container.
Moreover, it is noticed that the waviness at the bottom of PCM is obtained

as a result of the unstable liquid layer at the bottom of this region.

Li et al. [29] numerically investigated the effect of the
geometrical and operating parameters on constrained melting in a spherical
capsule. These parameters include the radius of the sphere, the temperature
of the spherical surface, the thermal conductivity of PCM, and the material
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of the sphere wall. To solve the PCM melting problem the enthalpy method
was used by ANSYS/FLUENT software. The results showed that the
melting time varies positively and inversely with the spherical size and wall
temperature, respectively. Moreover, increasing the thermal conductivity of
PCM and the shell of the sphere leads to an acceleration in the melting
process. Also, it was found that the radius of the sphere has a more

pronounced effect on melting rate among other parameters.

Junior et al. [30] presented a numerical study on the melting of
Erythritol PCM  filled with about 94% of a spherical container (6%
occupied by air) subjected to the external airflow. The thermal storage
system contains a pebble bed with spheres containing PCM as shown in
Fig. (2.11). Enthalpy porosity method and ANSYS/FLUENT were used to
simulate the phase change phenomenon of the PCM. The numerical
investigation was considered the following parameters; the difference in
temperature between the external flow and PCM melting point, Reynolds
number as well as the sphere position in the array. It was found that the
position of the sphere that is nearer to the airflow inlet reaches to the
complete melting faster than that which far from the airflow inlet.
However, the effect of position decreases when the Reynolds number

increases.

Gao et al. [31] experimentally investigated the unconstrained
melting of RT-27 PCM inside a spherical container. The study included the
effect of various factors such as diameter, PCM filling ratio, heating
temperature and initial temperature on the melting process. In the
beginning, the melting process PCM is uniform inside the spherical
container. The solid PCM floats because the bouncy force is larger than
solid PCM weight. With the progress of time, the solid PCM sunk in the
bottom of the container and become in contact with the hot wall. The
results revealed that with the increase in the diameter of the sphere and
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ratio of PCM filing, the total melting time increase. In addition, the
increase of the heating and initial temperatures, the melting time is
decreased. It is worthy to mention that the floating melting mode (Fig.
(2.12a)) occurs firstly as the solid PCM floats above the liquid PCM. After
that, the solid part sinks as the liquid ascends to the voids in the upper

region and the close-contact is occurred as shown in Fig. (2.12b).

e=n

Fig. (2.9) diagram of melting Spherical container. (Khodadadi and Zhang

. b 70 minutes bs0 minutes
a 50 minutes a 70 minutes

Fig. (2.10) a- Constrained melting, (b) unconstrained melting (Khot et al.
[26]).
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2.4- PCM melting in the annular heat exchanger.

This type of heat exchanger is wide—used in engineering application.
The PCM is contained in annular space between the inner pipe and the
outer shell in most cases. The melting behavior is influenced by the
orientation of heat exchanger, the shape of the outer shell and inner pipe
and the dimensions of the heat exchanger. There are two orientations of

annular-PCM heat exchanger which are either; horizontal or vertical.

Ng et al. [32] numerically studied the melting of PCM (n-
octadecane) in a horizontal annulus heated isothermally from the inner tube
while the outer pipe was adiabatic. The melting problem was solved
numerically by adopting Streamline Upwind/Petrov Galerkin finite
element method. The results revealed that the increase in Rayleigh number
causes an earlier initiation of the natural convection and expediting of the

process of melting. However, the melting rate is higher at the top of the
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container, while it is small at the bottom region. Also, the temperature
gradient and the heat flux decrease significantly in the upper part of the

liquid region where the thermal stratification is dominated.

Khillarkar et al. [33] presented a numerical study of PCM
encapsulated in concentric horizontal annuli of two configurations as
described in Fig. (2.13). The study included observing the effects of
heating the inside, outside, and both walls on melting. A Streamline
Upwind/Petrov Galerkin finite element method was adopted to solve the
convection-dominated melting problem. It was observed that the increase
of Rayleigh number, the natural convection starts earlier causing an
increase in melting rate. It was noticed that the effect of heating of both
walls equals the effect of heating the inside and outside walls separately.
Thermal stratification was observed at the top of the liquid melting part.
The temperature gradient showed a significant decrease in the upper part of

heat exchanger which results in smaller expected heat flux.

Ettouney et al. [34] experimentally investigated the latent heat energy
storage of PCM during energy charging and discharging. The paraffin wax
PCM was contained in a vertical annular space formed between the outer
insulated shell and inside the tube where the heat transfer fluid (HTF)
flows. It can be noticed that the melting process was controlled by natural
convection whereas conduction was dominant in the solidification process.
As a result PCM liquid temperature at the top of the tube is higher than in
the bottom of the tube. In addition, increasing the system temperature
results in enhancing the Nusselt number due to developing the role of

natural convection.

Wei et al. [35] performed a numerical study to simulate the melting
process of paraffin wax filled the horizontal annulus between a hot tube

and insulated shell as shown in Fig. (2.14). The transient problem of
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melting was solved numerically by adopting the two-dimensional
governing equations and finite volume approach. The predicted results
revealed that the melting starts on the surface of the tube then ascends to
the upper part of the PCM container by natural convection currents.
Therefore, the melting in the upper part was faster than the lower part.
They reported that the convection is dominant in the upper part, while the
lower part is subjected to conduction effect. In addition, the melting at
both sides of the cavity is under the conduction and convection control.

Adine and El Qarnia [36] numerically studied the melting of two
PCMs P116 and n-octadecane filled the annular cavity which is formed
between shell and tube as illustrated in Fig. (2.15). Water was used as a
heat transfer fluid inside the tube with a temperature higher than the
melting point of PCMs. A control volume approach based enthalpy-
porosity method was used numerically to solve the problem of PCM
melting. It can be noticed that the melting of n-octadecane was faster than
P116 since the former has a lower melting point than later. Moreover, the
HTF inlet temperature does no influence on the maximum thermal storage
efficiency of the two latent heat storage units.

Dutta et al. [37] experimentally and numerically studied heat transfer
associated melting of paraffin wax as filled the horizontal annular of double
pipes. The inner pipe was heated isothermally while the outer one is
adiabatic. The finite volume method was used to solve the melting
problem of PCM numerically. At the begging of the melting process, a
molten layer of paraffin was formed around the inner tube due to
conduction. Then the layer grows upward with the progress of time as a
result of natural convection. The computational results showed that
eccentricity and the inclination angle of the inner pipe have a great
influence on the melting of PCM. Also, the heat flux increased with the

inclination angle and eccentricity.
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Hosseini et al. [38] presented an experimental and computational
study on the behavior of PCM (RT-50) melting inside horizontal annular
space formed between inner isothermal tube and outer insulated shell. The
finite volume and enthalpy-porosity methods numerically used to solve the
PCM melting problem. It can be noticed that the PCM in the upper part
have a higher temperature than that in the lower part due to convection
role. The melting rate was affected by the inlet temperature, where the

melting rate increases directly with the increase in the inlet temperature.

Darzi et al. [39] carried out a numerical study of melting of
n-eicosane inside a horizontal annular cavity between a hot inner tube and
outer shell for both concentric and eccentric configurations as presented in
Fig. (2.16). The enthalpy-porosity method was numerically used to
simulate the phase-change problem. It was reported that at the first 15
minutes, the melting rate was nearly the same for the concentric and
eccentric array. After this time, the melting rate was higher for the eccentric
position due to the domination of convection between the hot tube and
solid PCM.

