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ORIGINAL STUDY

Effect of the Shape and Volume of Capsulated Phase
Change Material on the Melting Process

Ahmed S. Soliman ?, Ahmed A. Sultan **, Mohamed A. Sultan °

? Department of Mechanical Power Engineering, Mansoura University, Egypt
® Department of Mechanical Engineering, Higher Future Institute of Engineering and Technology, El-Mansoura, Egypt

Abstract

Due to the lack of continuity in solar energy throughout the day, researchers tend to store this energy in phase change
materials (PCM). The goal is to store a big amount of energy in a small PCM mass. In this study, the effect of the capsule
shape (circular and elliptical cross-section), number of capsules with the same volume (1, 2, 3, 4, and 5 capsules), and one
capsule with increasing its initial volume (multiplying of volume ratio 1 (V, =2, 3, 4, and 5)) on the PCM melting process
was studied. The results of the numerical model for both circular and elliptical cross-section capsules are validated with
the experimental results in the literature and have a good agreement. The results concluded that the performance of the
elliptical cross-section capsule is higher than that of the circular cross-section at the same area, which leads to a decrease
in the melting time by up to 50 % for the same amount of heat stored in the capsule. The V, value has a great impact on
the numerical results of the PCM melting process. The capsule melting time and its total energy stored increased as the
value of V, raises. The exergy difference between the two configurations increases with the increase of the volume ratio
and number of capsules. The exergy efficiency of the capsule with a volume ratio equal to 5 is the highest value among
all the discussed capsules (18.5 %).

Keywords: Energy storage, Horizontal elliptical capsules, Heat transfer fluid, Volume ratio

1. Introduction (Goswami, 2022). Thermal energy storage devices
are essential for reducing our reliance on fossil fuels
and making solar energy more accessible and reli-
able (Dincer and Rosen, 2010). Considering that
solar energy is one of the most important energies
available all over the world throughout the year and
in large quantities, researchers have been interested
in ways to store solar energy when it is available and
use it when it is not. One of the common ways to
store solar energy is to store it in the form of thermal
energy when it is available in phase change mate-
rials (PCMs) by adding the latent heat of its fusion
and converting it from the solid form to the liquid
form and then reusing it when it is not available by
expelling the latent heat by converting it from the
liquid form to the solid form again.

The main challenge is how to quickly and effi-
ciently store enormous amounts of energy in a small
mass of PCM as well. For this purpose, containers

owadays, researchers are interested in solving

the problem of the depletion of traditional
energy sources such as coal and petroleum. Thus,
they turned to the use of new and renewable energy
represented in wind energy, wave energy, and solar
energy, all of which are not available at all times.
Therefore, researchers tend to store this energy
when it is available to use it when it is not. This
energy can be stored in various forms, such as me-
chanical energy, electrical energy, and thermal en-
ergy. Both mechanical and electrical energy need a
process of converting the energy available to it using
specific devices that occupy a large space and have a
high cost to store weak levels of energy. Solar en-
ergy is a clean and renewable source of energy that
has the potential to meet most of our future energy
needs with minimal environmental impact
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for charging the PCMs were used in different
shapes and sizes to reach the minimum storage time
and the least amount of the phase-change material
to store a certain amount of thermal energy.

