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a b s t r a c t

The energy storage capability of a suspension of Nano-Encapsulated Phase Change Material (NEPCM)
nanoparticles was addressed in an enclosure during the charging and discharging process. The nanopar-
ticles contain a Phase Change Material (PCM) core, which are capable to absorb a notable quantity of ther-
mal energy on melting. There is a heat pipe in the cavity at the bottom corner, which is enhanced by a
layer of metallic matrix. The natural convection flow occurs due to a temperature gradient during the
charging or discharging process. The particles of NEPCM move with the natural convection flow and con-
tribute to heat transfer & storage of thermal energy. The regulating equations for the heat transfer & flow
of the NEPCM suspension were established & converted in the non-dimensional type. The finite element
method (FEM) was utilized in resolving the equations. The results show that there was a rise in the rate of
heat transfer & storage of total energy with a rise in nanoparticles volume fraction. The decrease of the
Stefan number from 0.2 to 0.6 increases the total stored energy by 25%. The fusion temperature is another
important parameter in which its behavior depends on the charging or discharging process.
� 2021 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

The increasing need for the primary power for urbanization and
industrialization reached the peak in the previous century, and the
recent projection predicts about 40% rise within 2040 [1]. On the
contrary, the contribution of the primary energy from fossil fuels
is expected to be reduced from 80% to 73% in 2040 [2]. The waste
energy in different engineering applications (such as gasoline vehi-
cles 75–82% [3], Lithium-ion battery 10–20% [4], combustion
engine 50–90% [5]) are significant as they are not 100% efficient.
The growing environmental hazards of overuse of fossil fuels,
low availability of natural energy sources, and waste of thermal
energy from various engineering systems inspire the scientific
community to find out a better thermal management system.

Studies over the past few decades have employed different
techniques to minimize thermal energy loss and improved the
overall thermal storage system. Various studies have employed
sensible heat-storing [6,7] and latent heat-storing [8] systems for
the storage of thermal energy. Still, a low volume, high heat storage
density, and the ability to stock the heat energy of the fusion at a
nearly steady or persistent temperature case similar to the trans-
formation of the phase of the PCM’s make latent heat storage tech-
nique more efficient for the energy storage system. PCM as heat
storage material was first used in the 19400s due to the higher stor-
age capacity of the material [9]. However, one of the PCM’s charac-
teristics of low thermal conductivity restricts the thermal
operation capacity enhancement for most engineering applica-
tions. Studies over the past few decades introduced finned surface
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[10,11], bubble agitation [12], and metal foams [5,13,14] to
enhance the PCM’s thermal performance. Amongst all the heat
enhancement techniques, encapsulation becomes the most appro-
priate method as it improves the higher heat transfer efficiency
while it prevents any reaction between the phases. It is evident
that leakage could happen at the time of the PCM’s phase transfor-
mation, which affects the system’s overall thermal performance
[15].

The encapsulation method potentially solved this problem by
wrapping the PCM materials in a capsule core and improved the
stability of the thermal system. The stability of the thermal system
and the rate of heat transfer varies with the particle size. A study
on micro-encapsulated PCM of a pump reports that thermal stabil-
ity and performance of a system enhanced with a decrease in the
micro-particle diameter [16]. The available literature on micro-
encapsulation [17,18] reports higher thermal performance for
different engineering applications than the other enhancement
methods. However, NEPCM is proved as a better method due to
its smaller dimension, suspension stability, and larger superficial
area for heat transfer.

The unique thermal properties of NEPCM encourage the
researchers to perform a variety of numerical [19] and molecular
dynamics [20] studies to improve the thermal operation capacity
of various engineering structures.

All of the literature studies analyzed the heat transfer by natural
convection, & the NEPCM suspension improved overall thermal
performance. In recent years, NEPCM’s are employed in various
heat enhancement techniques. An interfacial polymerization tech-
nique used NEPCM for the thermal energy storage of a system [21].
The study concludes that NEPCM is stable with the melting and
crystallization enthalpy. An exploratory analysis investigated that
thermal performance of a paraffin NEPCM of a pulsating heat pipe
and reported lower thermal resistance for the pipe [22].

The thermal ability of a PCMs depends on the proper melting
and solidification of the materials. The low conductivity of the
organic PCMs influences the overall thermal performance during
the discharging and charging process. Some studies [23,24] have
investigated the discharging and charging process of the heat stor-
age system. The experimental study used PCM for the fabricated
thermal storage system and characterize the thermo-physical
properties of the charging and discharging method. A 2-D multi-
phase model studied the dynamic performance of the storage sys-
tem of the packed bed type which used encapsulated PCM [25]. An
analysis employed macro encapsulated PCM and reported a higher
charging and discharging rate of the smaller capsule than the large
capsule.