Azad et al. [40] experimentally and numerically studied the behavior
of PCM (n-octadecane) melting process inside a horizontal cylindrical
annular container. The HTF (water) passes through a steel pipe fixed in the
center of the cylinder with different temperatures. Enthalpy porosity
method was adopted to solve the PCM melting problem. The study
concentrated on the effect of inlet temperature on both the melting process
and the start of natural convection. Initially the heat conduction
predomination on PCM melting. Then, the natural convection becomes
dominant. The increase of the liquid PCM temperature causes its
movement upward at the same time the cold liquid PCM moves downward.
The result also shows that convection begins early as the inlet temperature
increases.
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Kurnia et al. [41] investigated numerically the charging and
discharging of rotating latent heat energy storage where PCM is contained
in the vertical and horizontal annulus between shell and tube. The finite
volume and enthalpy-porosity methods were used numerically to solve the
problem of PCM melting. It was noticed that the melting rate increased in
vertical orientation regardless of the direction of heat transfer fluid inlet.
Also, it was showed that utilizing the rotating latent heat storage unit
enhances the heat transfer and expediting the melting process. The slow
rotating speed of latent heat storage results in a higher improvement in heat
transfer and melting rate compared with the faster-rotating speed of
storage.

Faghani et al. [42] studied the melting process of PCM (RT25) in
annular spaces formed between different elliptical and cylindrical tubes and
shells as shown in Fig. (2.17) for vertical and horizontal orientations. To
solve the PCM melting problem, an enthalpy-porosity method was used.
The results revealed that the shape of the shell was more effective than the
tube shape. Moreover, it appeared that the elliptical horizontal shell was the
best for enhancing heat transfer and reducing the melting time. While, the

vertical elliptical tube leads to higher melting rate.

Cao et al. [43] experimentally and numerically investigated the effect of
natural convection during melting of PCM in eccentric horizontal shell and
tube as exhibited in Fig. (2.18). The enthalpy-porosity method was adopted
to solve the PCM melting problem. The results revealed that in the upper
part melting occur as a result of bouncy-driven convective heat transfer
between the hot tube and the liquid PCM. At the same time, natural
convection occurs between the liquid PCM and the solid PCM interface,
thus melting rate is higher in the upper part. Furthermore, when the tube
moves downward melting rate increases due to the convective heat transfer

domination.

28



Chapter Two Literature Review

8
£
£
Q
2
2
Q
e

Fig. (2.13) Schematic diagram of models (Khillarkar et al.[33]).
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Fig. (2.14) Schematic digram of LHSU (Wei et al. [35]).
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Fig. (2.18) Localtion of thermocuoples with change position of tube (Cao et
al. [43])
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2.5 The Scope of peresent study

The study includes an experimental and numerical investigation of
the thermal performance of the melting process of PCM contained in a
double pipe heat exchanger. In the other words, the paraffin wax RT-42
Rubitherm was placed inside the annular cavity between the inner copper
pipe of 25 mm inner diameter and the isolated external shell of a diameter
of 75 mm. In the experimental work, some thermocouples probes are
inserted inside the annular enclosure to measure the temperature
distribution of the PCM during charging process. Also, the photos are
captured to monitor the time-progress of the melting process. The
numerical solution is performed by adopting the enthalpy-porosity method
and finite volume technique with the assistance of ANSYS/FLUENT
package software. The study includes the inspection of the effect of
different temperatures (60,70 and 80C) of the water as HTF which is
passing through the inner pipe. Also, the influence of orientation of heat
exchanger (horizontal and vertical) on the thermal performance is was

evaluated.
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CHAPTER THREE: NUMERICAL STUDY

The melting of PCM inside the annular cavity of a two-orientation
heat exchangers is presented physically and numerically in the current
work. The governing equations are specified with described initial and

boundary conditions.
3.1 Physical Model

The schematic descriptions of a PCM melting process inside the annular
cavity of both horizontal and vertical heat exchangers are introduced in Fig.
(3.1) and Fig. (3.2), respectively. The PCM-heat exchanger consists of the
double-concentric pipes. The inner one is a copper pipe with 25 mm
diameter and 0.1 mm wall thickness, and the outer one is acrylic pipe with
75 mm diameter and 2.5 mm wall thickness. The length of the heat
exchanger equals 500 mm. The annular space between two pipes is filled
completely with PCM (RT-42 Rubitherm) which it’s melting temperature
ranges from 38 to 42 °C. The thermophysical properties of the used PCM
are listed in Table (3.1). The heat source of the storage cell is a hot water
passing through the inner pipe causing the melting of PCM RT-42. Melting

starts around the inner pipe and grows toward the outer pipe.
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Table (3.1) Thermo-physical properties of RT-42 PCM.

Solidus Temperature , T 38°C

Liquidus Temperature, T, 43°C
Latent heat of melting, AH 174 kJ/kg
Density, p 880 kg/m® (solid)

760 kg/m*® (liquid)

Dynamic viscosity , u 0.02728 kg/ms
Thermal Expansion coefficient, p | 0.0008 1/k
Specific heat capacity, Cp 2 kilkg K
Thermal conductivity, k 0.2 W/im2°K

Insulated shell

Fig. (3.1). Schematic representation of the horizontal annular-cavity heat
exchanger.
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Fig. (3.Y). Schematic diagram of the vertical annular-cavity heat exchanger.

3.2 Mathematical formulation of the problem

The PCM is contained between the inner tube of radius r; and outer
insulated shell of radius r,. The melting process in the annular cavity is a
two-dimensional problem. The radial and angular coordinates (r, ¢) are
required to define the melting process inside the horizontal-annular heat
exchanger. Whilst, the radial and axial coordinates (r, z) are used to define
the melting of PCM in the vertical annular heat exchanger. The initial
temperature of the solid PCM is T;,;. The HTF enters the inner tube with a
temperature of T,, and a uniform velocity of U;,, while it exists at a pressure
of the atmosphere. No- slip conditions are applied for all walls. Also, the

outer shell is thermally insulated.
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3.2.1 Model assumptions

The problem of melting of PCM inside cavities is transient, non-
linear with moving boundaries. To facilitate the melting problem, the

following assumptions are applied:

1- The annular domain is filled completely with PCM (RT-42).

2- The melt of PCM is homogenous, incompressible and Newtonian fluid.
Also, the melt flow is considered laminar.

3- The melting process is assumed two-dimensional in both orientations of
the heat exchanger.

4- The properties of PCM are supposed to remain constant excluding the
density variation with the temperature where the buoyancy forces is
based the Boussinesq approximation.

5- There is no gain or loss of heat.

6- Ignoring the viscous dissipation, radiation and end effects.

7- The volume change during the phase-change is neglected.
3.2.2 The Governing Equations

The governing equations of continuity, momentum, and energy used

to simulate the melting process of PCM in a concentric annular cell are:

L+ V.(pV)=0 3-1)
28D 47 . (pVV) = +uV?V — VP 45, (3-2)
2 (pH) +V .(pVH) = V. (KVT) (3-3)

Where p, u and k are the density, viscosity and thermal conductivity of

PCM, respectively.
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The body force term in momentum equation is modeled by considering the
Boussinesq approximation based on a reference density (pr ) and

temperature (T ), and the thermal expansion coefficient (5).

Where S, =5p + S, (3-3a)

and Sg = ,Urefgﬁ(r— Tref) (3_3b)
—_ L0 ]

also = p(aT P (3-3¢)

The natural convection influenced the melting appears due to the

change of PCM density and gravitational acceleration.