Several capsule shapes such as spherical capsules
(Dzikevics et al., 2016), cylindrical capsules with a
circular section (Dhaidan et al., 2013), and another
cross-section area (Soliman et al., 2022a) were used.
Some investigations used capsules of small size to
enhance the process of melting and solidification
such as microcapsules (Jamekhorshid et al., 2014),
and nano-capsules (Sabbaghi and Mehravar, 2015).
The researchers used heat exchangers of different
types, for example, a tube-in-tube type where the
phase change material was charged inside the inner
tube and the heat transfer fluid was flowing through
the space between the inner and outer tubes
(Kapilow et al., 2018; Pirasaci et al., 2017). Some re-
searchers investigated the melting of PCM inside an
annular-shaped heat exchanger where the inside
tube was charged with PCM while the heat transfer
fluid (HTF) was flowing through the annular pas-
sage between the two tubes (Kothari et al., 2019; Li
et al,, 2017). Also, shell-and-tube heat exchangers
have been used so that the PCM was charged inside
the tubes and the heat-transfer material was flowing
in the space between the tubes (Li et al., 2021). In-
vestigations included a heat exchanger in the form
of a shell and a spiral tube so that the HTF was
flowing inside the spiral tube and the PCM was
charged in the space between the spiral tube and
the shell (Mahdi et al., 2019). The melting process of
the paraffin wax in a multi-tube energy storage
system was studied at different configurations of the
heat transfer fluid tubes with radial eccentricity. The
melting process was greatly changed by the HTF
tube arrangement. To prevent thermal stratification,
the tubes in the top half of the shell should be
placed closer to the center, while the tubes in the
bottom half of the shell should be positioned further
into the poor melting zone (Vikas et al., 2022). The
melting and solidification process of PCM (paraffin
wax) was investigated numerically, and the results
were compared with the experimental results. The
heat exchanger unit storage consisted of an epoxy
resin loaded with metal hollow tubes filled with
paraffin wax. The graphite and metal tubes were
used to improve the heat transfer rate and played an
effective role. The Paraffin wax can be used to
enhance comfort, and save energy in buildings
(Aadmi et al., 2015; Soliman et al., 2023). A triplex
tube was used as an energy storage system where
the PCM was charged inside the middle annulus
while the HTF was flowing through the inner tube
and/or the outer annulus (Ali et al., 2022).

Nomenclature

Anush mushy zone constant (kg/m3.s)
C, specific heat capacity (J/kg. K)

D capsule diameter (m)

g gravitational acceleration (m/s%)
H specific enthalpy (J/kg)

A liquid fraction (%)

1 dynamic viscosity (Pa. s)

o thermal diffusivity (m?/s)

o liquid density (kg/m®)

Ps solid density (kg/m?)

h specific sensible enthalpy (J/kg)
hyer reference-specific enthalpy (J/kg)
k thermal conductivity (W/m.K)

L latent heat of melting (J/kg)

S momentum source term (pa/m)
T temperature (K)

t time (s)

T, solidus temperature (K)

T; liquidus temperature (K)

Greek symbols

B thermal expansion coefficient (1/K)
Abbreviations

CFD computational fluid dynamics
CPVC  chlorinated polyvinyl chloride
EPCM  encapsulated PCM

HTF heat transfer fluid

LHTES latent heat thermal energy storage
PCM phase change material

V; volume ratio

To reduce the time required to store energy by
improving the charging process of the PCM, re-
searchers used various methods, including the use
of fins inside the PCM (Passaro et al., 2022), or the
use of nanoparticles added to the PCM to advance
the heat transfer process (Soliman et al., 2021a,
2021b). To adjust the HTF temperature under a
certain level of stored energy, some researchers
investigated the use of capsules of multi-layer PCM
of different types (Soliman et al., 2022b). A theoret-
ical investigation has been carried out to investigate
the heat exchanger thermal performance containing
several oval tubes and a cylindrical shell of a heat
exchanger filled with the PCM. Four and two fins
are added to the perimeter of the elliptical tubes to
improve heat transfer from them to the PCM (Rana
et al., 2022).

A computational investigation was made on the
constrained paraffin wax as PCM inside an elliptical
cross-section cell under the effect of variable wall
heat fluxes is presented. The effect of prolate and
oblate capsules on the melting front transient
movement and the liquid fraction is discussed
(Dhaidan, 2021).
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Two theoretical studies have been carried out to
study the paraffin wax melting process charged in a
capsule with a horizontal axis and its section in the
form of an ellipse (Sultan et al., 2021). The capsule
was placed with the larger axis of the ellipse in a
direction perpendicular to the gravitational accel-
eration (horizontal) and the smaller axis in the di-
rection of it (vertical). The effect of changing the
inlet temperature of the heat transfer fluid from
334 K to 343 K and its velocity from 0.003 m/s to
0.012 m/s was studied, while the ratio of the two
axes was changed from 0.2 to 6.25. The effect of the
inlet velocity of the heat transfer fluid on the melting
process is very weak, while the effect of the tem-
perature of the heat transfer fluid is significant,
followed by the effect of the axe's ratio. By
comparing the results of the two studies, it was
found that the melting time of the capsule whose
largest cross-section axis is horizontal is less than
that whose largest cross-section axis is vertical.