Considering the heat transfer of NEPCM suspensions into a per-
meable matrix, Ghalambaz et al. [26] examined the natural con-
vection behavior of NEPCMs made of nonadecane core and
polyurethane shell. The nanoparticles were suspended in the
water, and the permeable medium consisted of the glass balls.
These authors employed a lamped model for simulation of the
phase change of nanoparticles and investigated the transfer of heat
at steady-state convection. The outcomes revealed that dispersing
a nanoparticle in water could improve a heat transfer by 13%, and
increasing the nanoparticles latent heat might further improve the
transfer of heat. Following [26], Ghalambaz et al. [27] explored the
heat transfer by steady-state natural convection of NEPCM-water
suspensions inside an annulus of the porous eccentric horizontal
cylinder. The results of this investigation showed that for the max-
imum rate of heat transfer there is an optimum fusion temperature
which is about a mean temperature of cold & hot walls of an enclo-
sure. The steady-state heat transfer at local thermal non-
equilibrium of NEPCM suspensions in the cavity has also been
examined recently by Ghalambaz et al. [28]. They reported that
NEPCM particles existence could improve the rate of heat transfer
2005
by 47%. Additionally, a presence of NEPCMs in a porous medium
with poor thermal conductivity was more beneficial compared to
high thermal conductive porous materials.

Mehryan et al. [29] researched the impact of utilizing a layer of
porous medium & NEPCM-suspension on the steady-state transfer
of heat enhancement in an enclosed space. They discovered that a
porous layer could effectively contribute to the heat transfer and
thermal behavior of NEPCM-suspension. They also reported a scale
for the NEPCM particle’s optimum fusion temperature. The inci-
dence of the volume fraction of 5% of nanoparticles could improve
an overall heat transfer by about 29%.

Most of the literature works have considered the NEPCM-
suspensions in the steady-state conditions and investigated the
heat transfer in enclosures. The literature evaluation reveals that
using the NEPCM-suspensions might improve the heat transfer
by the convective way. Though, the thermal energy storage of
NEPCM-suspensions during the charging/discharging process is
another critical aspect of this suspension. The thermal energy stor-
age of NEPCM-suspensions, which is an unsteady process, has been
extensively overlooked in the literature. The current research
intends to focus on the thermal charging/discharging nature of
NEPCM-suspensions in the enclosure for the first time.

2. Problem physics

Fig. 1 (a), (b), and (c) elaborate the problem physics under
investigation along with the boundary conditions. As illustrated
in Fig. 1 (a), four chambers surrounding an active tube are full of
a suspension, including water and particles of the NEPCM. The
nano-additives core material is nonadecane & its shell material is
polyurethane (PU). Two different states can be imaged for the stud-
ied chamber, as shown in Fig. 1 (b) & (c). In Fig. 1 (b), the temper-
ature of the active wall is greater than compared of the suspension.
Thus, a core of nano-additives undergoes melting, and the heat
charge state occurs. On the contrary, when the active wall is cold,
the cores are solidified, and they release thermal energy. As Fig. 1
(a) illustrates, a porous layer, made of aluminum, has surrounded
the active tube. There is no thermal slip between a solid pattern
& a suspension of the medium. The properties of components mak-
ing the suspension are listed in Table 1.

2.1. The formulation

The equations of the continuity, momentum, & energy for the
laminar & Newtonian fluid, wherein a density is constant and only
varies linearly with the temperature in buoyancy force, are:
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Fig. 1. (a) Graphic design of the problem physics, in which four chambers surround an active tube. The chambers are full of a suspension, including water and particles of the
NEPCM. A porous layer, made of aluminum, covered the active tube. Two different states can be imaged for the studied chamber, as shown in Figs. (b) and (c). Fig. (b): Heat
charge state; the active wall temperature is greater than that of the suspension. Thus, the core of nano-additives undergoes melting; Fig. (c): Heat discharge state; the active
wall temperature is lower than that of the suspension. Thus, the core of nano-additives undergoes solidification.

