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The free convection phase change heat transfer of a suspension comprising Nano-Encapsulated Phase
Change Materials (NEPCMs) in a porous space is theoretically addressed. The core of the nanoparticles
is made of a phase change material and encapsulated in a thin shell. Hence, the core of the nanoparticles
of the suspension undergoes a phase change at its fusion temperature and release/store large amounts of
latent heat. The phase change of nanoparticles is modeled using a sine shape temperature-dependent
heat capacity function. Darcy-Brinkman model is used to model the flow in the porous medium. The
governing equations including the conservation of mass, momentum, and heat are transformed into a
non-dimensional form before being solved by the finite element method in a structured non-uniform
mesh. The influence of the porosity, Darcy number, Rayleigh number, fusion temperature of nanoparti-
cles, and the unsteady time-periodic boundary conditions on the thermal behavior of the porous medium
in the presence of NEPCM particles is investigated. The results show that the presence of NEPCM particles
improves the heat transfer. The increase of porosity improves the heat transfer when the volumetric
concentrations of NEPCM particles are higher than 3%. There exists an optimal dimensionless fusion
temperature of NEPCM nanoparticles for the interval [0.25; 0.75].
� 2019 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

The study of convective heat transfer in porous media is of fun-
damental importance in various engineering and industrial fields.
Common applications include geothermal systems, energy storage,
heat exchangers, thermal insulation, drying technologies, and the
list goes on. The presence of porous media in the system enhances
heat transfer as it affects the flow field and increases the effective
thermal conductivity, and it presents, thus, a passive technique of
heat transfer improvement.

Free convection in cavities filled with porous media has been
widely analyzed for different cavity models including cavities filled
with single or multiple layers of porous media [1–3], porous fins
[4], partially porous media [5,6], tilted cavities [7], wavy cavities
[8] and cavities with non-uniform heating [9]. Convective flows
past a vertical plate embedded in a porous medium have been also
considered [10–12].

Further heat transfer enhancement can be obtained by adding
highly conductive nanoparticles into the fluid flowing through
the porous medium [13]. The fluid is thus called a nanofluid. Sev-
eral works aimed to study the free convection of nanofluids in var-
ious types of enclosures [14–17], two-phase flow of nanofluids
[16,18], conjugate heat transfer [19,20], entropy generation
[21,22], and magnetic fields effects [18,21,23–26]. Moreover, con-
vective flows of nanofluids in cavities with porous media have
been widely investigated considering various designs and configu-
rations, including internal heat generation [27,28], thermal non-
equilibrium effects [29], partial porous layer [30,31]. The shape
effects of the nanoparticles on the heat transfer characteristics
have been also considered [32–34].

Nano-Encapsulated Phase Change Materials (NEPCM) suspen-
sions represent a class of Nanofluids where the nanoparticles con-
sist of capsules having a shell-core structure, with phase change
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Nomenclature

Latin letters
a the amplitude of temperature fluctuation
A Non-dimensional amplitude
Cp the specific heat (J/kg�K)
Cr the ratio of the heat capacity of the suspension to the

host fluid
Da Darcy number
f the non-dimensional form of phase change profile
g the gravity constant (m/s2)
H the characteristic length, cavity size
hsf the latent heat of the nanoparticle’s core
i Grid case number
k the coefficient of the thermal conductivity (W/m K)
K the porous medium permeability (m2)
N the mesh size
Nc the conductivity number for the suspension
Nu Nusselt number
Nv the dynamic viscosity number for the suspension
p the suspension pressure field (Pa)
P non-dimensional the suspension pressure field
Pr Prandtl number
Ra Rayleigh number
Ste Stefan number
t time (s)
T the temperature (�C)
TMr the melting temperature range
u the fluid velocity along x axis (m/s)
U dimensionless fluid velocity along x axis
v fluid velocity along y axis (m/s)
V the dimensionless fluid velocity along y axis
x x-Cartesian coordinate (m)
X dimensionless X-Cartesian
y y-Cartesian coordinate (m)

Y dimensionless Y-Cartesian coordinate
i the weight ratio of the NEPCM particle’s core to shell

Greek symbols
m the dynamic viscosity of the fluid (kg s/m)
a the thermal diffusivity (m2/s)
b the coefficient of the volumetric thermal expansion