Melting of a nano-enhanced phase change mate-
rial (NEPCM) dispersed with Cu nanoparticles in
partially filled horizontal elliptical capsules is
investigated numerically (Hajighafoori Boukani
et al., 2018). The geometry of the physical model is a
horizontal elliptical capsule having constant heat
flux on the surface and partially filled with PCM.
Three different aspect ratios are examined. Three
volumetric concentrations (0, 1, and 3 vol%) of
nanoparticles were used.

From the published research available to current
researchers, the following observations can be
reached:

First, several investigations used spherical cap-
sules single or within packed-bed type heat ex-
changers with different diameters and charged with
different PCMs. Second, in the research that dealt
with cylindrical capsules, most of them had a cir-
cular section, and a small group of them focused on
changing the shape of the cylinder cross-section to
improve the heat transfer coefficient and thus reach
a melting time as little as possible with the amount
of heat stored as much as possible.

Third, the number of investigations that dealt with
capsules with elliptical cross sections is small.
Fourth, the available research that used horizontal
cylinders whose section was in the form of an ellipse,
assumed the surface of the capsule was exposed to a
constant heat flux or a constant temperature with no
moving fluid around it. Also, they used a tube in the
form of an ellipse through which the HTF flows,
while the PCM was found in the annular space.

In the available literature, there was no study
dealing with the effect of changing the dimensions
of the capsules on the rate of energy stored or

released and the efficiency of the system. Accord-
ingly, the novelty of the present research is the use
of capsules in the form of a horizontal cylinder
whose section is in the form of an ellipse subjected
to a cross-flow of the HTF (water). Also, the study
explores the effect of capsules’ cross-sectional area
and the volume ratio of the PCM (paraffin wax) that
was charged inside it on the melting process. In
addition, the exergy efficiency is calculated to get
the highest thermal performance between the
studied cases of the energy storage system.

The optimum design from the present work
would help the researchers store a large amount of
energy in a small PCM mass with high energy and
exergy efficiency.

2. Physical model

The computational domain of the present work is
shown in Table 1. In the current study, the capsule is
filled with a PCM (paraffin wax) in the solid phase.
Hence, the volume should increase during the
melting process. The capsules are surrounded by
water, which can provide heat to the capsules. The
studied cases are divided into four parts: circular
capsule, oval horizontal capsule, different numbers
of oval capsule, and different volume ratios (V,) of a
single oval capsule.

The melting of paraffin wax in capsules is a
complex process that is affected by several factors,
including the capsule shape, capsule material, PCM
material, melting conditions, and boundary condi-
tions. By studying the melting of paraffin wax in
capsules under different conditions, we can gain a
better understanding of the underlying physics of
the process and develop more accurate and pre-
dictive models, furthermore, developing better de-
signs for PCM-based thermal energy storage
devices. For the circular capsule, this case is the
simplest, and it allows for the study of the funda-
mental physics of the melting process. For the oval
horizontal capsule, this case allows for the study of
the effect of capsule shape on the melting process.
For the different capsule numbers, this case allows
for the study of the interaction between neighboring
capsules during the melting process. For the
different V,, this case allows for the study of the
effect of the volume ratio of one capsule on the
melting process, compared with the same volume
but when using several numbers of capsules.

The PCM capsules lay with their centerline hori-
zontal and had elliptical cross sections of two axes a
and b, an insulated duct of height and width
depending on the smallest and largest axes (a and b)
as shown in Table 2, with a length of 1 m is used.
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Table 1. Studied cases of capsules in the present work.

Circular capsule Oval capsule

Different volume
ratio

Different capsule
numbers

- - - e

No=1

< <
Capsule No=2

Vr=2

R
Vr=3 - -
Capsule No=3
Resr sy
- -
Vr=

Capsule No=4

- -
-
V=5
- >
Capsule No=5

The elliptical cross-sectional capsule is sur-
rounded by the HTF that interacts with the tank top
component in the antigravity direction. The HTF is
water, while the PCM is paraffin wax and Table 3
lists the PCM's (paraffin wax) thermal properties.
The inlet HTF temperature is kept constant above
the PCM melting temperature throughout the PCM
charging (melting) process.

3. Numerical model

The objective of the numerical model used in this
study is to examine the numerous variables that
influence how PCMs inside capsules placed hori-
zontally through the flow route melt. Using the

Table 2. Dimensions of heat transfer duct at different capsule numbers.