Table 1
Thermophysical features of the substances [31].

k (W/m.K) q (Kg/m3) Cp (KJ/Kg.K) b (K�1) l (kg/m. s)

Host fluid 0.613 997.1 4179 21 � 10-5 8.9 � 10-4

PU – 786 1317.7 17.28 � 10-5 –
Nonadecane – 721 2037 – –
Aluminum 205 2700 897 – –
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where
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The corresponding boundary conditions are:
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Also, the initial condition is as follows:

8 x�; y�; t� 0 < x� < L�; 0 < y� < L�; t� ¼ 0j ) u� ¼ v�
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2.2. Effective characteristics of the suspension

The density of the mixture, as a function of the densities of the
nano-additives and the base fluid, is [30]:

q�
b ¼ 1� /ð Þq�

f þ /q�
p ð6Þ

The density of nano-additives is as follow:

q�
p ¼ q�

sh þ iq�
co

� ��1 1þ ið Þq�
coq

�
sh ð7Þ

in which, i is about 0.447 [31]. The mixtures total heat capacity,
which includes sensible heat capacities of a host fluid & nano-
additives & a latent heat of nano-additives is [32,33]:



Table 2
The comparison among the mean Nusselt number of different grid cases.

Fig. 2. The reliance of the Nua to the grid of the different sizes; Case I (7516
elements), Case II (18070 elements), Case III (30122 elements), Case IV (48420
elements), Case V (62416 elements). As clearly shown, Nua is not substantially
influenced by the grid size. As seen, the results change minimally (� 0.1%) for the
cases IV and V.
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The effective heat capacity of an encapsulated nano-additives
without the phase change of a core is equal to a sensible heat
capacity of nano-additives [33]:

C�
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� �
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The effective heat capacity of nano-additives with a phase
change of a core is defined as the following [30,34]:
Fig. 3. Dependency of Crb to the grid size (a) Case I (7516 elements), (b) Case II (18070 e
(62416 elements) when t = 0.01, k = 0.3225, Ste = 0.2, hf = 0.1, / = 0.05, Da = 3.41 � 10-4 an
the phase change zone is fully continuous for the grid of Case IV. Therefore, according t
computational cost.
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The coefficient of thermal volume expansion of a mixture is
[33]:

b�
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The following relations can be utilized to obtain a thermal con-
ductivity and dynamic viscosity of a mixture:

k�b ¼ k�f 1þ Nc/ð Þ ð11aÞ

l�
b ¼ l�

f 1þ Nv/ð Þ ð11bÞ
Nc & Nv, respectively, are the number of thermal conductivity &

dynamic viscosity.

2.3. Normalized form of the equations

A non-dimensional format of governing equations and the asso-
ciated boundary conditions can be obtained by using the following
non-dimensional parameters:
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where the ultimate non-dimensional shape of equations is:
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lements), (c) Case III (30122 elements), (d) Case IV (48420 elements) and (e) Case V
d Ra = 106. As seen, the figures of case IV and case V show similar results. In addition,
o Fig. 3 and Table 2, case IV was considered for numerical studies to save time and



Fig. 4. To verify the natural convection of nanofluid of this research, the
comparison of the results of the average Nusselt number of present work with
green color and Kahveci [36] with violet color is made. Kahveci [36] investigated the
natural convection of nanofluid within a square enclosure for the various volume
fraction of nanoparticles. Two walls of the cavity were adiabatic, and two of them
were isothermal at temperatures of Th and Tc. Five types of nanoparticles in a range
of 0–20% were examined in his investigations that TiO2 was chosen as the validation
case. The results are reported at Ra = 106 and Pr = 0.6 for different volume fractions,
which show a good agreement. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 5. To validate the natural convection mechanism of this study, the results of
this study (left) were evaluated with the experimental research of Goldstein &
Kuehn [37] (right). They did experimental and analytical investigations to examine
the natural convection inside a horizontal annulus. The working fluid of their study
was air. According to the figure, which demonstrates the isotherms of this study
(left) and those of Kuehn and Goldstein [37] (right) at Pr = 0.706 and Ra = 4.7 � 104,
a good agreement was achieved.

Fig. 6. The comparison between the local Nusselt number at different positions
around the cylinder in the present work that show with dashed blue color and the
research of Cesini et al. [38] that they experimentally show with solid black color
and numerically with green color, studied the natural convection heat transfer of a
horizontal cylinder trapped in a rectangular cavity. The results are reported at
Ra = 2.4 � 103. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 3
The comparison among the outcomes of present work & Ref. [55] for the mean Nusselt
number of a porous medium inside a rectangular cavity when Pr = 1.

