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The nano encapsulated phase change materials are of the great energy storage potential in various engi-
neering applications. Since they are new nanomaterials, new models for understanding their thermal
behavior and capability are essential. This work aims to investigate the unsteady thermal behavior of
Nano-Encapsulated Phase Change Material (NEPCM) suspensions in a cylindrical cavity. The particles
contain a Phase Change Material (PCM) core, which can absorb/release a substantial amount of thermal
energy upon phase change. The phase change particles are well dispersed in a liquid fluid and freely move
along with the fluid. The flow, heat transfer, and the particle phase change were modeled using partial
differential equations. A non-dimensional approach was employed to generalize the study. The unsteady
charging and discharging behavior of the NEPCM suspension are investigated for the volume fraction of
the NEPCM particles, fusion temperature of nanoparticles, Stefan number, and the Rayleigh number.
Numerical results show that an increment in the Stefan number, i.e., Ste, can significantly reduce the
Nusselt number, i.e., Nua, at the charging mode of the system. However, the dependency of the Nua at
the discharging mode on the Ste is negligible. Also, it was found that the effect of the fusion temperature
of the particle’s core (hf) on heat transfer depends on the working mode of the system. In the charging
mode, using a higher value of hf decreases the heat transfer rate. Reversibly, a higher value of hf inhibits
the Nua during discharging state. Furthermore, the results show that for Ra = 106, Ste = 0.2, and hf = 0.1, a
rise of / from 0 to 0.05 leads in about 1.73 and 1.55 times of improvement in the value of Nua for the cases
of the melting and solidification of the core of NEPCM particles.
� 2020 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

The Nano-Encapsulated Phase Change Material (NEPCM)
suspensions represent an advanced type of nanofluids, in which
the nanoparticle’s core can undergo a phase change and absorb/re-
lease a significant amount of latent heat as a constant fusion
temperature. The high surface area of tiny nanoparticles improves
the heat transfer between the base fluid and the phase change
material (PCM) inside the nanoparticles. The liquid containing
NEPCM particles flows in a system, and releases/absorbs heat in
the form of latent heat upon phase change. Hence, a suspension
of NEPCM particles has a promising practical interest in many heat
transfer and thermal energy storage systems.

The synthesis of NEPCM particles and suspensions has been
the subject of some recent researches. Sari et al. [1] produced
nano-encapsulated phase change particles made of
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Nomenclature

Latin letters
Cp specific heat in constant pressure (J/kg K)
Cr ratio of total heat capacity of the suspension to the base

fluid
f normalized fusion function
g gravitational acceleration (m s�2)
H height of the enclosure
hsf latent heat of the core of NEPCM particles
k thermal conductivity (W m�1 K�1)
Nc conductivity number
Nu Nusselt number
Nv viscosity number
P pressure (Pa)
P normalized pressure
Pr Prandtl number
r horizontal Cartesian coordinate (m)
R normalized horizontal Cartesian coordinate
Ra Rayleigh number
Ste Stefan number
t dimensional time (s)
T temperature (oC)
TMr melting temperature window
ur r-velocity component (m s�1)
UR R-normalized velocity component
uz z-velocity component (m s�1)
UZ Z-normalized velocity component
z vertical Cartesian coordinate (m)

Z normalized vertical Cartesian coordinate

Greek symbols
m fluid viscosity (kg s m�1)
a thermal diffusivity (m�2 s)
b coefficient of thermal expansion (K�1)
d normalized fusion range
h scaled temperature
i weight ratio of core to shell
k ratio of the heat capacity of the NEPCM particles to the

host fluid
q density (kg/m3)
s non-dimensional time
/ volume concentration of particles
W stream function

Subscript
b suspension
c cold wall
co particle’s core
f host fluid
fu fusion
h hot wall
p NEPCM nanoparticles
sh particle’s shell
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polymethylmethacrylate (PMMA) shells. The core of nanoparticles
was a mixture of octacosane (C28)–heptadecane (C17), and the
nanoparticle’s shell/core mass ratio was 1:2. The fusion tempera-
ture of NEPCM particles was about 21 �C, with a latent heat of
98000 J/kg. Wu et al. [2] successfully synthesized NEPCMS using
lauric acid and carbon nanotubes, while Shi et al. [3] proposed a
novel one-step method for the preparation of NEPCM particles in
the range of 200–400 nm. The nanoparticles were made of paraffin
and PMMA as the phase change core and the shell, respectively.
About 53% weight of the nanoparticles was a phase change core
with a latent melting heat of 64.93 J/g.