Capsule number 1 2 3 4 5
Height, cm 15 15 15 15 15
Width, cm 15 20 20 30 30

ANSYS Fluent 2019 R2, the numerical simulation of
a two-dimensional mathematical transient melting
model for PCM is performed. The upcoming work
makes the following presumptions.

(1) It is considered that heat transfer occurs in two
dimensions.

Table 3. Phase change material's thermophysical properties (Soliman
et al., 2021c).

Thermophysical properties Paraffin wax

K s (W/m.K) 0.15

K ; (W/mXK) 0.15

ps (kg/m?) 890

p1 (kg/ms) 712

Cp s (KJ/kg. K) 2.384

Cp ; (KJ/kg. K) 2.44
Kinematic viscosity (m?/s) 831 x 107°
Melting temperature (°C) 54.22/56.22
Latent heat (kJ/kg) 278.8
Thermal exp. coeff (1/k) 0.000714
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(2) PCM is a pure compound, and the capsules'
solid walls are isotropic.

(3) The heat transfer fluid and the capsuled PCM
are placed in a cross-flow.

(4) The 2-D sides' heat transfer was disregarded.

(5) Under conditions of laminar flow, molten PCM
and the heat transfer fluid cannot undergo
compressible movement.

To model the combined heat transfer and phase
change, the enthalpy porosity method was used. In
this method, the solid—liquid interface is not
tracked explicitly. Instead, the mushy zone (the re-
gion where both solid and liquid phases are pre-
sent) is treated as a porous medium. Momentum
sink terms are applied to the momentum equations
in the mushy zone to account for the pressure drop
caused by the presence of solid material (Soliman
et al.,, 2021d). The difference in density of the PCM
in the buoyancy term is modeled using the Boussi-
nesq approximation, which accounts for thermal
buoyancy. The buoyancy-driven conventional gov-
erning equations contained in the 2-D transient
model are as follows:

The continuity equation

dp  19(rpV,) 19(pVy)

t r or r a0 =0 (D)
The momentum equations:
Momentum r:
(V. av,) V,0(Vv,) V? oP
L A I
“{?5(77)7 PRV ae}

+Pgﬁ(T_Tm) +5

Momentum 0:

The parameter S is Darcy's law damping term that
was added to the momentum equation due to the
impact of the convective phase change. This term
depends on both the mushy zone constant 4,5, and

Vi 0(Vy)

(V) V.V,
r 90 + r )

+V or r

p<6(V9)

10P 19
ot

:—r60+u r or

(v

the liquid fraction (1), which can be expressed as
follows:

—
mush.

- (1-2

(X +7)

where y is a small number usually about 103
applied to prevent division by zero in the damping
term of Darcy's law. The mushy zone constant A,
value is high and can be nominated between 10* and
108. In the present study, A,,.q, is defined to be 106.
Different investigations recommended considering
the A,,,sn value equal to 106, which gives the best
match between the experimental and numerical
outcomes (Soliman, 2023).
The energy equation

(Vh) ~v- (pl;wz)

The H factor defines the PCM enthalpy and the
h1 parameter is the value of the sensible enthalpy,
and the latent heat is expressed by AH (Soliman
et al., 2022c¢):

My
ot ot

(4)

H=h; + AH (5)

T
B =T + / CpdT
Tref

(6)

where h, is the reference enthalpy at the reference
temperature of T,,; and the term of latent heat can
be stated as a function of the total PCMs latent heat
(L) as follows:

AH=AL (7)

where AH varies from L (liquid) to zero (solid). So,
the liquid fraction A can be expressed by the
following equation (Abo-Elnour et al., 2023):

0((9‘?))