Da Ra e Nua
(present work)

Nua (Ref. [39]) Error%

10-6 107 0.4 1.078 1.078 0
10-4 107 0.9 9.322 9.202 1.3
10-2 104 0.4 1.360 1.408 3.4
10-2 105 0.9 3.92 3.91 0.2
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Finally, the thermal expansions of the NEPCM particles and host
fluid (water) are assumed to be the same, therefore, br ¼ 1.
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Fig. 7. The Isotherm, Heat capacity ratio and streamlines during times from t = 0.001 to t = 0.2 when k = 0.3225, Ste = 0.2, Tfu = 0.1, / = 0.05, Da = 3.41 � 10-4 and Ra = 106. At
t = 0.2. It is clear that the phase change zone follows the development of the isothermal contours and coincides with the isotherm corresponding to the fusion temperature. As
the temperature of the fluid increases in the cavity, the phase change zone shifts away from the inner heater before finally disappearing when all the fluid in the cavity has
reached the maximum temperature, and the totality of the NEPCM cores have melted.
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In the above equations, Ste, k, and TMr are as the following:
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Fig. 8. The impact of different concentrations of the NEPCM particles on (a) Nusselt number (Nua) (b) Q during non-dimensional time when k = 0.3225, Ste = 0.2, Tfu = 0.1,
Da = 3.41 � 10-4 and Ra = 106 . Utilizing a greater concentration of the NEPCM particles means that more particles are undergoing phase change and increases the contribution
of the NEPCM to the total heat transfer occurring in the cavity and consequently raises the values of Nua and Q.
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which Ste is Stefan number, k is a ratio of sensible heat capacity, &
TMr is an interval of normalized melting. Also, f is:
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which f is the normalized fusion function. Tfu of Eq. (20) is the nor-
malized fusion temperature:
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The normalized format of the boundary and initial conditions
are as the following:
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The energy conservation on an active wall leads to the
following:

Nul ¼ � 1� eið Þkrs þ ei 1þ Nc/ð Þð Þ @T
@n

� �
x2þy2¼r2

i

ð23Þ

The integration of the above equations alone with the active
wall presents the total heat transfer rate:

Nua ¼ 2
p

Z p=2

0
Nuldx ð24Þ

The energy stored/released in the enclosure can be computed
by the amount of the transferred energy from the energy source
(hot/cold inner wall) as follows:

Q ¼
Z s

o
Nuads ð25Þ

Streamlines as the path of the suspension in the flow are
defined by the use of the following:

@2W
@x2

þ @2W
@y2

¼ � @v
@x

� @u
@y

� �
ð26Þ

where zero W was applied at the walls.
3. Numerical approach and grid test

3.1. Numerical method

The Galerkin finite element method (FEM) was used to integrate
Eqs. (13)-(15) and 26. These equations were written into a weak
formulation before utilizing this method. Galerkin finite element
method is completely described in [35].



Fig. 9. The isotherm contours, Heat capacity ratio and Streamlines for four non-dimensional fusion temperatures of (a) Tfu = 0.05, (b) Tfu = 0.50, (c) Tfu = 0.70 and (d) Tfu = 1.00
in specific time t = 0.01 when k = 0.3225, / = 0.05, Ste = 0.2, Da = 3.41 � 10-4 and Ra = 106. Increasing Tfu shifts the low-temperature isotherms away from the inner heater and
raises the overall temperature of the fluid in the cavity. The contours of show that the zone at which the core of the NEPCM particles undergoes melting varies according to
the corresponding isotherm.
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3.2. Grid study

The quality grid is a vital part of a numerical investigation to
achieve accurate results. So, five different element numbers were
provided to examine the grid independence of this study. Table 2
demonstrates a value of mean Nusselt number, i.e., Nua at the
2011
hot wall for different grid-cases in particular time-step (t = 0.01),
when k = 0.3225, Ste = 0.2, Tfu = 0.1, / = 0.05, Da = 3.41 � 10-4

and Ra = 106. It can be seen that employing a higher number of ele-
ments leads to a longer time of simulations. The variation of the
results for cases IV and V is negligible (� 0.1%). The deviations of
mean Nua by the time for the various cases are depicted in Fig. 2.



Fig. 10. The effect of different values of non-dimensional fusion temperature on (a) Nusselt number (Nua) (b) Q during non-dimensional time when k = 0.3225, Ste = 0.2, /
= 0.05, Da = 3.41 � 10-4 and Ra = 106. Nua illustrates a similar style of deviation for all the values of Tfu, while being slightly lower for Tfu = 1. The highest value of Nua slightly
fluctuates between different values of Tfu, while Nua is always minimum for Tfu = 1 compared to the other values. A similar tendency can be seen for Q, which is always a
minimum for Tfu = 1.