Some of the potential applications of NEPCMs have been
explored in recent researches. For instance, Heydarian et al. [4]
examined the thermal performance of using a suspension of
NEPCM-water in a heat pipe. It was found that using the NEPCM
suspension enhances the heat transfer and reduces the thermal
resistance of a pulsating heat pipe. Li et al. [5] utilized a slurry of
NEPCMs-water in a metal foam for passive thermal management
applications and found 38% heat transfer improvement. Alehos-
seini and Jafari [6] reviewed the application of NEPCM particles
in the food industry and reported that the encapsulation of phase
change material prevents leakage of phase change material during
processing or packaging.

The passive heat transfer and energy storage of NEPCM suspen-
sions usually occur in enclosures. Thus, the phase change heat
transfer of phase change materials (PCMs) without encapsulation
has been the subject of various recent investigations. Mehryan
et al. [7] studied the melting phase change behavior of nano-
enhanced phase change materials in a cavity. The PCM was made
of n-octadecane-mesoporous silica (MPSiO2). The presence of
these particles induces non-Newtonian behavior in molten PMC,
and it was found that using mesoporous silica could not improve
the melting heat transfer in the cavity. The effect of the magnetic
field [8,9], metal foam [10], and non-Newtonian phase change
[11] have also been investigated. Moreover, neglecting the phase
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change effects, many aspects of heat transfer in enclosures such
as entropy generation [12], conjugate heat transfer [13,14],
double-diffusive mixed convection [15,16], porous media [17],
magnetohydrodynamic effects [18,19], and nanofluids [20,21],
have been addressed in recent studies.

The presence of NEPCMs particles influences the thermophysi-
cal properties and thermal behavior of the suspensions.
Thus, developing new theoretical models for understanding
natural convection heat transfer of NEPCM suspensions is
highly demanded. Such models could provide a basic understand-
ing and design tool for promoting the applications of these novel
materials.

At present, the natural convection heat transfer of NEPCMs sus-
pensions has been investigated in very few studies. Ghalambaz
et al. [22,23] modeled the steady-state free convection heat trans-
fer of NEPCMs suspensions in a regular [22] and tilted cavity [23].
The top and bottom cavity were insulated, but the side walls were
isothermal with different temperatures. The influences of the
fusion temperature of nanoparticles, latent heat capacity, and vol-
ume fraction of nanoparticles were investigated on the enhance-
ment of heat transfer. The results show that using NEPCMs
particles could enhance the heat transfer, and there was an opti-
mum fusion temperature for maximum heat transfer enhance-
ment. Moreover, in the case of a tilted cavity [23], the
dimensionless phase change temperature of 0.5 and the tilted
angle of 42� could lead to maximum heat transfer rate.

Following Ghalambaz et al. [22], Hajjar et al. [24] investigated
the transient heat transfer of NEPCMs in a cavity in the same geo-
metrical configuration. The results indicated that the fusion tem-
perature of NEPCMs is a crucial factor, which could notably
influence the heat transfer rate. Moreover, the volume fraction of
NEPCMs is another important factor. For instance, a 2.5% rise in
the volume fraction of NEPCMs enhanced the heat transfer by
21%. Mehryan et al. [25] explored the effect of using NEPCMs in
an eccentric annulus cavity. It was found that the fusion
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temperature equal to the mean temperature of the hot and cold
surfaces could lead to a maximum heat transfer rate.

The transient natural convection of NEPCMs suspensions
embedded in a glass-ball porous medium was explored by Gha-
lambaz et al. [26] in a square cavity. The results demonstrated that
there is an optimum range of fusion temperatures for maximum
enhancement of heat transfer. The raise of NEPCM particles
enhances the heat transfer rate. Moreover, the relation between
the porosity and volume fraction of nanoparticles was not mono-
tonic, and there is an optimal concentration for a specific porosity.
The steady-state mixed convection heat transfer of NEPCMs was
also investigated in the boundary layer flow over a flat plate
embedded in a porous medium [27]. It was found that the presence
of phase change particles would enhance the heat transfer, and the
presence of an optimum fusion temperature was also confirmed in
mixed convection boundary layer flows.

The literature review shows that the natural convection heat
transfer of NEPCM suspensions has been investigated in previous
studies, either under steady-state [22,23,27] or unsteady state
[24–26] conditions. The steady-state investigation of NEPCMs is
only capable of analyzing the thermal behavior of NEPCMs. How-
ever, the energy storage of NEPCMs occurs during a time interval
and requires an unsteady approach. In [22–27], there was a tem-
perature difference across the enclosure or free stream, and hence,
the heat transfer was a combination of a charging and a discharg-
ing process along with heat transfer enhancement. Thus, the
energy storage and energy discharge process of NEPCMs suspen-
sion were not clear. This research aims to address the charging
and discharging process of NEPCMs in an enclosure for the first
time.
2. Material and methods