3.2.3 Enthalpy—porosity method

To solve the PCM melting problem, the enthalpy- porosity method
was used. This method depends on the liquid fraction which represents the
liquid volume to the total volume in the storage unit. The domain of storage
unit will be divided computationally for three regions; solid, liquid and
mushy zone. The enthalpy-porosity method treats the mushy region
(partially solidified region) as a porous medium. The porosity in each cell
is set equal one to the liquid fraction in that cell. In fully solidified regions,
the porosity is equal to zero. The region of solid-liquid contact is known as
the mushy zone which represents the barrier between two phases. The

porosity is represented by a liquid fraction f which is defined as ([44],

[45]).

0 if T < T,
f= "L if T,<T < T,
T—Ts
1 if T >T, (3-4)

where, Ts and T, refer to solidus and liquidus temperatures of PCM,
respectively. The local temperature is denoted by T.
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The total enthalpy H represents the summation of the sensible enthalpy h

and latent enthalpy AH and can be described by equation (3-5);

H = h + AH (3-5)
Where,

h = hpes + ffr Gl (3-6)
AH = fL (3-7)

where, hy is the sensible enthalpy of PCM at T, Cp is the specific heat at

constant pressure and L represent latent heat of PCM.

It is worthy to mention that the source term or Darcy term S in momentum

equation (3-2) is an important treatment technique for the mushy zone,

2
=8 va e (3-8)

f3+€

Sp

The constant ¢ is used as a small number of 0.001 to avoid division by zero.
Also, the mushy zone constant Ay IS @ constant number which it ranges

from 10* to 107 [46] which refers to the morphology of the melting front.

3.2.4 Boundary and Initial Condition

In the two orientation of heat exchanger the melting behavior of
PCM is symmetrical. The wall of inner pipe remain approximately constant
temperature while the outer pipe and the ends of heat exchanger is
adiabatic. Also, the HTF (water) enters the inner pipe from the bottom to
the top. As presented in figures (3.1 and 3.2). The boundary condition of
the domain are:
At time, t=0, Temperature of water and PCM equals Tjy;

Attime, t>0
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For horizontal heat exchanger

The outer surface of inner pipe. r=r;, U=V=0 and T=T,,.

The outer surface of outer pipe. r=r,, U=V=0 and Z—I=O.

For vertical heat exchanger

At 1. <r< r,and Z=0, U=V=0, g—zzo
Atr, < r <r,and Z=L, U=V=0, Z—Z=0

At r=rand 0<Z<[L U=V=0, T =T,

Atr=r,and 0<Z<L, U=V=0, Z—:=O
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3.3 Computational model

The simulation of PCM melting in annular cavity PCM-heat exchanger
of two orientations was carried out using the ANSYS FLUENT 17.2
software package. The computational procedure can be illustrated by a

flowchart as shown in Fig. (3.3).

Computational procedure

Geometry

Mesh

Setup

Solution

Results

Fig. (3.3). Flow chart of computational procedure.
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The geometry is represented as a 2D model by design molder of
software. It consists of two domains; PCM inside annular cavity of heat
exchanger and water flowing through the inner copper pipe. The domains
are discretized by quadrilateral elements where they are concentrated on the
boundaries of the computational domain. The purpose of the spatial
discretization is to achieve a numerical solution. Thus, the gradient is set as
Least Squares Cell-Based while pressure, momentum and energy set as
Second-Order Upwind technique. A relationship between velocity and
pressure corrections is used in the SIMPLE algorithm in order to enforce
mass conversation and to calculate the pressure field. The pressure-based
solver uses under-relaxation of equations to control the update of computed
variables at each iteration. The relaxation-factors for pressure, density,
body force, momentum, and Liquid fraction of 0.3, 1, 1, 0.7 and 0.9,
respectively are used to accelerate the convergence of pressure-velocity
iteration methods. At the end of each solver iteration, the residual sum for
each of the conserved variables is computed and stored. The convergence

criteria of 10 for continuity, velocity and energy are applied.

3.4 Validation of the Numerical model

For the purpose of validation, the current result must be compared
with the experimental or numerical results of other researchers taking into
consideration the similarity in melting problem and the operating condition.
Accordingly, the predicted results were compared with the experimental
findings of Tan et al. [25] of constrained melting of n-octadecane PCM
(T,=28.2 °C) inside a spherical cell of diameter 101.66mm with 1.5mm
thickness. The spherical storage cell was immersed in a hot water tank of
temperature 40 °C. A reasonable agreement was achieved between the
numerical results of the present work and experimental findings of Tan et
al. [25] as presented in Fig. (3.4). The maximum difference between the

two results is about 14.2%. This difference can be reasoned by the heat
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loses in experimental work and the assumptions required to obtain the
numerical solution. Furthermore, the present numerical achieves more

accurate results than that numerical model of Tan et al. [25].
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Fig. (3.4). Comparison of melt fraction between the present work and
results of Tan et al. [25].

3.5 Grid- independence test

The grid independence test was carried out in order to find the
optimum number of grid-elements that compromise between the accuracy
of the solution and the cost and time of implementation of the
computational model. The results of variation of the melt fraction are
considered for determining the suitable grid-size system as shown in Figs.
(3.5a) and (3.5b) for horizontal and vertical heat exchangers, respectively.
The initial temperature of PCM is 17 °C, the inlet temperature and flow rate

of water are 70 °C and 6 I/min, respectively. The computational domain of
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horizontal annular cavity PCM-heat exchanger is discretized by three
meshing sizes of 2221, 5001 and 7653 elements. The results of the
variation of a liquid fraction indicate that the melting times are 184, 190
and 192 min for three sizes of elements. Therefore, the meshing of 5001 is
adopted throughout the numerical study. On the other hand, the meshing of
1500, 2196 and 4342 was tested for vertical orientation of heat exchanger
and the registered melting times are; 125, 130 and 133 min, respectively.
The discretization of 2196 grids was adopted for vertical orientation of heat

exchanger throughout the study.

1.2

o
[

— =mesh-size=7653 elements

mesh-size=5001 el ements

Liquid Fraction

o
~

mesh-size=2221 elements

0.2

0 50 100 150 200 250
Time, min

Fig. (3.5 a). Grid-independence test for a horizontal heat exchanger.
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Fig. (3.5 b). Grid-independence test for a vertical heat exchanger.
3.6 Time-step independence test

The time-independence test is also carried out to examine the influence
of the time-step in each iteration on the accuracy and convergence of the
numerical results. Three different values of time step are tested; 0.5, 0.1
and 0.01s. The influence of time-step on the melt fraction is revealed in
Figs. (3.6a) and (3.6b) for horizontal and vertical heat exchangers and for
T.,=17 °C, T,,=70 °C and water flow rate of 6 I/min. The results revealed
that the insignificant effect of time-step on the melt fraction. Also, the
melting time values are; 187, 190 and 191.5 min in the horizontal heat
exchanger and 12V, 130 and 132 min for vertical one for each time-step.
Therefore, a time-step of 0.1 s was selected throughout the numerical

study.

44



Chapter Three

Numerical Study

fraction
o [=) o o o
(6] D ~ [o0e] (o)

Liguid

— Time-Step 0.05 s
=== Time-Step 0.1s

Time- Step 0.5 s

50

100 TIME-min 150 200

Fig. (3.6a). Effect of time-step on the melt fraction inside the horizontal
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Fig. (3.6b). Effect of time-step on the melt fraction inside the vertical heat

exchanger.

