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Abstract

Latent heat energy storage using macro encapsulated phase change material is an emerging technique for thermal energy storage applica-
tions. The main aim of the present investigation is to investigate the melting process of phase change material filled in different shaped
configurations. The selected different cavities are square, circular and triangular. A mathematical model based on convection dominated
melting is required to be developed, especially in view of the complex flow geometries encountered in such problems. Thus, an attempt
has been made to develop a model using ANSYS Fluent 16.2 to investigate the heat transfer rate and solid-liquid interface visualization of
PCM filled in different shapes of cavity. It is found that triangular shaped macro encapsulated PCM melts faster than square and circu- lar

shaped encapsulated PCM.
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1. Introduction

Thermal energy storage (TES) is of great importance to many fields
of engineering since it offers numerous benefits for various areas of
the industry. Thermal energy storage is inevitable for effective uti-
lization of renewable energy sources due to their in- termittent na-
ture, especially solar energy, which is the most pro- spective energy
source. For instance, one of the most common problems that solar
power generation systems face is the gap that exists between the
availability of the solar resource and energy demand, causing the
need for an effective method by which excess heat collected during
periods of high solar irradiation can be stored and retrieved later for
use at night or during periods of darkness.

Thermal energy storage can be classified as Sensible Heat Storage
(SHS), Latent Heat Storage (LHS) and thermochemical storage. In
Sensible Heat Storage (SHS), the thermal energy is stored by rais-
ing the temperature of the storage material without undergoing
phase transformation. On the other hand, LHS in- volves phase
transformation of the storage material from one state to another,
such as solid-liquid, solid-solid or liquid-gas and vice- versa when
heated to the transformation temperature. The third method of en-
ergy storage is the thermochemical storage, which involves a re-
versible physio-chemical phenomena to store the thermal energy
chemically and recovers the energy upon supply- ing heat. [1]
Among the various methods of energy storage, the latent heat ther-
mal energy storage system using Phase Change Material (PCM) is
most promising, mainly due to their high thermal energy storage
density and their ability to provide heat at a constant tem- perature.
The amount of heat stored in a latent heat storage system is given
by following equation:
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Q is the amount of thermal energy stored or released (kJ), m is the
mass of the material used to store thermal energy (kg) and L is the
latent heat of fusion or vaporization (kJ/kg). First term of equation
is energy stored in form of sensible heat, when tempera- ture is
raised from initial temperature T1 to melting point T2. Sec- ond
term indicates energy stored in form of latent heat at constant tem-
perature T2, and third term is again sensible heat storage, when tem-
perature is raised from melting temperature T2 to final temp. T3.
The latent heat energy storage is the most promising means of ther-
mal energy storage. Most of researchers have carried out study of
phase change materials in shell and tube heat exchanger [2]-[4]
.However, due to low thermal conductivity of PCM and thermal
stability over extended thermal cycles the use of latent heat stor-
age unit (LHSU) is not as per expected. This requires the heat trans-
fer enhancement in such systems. The various enhancement tech-
niques used are: Extended surfaces, Employing multiple PCM
method, Thermal conductivity enhancement and Encapsulation of
PCM. Out of these heat transfer enhancement techniques, macro-
encapsulation of PCM is a new and immersing technique. Macro-
encapsulation is in some form of self-assembled structure or a pack-
age such as tubes, pouches, spheres, panels or other recepta- cle.
These containers usually are larger than 1 cm in diameter and can
be incorporated in building products as well. The main ad- vantage
of the macro-encapsulation is its applicability to both liquid and air
as heat transfer fluids and easier to ship and handle. Macro-encap-
sulation of the PCM helps to overcome the barrier of low thermal
conductivity by increasing heat transfer rate. It is also helpful in
forming a barrier and protecting the PCM from the out- side envi-
ronment and controlling the volume changes of the PCM. It has de-
veloped an interest in several researchers, especially because it
can be cost effective compared to other techniques. Spher- ical and
square shape for encapsulation of PCM is mostly used. Since the
heat transfer is dependent on surface area, there is a need to inves-
tigate optimized shape for containers. Many researchers have stud-
ied different shaped macro capsules and few of them have been de-
scribed below.