Fig. 11. The impact of different values of Ste number on (a) Nusselt number (Nua) (b) Q during non-dimensional time when k = 0.3225, Tfu = 0.1, / = 0.05, Da = 3.41 � 10-4 and
Ra = 106. Since the latent heat of the core of the nano-additives rises when Ste is decreased, and the total heat transfer is enhanced, therefore a reduction of Ste promotes Nua
and Q.
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There is not one considerable dissimilarity among the values of all
cases. Furthermore, according to Fig. 3, the heat capacity ratio of all
five cases were provided at a specific dimensionless time (t = 0.01),
when k = 0.3225, Ste = 0.2, Tfu = 0.1, / = 0.05, Da = 3.41 � 10-4 and
Ra = 106. As seen, the figures of case IV (Fig. 3d) and case V (Fig. 3e)
show similar results. Therefore, case IV was considered for numer-
ical studies to save the computational time and costs.

Di ¼ Nua;iþ1 � Nua;i

Nua;i

				
				� 100 ð27Þ
3.3. Comparison with others

To analyze the correctness and precision of an outcome of this
study, there must be a resemblance amongst the outcomes of this
& other researches. First, the outcomes of the present work were
2012
validated by the study of Kahveci [36]. He investigated nanofluids
with natural convection within a square enclosure for the nanopar-
ticles of various volume fractions. Two walls of a cavity were adi-
abatic, & two of them were isothermal at temperatures of Th and
Tc. Five types of nanoparticles in a range of 0–20% were examined
in his investigations that TiO2 was chosen as the validation case.
Fig. 4 represents the mean Nua of the present work and [36] for dif-
ferent volume fractions, which shows a good agreement.

Second, to verify the natural convection mechanism of this
study, the results of this study were equated along with the
research of Goldstein & Kuehn [37]. They did experimental and
analytical investigations to study the natural convection inside a
horizontal annulus. The working fluids of their study were water
and air, and the ratio of gap width to inner-cylinder diameter
was 0.8. The temperatures of an outer-cylinder & an inner-
cylinder walls were Tc & Th, respectively. According to Fig. 5, which



Fig. 12. The impact of different values of Ra number on (a) Nusselt number (Nua) (b) Q through non-dimensional time when k = 0.3225, Ste = 0.2, Tfu = 0.1, / = 0.05 and
Da = 3.41 � 10-4. Raising Ra tends to increase Nua, and as time passes, the impact of Ra becomes less important when the local temperature has reached its maximum. On the
other hand, Q rises when a greater value of Ra is utilized.
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demonstrates the isotherms of this study (left) and those of [37]
(right), a good agreement was achieved.

Third, the findings of a current research were equated with the
work of Cesini et al. [38]. They experimentally and numerically
studied the heat transfer by natural convection for the horizontal
cylinder trapped inside the rectangular cavity. The air was the heat
transfer medium. Two side walls of the enclosure were considered
at constant cold temperature (Tc), and the cylinder surface was at a
hot isothermal temperature (Th > Tc) while the cavity’s lower wall
was adiabatic, while the heat flux from a cavity to ambient was
taken into account from the upper wall. Fig. 6 indicates a local
Nua at various positions around the cavity of this study and [38].
The required agreement is seen amongst the findings of the
researches.

Finally, a comparison amongst the outcomes of this research &
Nithiarasu et al. [39] was provided. They analytically examined the
heat transfer by natural convection within the rectangular porous
medium. An adiabatic condition was considered for horizontal
walls, and isotherm conditions of Th and Tc were adopted for the
vertical walls. Their investigations were done for different Da, Ra,
and ewhen Prandtl number is 1. Equating the Nua for different val-
ues of parameters (Table 3) indicates an excellent agreement
among the outcomes of the two types of research.
4. Results and discussion

This section presents the outcomes of modeling the natural con-
vection of a mixture wherein the host fluid is water, and the dis-
persed particles are nano- additives of the encapsulated PCM in
the process of charging and discharging. The core of the nano-
encapsulated PCM can experience melting and solidification.