45




Chapter Three Numerical Study

3.7 The influence of the mushy zone constant

In the literature, it was observed that the values of the mushy zone
constant (Amysn) affect the heat transfer of PCM. Thus when the constant of
mushy zone increases, the resistance of heat transfer increases too [47]. The
influence of the three values of mushy zone constant (10°, 10° and 10°) on
the melt fraction of PCM inside horizontal and vertical heat exchangers is
illustrated in Fig. (3.7a) and Fig. (3.7b), respectively at T;,=17 °C, T,,=70
°C and water flow rate of 6 I/min. The results showed a clear effect of the
mushy zone constant on melting time. The increase in mushy zone value
leads to an increase in melting time. The melting time values are 190, 205
and 212 min in the horizontal heat exchanger for mushy zone constant of
10°, 10° and 107, respectively. For the same values of mushy zone constant,
the melting process requires 130, 142 and 150 min for complete melting in
the vertical heat exchanger, respectively. According to these results, the

value of 0° is adopted for the mushy zone constant.
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Fig. (3.7a) independence test of mushy zone for horizontal position.
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Chapter Four: Experimental Work

This chapter presents a detailed description of the experimental work
related to the examination of the thermal behavior of PCM melting inside
circular annular cavity of two orientations of the heat exchanger. The rig
test was configured in the Heat Transfer Laboratory of the Chemical
Engineering Department in the College of Engineering, Babylon

University, Babylon, Irag.

4.1 Experimental setup
A schematic diagram and a photograph of the experimental
apparatus are shown in Fig. (4.1) and Fig. (4.2), respectively for horizontal

and vertical heat exchangers.

Fll/ vent Fill/ vent
/ PCM
Outlet
+—( HTF
\ PQM
by pass 2 B
by pass 1 HowmeterD
Hot 1 Temperature
tank — Valvel I Data logger
R D s
r}_/ Valve 2
31@ Pump 0.5 hp computet
Automatic
Temperature :

Control

Figure (4.1) Schematic diagram of the experimental setup.
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Vent/fill

PCM-Heat exchanger

Hot tank

Automatic temperature
controller

Pump

Fig. (4.2a) Photographical representation of the horizontal PCM annular

cavity heat exchanger.

Vent/fill
Hot tank Flowmeter
Valves
Pump

Fig. (4.2b) Photographical representation of the vertical PCM annular
cavity heat exchanger.
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4.2 The components of the experimental setup
The experimental setup was composed of the following components
and measuring devices:
1-Hot water tank with an electric heater.
2- Automatic Temperature Controller.
3- Water pump.
4- Water flowmeter.
5- Thermocouples and temperature data logger.
6- Annular thermal heat storage cell.

7- Control valves.

4.2.1 Hot water tank with an electric heater

A cylindrical tank with a capacity of 80 liters is made of stainless
steel and thermally-insulated by using glass wool. The tank is equipped
with an electric heater with a power consumption of 1000 W to heat up the

water and raise the temperature of water to the required level.

4.2.2 Automatic temperature controller

Automatic Temperature Controller was used to control the temperature
of the water entering the inner tube of the test rig. This device has a digital
screen that is set for the required temperature. It is also provided with a

temperature sensor that is incorporated inside the electric heater.

£.2.3 Water pump

Centrifugal pump was used to deliver the heat transfer fluid HTF
(water) from the tank into the copper inner tube and then return back to the
tank. The pump has a maximum flow rate 50 liters/min, head of 9 m and

with power 0.5 hp.
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4.2.4 Water flowmeter
The flowmeter (rotameter) was used to measure the flow rate of
water passing through the inner tube with the measuring range of 2-18
liters/min as described in Fig. (4.3).
Direct calibration of the flow meter has been done by using a scalar
vessel as well as a stopwatch. The time required to fill the scalar vessel is
recorded. The process is repeated for several times and the calculated flow

rates and measured values of the flow rates are represented in Fig. (4.4).

Fig. (4.3) Photo of flowmeter (rotameter).
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Fig. (4.4). Calibration of the flowmeter.

4.2.5 Thermocouples and temperature data logger

The transient thermal behavior of the PCM melting inside the test
rig was monitored by fifteen K-type thermocouples (TCs). Two of them
were used to measure the inlet and outlet temperatures of water. Also, one
thermocouple was used for monitoring the temperature of by-passing
water. The other twelve thermocouples were placed inside the test rig to
record the transient temperature distribution of the PCM in different
locations during the melting process. To record the temperatures, two
temperature data loggers (Lutron-BTM-42085SD) which have 12 channels
for each were used. Calibration of thermocouples is presented in Appendix
(A). The positions of TCs were decided according to preliminary numerical
examination to compromise between the number of available TCs and
temperature variations within PCM. Also, the thermocouples are fixed

accurately at their locations by using a plastic rake.
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In the horizontal heat exchanger, twelve thermocouples are placed in
the middle of the acrylic tube and distributed in certain locations as
presented in Fig. (4.5). The radial and angular positions (r, ) of TCs are
specified in Table (4.1). Also, the fill/vent tube was fixed on the top side of
the insulated acrylic tube.

In the vertical orientation of heat exchanger, the temperatures vary in
axial and radial positions (r, z) as depicted in Fig. (4.6) and Table (4.2). On
the other hand, the fill/vent tube was placed at the top of the acrylic tube.

Do=75mm HTF(WATER) 12\/45 0
N7
. .",'\,\'_-.45°

Fig. (4.5) The thermocouples distribution inside the horizontal annular

cavity.
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Table (4.1) The radial and angular positions of thermocouples inside

the horizontal annular cavity.

TCno. |T1 |T2 |T3 |T4 |T5 |T6 |T7 |T8 |T9 |T10|T11|T12
r, mm 20.5 (285 (375|205 (285|205 |285|205|285 (205|285 |375
o, 90 (90 |90 |45 |45 |0 0 -45 | -45 | -90 | -90 | -90
degree
T1 T2 T3
* Je—— 450mm
8mmigmm' 8mm
T4 T5 T6
¥ Y J— 350mm
500mm T7 T8 center
—— 250mm
§ HTRwater| ™ %
T9 TI10
* *___ 150mm
Z T11 T12
T J& ¥ — 50mm
r

Fig. (4.6) The thermocouples distribution inside the vertical annular cavity.
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Table (4.2) The radial and axial positions of thermocouples inside

the vertical annular cavity.

TC |T1 |T2 |T3 |T4 |[T5 |T6 |[T7 |T8 |T9 |T1 |T1 |T1
no. 0 1 2

r 20. |28. |37. |20. |28. |37. |20. |28. |20. |28. |[20. |28.
(mm) | 5 5 S) S) 5 S) 5 ) 5 ) ) 5

z(mm | 450 | 450 | 450 | 350 | 350 | 350 | 250 | 250 | 150 | 150 |50 |50

4.2.6 Thermal storage unit

The PCM was contained in an annular space between an inner copper
tube and outer thermally insulated acrylic shell. The inner tube is 25 mm
outside diameter, 1 mm thickness and 700 mm length. The hot water as
heat transfer fluid HTF flows inside the inner tube to transmit the thermal
energy into the PCM. The outer shell has inside diameter of 75 mm, the
thickness of 2.5 mm and a length of 500 mm. Transparency of acrylic
provides visual access for the melting behavior of PCM. Also, an insulator
of 40 mm glass-wool layer thickness is used to reduce the heat losses. The
acrylic shell has two vents for filling liquid PCM and accommodating any
volume change of PCM during the melting process. In addition, two square
acrylic sheets with 10 mm thickness were used to support and grantee the
symmetrical concentric configuration of double tubes. A rubber ring is used
between the copper pipe and the square sheets to prevent leakage of liquid

PCM outside thermal storage unit as shown in Fig. (4.7).
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Fig. (4.7) Acrylic square sheet.

4.2.7 Ball Valves and PVC piping system

Four valves are used to control flow direction the flow rate of water
inside the copper pipe. The PVC piping system was used to transmit the
HTF between the tank and the test rig.