6 A.S. Soliman et al. / Mansoura Engineering Journal 49 (2024) 1-15

AH
—=0T<T,
L <

ﬁ T— Tsolidus

A= = T,< T<T,+AT,, 8
L Tliqudus — Lsolidus ( )
% —1T>T,+AT,

The AT,, parameter can be expressed as the
change between the temperature values of the PCM
liquid and solid phases:

AT, = Tliquidus — Tiotiaus (9)

The PCM density and thermal conductivity are
expressed by the following equations:

ps T<Tw

_) b + Pr
ppcm - 2

T, <T <Tp+AT,, (10)

0, T>T,+AT,,

ki T<Tpn
ks +k1

Kpem = T < T<Tn+AT,, (11)

ki T>Tyn+ATy

The exergy balance for a typical LHTS system
during the charging process is illustrated in Fig. 1.
The related expressions for the charging process
suggested as mentioned in Ref (Jegadheeswaran
et al., 2010) are as follows:

Exergy input:
EXiost {to surroundings)
1
l
ExHTF; )
—_— E: ingrut +
- F xsiored
=
ExHTF,0

Fig. 1. Exergy balance for a typical LHTS System during the charging
process.

Exin put = MHTFCHTF [(THIF,in - THTF,out )

THTF in ) :|
—ToIn :
0 <THTT,out

Exergy stored:

. T
Exgtorg =ML {1 - (T_())] +Mcpems |:(TPCM,init —Tu)

m

TpcM,ini
—Toln ( PCM init ﬂ + Mcpewt [(Tm — Tpcu finat )

T
T,
—Toln ( ———
0 (TPCM,fnal ) :|
(13)
Exergy input:
Exoutput = MyTFCHIF |:(THTRout — Thrrin )

(14)

THTF out >:|
—T,In :
< Thrr in
Watanabe and Kanzawa (1995) expressed the
exergy efficiency as follows:

PCM stored Exergy

Weh= HTF supplied Exergy

(15)

Since the heat transfer in LHTS systems is time
dependent, the evaluation of the exergy efficiency
during melting at any time is also important. This
motivates us to determine the exergy efficiency in
the shape of the exergy rate.

The PCM exergy stored rate
Ych= p
HTF supplied Exergy

(16)

Thus, Rosen and Dincer (2003) had informed
that the pumping power to handle the HTF must be
taken into account in the evaluation of exergy effi-
ciency. They proved that the difference between the
exergy efficiency that considers the pumping power
and that neglects it is considerable. Moreover, this
variance is more studied in the case of exergy effi-
ciency than in the case of energy efficiency.

Ozturk (Oztiirk, 2005) gave an exergy efficiency
expression that considers the pumping power which
is given below:
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Ychar=

The PCM exergy stored rate

(17)

The HTF supplied exergy rate + Mechanical power input to HTF

3.1. Boundary and initial conditions

At the start, the capsule wall as well as the solid
PCM temperature is 302 K. Also, at the solid—liquid
interface no-slip boundary conditions are consid-
ered. The flow regime is considered laminar for
both water and PCM, as well as an adiabatic
boundary condition is assumed for the two side
walls of the test section. But, at the inlet section, the
inlet velocity boundary condition is applied under a
specific inlet temperature. Finally, at the outlet sec-
tion pressure boundary conditions are applied and
at the interfaces, thermally coupled boundary con-
ditions are assumed as shown in Fig. 2. Model
validation with experimental data and the Mesh
independence test of this study are presented in the
supplementary data.

3.2. Numerical procedure and validation

Using the CFD program Ansys Fluent, the energy
equation and melting model are numerically solved
in three steps:

(1) The capsule space is treated as fluid PCM after
creating its geometry.

(2) To keep the deviation to a minimum, the
computational domain of different mesh ele-
ments of the network is determined and thus the
required network is generated. For the studied
case a convergence criterion of 10 ° is used.

Atx=L, p=01gauge)

T

v PCM

=L

Insd ated wrall
1 -
Capsule wall
IX=EI

t At =0, v, Te=Tr

Fig. 2. Boundary conditions of the capsule.

(3) The axisymmetric 2-D physical parameters
model is used for the PCM in the current work,
where the energy stored is in two methods: heat
latent and sensible heat. The sensible heat plays
a significant role in places where the PCM
temperature is above 331 K or below 329 K,
while the latent heat is dominant between these
two degrees.

The semi-implicit iteration (SIMPLE) approach is
used to simultaneously solve the model's partial
differential equations (PDEs). The energy and mo-
mentum equations are solved using second-order
upwind techniques, and the pressure equation is
rectified using the pressure option (PRESTO). At
each time step, the convergence of the numerical
solution was assessed using a convergence value of
10~° (Soliman et al., 2022d, 2022e).