Regarding the study done by Barlak et al. [31] k = 0.32. Darcy
number and porosity are 3.41 � 10-4 and 0.95, respectively. Fur-
thermore, Nc and Nv are considered to be 23.8 and 12.5. The
dependency of the temperature field, streamlines, Crb field, the
rates of heat transfer, & the over-all energy stored to the following
parameters are investigated in this work: Rayleigh number
(104 � Ra � 106), the nano-additives with the volume fraction
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(0.0 � / � 5%), Stefan number (0.2 � Ste � 1), & non-
dimensional fusion temperature (0.05 � Tfu � 1).
4.1. Melting result (charging state)

First, the charging state where a temperature of an inner wall is
greater compared to a fusion temperature of a core of the nano-
additives is considered. In this case, the core of the nano-
additives undergoes melting. Fig. 7 depicts the time evolution of
the isothermal contours, the heat capacity ratio, i.e., Crb, and the
streamlines inside the cavity. Initially, the fluid in contact with
the active wall starts to heat up, and the temperature in the porous
layer surrounding this wall increases and remains higher than the
rest of the cavity. The hot fluid moves upwards while the colder
one moves down, and convective flow progressively takes place.
The streamlines are concentrated near the inner tube, indicating
an intense flow in that region. As time passes, the temperature of
the fluid in the cavity increases, and convective effects dominate
throughout the cavity, motivated by the temperature variance
amongst a cold fluid & a hotter one in the vicinity of the inner hea-
ter. As the high temperature of the fluid near the inner heater
becomes uniform, the convective flow in that region vanishes
and becomes primarily intense near the outer walls. Finally, the
hot fluid fills most of the cavity, and the natural convection is
weakened. As for the Crb contours, it should be noted that the thin
yellow ribbon in the figure resembles a region where a core of
nano-additives goes through the phase transformation. The phase
change zone follows the development of the isothermal contours
and coincides with the isotherm corresponding to the fusion tem-
perature, i.e., Tfu. As the temperature of the fluid rises inside the
cavity, the phase change zone shifts away from the inner heater
before finally disappearing when all the fluid in the cavity has
reached the maximum temperature, and the totality of the NEPCM
cores have melted.

Fig. 8 depicts the differences of a mean Nua, & total energy
transferred from the hot wall, i.e., Q, as characteristics of time for
various amounts of a volume fraction of the nano-additives, i.e.,
/. For all the values of /, Nua is at its highest at t = 0 then decreases
with time until reaching zero in the steady part when all the fluid



Fig. 13. The Isotherm, heat capacity ratio and Streamlines during times from t = 0.001 to t = 0.2 when k = 0.3225, Ste = 0.2, Tfu = 0.1, / = 0.05, Da = 3.41 � 10-4 and Ra = 106. The
intensity of the convective flow grows at the beginning near the inner tube, and then, in the upper left part of the cavity, before gradually diminishing when the fluid
temperature becomes uniform. The contours indicate that the zone at which the NEPCM core undergoes solidification, which corresponds to the isotherm of Tfu, moves away
from the cold inner tube as the fluid filling the cavity is cooling down.
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has been heated to a maximum temperature, and a heat transfer
takes place by free convection has halted. During this variation,
in the period between the initial point and the steady zone, it
can be seen that Nua is somewhat greater in the case of / = 0.05
compared to the other values. On the other side, Q increases from
2014
zero until stabilizing at its maximum value and is always higher for
/ = 0.05. Utilizing a greater concentration of NEPCM particles
means that more particles undergo phase change and increases a
contribution of NEPCM to a total transfer of heat occurring inside
a cavity. It consequently raises the values of Nua and Q.



Fig. 14. The impact of different concentrations of the NEPCM particles on (a) Nusselt number (Nua) (b) Q during non-dimensional time when k = 0.3225, Ste = 0.2, Tfu = 0.1,
Da = 3.41 � 10-4 and Ra = 106. It can be seen that during the discharging state, both Nua and Q slightly increase with / and are maximum for / = 0.05. This is due to the
augmented contribution of the NEPCM particles to the heat transfer for a high concentration of nanoparticles.
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The isotherms, the contours of Crb, and the streamlines in the
cavity at the same instant are shown in Fig. 9 for various quantities
of Tfu. Here, the value of 0.97 shows the magnitude of Crb out of the
phase transition zone. As phase transition take place this value
rises. It can be seen that Tfu has a slight impact on the structure
of flow patterns inside the cavity. Increasing Tfu shifts the low-
temperature isotherms away from the inner heater and raises the
overall temperature of the fluid in the cavity. The contours of Crb
show that the zone at which the core of the NEPCM particles
undergoes melting varies according to the corresponding isotherm.
At t = 0.01, this zone is maximum for Tfu = 0.05, when the discrep-
ancy between the inner tube temperature and fusion temperature
is at its highest, while it remains limited to a small zone surround-
ing the inner heater tube when Tfu = 1, which is related to the
observations discussed in Fig. 9.