A coaxial pipe occupied with a Newtonian suspension is studied
as the problem physics. The host fluid of the suspension is water,
and the NEPCM particles are the dispersed nanoparticles. As
indicated in Fig. 1 (a) and (b), the inner pipe having the height of
Fig. 1. (a): schematic configuration of the problem physics, and
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H and the radius of ro is heated or cooled at the temperature of
Th or Tc, respectively. However, the outer pipe is well insulated.
Depending on the temperature of the inner surface, the initial tem-
perature of the suspension can be Th or Tc. Tfu, the melting point
temperature of the core of the NEPCM particles, is between the
higher and lower temperatures. Hence, it is obvious that the core
of the NEPCMs particles undergoes the melting or solidification
process. The ratio of the outer radius to the inner one is Rr. The
thermophysical properties of the making materials of the NEPCM
particles are tabulated in Table 1.
2.1. The formulation

The mass conservation of the incompressible fluid inside the
coaxial pipe is governed by the following equation:

1
r
@ rurð Þ
@r

þ @uz

@z
¼ 0 ð1Þ

Also, the momentum conservation of the Newtonian and lami-
nar flow is governed by the following equations:

qb
@ur

@t
þ ur

@ur

@r
þ uz

@ur

@z

� �
¼ � @p

@r
þ lb

r
@

@r
r
@ur

@r

� �
� lbur

r2
þ lb

@2ur

@z2

ð2-aÞ

qb
@uz

@t
þ ur

@uz

@r
þ uz

@uz

@z

� �
¼ � @p

@z
þ lb

r
@

@r
r
@uz

@r

� �
þ lb

@2uz

@z2

þgqbbb T � Tcð Þ
ð2-bÞ

Finally, the heat transfer inside the NEPCM suspension is gov-
erned by the following equation:

qCp
� �

b

@T
@t

þ ur
@T
@r

þ uz
@T
@z

� �
¼ kb

r
@

@r
r
@T
@r

� �
þ kb

@2T
@z2

ð3Þ
(b): heat charge and discharge states of NEPCM particles.



Table 1
Thermophysical properties of the base fluid and NEPCM particles [29].

Properties Water (base fluid) Polyurethane (shell) Nonadecane (core)

Cp (KJ/Kg K) 4179 1317.7 2037
q (Kg/m3) 997.1 786 721
k (W/m K) 0.613 – –
b (K�1) 21 � 10�5 17.28 � 10�5 –
l (kg/m s) 8.9 � 10-4 – –
hsf (kJ/kg) – – 211
Tfu (�C) – – 32
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The boundary conditions imposed are formulated as follows:

8 r; z; t jr ¼ ri; 0 6 z 6 H & t P 0 ) ur ¼ uz ¼ 0; T ¼ Tw

Tw ¼ Th Charging mode

Tc Disharging mode

�
ð4-aÞ

8 r; z; t
z ¼ 0; ri 6 r 6 ro & t P 0
z ¼ H; ri 6 r 6 ro & t P 0

�
) ur ¼ uz ¼ 0;

@T
@z

¼ 0
����

ð4-bÞ

8 r; z; t jr ¼ ro; 0 6 z 6 H & t P 0 ) ur ¼ uz ¼ 0;
@T
@r

¼ 0 ð4-cÞ

Also, the initial condition is as follows:

8 r; z; t ri < r < ro; 0 < z < H & t ¼ 0 ) ur ¼ uz ¼ 0; T ¼ Tij
Ti ¼

Tc Charging mode

Th Disharging mode

�
ð4-dÞ
2.2. Thermophysical properties of the suspension

It is evident that the thermophysical properties of the suspen-
sion are functions of its making components. The density of the
suspension is [28]:

qb ¼ 1� /ð Þqf þ /qp ð5Þ
p and f of the above relation belong to the particles and the host

liquid. The density of NEPCM particles is [22]:

qp ¼ 1þ ið Þ qsh þ iqcoð Þ�1qcoqsh; i ¼ q�1
sh qco ð6Þ

in which i ~ 0.447 [29]. The specific heat capacity of the suspen-
sion is [30,31]:

Cp;b ¼ /qpq
�1
b Cp;eff ;p þ 1� /ð Þqf Cp;fq�1

b ð7Þ
For the NEPCM particles with no the phase change process,

Cp;eff ;p is equal to the sensible heat, i.e. Cp;p. In contrary, the latent
heat of the core plays an important role in determining the specific
heat capacity of the NEPCM particles during phase change [28,32]:

Cp;eff ;p ¼ Cp;p þ p
2 �

hsf
TMr

� Cp;p

	 