4.3 Phase change material (RT-42)

The paraffin wax RT-42 (Fig. (4.8)) was used as a PCM in the
experiment. This paraffin was manufactured by Rebitherm company,
Germany. The thermo-physical properties of RT-42. The wax is white-
colored in the solid phase and transparent in the liquid phase. The selection
of this type of wax due to its melting range which can be used in many

applications besides its high latent heat of melting.
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Fig. (4.8) Paraffin wax RT-42.

4.4 Experimental Procedure

The liquid PCM was filled gradually inside the annular through the vent to
avoid air gaps. The filling process was achieved in several stages where the
liquid PCM was left to solidify layer by layer in each stage.

In each test, the water was heated inside the tank to above-required
temperature to accommodate the heat losses in the piping system before
entering the test rig. The temperature of the by-pass was observed so that
when it reaches the required level, the bypass valve is closed and the hot
water is allowed to enter the storage unit through the inlet valve. The
experiment was terminated when the solid PCM was fully melted. The
readings of all thermocouples were recorded and the images of the solid-
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liquid front were captured by a digital camera. Three different temperatures
60, 70 and 80 °C of HTF were considered to show their influence on the
melting process. Each experiment was repeated three times to confirm the

reproducibility of the measured data.

4.5 Dimensionless parameters and data reduction

The melting of PCM inside enclosures was governed by
dimensionless parameters such as the Rayleigh number and Stefan
Number.
The Rayleigh number is the buoyant force divided by the viscous force,

ZC 3 w—im
Ra =" pﬁgzk“ Tm (4.1)

The Stefan number represents the ratio of heat sensible amount to the latent

heat of the material. It can be described as:

Ste = 0w —Tn) ..(4.2)

Where Cp,p ,u ,L,B and D represent specific heat, density, dynamic
viscosity, latent heat of phase change, thermal coefficient expansion and
the characteristic length, respectively.

The average Nusselt number is defined as:

Nu= =2 (4.3)

where, h represents the heat transfer coefficient and obtain from

h=—2w ...(44
(Tw_Tm) ( )
_ D(Tw-T¢)

Nu = v e ... (4.5)

where, k represents the thermal conductivity of PCM respectively and AX

represents the distance between wall and thermocouples.
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The thermal energy stored in the PCM equals the sensible heat
absorbed by solid and liquid phases and latent heat absorbed during the

phase-change process. The stored energy can be estimated by the equation:

Qs = Mpem [COs(Taws —T; YA =)+ f L+ f Cpi(Tayy — TP
(4.6)

Where T, Tau and T; represents the average temperature of solid and
liquid phase and initial temperature respectively. While f represent the

liquid fraction can be defined as

43

f= .(4.7)

T Vety

where I, V; represent the volume of solid PCM and volume of melted

PCM respectively.

4.6 Error Analysis and Uncertainty
All measurements of physical quantities are subject to uncertainties

in measurements. Variations in the results appear during repeated
measurements, even after controlling the surrounding conditions.
Therefore, it is impossible to keep the variables constant. In addition, the
devices are manufactured with certain accuracy and method of reading the
scale with fractional estimates increases the uncertainties. Thus, steps can
be taken to reduce the error by calibrating the measuring devices as well as
reducing the uncertainty. In order to correctly calculate the uncertainty,
reference must be indicated and sources of uncertainty identified for each
source. The estimation of errors has an extreme significance in each
experimental study. The following procedure described by (Holman) [48]

was used to evaluate the uncertainty in each calculated variables.

Assume the dependent variable R relates with many independent variables;

X1, X2...Xn. The uncertainty wg in the result is;
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1
we= () + () ot (Zw ) T @)

where, Wy, Wo, . . ., W, be the uncertainties in the independent variables.
For example, the uncertainty in calculating the Nusselt number (Eq.
(4.5)) depends on the experimental errors that maybe happening in the

independent parameters as given in in Table (4.4).

Table (4.4) Uncertainties of independent parameters

Independent parameter, e Uncertainty (w)
Temperature difference +0.Y4 C
Different diameters of the cell +0.001m
Distance between wall and thermocouples +0.0005 m

The experimental error in the Nusselt number calculation can be explained

in the following way:

ONu 2 ONu 2 ONu 2 ONu 211
Wi = [(aTTWAT) +(Gpwo) +(Gorwex) + (- wan,) ]2-(4'9)

== .(4-92)
= Ax(ij”me) == ....(4-9 b)
Sr = R = - (4-90)
66AA7,": = S = (4-9d)

1
2

ONu 2 ONu 2 ONu 2 ONu 2
Wi = [(aAT WAT) + ( aD WD) + (an WA") A (aATW WATW)

2 wp\2 W\ war,, 2
t (?) T (E) t (—ATW)]

N|R

Wiy /Nu = [(M)

AT
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1
Wiy /NU = [(@)2 + (0.001 )2 + (0.0005)2 + (g)zr
185 0.005 0.008 27

INu — +0.0445 = + 4.45%.

Nu

4.7 Repeatability Check

Repeatability or test-retest reliability is the nearness of the agreement
between the results of successive measurements of the same parameter
carried out under the same conditions of measurement. The measurements
are taken by a single person or instrument on the same item, under the same
conditions, and within a specified period time. In the experimental work,
the test was conducted in several days and at different times of the day,
some tests start from early morning and end to midday and some start from
midday to midnight. To check the repeatability in a certain case, TC7 was
selected in the vertical heat exchanger for an inlet temperature of 70 °C and
6 liters/min of water flow rate. The readings of TC7 are shown in Fig.
(4.9). There are small differences of results between three tests. However,
each test is repeated three times and the mean values of the measured data

are considered.
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Fig. (4.9) Repeatability of temperature reading of TCV.
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Chapter Five: Results and Discussion

The experimental and numerical results of the melting process of PCM
(RT-42) inside an annular thermal heat exchanger are presented and
discussed in this chapter. A shell-and-tube heat exchanger was used in
current study. Its annular space between filled by a PCM, and hot water at
desired temperature is passing through the inner tube to be the heat source
for melting process. Two orientations of the heat exchanger are considered;
horizontal and vertical. The influence of inlet water temperature (60, 70 and
80 °C) on the behavior and performance of the PCM melting within the
storage unit is investigated. The effect of flow rate is insignificant effect on
the melting behavior of the PCM as explained in Appendix B. The behavior
and performance of PCM melting can be understood by evaluation the
phase-change characteristics such as the distribution of temperature within
the PCM, the growth and evolution of the melting interface, the amount of
heat exchange between the wall and PCM and the stored energy. These
characteristics were estimated experimentally and numerically. The
dimensionless parameters that govern the melting process were the Rayleigh

and Stefan numbers which are listed in Table (5.1).

Table (5.1) The calculated values of Rayleigh and Stefan numbers.

Water temperature, "C Ra Ste
60 5.92x10° 0.195
70 9.40x10° 0.310
80 1.29x10° 0.425
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5.1 The Experimental Results

In this section, the experimental results of the melting of PCM inside
an annular cavity are presented. The results are illustrated as readings
recorded by thermocouples within PCM, the evolution of the melting front
by using digital imaging, estimating the Nusselt number as well as obtaining

the amount of energy stored in PCM.
5.1.1 PCM melting in the horizontal heat exchanger.

This section is concerned with the experimental results of the PCM

melting within a horizontal annular cavity.