In this study, validation of the numerical model of
melting is made through the comparison between
the theoretical results of the present work and the
experimental results of different capsules of Ref
(Soliman et al., 2022a) of the same shape and di-
mensions as shown in Fig. 3. Fig. 3-a indicates the
comparison between theoretical and experimental
results for circular capsules, while Fig. 3-b indicates
the same relation for the elliptical capsule.

The graphs demonstrate that the theoretical and
experimental results generally agree. The correct-
ness of the various thermal properties of paraffin
wax and the validity of the theoretical model are
both assured by the reasonable agreement between
experimental and theoretical results.

3.3. Mesh dependency study

The current numerical model makes use of a free
triangular mesh. With the temperature of the
capsule starting at 300 K, a simulation is run for a
circular capsule with a 4 cm diameter to look at how
the numerical results depend on the size of the
mesh elements. The capsule boundary is 343 K in
temperature. Comparing the capsule liquid fraction
and average temperature for various element sizes
(20062, 32634, 45409, 68312, and 116774) reveals that
a mesh size of 68312 is appropriate for the numerical
model. A grid independence analysis has also been
conducted for additional configurations in a similar
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(b)
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=
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= =
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=
T

=
i

== Present Theor.

B Experimental [ 7]

=

310’ #10°

10’
Melting time, s

Fig. 3. Phase change material liquid fraction for (a) circular and (b) oval capsule vs. time for the present numerical study and experimental results of

Ref (Soliman et al., 2022a).

manner. The analysis is performed in time steps of
0.5 s for all models (Fig. 4).

4. Results and discussion

In this section, the results of the ANSYS program
for changing the size of the capsule are presented to
show the effect of the capsule size on each of the
liquid fractions, the temperature of the PCM, the
total stored energy for each capsule, as well as the
stored energy per kg of PCM and the efficiency of
the storage system.

4.1. Comparison between the circular and elliptical
capsule

Before proceeding with the discussion of the
current results, the advantages of choosing an
elliptical cross-section capsule over a circular cross-
section capsule are established. Table 4 shows the
liquid fraction contours for the circular and elliptical
cross-sectional area of capsules. Both sections are
subjected to the same conditions including the same
cross-sectional area (the diameter of the circle is
equal to 2 cm and the axes of the ellipse are 5 cm

(a) (b)
325 0.3

s LIElements number|

~ F L 20062

< 20

NAME P 32634

o L

- F P 45409

& ik 5

% 3I5p S 020 68312

o 3 34

2 S = 116774

- - t™

E 3 o

- s Element number A

s | 20062 z

2 305 =01

= s — 32634 s

5 : 45409

e = — 68312
[ — 116774

77 AN T WP M R e e ‘ ol . . ‘

0 x10° 4x10° 6x10° 0 ux10° 4x10° 6x10°

Melting time (sec)

Melting time (sec)

Fig. 4. Phase change material (a) temperature and (b) liquid fraction for circular capsule vs. time at different element size.
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Table 4. Liquid fraction contours for the circular and elliptical capsules at the same cross-sectional area.

Circle capsule

Oval capsule

10 min

20 min

30 min

39 min

horizontal and 0.8 cm vertical), with an HTF inlet
temperature of 343 K and an inlet velocity of
0.003 m/s.

It is observed from the table that, the liquid frac-
tion in the top part of the capsules is higher than the
bottom part because of the buoyancy force. As the

paraffin wax melts, it becomes less dense than the
solid paraffin wax. This causes the melted paraffin
wax to rise to the top of the capsule.

The oval capsule melts faster than the circular
capsule because it has a larger contact area (the area
of intersection between the capsule and the hot
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fluid) with the HTF. This is because the oval capsule
has a longer perimeter than the circular capsule.
The longer perimeter results in a larger surface area
for heat transfer. The more accurate perimeter of the
elliptical cross-section as a function of its axes using
the Ramanujan second Approximation can be
calculated as shown in the following equation
(Soliman et al., 2022a):

2
0
= (18)
10+ 4/4-3 (g—;i)

Fig. 5 indicates the effect of circular and ellip-
tical sections on the relationship between the liquid
fraction and the melting time. The figure shows that
the two sections have the same liquid fraction of 1 at
the end of the melting process but the time needed
for the complete melting of an elliptical cross-sec-
tion capsule is 2357 s, which is lower than that of the
circular one, which takes 3557.5 s. The elliptical
capsule melts faster because it has a larger contact
area with the HTF. This is because the elliptical
capsule has a longer perimeter than the circular
capsule. The longer perimeter results in a larger
surface area for heat transfer. The higher melting
rate of the elliptical capsule means that it can store
more power than the circular capsule for the same
amount of PCM. This is because the power stored in
a PCM-based thermal energy storage device is
proportional to the melting rate.