� sin p T�TfuþTMr=2

TMr

	 
n o
c

c ¼
0 T < Tfu � TMr=2
1 Tfu � TMr=2 < T < Tfu þ TMr=2
0 T > Tfu þ TMr=2

8><
>:

ð8Þ

in which, TMr ¼ T1 � T0 is the melting temperature window of the
core of the NEPCM particles. T0 and T1 are respectively the solidus
and liquidus temperatures of the NEPCM core. The coefficient of
volumetric thermal expansion of the suspension is [31]:

bb ¼ 1� /ð Þbf þ /bp ð9Þ
The thermal conductivity of the suspension can be achieved as

[33,34]:
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kb ¼ kf þ kfNc/ ð10-aÞ
in which, Nc is the thermal conductivity number. Also, the

dynamic viscosity of the suspension are calculated as follows
[33,34]

lb ¼ lf þ lf Nv/ ð10-bÞ
Nv of the above relation is the dynamic viscosity number.

2.3. Normalized form of the equations and boundary conditions

To normalize the equations which describe the natural convec-
tion flow, the variables presented below are applied:

R ¼ r
H
; Z ¼ z

H
; Ri ¼ ri

H
; Ro ¼ ro

H
; UR ¼ urH

af

UZ ¼ uzH
af

; P ¼ pH2

qfa2
f

; h ¼ T � Tc

DT
; s ¼ taf

H2

ð11Þ

in which, DT ¼ Th � Tc . Hence, we then have:

1
R
@ RURð Þ
@R

þ @UZ

@Z
¼ 0 ð12Þ

qb

qf

 !
@UR

@s
þ UR

@UR

@R
þ UZ

@UR

@Z

� �
¼ � @P

@R
þ Pr

R
lb

lf

 !
@

@R
R
@UR

@R

� �

�Pr
lb

lf

 !
UR

R2 þ Pr
lb

lf

 !
@2UR

@Z2

ð13Þ

qb

qf

 !
@UZ

@s
þ UR

@UZ

@R
þ UZ

@UZ

@Z

� �
¼ � @P

@Z
þ Pr

lb

lf

 !
1
R

@

@R
R
@UZ

@R

� �

þPr
lb

lf

 !
@2UZ

@Z2 þ PrRa
bb

bf

 !
h

ð14Þ
in which, Rayleigh number (Ra) and Prandtl number (Pr) are:

Ra ¼ gqfbfDTH
3

aflf
; Pr ¼ lf

qfaf
ð15Þ

Ra indicates the relative significance of the buoyancy forces
with respect to the viscous forces, and Pr is the ratio of the momen-
tum diffusivity to the thermal diffusivity.

Also,

bb

bf

 !
¼ 1� /ð Þ þ /

bp

bf

 !
;

qb

qf

 !
¼ 1� /ð Þ þ /

qp

qf

 !
ð16Þ

In this work, the thermal expansion of the particles and water
are presumed to be the same, therefore, bb=bf ¼ 1.

Cr
@h
@s

þ UR
@h
@R

þ UZ
@h
@Z

� �
¼ kb

kf

� �
1
R
@h
@R

þ kb
kf

� �
@2h

@R2 þ
kb
kf

� �
@2h

@Z2

ð17Þ
where

Cr ¼ qCp
� �

b

qCp
� �

f

¼ 1� /ð Þ þ /kþ /
d Ste

f ð18Þ

Here, Cr depicts the ratio of the sum of the sensible and latent heats
of the nanoliquid to that of the pure fluid. In fact, as previously
mentioned, the core of the NEPCM particles dispersed inside the
base fluid can undergo the phase change process; hence, the latent



Fig. 2. An example of a coarse structured mesh.

Fig. 3. Grid independence for Nusselt Number versus time.
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heat of the NEPCM particles is involved in the stored energy in the
mixture. The normalized parameters in Cr are:

Ste ¼
qCp
� �

f qsh þ iqcoð ÞDT
af hsfqcoqsh

� � ; d ¼ TMr

DT
; k ¼ Cp;co þ iCp;sh

� �
qcoqsh

qCp
� �

f qsh þ iqcoð Þ
ð19Þ

are, respectively, Stefan number (Ste), which is the ratio of the sen-
sible heat to the latent heat, the normalized melting temperature
window d, and the sensible heat capacity ratio of the NEPCM parti-
cle to the host fluid k. f, the normalized fusion function, is:

f ¼ p
2 sin

p
d h� hfu þ d=2
� �� �

r

r ¼
0 h < hfu � d=2
1 hfu � d

2 < h < hfu þ d=2
0 h > hfu þ d=2

8><
>:

ð20Þ

hfu of the above relation is the fusion temperature:

hfu ¼ Tfu � Tc

DT
ð21Þ

The normalized form of the imposed initial and boundary con-
ditions are:

8 R; Z; s R ¼ Ri; 0 6 Z 6 1 & s P 0 ) UR ¼ UZ ¼ 0; h ¼ hwj
hw ¼ 1 Charging mode

0 Disharging mode

�
ð22-aÞ

8 R; Z; s
Z ¼ 0; Ri 6 R 6 Ro & s P 0
Z ¼ 1; Ri 6 R 6 Ro & s P 0

�
) UR ¼ UZ ¼ 0;

@h
@Z

¼ 0
����

ð22-bÞ

8 R; Z; s R ¼ Ro; 0 6 Z 6 1 & s P 0 ) UR ¼ UZ ¼ 0;
@h
@R

¼ 0
����

ð22-cÞ

8 R; Z; s jRi < R < Ro; 0 < Z < 1 & s ¼ 0 ) UR ¼ UZ ¼ 0; h ¼ hi

hi ¼
0 Charging mode

1 Disharging mode

�
ð4-dÞ

The average Nusselt number, Nua, is used to evaluate the heat
transferred through the inner wall:

Nua ¼ 1þ Nc/ð Þ
Z s

0

Z1
0

@h
@R

� �
R¼Ri

�����
�����dZ ds ð23Þ

It is worth noting that the temperature gradient on the inner
wall is positive and negative for the heating and cooling processes,
respectively. However, for the sake of graphical illustrations, the
heat transfer rate through the inner wall, the absolute value is
used. To better visualize the suspension flow inside the coaxial
pipe, the streamlines are presented:

1
R
@2W

@R2 � 1
R2

@W
@R

þ 1
R
@2W

@Z2 ¼ � @UR

@Z
� @UZ

@R

� �
ð24Þ

The boundary condition for the streamlines is the Dirichlet
boundary condition with zero value at the walls.

3. Numerical approach and grid test

Due to the nonlinear nature of the coupled equations described
in the previous section, the use of a powerful numerical approach
to obtain the results is inevitable. Hence, a finite element code was
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developed for numerical simulations. The developed code details in
[35]. A structured mesh was used to describe the domain of the
solution. The mesh is dense near the walls to better capture gradi-
ents near the wall. Prior to extracting the numerical results, a grid
independence test was conducted to ensure the numerical preci-
sion. Fig. 2 display an example of a coarse structured mesh for
demonstration purpose. The utilized mesh for the computations
is much finer. As depicted in Fig. 3, the average Nusselt number
studied in several meshes with various sizes to obtain the opti-
mum mesh size when Ste = 0.2, Ra = 107, hf = 0.1, Pr = 6.2, and /
= 0.05. Some fluctuations of Nusselt number can be seen in the case
of a coarse grid of 50 � 50. Indeed, this coarse grid size cannot ade-
quately capture the phase change area and leads to high computa-
tional error. The use of a grid of 150 � 150 ensures that the
numerical experiments are almost independent of the mesh size
with a reasonable computational cost. Hence, the grid size of
150 � 150 was selected for computations.
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Two previous published investigations were utilized to verify
the numerical technique employed in the current work. The geo-
metrical conditions, along with the non-dimensional parameters
applied in the verification study, were similar to those in the refer-
ences [36,37]. In the first verification, the outcomes presented by
Kahveci [36] on the natural convection of a suspension of the water
and TiO2 particles flowing in a square enclosure were utilized in
the verification investigation. The predicted average Nusselt num-
ber for the current work at different values of nanoparticles vol-
ume fraction was evaluated with the results from Kahveci [36].
The excellent precision obtained, as illustrated by Fig. 4 depicts a
reliable verification of the model developed in the current work
for simulating the natural convection of a suspension. In the sec-
ond verification, the numerical measurements by Xu et al. [37]
on the transient non-dimensional temperature of a pure fluid flow-
ing within an enclosure partitioned by a thin vertical wall at a cer-
tain point are also employed to verify this study. The left and right
Fig. 4. The average Nusselt (Nua) as a function of the volume fraction of NEPCM
particles at two different Ra numbers [36].

Fig. 5. (a): schematic view of the used geometry for verification, and (b): dimensionless
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sidewalls are kept at low and high temperatures of Tc and Th. At
t = 0, the initial temperatures of the fluid on the left and right sides
of the partition is Tc and Th. The numerical data by Xu et al. [37],
which presented for the transient variations of temperature at
the specified point of (–0.025, 0.375) are compared with our
results. As depicted in Fig. 5, the discrepancy between the results
of the two studies is very slight. In this verification, Pr = 6.63,
and Ra = 9.2 � 108.