5.1.1.1 Temperature Distribution of PCM

The temporal temperatures distribution of PCM inside the horizontal
cavity is illustrated in Fig. (5.1). The readings of the thermocouples vary
according to their locations inside the cell as indicated previously in Chapter
4 of this thesis (Fig. (4.5)). The readings of temperatures Ty, T,, T3, T4, Ts, Ts
and T, reach the melting point faster than the rest of thermocouples due to
earlier initiation of natural convection in the upper part of the storage cell.
Also, the temperatures Ty, T, and Tg arrive the melting point and steady-state
condition before the rest locations (e.g. Tg and Typ). Although those five
thermocouples have the same radial positions from the center, they have
different angular locations. This difference in temperatures is justified to the
privilege of natural convection in the upper region of the storage unit. On the
other hand, the temperature fluctuations are observed for the temperature
readings of TCs in the upper portion of the unit. While the variations of the
temperatures in the lower part of the cell are uniform and un-fluctuated due
to the domination of conduction heat transfer at that region. It is worthy to

mention that the temperature variation is low in the melting range region

65



Chapter Five Results and Discussion

between Tgiigus and Tiiquisus for thermocouples that do not fall under the

dominant influence of natural convection.
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Temperature, °C

w
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Fig. (5.1) The temperature distribution of PCM at a water temperature of
70C.

The effect of dominated heat transfer is explained by a comparison
between two temperatures T, and Ty, for different temperatures of hot water
as presented in Fig. (5.2). The thermocouples TC, and TC,o have the same
radial positions but different angular locations of 90 and -90 degree,
respectively. Clearly, the increase in temperature of hot water leads to an
intensification of thermal energy that transferred from HTF into PCM,
earlier evolution of natural convection currents and acceleration of the
melting process. Thus, the temperature values are raised with the increase of

temperature of hot water. On the other hand, the effect of natural convection
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causes that the values of temperature T, exceed that of T Also, it is

observed that the increase rate in temperature T, is higher than that of

temperature To.
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Fig. (5.2) A comparison between the temperatures T, and Ty, for different

temperatures of HTF.
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5.1.1.2 Transient Evolution of Solid-Liquid Interface and Melt Fraction

The photographic representation of the time-progress of melting
process is illustrated in Fig. (5.3) for three different temperatures of water. It
Is observed that the symmetric melting front and diffusion-heat transfer is
dominated at the early periods (15 min) of melting at water temperatures of
60 and 70 °C. However, for the same period of 15 min but at water
temperature of 80 °C, it is noticed that the natural convection is developed,
and the melting rate is faster at the upper half of the cell. After initial
periods, the movement of natural convection currents strengthens the
melting rate at the upper part of the cell for different water temperatures.
However, as time progress the overall melting rate of the PCM inside the
cell is decelerated as the transmitted thermal energy from HTF is carried
from natural convection currents to the upper part of the cell rather than
melting extra solid PCM at the lower part. Therefore, the overheating and
thermal stratifications occur for the PCM melt at the upper part of the
storage unit. On the other hand, the temperature of HTF has a positive
influence on the melting rate as confirmed by Fig. (5.4). The melting time is
reduced by about 27.5% and 46.3% when the HTF temperature varies from
60 to 70 °C and from 60 to 80 ° C, respectively.
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Liquid PCM

] \5'

Solid PCM

T,=70°C

7,=80°C

15 min i 90 min

Fig. (5.3) Instantaneous photographs of the melting of RT-42 at 15, 30, 60

and 90 min for various temperatures of water.
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Fig. (5.4). Time-variation of the liquid fraction for different values of HTF

temperatures.
5.1.1.3 Variations of the Nusselt number.

The transient variations of the Nusselt number for different temperatures
of water are revealed in Fig. (5.5). It is obvious that for all cases, the Nusselt
number increases highly at a very small initial period as the conduction is
dominated and higher temperature gradient over a thin melted PCM exists.
After, the Nusselt number decays dramatically as the role of conduction is
decreased and the thickness of melted PCM is increased, and it causes a
reduction of transmitted thermal energy from HTF into solid PCM.
However, the role of natural convection is evolved and will be dominated

heat transfer of the melting process.
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Fig. (5.5). Temporal variations of the Nusselt number.

5.1.1.4 Stored energy by PCM

The time-variations of thermal energy stored inside PCM for different
temperatures of water are exhibited in Fig. (5.6). The energy is stored
sensibly for both phases of PCM (solid, liquid) and latently during the
phase-change process. In the beginning, the transmitted energy from the hot
water is absorbed sensibly by solid PCM. As the PCM starts to melt, a large
part of the transmitted energy is consumed for solid-to-liquid phase change
conversion. Also, the liquid melt of PCM starts to absorb energy sensibly. It
Is noticed that the accumulated thermal energy stored increases with time for
all temperatures of HTF. When all solid PCM is melted, the increase of
thermal energy storage is damped as all transmitted energy is absorbed

sensibly by liquid PCM. Moreover, increasing the temperature of the water
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causes higher transmitted energy and higher stored energy of PCM. The

stored energy inside PCM can be retrieved when it is required

as the

solidification (discharging) mode is activated. The stored energy by PCM is

increased by about 8.6 % and 16.8% when the HTF temperature varies from

60 to 70 °C and from 60 to 80 °C, respectively.
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Fig. (5.6). Thermal energy stored vs. time for different temperatures of

water.
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5.1.2 PCM melting inside the vertical heat exchanger

This section is concerned with the experimental results of the PCM

melting within a vertical annular cavity.
5.1.2.1 Temperatures distribution of PCM.

The temperature distribution of PCM placed in a space between a hot
inner pipe and an outer isolated pipe at 70 °C of inlet water temperature is
shown in Fig. (5.7). Twelve thermocouples were mounted at five levels
arranged from top to bottom with different distances from the inner pipe
surface (See Fig. (4.6 for more details). At the initial period of the melting
process, the conduction is dominated, so the variations of thermocouples
readings are approximately equal except (T, and T4) which are closer to the
tube. The temperature T, reaches the melting point of 4Y °C earlier than the
rest locations since it is closer to the tube and at a top position in the storage
cell. The currents of natural convection carry the thermal energy to the upper
part of the cell. In contrast, the thermocouple TC12 registers the minimum
temperatures due to its location which is far away from the HTF tube and the
effect of natural convection. The positions of T,, Ts, T;, T and Ty, have the
same radial distance from the hot pipe but with different axial positions. It is
noticed that T, reaches melting point and steady-state faster than the others
due to natural convection effect. Furthermore, T, reaches melting point
faster than T3 even though T, is located at a lower position, but it is near to
the hot pipe. Also, at the latent heat region bounded between Tgyigus and
Tiiquiaus: the slight change in temperature is observed. After that, a significant

change of temperature occurs as a result of sensible heat.
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Fig. (5.7) Temperature distribution of PCM at 70 °C of water inlet

temperature.

The effect of inlet temperature of the water on the temperature
distribution of the PCM is explained in Fig. (5.8). The readings of
thermocouples TC2 and TC11 are selected due to the same radial positions
that they have but different axial positions. As the temperature of the inlet
water increases, the amount of heat transferred to the PCM is increased, and
the initiation of natural convection is started early. Therefore, it is clear that
T, reaches the melting point earlier compared to T,; for different inlet

temperatures of the water as a result of the influence of natural convection.
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Fig. (5.8). Influence of temperature of HTF on the temperature distribution
of PCM.