This means that the performance of the elliptical
capsule is better than the circular capsule. In other
words, the power stored in the elliptical capsule is
nearly 50 % greater than that of the circular capsule
for the same amount of PCM.

C=m(a+b) |1+

Liquid fraction,%
S = 8 e 2 =
& U S 9 e v
L B e e

o
5
b

e
o
I

circular section

oval section

0.1p =2

0 1000 2000 3000
Melting time, s

i
4000

Fig. 5. Phase change material liquid fraction with time for elliptical and
circular capsules at the same cross-sectional area.

4.2. Effect of capsules’ volume ratio

In this subsection, we explore the effect of PCM V,.
on melting time, PCM mean temperature, PCM
liquid fraction, PCM total stored energy, and PCM
stored energy per kg. Note that the volume ratio of
the capsule means multiplying the volume of the
initial capsule volume by several times (2, 3, 4, and
5).

4.2.1. PCM liquid fraction

Fig. 6 shows the PCM liquid fraction versus the
melting time at a constant HTF velocity of 0.003,
constant temperature of 343 K, and various values of
volume ratio. One can see from the figure that the
liquid fraction increases with time, at the same
trend, for all values of the volume ratio. It can be
seen from the figure also that all capsules of
different volume ratios reach 100 % liquid fraction at
different times, where the melting time increases
with the volume fraction, as a result of the
increasing mass of encapsulated PCM.

4.2.2. PCM mean temperature

Fig. 7 indicates the relation between mean PCM
temperature and melting time at a constant HTF
velocity of 0.003, the inlet temperature of 343 K, and
different PCM volume ratios. It is seen from the
figure that the mean PCM temperature increases
with melting time until the beginning of the melting
process, then it takes a nearly constant value during
the process of melting and finally slightly increases
during the PCM superheated period. Also, it is seen
from the figure that the difference between the PCM
temperatures of all volume ratio values is very
small.

&
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=
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Liquid fraaction

0.2

oo o o a ol s sy

0 aa
0 10° 2x10° 3x10° 4x10° 5x10° 6x10° 7x10°

Melting time, S

Fig. 6. Phase change material liquid fraction with time at different
capsule volume ratios.
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Fig. 7. Phase change material temperature with time at different capsule
volume ratios.

4.2.3. PCM stored energy

The relationship between stored energy/kg of
PCM and the melting time is presented in Fig. 8 at
different values of capsule volume ratio. It is
concluded from the figure that the stored energy
increases with the melting time. After complete
melting, the stored energy roughly has the same
value for all cases, which means that the volume
ratio of the PCM capsules has a slight effect on the
energy stored/kg of PCM. It is shown also from the
figure that the melting time decreases with volume
ratio, which means that the smaller capsule, having
a volume ratio of 1, is the best of all other capsules
with a volume ratio higher than 1.

From the previous results, it becomes difficult to
determine the absolute performance of the studied
cases. Therefore, to indicate the best capsules, both
the stored energy and the storage time must be taken
into account. Dividing the stored energy of each
capsule by the melting time of each capsule, we can

Stored energy per kg, kj/kg

150 1
100 .
3

50 4
5

0 aaal el sl el ool sl aaa

0 10° 2x10°  3x10°  4x10°  5x10°  6x10°  7x10°
Melting time, S

Fig. 8. Stored energy/kg of phase change material with time at different
capsule volume ratios.

conclude what is the best size for used capsules.
Fig. 9 illustrates the relationship between PCM
stored power per kg with the melting time. It can be
seen from the figure that the capsule with a volume
ratio of 1 has the highest power/kg, and the power
decreases as the volume ratio increases. This means
that the capsule with a volume ratio of 1 is the best
size for PCM-based thermal energy storage devices
in terms of power density. Power density is defined
as the amount of power that can be stored per unit
volume. A high power density is desirable for ap-
plications where a fast melting rate is required, such
as in solar thermal energy storage systems.