4. Results and discussion

This research investigates the free convection behavior of a
NEPCM suspension in annuli of the eccentric horizontal cylinders.
Hee, the dynamic viscosity and thermal conductivity numbers
are adopted as Nv = 12.5 and Nc = 23.8. The sensible heat capacity
ratio k is 0.32 [29]. The numerical analysis is conducted for the
alterable parameters, including the Stefan number
0.2 � Ste � 0.8, Rayleigh number 104 � Ra � 106, normalized fusion
temperature 0.05 � hf � 1, and the NEPCM volume fraction 0.0 � /
� 5%. Here, the total time of fully charge/discharge, i.e., sf, is con-
sidered as a scale for reporting the outcomes. The subscripts of s
and m indicate the total discharging time (solidification) and total
charging time (melting), respectively.

Fig. 6 depicts the streamlines, the isotherms, and the maps of
the heat capacity ratio, i.e., Cr, in the cavity in the charging mode.
The particle’s core is initially in the solid phase with a uniformly
cold temperature. During the charging process, the hot wall main-
tains hot, and the NEPCM suspension commences to absorb the
heat in the form of sensible and latent heat. Here, sf = 0.4530
denotes the total time of the charging process, in which all of the
nanoparticles reach the liquid state.

Fig. 6(a) exhibits the field contours after 10% sf. As seen, due to
the heat of the inner hot tube, the temperature distribution
advances toward the top and right section of the cavity, but still,
most regions of the right and bottom part of the cavity are at initial
cold temperature. The streamlines depict the formation of a weak
natural convection flow. The red area in Cr contour indicates the
particle’s phase transitions. Hence, the red area can be considered
as the phase change area. Here, 0.97 inside Cr contours depicts the
ratio of the total heat capacity of the nanoliquid to that of the pure
fluid when the nanoparticles do not experience the phase change
process. In the ribbon zone, the nano-encapsulated phase change
temperature against time at specified point [37] for Pr = 6.63, and Ra = 9.2 � 108.



Fig. 6. Streamlines and contours of temperature and capacity ratio (Cr) for (a): s = 10% sf, (b): s = 40% sf, and (c): s = 70% sf where total melting time (sf) is 0.1822 when
Ste = 0.2, Ra = 105, hf = 0.3, and / = 0.05.
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particles undergo the melting/solidification process and the
Cr – 0.97.

Attention to the temperature contour shows that the phase
change area laid around the temperature level of h = 0.3, which
is equal to the fusion temperature of NEPCM particles. The NEPCM
particles above the Cr area (red area) are in fully charged in a liquid
state, and the NEPCM particles below this area are untouched and
in a fully solid-state yet.

Fig. 6(b) shows that the temperature gradient more advances
toward the right and develops toward the bottom areas of the cav-
ity as time elapses. There is a larger area above the phase change
area, which depicts that a larger amount of NEPCM particles are
fully charged. The convection strength is weakening as the distance
between streamlines is increased. This is because there is no cold
wall in the cavity, and the increase of the overall temperature of
the suspension reduces the temperature differences and, conse-
quently, the buoyancy forces and natural convection. Fig. 6(c)
shows the advancement of heat transfer in the cavity when the
charging time reaches 70% of the total charging time. The average
temperature in the cavity is increased at every point. The temper-
ature distribution affects the region of the cavity at which phase
change occurs. The right down part of the cavity is in the solid-
state while the other part has already melted. In this case, most
of the particles are in a fully liquid state, and most of the remaining
particles are in the red area and under phase change.
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Fig. 7 shows the same results as Fig. 6 but for the case of dis-
charging. In this case, the NEPCM particles are initially at a hot
temperature, and the cold wall is maintained at a cold tempera-
ture. During the discharging process, the buoyancy-driven flow
occurs in the cavity initially due to the temperature difference
between the cold inner tube and the hot suspension surrounding
it. As the temperature of the suspension rises, the temperature dif-
ference between the cold wall and the suspension decreases,
reducing, thus, the intensity of the convective flow.

The cold isotherms are initially concentrated near the inner
tube, and, as time goes on, the overall temperature of the suspen-
sion decreases. The concentration of the isotherms is reduced, and
isothermal contours corresponding to cold temperatures cover the
cavity. The Cr contours follow the variation of the temperature dis-
tribution in the cavity. PCM melting occurs near the isotherm cor-
responding to hf, and consequently, its location moves toward the
right as time goes on. When 70% of the total melting time, the por-
tion of the suspension containing the liquid NEPCM is focused in
the upper right part of the cavity, while the solid-NEPCM particles
cover the other parts.