5.1.2.2 Transient Melting Front and Melt Fraction

Photographical expressions of the transient advance of PCM melting
front for various water temperatures are presented in Fig. (5.9). At the first
stage, the mechanism of heat transfer from the hot inner pipe to the solid
PCM close to the pipe is done by conduction. A layer of liquid PCM is
formed symmetrically around the inner pipe. A short time is consumed in
this stage due to a quick heat absorption and a high-temperature difference
between the initial temperature of solid PCM and the hot pipe surface. Later,
the liquid PCM is accumulated at the top of the annular cavity due to the
natural convection domination. After absorbing heat, the liquid PCM

becomes lighter and moves upward while the solid-liquid melting front
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moves toward the solid PCM at the bottom. This behavior is similar for all
temperatures set for inlet water. In addition, the melt liquid fraction of PCM
Is illustrated in Fig. (5.10). It is clear that the melting rate is affected by the
inlet temperature positively where heat transfer amount increases from the
hot pipe to the PCM with the increase in inlet temperature. On the other
hand, the melting time is reduced by about 32.6% and 50.2% when HTF
temperature is changed from 60 to 70 and 80 °C, respectively. The solid-
liquid interface is slightly inclined due to the uncertainty in the verticality of

the heat exchanger.
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Fig. (5.9) Transient melting front progress of PCM in the vertical heat

exchanger for various temperatures of water.
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Fig. (5.10) Liquid fraction vs. time of PCM in the vertical heat exchanger for
different HTF temperature.

5.1.2.3 The Time-Behavior of the Nusselt number

The time-wise changing of the Nusselt number for various temperatures of
the HTF is illustrated in Fig. (5.1). The Nusselt number is high at the
beginning of the melting process as a result of heat conduction domination,
and higher temperature gradient is indicated. Later, the Nusselt number
abruptly drops due to natural convection domination and temperature
gradient decreases. On the other hand, the value of Nusselt number is higher
and faster to drop at 80 °C inlet temperature in comparison with other inlet
temperatures of 60 and 70 °C. This behavior is due to a higher temperature

gradient between the 80 “C and initial temperature of PCM.

78



Chapter Five Results and Discussion

180

Time,min

160

140 _._TW: 80 °C
5 120 —Tw=70°C
£
S 100 o
Z Tw =60 °C
=
% 80
)
-0
=z 60

40

20

0 [
0 25 50 75 100 125 150 175 200 225 250

275

Fig (5.11) Time-variation of the Nusselt number
5.1.2.4 Stored Energy

The energy stored by PCM equals the summation of sensible heat in
the solid and liquid phases as well as the latent heat during the phase-change
process. The stored energy changes proportionally with the inlet temperature
of the water as revealed in Fig. (5.12). As time advances, the sensible
energy absorbed by solid PCM decreased while the sensible energy in the
liquid phase and latent energy absorbed latently during the phase-change are
increased depending on the amount of the liquid fraction. It is observed that
the stored energy by PCM is increased by about 8.6% and 16.8% when the
HTF temperature is varied from 60 to 70 °C and from 60 to 80 ° C,

respectively. It is the same percentage obtained in the horizontal direction.
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Fig. (5.12) Energy stored by PCM for different temperatures of water.
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5.2 NUMERICAL RESULTS

Numerical simulation of the melting process of PCM contained in an
annular cavity between shell and tube heat exchanger is performed using
ANSYS/FLUENT 17.2 software. To achieve the most accurate numerical
results, a grid-independent test is performed for all the number of elements.
In addition, the time step in each iteration was also examined to compromise
between the accuracy of the results and the cost and time of the
computations. The effect of the mushy zone constant is also tested.
Moreover, the validation of the numerical model was performed as described

previously in Chapter 3.
5.2.1 Predicted melting front and temperature contours of PCM

The predicted results of the melting front (left) and temperature
contours (right) for PCM inside horizontal annular cavity heat exchanger is
presented in Fig. (5.13) for the three different inlet water temperatures. The
melting begins when the PCM temperature reaches the melting point. The
molten PCM formed around the hot tub due to the predominated conduction
heat transfer. Then, the buoyancy-driven convection have been developed,
and PCM liquid ascends upward leading to a higher melting rate at the upper
part of the cavity. Moreover, the melting rate at the bottom portion of the
cavity consumes a longer time in comparison with the upper part. The same
behavior is shown for vertical-cavity heat exchanger as presented in Fig.
(5.14).
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Fig. (5.13). Temporal development of the melting front and temperature
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Fig. (5.14) Temporal development of the melting front and thermal with

different water temperatures
5.2.2 Numerical results of the liquid fraction

The numerical results of the liquid fraction for both orientations of the
heat exchangers and various inlet water temperatures are exhibited in Fig.
(5.15). Initially, it is observed that the melting rate is high due to a large
temperature gradient and conduction-dominated melting process. After that,
as the temperature gradient decreased and thermal resistance increased, the
effect of conduction and resulted melting rate are decreased. However, the
influence of natural convection is grown especially in the upper part of the
heat exchanger for both orientations. The effect of natural convection-
assisted melting is higher in vertical heat exchanger than that existed in a
horizontal one. Hence, the melting time of PCM is lower in the vertical
orientation of heat exchanger as shown in Fig. (5.15 ). The melting periods
of vertical heat exchanger are reduced by 28.7%, 30.4% and 31.2%than that

time needed for complete melting in a horizontal heat exchanger for inlet
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water temperatures of 60, 70 and 80 °C, respectively. Besides that, it is
noticed that the melting rate is directly affected by the water inlet
temperatures. Thus, PCM melting time was reduced by about 29.7% and
47% in a horizontal orientation and about 31.7% and 48.5% in a vertical
orientation when the inlet temperature is changed from 60 to 70 °C, and from

60 to 80 °C, respectively.
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Fig. (5.15) liquid fraction vs. time for two orientations of the heat exchanger

at different water temperatures.
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5.2.3 The velocity vector of the PCM melt

The velocity vector of the melted PCM at 70 °C inlet water
temperature within the horizontal and vertical annular cavities are shown in
Fig. (5.16) and Fig. (5.17), respectively. At the initial times, there is no
generation and movement of PCM liquid. Later, a simple movement around
the inner tube is generated at the start of the melting process causing a layer
of liquid PCM under the conduction control. After a while, the velocity
vector of liquid PCM increases and the hot low-density liquid moves
towards the top part of the cell due to buoyancy effect. The liquid velocity is
slow in the lower part where the conduction is dominated. Also, it is
observed that the velocities of liquid PCM are higher in the vertical heat

exchanger than those shown in a horizontal one.

Velocity
Vector 1

l 3.835e-003

- 2.8762-003
Omin S min 10 min 15 min

- 1.917e-003

- 9.587e-004

I 0.000e+000

[ms*1]

30 min &0 min 140 min 200 min

Fig. (5.16) Velocity vector of the liquid PCM for a horizontal heat

exchanger at 70 °C of inlet water temperature.
86



Chapter Five Results and Discussion

Velocity HENE = |-
Vector 1

l3.[][][}e4]|}3 ' o
2250403
1.500e-003 RN

7.500e-004

lmoewnu -

ms ’ S I 5

0 min 30 min 60min 90 min 120 min
140min

Fig. (5.17) Velocity vector of the liquid PCM for a vertical heat exchanger at
70 °C of inlet water temperature.

The influence of water temperature on the melt velocity is presented
in Fig. (5.18). It is noticed that the velocity of liqguid PCM increases by
increasing the temperature of the inlet water. Increasing the water
temperature leads to an increase in the transferred thermal energy into the

PCM and excitation of rapid initiation of natural convection.
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Fig. (5.18). The effect of HTF temperature on the velocity vector of liquid
PCM in the horizontal and vertical heat exchanger.
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5.2.4 Numerical results of the Nusselt number

The predicted values of the Nusselt number for two orientations of the
heat exchanger and different inlet water temperatures are illustrated in Fig.
(5.19). It is found that the transient Nusselt number has the same behavior
for two orientations. There is a rapid increase in the Nusselt number at the
beginning of the melting process due to the conduction-dominated between
the solid (or thin layer liquid) PCM and the inner tube. Therefore, the low
thermal resistance and associated high-temperature gradient cause a dramatic
growth in the Nusselt number. Thereafter, the decrease of the Nusselt
number is rapid for vertical heat exchanger while it has an exponential
reduction for horizontal orientation of heat exchanger. In this period, the
conduction role decreases, but the convection effect is developed. Later, the
convection is dominated, and the melting process reaches the steady-state
condition. In all cases, the Nusselt number was changed positively with the
amount of transferred thermal energy from HTF which in turns varies

proportionally with an inlet temperature of HTF.
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Fig (5.19). Nusselt number vs. time with different HTF temperatures for

both heat exchangers.