Ot

Copyright © 2018 Jay R. Patel, Manish K. Rathod. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



http://creativecommons.org/licenses/by/3.0/
http://www.sciencepubco.com/index.php/IJET

588

International Journal of Engineering & Technology

Bedecarrats et al. [5] experimentally investigated the perfor- mance
of phase change energy storage encapsulated in spherical capsules
during the charging and the discharging processes. The influence of
super-cooling phenomenon during charging was stud- ied. They
concluded that both mass flow rate and HTF tempera- ture were
influencing parameters on charging and discharging, but both must
be selected in combined (coupled) manner. Lacroix [6] numerically
investigated melting of octadecane in rectangular cavity. He also
studied the effect of degree of sub-cooling on melt- ing time. He
determined analytical expression for the duration of close contact
melting of a PCM block at the melting temperature resting on a
heated plate. Murray et al. [7] Numerically investi- gated melting
process of two PCMs, octadecane and sodium ni- trate in the rec-
tangular shaped cavity. The effects of parameters like thermal con-
ductivity, fluid viscosity and addition of fins were investigated. Ma-
heswari and Reddy [8] investigated experimen- tally and numeri-
cally packed bed of spherical macro-encapsulated PCM .They also
compared results for paraffin wax and stearic acid with different
sizes of the spheres. It was observed that, the time taken to complete
the phase change in the sphere changes as the size changes and par-
affin takes less time compared to stearic acid in this cases. Khoda-
dadi and Zhang [9] also considered the effects of natural convection
on the constrained melting of phase change materials within spher-
ical containers. They also state that during the initial melting pro-
cess, the conduction mode of the heat transfer is dominant. As the
buoyancy-driven convection is strengthened due to the increase in
the melting zone, the process at top region of the sphere is much
faster than at the bottom due to the increment of the conduction
mode of heat transfer. Assis et al.

[10] investigated both numerically and experimentally on the melt-
ing of partially filled PCM in a spherical shell. They per- formed
their numerical studies using the commercial software Fluent 6.0.
Computational results had good agreement with the experimental
results for different wall temperatures and different shell diameters.
They presented a correlation for the melting frac- tion based on the
non-dimensional Grashoff, Stefan and Fourier numbers. Their cor-
relation had good agreement with the obtained data for Stefan num-
ber less than 0.1 which corresponds to temper- ature difference less
than 10°C.

Literature shows that many researchers had focused their work in
the field of macro-encapsulated PCM. Few of them have worked in
area of innovative techniques of macro encapsulation, while many
have investigated thermal performance of PCM. But very few re-
searchers have worked for visualization of phase change process in
different shaped macro capsules. Rare litera- tures are found in
which other than spherical shape is considered for the analysis. The
performance of the macro encapsulated PCM is established by the
key parameters like aspect ratio, boundary conditions, geometries
for encapsulation. However, there is need to compare/optimise dif-
ferent shapes for application in thermal energy storage systems for
enhancement purpose. Thus, the main objective of the present work
is to establish the thermal perfor- mance of the PCM filled in dif-
ferent shaped cavities using numer- ical analysis.

2. Mathematical modelling

Phase change process of PCM with convection-diffusion con-
trolled phenomenon are very complicated. PCM changes one me-
dium to another that has different liquid fraction values with time,
nature of temperature distribution is non-linear. The finite volume
method has been widely applied to solve conduction-controlled
phase change problems. And it is now making inroads in problems
involving convection-dominated melting of PCMs, especially in
view of the complex flow geometries encountered in such prob-
lems.

An enthalpy-porosity method is employed for tracking the moving
boundary of PCM. For transient 2-D heat transfer problem in latent
thermal energy storage unit, the governing conservation equations
are continuity, momentum and energy equation.

2.1. Governing equations

For mathematical modelling of melting process assumptions are
[11]:
e PCM is homogeneous and isotropic.
e Initially PCM is in the solid phase for melting with uni- form
temperature.
e  Thermo-physical properties of the PCM are constant.
e Boundary condition is constant wall temperature.
The flow in the molten PCM is considered laminar, in- com-
pressible.
e  The viscous dissipation term is considered negligible.
e  Boussinesq approximation is valid only for free convection.
The continuity, momentum, and thermal energy equations can be
expressed as follows:
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The enthalpy of the material is computed as the sum of the sensi-
ble enthalpy, h, and the latent heat, AH:

H=h+AH (5)
Where
H= href + OdeT (6)

The latent heat content can be written in terms of the latent heat of
the material, L:
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In momentum equation, is the Darcy's law damping terms (as
source term) that are added to the momentum equation due to phase
change effect on convection. It is defined as
(1-Ay ~
_i; mush (9)

The coefficient Amush is a mushy zone constant. This constant is a
large number, usually 104-107 [12]. In present study Amush is

asummed constant and is set to 10°.
2.2. Validation

Numerical code developed using Ansys Fluent 16.2 for melt- ing
process is validated with results obtained by Hosseini et al. [12].
Shell and tube heat exchanger of 22mm tube diameter and 85mm
shell diameter is considered. Water is flowing from shell side and
PCM RT50 is stored in inner tube. The values of density, 780

kg/m3; thermal conductivity, 0.2 W/m-K; latent heat, 168000 J/kg;
specific Heat, 2000 J/kg-K; dynamic viscosity, 0.00025 kg/m-s;
solidus temperature, 318 K; liquidus temperature 324 K, coefficient
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of thermal expansion, 0.0006 IOC; for RT50 are consid- ered. The
initial temperature of PCM is taken as 25°C and HTF is flowing at
70°C.
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Fig. 1: Liquid Fraction Comparison of Present Numerical Results with Nu-

merical Results by Hosseini Et Al. [12].