Fig. 8 shows the variation of the average Nusselt number Nua as
a function of time during charging and discharging modes for var-
ious volume fraction of the NEPCM particles /. The same variation
of Nua is observed in the charging and discharging modes. In both
cases, Nua elevates with the growth of / and is maximum for /



Fig. 7. Streamlines and Contours of temperature and capacity ratio (Cr) for (a): s = 10% sf, (b): s = 40% sf, and (c): s = 70% sf where total solidification time (sf) is 0.4530 when
Ste = 0.2, Ra = 105, hf = 0.3, and / = 0.05.

Fig. 8. The variations of average Nusselt number versus the time for different values of volume fraction of NEPCM particles in the case of Ra = 106, Ste = 0.2, and hf = 0.1 for (a):
charging process and (b): discharging process.
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= 5%. A rise of / from 0 to 0.05 leads in about 1.73 and 1.55 times of
improvement in the value of Nua for gthe cases of the melting and
solidification of the core of NEPCM particles. Indeed, the involve-
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ment of the particles to the heat transfer grows when their volume
fraction is increased, as more particles are undergoing a phase
change, and more latent heat is participating in the overall heat



Table 2
The effects of volume fraction on the total time
of melting and solidification when Ste = 0.2,
Ra = 106, and hf = 0.1.

sf, m sf, s /

0.0000 0.0000 0.00
0.0805 0.6466 0.01
0.0808 0.6573 0.02
0.0816 0.6641 0.03
0.0821 0.6728 0.04
0.0823 0.6802 0.05

Table 3
The effects of Rayleigh number on the total
time of melting and solidification when
Ste = 0.2, hf = 0.1, and / = 0.05.

sf, m sf, s Ra

0.2035 1.7883 104

0.1271 1.1475 105

0.0823 0.6802 106
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transfer occurring in the cavity. As a result, the more NEPCM par-
ticles, the more enhancement of the heat transfer rate and a higher
value of Nua.

Table 2 presents the total time of phase change of the NEPCM
core during melting (sf, m) and solidification (sf, s) for different val-
ues of /. It is shown that the total time of melting is greater in the
case of solidification. This is due to the selected value of hf during
the calculations. The second observation is that the total melting
and solidification times increase when a higher value of / is used.
In fact, the total phase change time depends directly on the volume
fraction of the NEPCM particles. When more NEPCM particles are
added to the suspension, the time required for the total phase
change of all these particles increases as more particles are
required to undergo a phase change. In conclusion, raising / rises
the heat transfer in the cavity and increases the total time of melt-
ing or solidification.

The effect of Rayleigh number Ra on the variation of Nua as a
function of time during charging and discharging is illustrated in
Fig. 9. Using a higher value of Ra increases the value of Nua during
charging and discharging modes. In both modes, the maximum
heat transfer is achieved for Ra = 106. A slightly higher value is
obtained in the charging mode. Raising Ra from 104 to 106

increases by up to 3 times the value of Nua. This is since Ra is an
indicator of the relative importance of the flow buoyancy forces.
As Ra is increased, the intensity of the buoyancy forces grows,
and the heat transfer by convection is enhanced. Consequently, a
higher value of Nua is obtained.

The effect of Ra on the total time of melting during charging and
solidification during discharging is shown in Table 3. Increasing Ra
reduces the total melting time in charging mode and the total
Fig. 9. The variations of average Nusselt number versus the time for different values o
discharging states.
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solidification time in discharging mode substantially. As early
mentioned, the increased intensity of the buoyancy forces leads
to an enhancement of the convective heat transfer and, thus, a
stronger flow circulation, and eventually, an extensive phase
change occurs in the NEPCM suspension. Therefore, the total melt-
ing or solidification time decreases for a higher value of Ra.

Fig. 10 illustrates the variation of Nua as a function of non-
dimensional time for various values of the NEPCM fusion temper-
ature (hf) during charging and discharging processes. It can be seen
that while in charging mode, a higher value of Nua is obtained
when hf is reduced, the opposite occurs in discharging mode where
reducing hf tends to decrease Nua. In fact, when hf is increased, the
temperature difference between the hot inner cylinder and hf dur-
ing charging decreases, and the zone of the cavity where the initial
temperature is higher than hf is reduced. As the melting of the
NEPCM core takes place in that zone of the cavity, less NEPCM par-
ticles would undergo a phase change, and their contribution to the
overall heat transfer is diminished.

Conversely, in the discharging mode, increasing hf raises the dif-
ference between the temperature of the cold inner cylinder and hf
and enlarges the zone of the cavity where the NEPCM particles
would initially undergo solidification. In that case, the heat transfer
is enhanced. None-the-less, in both modes, Fig. 10 shows that the
effect of hf on the value of Nua remains relatively limited, as only
a 10% difference is observed between the maximum and minimum
values of Nua when hf is varied in both modes. It should be noted
that the Nusselt profiles are reported at initial times, and a much
longer time is required for fully charged or discharged cases of
the enclosure.