4.3. Comparison between capsules of equal volume

To ensure that the capsule with the smallest size is
the most efficient among the rest of the capsules,
several calculations were made. These calculations
are divided into two sections, in which the first
section is a comparison between several capsules
with a volume ratio of 1 so that its volume is equal to
the size of one of the capsules whose volume ratio
exceeds 1. The second group of calculations is con-
cerned with calculating the exergy efficiency of all
capsules with different volume ratios. Table 5 shows
the liquid fraction contours for the oval capsule at
double and quintuple volumes.

This group of results represents the comparison
between several numbers of capsules with initial
volume and one capsule with multiplication of vol-
ume (V,). Fig. 10-a, b, ¢, and d shows the stored
energy in the PCM over time for the two capsules
with initial volume (V, = 1), one capsule with double
volume (V, = 2), three capsules with initial volume
(V. =1) and one capsule with triple volume (V, = 3),
four capsules with initial volume (V, = 1) and one

350
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<

I~
n
<

Stored power, w/kg
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Melting time, S

Fig. 9. Stored power per kg of phase change material with time at
different capsule volume ratios.
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Table 5. Liquid fraction contours for the oval capsule at double and quintuple volumes.

Double capsule

Quintuple capsule

0 min
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Fig. 10. Stored energy in phase change material and melting time for capsules of different volumes.

capsule with the quadruple volume (V, = 4), and the
five capsules with initial volume (V, = 1) and one
capsule with the quintuple volume (V, = 5).

These figures show that using capsules with a
volume ratio equal to 1 (the smallest size) always
has a shorter melting time compared with capsules
with multiple volumes. However, after complete
melting, there is the same energy stored in the two
configurations due to the same volume.

Therefore, the choice of the number of capsules
and the volume ratio depends on the specific
application. For applications where a fast-melting
rate is required, different numbers of capsules at
V., =1 can be used. For applications where a high
energy density is required, one capsule with multi-
plying the initial volume can be used.

4.4. Encapsulated PCM exergy efficiency

Fig. 11 indicates the relationship between exergy
efficiency and two sets of results. The first set con-
cerns the capsules of different volume ratios (1, 2, 3,
4, and 5) concerning the smaller ones. The second
set concerns the number of smallest capsules the
volumes of which are equal to the volume of cap-
sules with the different volume ratios of 1,2,3,4, and
5 capsules, respectively (the volume ratio of cap-
sules and the number of capsules are the same in
values). The figure shows that the exergy efficiency
increases with increasing both the volume ratio and
the number of capsules in the bundle. The exergy
value in the case of volume ratio is higher than the
value of the number of capsules. The exergy
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Vr: volume ratio
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Fig. 11. Exergy efficiency versus volume ratio of capsules and number of capsules in bundles.

difference between the two configurations increases
with the increase in the volume ratio and number of
capsules. It is also seen that the capsule with a
volume ratio equal to 5 has the highest exergy effi-
ciency among all other capsules (18.5 %).

4.5. Conclusion

The melting process of the PCM in distinct storage
capsule forms (circular and horizontal oval) that are
heated by a constant wall temperature was explored
numerically. The numerical model was developed
to investigate the impact of the multiple numbers of
capsules (2, 3, 4, and 5) as well as multiple V, 1
capsule (including 2, 3, 4, and 5 volume) on the PCM
melting process’ thermal performance. Note that the
volume ratio of the capsule means multiplying the
volume of the initial capsule volume by several
times (2, 3, 4, and 5). When the model was tested
against earlier related research, the results indicated
a good level of consistency. The following conclu-
sions can be arrived at from the current numerical
results of the PCM melting process inside various
capsules:

(1) The performance of the elliptical cross-section of
the capsule is higher than that of the circular
section of the same cross-sectional area. Thus,
the melting time decreases by up to 50 % for the
same amount of heat stored in the capsule.

(2) Numerical outcomes of the PCM melting pro-
cess are significantly influenced by the V, value.

The capsule melting time and its total energy
stored increased as the value of V, increased.

(3) The exergy difference between the two config-
urations (number of capsules and volume ratio)
increases with the increase of the volume ratio
and number of capsules.

(4) The exergy efficiency shows that the capsule
with a V, equal to 5 is the highest value among
all the discussed capsules.
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