Figure 1 shows comparison of temporal liquid fraction varia- tion
using numerical code with results of Hosseini et al. [12]. The results
of the present model showed an acceptable agreement with the re-
sults of Hosseini et al. [12]. Thus, methodology used for solution is
correct and further study can be carried out with the same model for
melting process.

3. Numerical study

The main objective of the present study is to develop the nu- merical
models for different shaped cavity filled with the PCM and compare
the performance of the same in the form of melting rate and heat
transfer characteristics. For that a case study is con

sidered in which paraffin wax as a PCM is filled in square, circu-
lar and triangular cavity. The physical configurations of all cavi-
ties are shown in fig. 2. The dimensions are chosen in such a way
that area of the configurations remain same. Table 1 shows the
thermo-physical properties of paraffin-wax.

Table 1: Thermo-Physical Properties of Paraffin Wax

Property Value
Density 778 kg/m3
Thermal conductivity 0.25 W/m-K
Specific Heat 2600 J/kg-K
Viscosity 0.003 kg/m-s
Thermal expansion coefficient 0.000012 1/K
Melting Heat 220000 J/kg
Solidus temperature 326 K
Liquidus temperature 333K

4. Results and discussion

Melting process of paraffin wax as PCM has been studied us- ing
ANSYS Fluent 16.2. Here, melting behavior of PCM in differ- ent
cavities and comparative analysis between square, circular and tri-
angular cavities has been studied. During melting process, PCM is
initially kept at 30°C and boundary of encapsulated PCM is sub-
jected to constant temperature 85°C.

Figure 3 shows temperature variation at different locations of
square, circular and triangular cavities respectively. Point A is lo-
cated at centre of cavity, while point B and point D are located at
20mm above and 20mm below the centre respectively. Point C and
point E are located at 20mm right side and 20mm left side of the
centre respectively. From fig. 3 it is observed that for all cavi- ties,
rate of temperature increment for point A is slowest, because it is
located farthest from the hot boundary. Temperature distribu- tion
for point B, C, D and E are almost same upto 15 minutes, which
indicates uniform heat transfer and dominance of conduc- tion. Af-
ter that temperature increment of point B becomes faster than oth-
ers. This is because of buoyancy driven natural convec- tion. Once

liquid formation starts temperature gradient occurs in liquid and due
to density difference hot PCM moves upwards and cold PCM goes
downwards, thus temperature of upper portion (point B) increases
faster than all other points. Here, sharp rise in temperature of PCM
at locations A and B is mainly because of replacement of solid PCM
with liquid
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Fig. 2: Physical Configurations of Different Shaped Cavity A)Square,
B)Circular and C)Triangular.
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Fig. 3: Temperature Variation at Different Locations of Cavities during
Melting Process.
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Fig. 4: Liquid Fraction Contours for Square, Circular and Triangular Cavity
during Melting Process.
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Fig. 5: Comparison of Numerical Liquid Fraction for Square, Circular and

Triangular Cavity during Melting Process.

The instantaneous contours of the liquid fraction of PCM after 10,
20, 30 and 40 mins have been shown in fig. 4. It is observed that
upto 10 min. liquid fraction contours are parallel to the boundary of
all cavities. This shows heat transfer domi- nates by conduction
mode of heat transfer. Thus, PCM melts uniformly. After that upper
portion of PCM melts faster than the lower one because the hot mol-
ten PCM rises to top of the cavity. This phenomenon is due to den-
sity difference induced by buoyancy driven natural convection. Fig.
5 shows the transi- ent variation of numerical liquid fraction for all
cavities. It can be seen that melting rate is faster initially, but with
time it be- comes constant. The complete melting time for square,
circular and triangular shaped cavities are 42, 43 and 36 minutes re-
spectively. Melting rate in square and circular cavities are al- most
same, while it is maximum for triangular cavity. Here reduction of
melting time for square and triangular cavities are 2.32% and
16.27% compared to circular cavity.

5. Conclusion

Melting of encapsulated PCM mainly depends on the ge- ometry of
encapsulation, thus there is need to optimize the shape and propose
new geometries for enhanced characteris- tics. During charging
process, heat transfer is dominated by conduction mode initially. As
PCM starts to melt, both conduc- tion and buoyancy driven natural
convection effects heat trans- fer, and natural convection has more
influence on heat transfer. It is also observed that melting time re-
quired in case of macro- encapsulated PCM having square and cir-
cular shape is almost same, while for triangular it is minimum.
Thus, for energy stor- age applications using macro encapsulated
PCM triangular shaped cavity gives better performance than square
and circular shaped cavities.
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