To assess the impact of Tfu on thermal behavior, the variations of
Nua and Q as functions of time are shown in Fig. 10 for different
quantities of Tfu. Nua shows the same style of deviation for all the
values of Tfu, while being slightly lower for Tfu = 1. The highest
value of Nua slightly fluctuates between different values of Tfu,
while Nua is always minimum for Tfu = 1 compared to the other val-
ues. A similar tendency can be seen for Q, which is always a min-
imum for Tfu = 1, while it is slightly higher for Tfu = 0.05
compared to the other values. Indeed, the NEPCM core undergoes
a melting process once the surrounding temperature is near to
Tfu. While Tfu = 1, the phase change occurs only in the small region
surrounding the inner hot wall. In fact, reducing Tfu indicates that
the larger part of a liquid is next to a temperature higher than
Tfu, as can be observed in the isotherms of Fig. 7. So, the melting
zone increases in size, and more particles pass the melting zone
and experience phase change.

Fig. 11 shows the impact of Stefan number, i.e., Ste, upon the
variations of Nua and Q as functions of time. It is shown that Nua
and Q increase when Ste is reduced. This is because a latent heat
of a core of a nano-additive rises when Ste is decreased, and the
total transfer of heat is improved. The variations of Nua & Q as func-
tions of time intended for different values of Rayleigh number are
depicted in Fig. 12. Initially, raising Ra tends to increase Nua, and as
time passes, the impact of the Ra becomes less important when the
local temperature has reached its maximum. Similarly, Q rises with
the usage of greater value of Ra. In fact, Ra remains as an indicator
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of the relative importance of the buoyancy forces driving the con-
vective flow concerning the resistive viscous forces. Increasing Ra
tends thus to increase the convective effects and improve heat
transfer, translated by the increase of Q. Nonetheless, in the steady
part, when all the fluid has reached the maximal temperature, the
convection is diminished, and the effect of Ra becomes less
important.
4.2. Solidification result (discharging state)

In this case, the temperature of an inner wall stays lower com-
pared to a fusion temperature of a NEPCM core, which undergoes
solidification. The discharging state is hence considered. The devel-
opment of the isotherms, the contours of Crb, and the streamlines
with time inside the cavity are illustrated in Fig. 13. At t = 0, the
cold tube cools down its adjacent hot fluid. The temperature vari-
ance among a cold fluid & a hotter one filling a cavity initiates the
convective flow. The temperature of the fluid keeps decreasing
progressively until the whole fluid reaches a uniform low temper-
ature. Subsequently, the strength of a convective stream grows at a
beginning near the inner tube, and then, in the upper left part of
the cavity, before gradually diminishing when the fluid tempera-
ture becomes uniform. The Crb contours indicate that the zone at
which the NEPCM core undergoes solidification, which corre-
sponds to the isotherm of Tfu, moves away from the cold inner tube
as the fluid filling the cavity is cooling down.

The variations of Nua and Q as functions of time for various
amount of / is shown in Fig. 14. During the discharging state, both
Nua and Q slightly increase with / and are maximum for / = 0.05.
This is due to the augmented input of NEPCM particles to a transfer
of heat when their volume fraction is increased.

Fig. 15 demonstrates the contours of Crb, the isotherms, and the
streamlines in the cavity for various values of Tfu at t = 0.01. It is
shown that the high-temperature isotherms are shifted down-
wards as Tfu is increased and, as a consequence, the portion of
hot fluid is larger for higher Tfu. The core solidification zone also
moves away from the inner tube following the evolution of the iso-
therm corresponding to Tfu, and a greater region of phase transfor-
mation thus emerges when Tfu increases. For Tfu = 0.05, a phase
transformation zone is restricted close to an inner cold tube. In



Fig. 15. The isotherm contours, Heat capacity ratio and Streamlines for four non-dimensional fusion temperatures of (a) Tfu = 0.05, (b) Tfu = 0.15, (c) Tfu = 0.30 and (d) Tfu = 1.00
in specific time t = 0.01 when k = 0.3225, / = 0.05, Ste = 0.2, Da = 3.41 � 10-4 and Ra = 106. It is shown that the high-temperature isotherms are shifted downwards as Tfu is
increased, and the portion of hot fluid is larger for higher Tfu. The core solidification zone also moves away from the inner tube following the evolution of the isotherm
corresponding to Tfu, and a greater region of phase transformation thus occurs when Tfu increases. For Tfu = 0.05, the phase transformation zone is restricted close to the cold
inner tube. In addition, it is shown that the flow patterns remain almost unchanged for all the values of Tfu.
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addition, it is shown that the flow patterns remain almost
unchanged for all the values of Tfu.