5.2.5 Numerical energy stored by PCM.

The transient change of stored energy by PCM inside an annular
cavity of both orientations for three different inlet water temperatures is
presented in Fig. (5.20). The general trend of variation of stored energy is
the same as exhibited in experimental findings. In addition, it is observed
that the amount of stored energy by PCM in the vertical heat exchanger is
higher than that obtained in the horizontal orientation. That happened due to
the higher melt fraction in the vertical heat exchanger as discussed
previously. For example, at time of 140 min, the accumulated stored energy
in PCM in the vertical heat exchanger is; 375.8, 477.7 and 489.4 kJ for inlet
water temperatures of (60, 70 and 80) °C, respectively. However, for the
same time and inlet water temperatures, the stored energy are; 362.4, 410.8
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and 460.5 kJ for horizontal heat exchanger. Furthermore, the stored energy
reaches its steady-state value after completing melting as shown in the
figure.
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Fig. (5.20) Predicted energy stored by PCM for both orientations at different

water temperatures.
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5.3 Comparison between Experimental findings and Numerical results.

The melting characteristics such as temperature distribution of PCM, the
progress of melting front, melt fraction, stored energy within PCM and the
Nusselt number are evaluated experimentally and numerically for two
orientations of the heat exchanger and different values of HTF temperatures.
The comparison between experimental and numerical results is performed
for an inlet water temperature of 70 °C. Good agreements are obtained
between the experimental and numerical results. The results revealed that the
numerical values of melting characteristics are higher than the experimental
ones. This discrepancy between the results is justified by:

1- Heat losses in the experimental side.

2- Considering the mathematical assumption in the numerical investigation
as stated in chapter 3.

3- Ignoring the variations of PCM thermophysical properties of PCM in the
numerical model. Actually, the thermophysical properties are
temperature-dependent.

4- The difference in the imposed boundary conditions between experimental
and numerical investigation.

5- Uncertainty and error associated with the measurements of the devices.

6- The accuracy of the installation of rig test parts.

The experimental temperature readings of T, in a horizontal heat
exchanger and T in the vertical heat exchanger are compared with the
similar corresponding numerical temperatures as described in Fig. (5.21).
The maximum discrepancies between the numerical and experimental
temperatures are approximately 17.4 % and 12.3% for T, and T,

respectively.
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Fig. (5.21) Comparison between experimental and numerical temperatures

for water inlet temperature of 70 °C.

The temporal evolution of the PCM melting front in the horizontal

and vertical annular heat exchangers is depicted in Fig. (5-22). While, the

experimental and numerical melt fraction is compared and presented for two

orientations in Fig. (5.23). The maximum difference between experimental

and numerical results of melting time is about 12.4% and 10.7% for the

horizontal and vertical heat exchangers, respectively.
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Fig. (5.22). Progress melting front in both study experimental and numerical.
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Fig. (5.23) Experimental and numerical liquid fractions for two orientations

of the heat exchanger.

The experimental and numerical results of the transient variations of
the Nusselt number for both orientations of the heat exchanger are illustrated
in Fig. (5.24). In general, the results showed the same behavior but with a
difference of 22.5% in a horizontal position while 14.96% in the vertical
direction. Another reason causing differences between experimental and
numerical results mentioned previously, the Nusselt number was calculated
experimentally at a distance of 8 mm and16 mm from the surface of the
inner pipe in horizontal and vertical heat exchangers, respectively for
practical necessity. While, the predicted Nusselt number is calculated at a

distance very near to the hot wall.
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Fig. (5.24) Experimental and numerical Nusselt number for two orientations

of the heat exchanger.

The experimental and numerical results of the stored energy are compared
and presented in Fig. (5.25) for two layouts of heat exchangers. The
maximum discrepancies between two results are 22.1% and 15.4% for

horizontal and vertical heat exchanger, respectively.
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Fig. (5.25) Experimental and numerical stored energy for two orientations of

the heat exchanger.
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Chapter Six: Conclusions and Recommendations

The experimental and numerical investigation of melting of phase

change material inside an annular cavity of horizontal and vertical heat

exchanger exhibit the following conclusions and suggestions for future

works.

6.1 Conclusions

According to the experimental findings and numerical predictions,

the following concluding remarks are extracted:

1-

The natural convection is dominated the most periods of melting
process, while the role of pure conduction is a privilege only at the
initial period of the melting process.

The melting time was reduced by increasing the inlet temperature of
water for both orientations of heat exchanger. It is reduced about 27.5%
and 46.3% when the inlet water temperature is changed from 60 to 70
°C and from 70 to 80 °C, respectively for horizontal heat exchanger.
For the same temperature increase, the melting times are reduced by
32.6% and 50.2% for vertical heat exchanger.

The melting rate of PCM in the vertical heat exchanger is higher than
that in the horizontal heat exchanger. Also, the required time for melting
process in the vertical heat exchanger are reduced by 28.7%, 30.4% and
31.2% than in the horizontal heat exchanger for inlet water temperatures
of 60, 70 and 80 °C, respectively.

The accumulated energy stored by PCM during the melting process in
vertical heat exchanger is higher than that obtained in the horizontal
orientation of heat exchanger by about 4, 14.2 and 16.3% at water
temperatures of 60, 70 and 80 °C, respectively at time of 140 min.

The temporal variation of the Nusselt number is directly varying with

the inlet HTF temperature.
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6- The melting front is affected by inlet temperature, the orientation of heat

exchanger and the dominant mechanisms of heat transfer.

6. YRecommendations for future works

The current investigation of the PCM melting inside annular

cavity of two orientations leads to the following recommendations and

additional suggestions for future researches:

1-

2-

Studying the melting behavior of PCM inside annular cavity of the
inclined heat exchanger of tilt angles of 30, 45° and 60°.

Investigating the effect of the eccentricity by deviation the location
of an internal tube from the center on the melting process of two
orientations of the heat exchanger.

Exploring the influence of using several internal tubes (2, 3 or 4) on
the melting process with maintaining the same surface area. Also,
studying the effect of the hot pipes arrangement on the melting rate.
Studying the solidification (discharging) process of liquid PCM
under the effect of both the HTF temperature and orientation of heat
exchanger.

Researching the melting process after enhancing the thermal
conductivity of PCM by dispersion solid nanoparticles, insertion

fins, porous media, etc.
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Appendix A
Calibration of Thermocouples and Data Logger
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Appendix

Appendix B
Evaluation of the effect of water flow rate on the melting

[Process

It was observed experimentally and numerically that the flow rate has
an insignificant effect on the melting characteristics of PCM inside an
annular cavity of two orientations of the heat exchanger. The time-
variation of the liquid fraction of PCM in two orientations of heat
exchanger is evaluated experimentally (Fig. (B.1)) and numerically (Fig.
(B.2)) for two values of volumetric flow rate. The results prove that the
week effect of water flow rate on the melting process.
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Fig. (B.1) Experimental result of the melt fraction for two values of water flow
rates.
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1.2

Liquid fraction
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Fig. (B.1) Numerical result of the melt fraction for two values of water flow

rates.
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