The total time of melting and solidification during charging and
discharging for different values of hf is presented in Table 4. It is
shown that increasing hf reduces the total solidification time
f Rayleigh Number when Ste = 0.2, hf = 0.1, and / = 0.05 for (a): charging and (b)



Fig. 10. The variations of average Nusselt number versus the time for different values of fusion/solidification temperature of NEPCM particles when Ra = 106, St = 0.2, / = 0.05
for (a): charging and (b) discharging states.

Table 4
The effects fusion/solidification temperature
on the total time of melting and solidification
when Ste = 0.2, Ra = 106, and / = 0.05.

sf, m sf, s hf

0.1271 1.1475 0.1
0.1822 0.4530 0.3
0.2781 0.2743 0.5
0.4612 0.1866 0.7
1.1326 0.1243 0.9
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during discharging. Inversely, the total melting time is reduced
during charging when the value of hf is decreased. This is also
related to the temperature difference between the inner cylinder
and hf. In charging mode, when hf is increased, the initial zone that
would undergo melting is smaller. More time is then needed for all
the NEPCM particles to undergo melting and, as a result, the total
Fig. 11. The time history of the average Nusselt number for various values of Ste
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melting time increases. On the other hand, during discharging,
the opposite occurs, and the total solidification time is reduced
when hf is increased.

The time history of the Nusselt number for different values of
Stefan number during charging and discharging is illustrated in
Fig. 11. It can be seen that the value of Nua increases when the
value of Ste is reduced. Indeed, Ste describes the ratio of sensible
heat to latent heat during phase change. A higher value of Ste indi-
cates a decrease in the relative importance of latent heat and the
contribution of the phase change of the particle’s cores to the over-
all heat transfer in the cavity. A lower value of Nua is therefore
obtained in that case. It should be noted that this effect is less
apparent in the discharging mode, where varying the value of Ste
seems to have minimal impact on Nua. This is due to the value used
for the fusion temperature (hf = 0.1), which is very close to the tem-
perature of the cold wall and already limiting the influence of the
particles to the heat transfer.

Table 5 presents the total time of phase change in charging and
discharging modes for various values of Ste. It is found that increas-
when Ra = 106, hf = 0.1, / = 0.05 for (a): charging and (b) discharging states.



Table 5
The effects Stephan Number on the total time
of melting and solidification when Ra = 106,
hf = 0.1, and / = 0.05.

Ste sf, s sf, m

0.2 0.6801 0.0823
0.4 0.5402 0.0654
0.6 0.4900 0.0580
0.8 0.4615 0.0558
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ing Ste reduces the total melting time during charging and the total
solidification time in the discharging mode. Certainly, when Ste
increases, the latent heat of the NEPCM core is decreased, and less
heat is required for the core to undergo a phase change, and, con-
sequently, the total phase change time is reduced.
5. Conclusion

The charging and discharging behavior of a cylindrical enclo-
sure filled with a suspension of NEPCMs were addressed theoreti-
cally. The phase change particles participate in heat transfer and
absorb/store a significant amount of thermal energy on phase
change. The effects of essential parameters of the NEPCM suspen-
sion, such as the non-dimensional fusion temperature, volume
fraction of nanoparticles, and the Stefan number on the flow and
heat transfer, were investigated. The main results of the present
numerical study could be summarized as follows:

� Using a higher value of the nanoparticle’s volume fraction
enhances heat transfer. Using a 5% volume fraction enhances
by up to 1.73 and 1.55 times the heat transfer inside the cavity
compared to the case of a pure fluid for the cases of the melting
and solidification of the core of NEPCM particles, due to the
increased contribution of the particles to the total heat transfer.
As the number of the NEPCM particles increases, the total melt-
ing or solidification time increases as more particles should
undergo a phase change.

� The effect of the fusion temperature hf of the particle’s core on
heat transfer depends on the temperature of the inner cylinder.
In the charging mode, when the inner cylinder is hot, using a
higher value of hf reduces the difference between it and the
temperature of the cylinder and, consequently, decreases the
initial melting zone in the cavity. Heat transfer is inhibited in
that case. A similar behavior but in the opposite direction occurs
during discharging. In the latter case, heat transfer is improved
when hf is increased. In addition, raising hf increases the total
melting time during charging and reduces the total solidifica-
tion time during discharging.

� Raising the value of the Stefan number Ste reduces the relative
importance of the latent heat of the NEPCM and decreases their
participation in the overall heat transfer in the cavity. Conse-
quently, the heat transfer is inhibited when a higher value of
Ste is used. Due to the decrease of the latent heat for a higher
Ste, the total charging/discharging time in the two modes is
decreased.
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