Fig. 16 depicts the effect of Tfu on the variations of Nua and Q as
functions of time. Nua is initially lower for Tfu = 0.05 compared to
the other values; then, as time goes, it becomes maximum for this
2016
value of Tfu. Q is highest once a fusion temperature occurs between
0.5 and 0.7, whereas its minimum occurs for Tfu = 0.05. This varia-
tion is related to the development of the isotherms in the cavity, as
observed in Fig. 13. The phase transformation of a NEPCM core by
solidification takes place once the temperature of the surrounding



Fig. 16. The impact of different values of non-dimensional fusion temperature Tfu on (a) Nusselt number (Nua) (b) Q during non-dimensional time when k = 0.3225, Ste = 0.2,
/ = 0.05, Da = 3.41 � 10-4 and Ra = 106. Nua is initially lower for Tfu = 0.05 compared to the other values; then, as time goes, it becomes maximum for this value of Tfu. Q is
highest when the fusion temperature is between 0.5 and 0.7, while its minimum occurs for Tfu = 0.05.

Fig. 17. The impact of different values of Ste number on (a) Nusselt number (Nua) (b) Q throughout non-dimensional time when k = 0.3225, Tfu = 0.1, / = 0.05, Da = 3.41 � 10-4

and Ra = 106. when Ste is decreased, Nua and Q increase.
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is nearby Tfu. For Tfu = 0.05, this happens initially near the cold
inner wall then progressively away from it. If Tfu is increased, the
isotherm corresponding to Tfu is larger in size, and the phase
change zone grows consequently. The particles, passing through
that zone, experience phase change, thus enhancing heat transfer.
When Tfu = 1, the phase change occurs in the region constricted
near the outer walls, leading to a constraint in the transfer of heat
compared to other values for Tfu.

The variations of Nua and Q as characteristics of time for differ-
ent values of Ste have been plotted in Fig. 17. Both Nua and Q
increase when Ste is decreased and are maximum for Ste = 0.2.
The drop of Ste from 0.6 to 0.2 rises the ultimate stored energy
(Q) about 25% at t = 0.2. This is due, as previously discussed, to
the fact that the latent heat of the particle’s core increases when
Ste drops. The effect of Ra on the variations of Nua and Q as func-
tions of time is illustrated in Fig. 18. As Ra growth the Nua mainly
increases at the early stages of heat transfer, before the steady part
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of the curve where the effect of increasing Ra diminishes. On the
other side, Q increases with Ra and is maximum for Ra = 106, due
to the rise of the relative importance of the driving buoyancy forces
concerning the viscous forces, promoting thus the convective heat
transfer.
5. Conclusions

The energy storage and thermal nature of the NEPCM-
suspension were studied into an enclosure. The phase change heat
transfer of nanoparticles was taken into account using a
temperature-dependent heat capacity function. The heat transfer
rate and total stored energy were investigated for various fusion
temperatures, Stefan numbers, Volume fractions, & Rayleigh num-
bers of nanoparticles. The temperature distribution patterns, phase
change interface, and streamlines were also investigated. The key



Fig. 18. The impact of different values of Ra number on (a) Nusselt number (Nua) (b) Q during non-dimensional time when k = 0.3225, Ste = 0.2, Tfu = 0.1, / = 0.05 and
Da = 3.41 � 10-4. When Ra increases Nua mainly in the first period of time, before the steady part of the curve where the effect of increasing Ra diminishes.
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outcomes of current numerical research can be reported in the fol-
lowing way:

� Increasing the volume fraction / enhances heat transfer and
raises the amount of energy Q transferred from and into the
active wall throughout the processes of charging & discharging,
due to the intensified involvement of these particles to the over-
all transfer of heat inside the cavity. The transferred energy
stays maximum when the NEPCM’s 5% volume fraction is
utilized.

� Raising Stefan number lessens the latent heat of the core of the
particles. This consequently inhibits heat transfer and reduces Q
during both melting and solidification by diminishing the
involvement of particles in the overall heat transfer.

� Using a higher value of Ra increases the importance of the buoy-
ancy forces driving the flow concerning the resistive viscous
forces and, as a consequence, enhances heat transfer and raises

the value of Q. Nonetheless, the effect of Ra is diminished in the
steady regime when all the fluid in the cavity has been heated
up or cooled down in the processes of charging & discharging
correspondingly.

� An impact of a fusion temperature Tfu of the NEPCM cores on the
transfer of heat & on Q closely follows the development of the
isothermal contours and is different between the processes of
charging & discharging, as the phase transformation occurs
once the temperature of the surrounding is nearby Tfu. The
transferred energy is minimal for Tfu = 1 and Tfu = 0.05 during
the charging and discharging processes, respectively.
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