(1/K)
D the relative error of the computations
d the dimensionless phase change band
e the porosity of the medium
h the non-dimensional temperature field
k the dimensionless ratio of the heat capacity
q density (kg/m3)
s non-dimensional time
/ the volume fraction of particles in the host fluid
w the stream function
x the angular frequency of the wall temperature oscilla-

tion (rad/s)
X the non-dimensional angular frequency of the wall tem-

perature oscillation

Subscript
b the NEPCM suspension
c the cold wall
co the core of encapsulated particles
f the host fluid
fu the fusion property
h the hot wall
m the porous medium
p the NEPCM nanoparticles, period
s the solid matrix of the porous medium
sh the shell of NEPCM particle
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materials (PCM) at the core. PCM are materials that undergo a
phase change at their fusion temperature. They can thus absorb
heat from the surrounding by melting, or, conversely, release heat
by solidification. The presence of NEPCM capsules in the host fluid
can enhance substantially its thermal conductivity. For instance,
[35] showed that adding NEPCM particles with a volume fraction
as low as 3.36% can increase the thermal conductivity of water
by 20%. A distinction should be made between nano-
encapsulation and micro-encapsulation depending on the size of
the particles [36,37]. The term nanoparticle is often used when
the size of the particle is less than 100 nm in at least one dimen-
sion. PCM cores are selected based on the required fusion temper-
ature. Examples of PCM that have been used as NEPCM cores
include n-tetradecane [38], n-octadecane [39], n-octacosane [40],
and n-nonadecane [35]. On the other hand, the shell of the NEPCM
capsules can be made of polymers of different compositions
[41,42], formaldehyde [38,39] or highly conductive metals [40].
There is a technique that consists of adding nanoparticles to PCM
in order to improve heat transfer [43], leading to the so-called
Nano-Enhanced Phase Change Materials, also abbreviated as
NEPCM [43–45]. It should be noted that this technique is different
than the one studied in the present paper.

Convective flows of PCM in enclosures with porous media have
been widely studied, mainly in the context of heat transfer
enhancement by the use of metal foams [46–49]. As for NEPCM
suspensions, the majority of available works dealt with the forced
convection in tubes or mini channels. Ho et al. [50–52] investigated
experimentally the effectiveness of using water-based suspensions
of Alumina nanoparticles and/or micro-encapsulated PCM instead
of pure water on the forced convection in circular tubes [50] and
mini channel heat sinks [51,52]. They found that different factors,
such as the flow rate and the heating location can considerably
affect the heat transfer in the system. The analysis of the heat
transfer enhancement in microtubes using PCM nano-
encapsulation was performed by Seyf et al. [53]. Their results indi-
cated that using a higher concentration of the NEPCM particles sig-
nificantly increased the cooling power of the fluid, despite leading
to a larger pressure drop in the tube. A similar result was obtained
in the numerical study of a NEPCM slurry heat transfer past an
unconfined square cylinder performed by [54], who pointed out a
noticeable haet transfer enhancement in the slurry compared to
the base fluid, and an intensification of this enhancement when
the volume concentration of the capsules was increased.

On the other side, the free convective flow of NEPCM suspen-
sions did not receive much attention. Ghalambaz et al. [55] inves-
tigated the natural convective flow of a NEPCM suspension in a
square cavity with temperature difference between the two verti-
cal walls and thermal insulation on the horizontal walls. They con-
cluded that the fusion temperature of the phase change core is a
fundamental parameter in the heat transfer inside the cavity.
Moreover, studies considering the free convection of NEPCM in
porous cavities are very limited. In fact, the available studies link-
ing capsulated PCM to porous media focused on the enhancement
of the thermal properties of some construction materials by using
NEPCM as nano additives composites [56,57] without any convec-
tion effects.
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Very recently, Ghalambaz et al. [58] conducted a study on the
influence of using NEPCMs suspensions in the mixed convection
boundary layer flow over a flat plate embedded in a saturated por-
ous medium. They utilized the boundary layer approximations and
reduced the model to ordinary differential equations and investi-
gated the effect of volume fraction of nanoparticles on the bound-
ary layer flow and heat transfer. They found that further
enhancement of heat transfer can be achieved by decreasing the
fusion temperature of the NEPCM core.

Therefore the literature studies regarding the convection heat
transfer of NEPCMs are limited to steady-state convection in a clear
cavity with no porous medium [55], and steady-state mixed con-
vection boundary layer of NECPMs in an infinite layer of porous
medium [58]. Following [55,58], the present study aims to analyze
the unsteady free convection of a suspension of NEPCMs in a cavity
filled with a porous medium for the first time. The unsteady effects
are expected to be important due to the presence of phase change
heat transfer phenomena in the nanoparticle’s cores.
2. Mathematical model

2.1. Model description

The geometry consists in a 2D square enclosure (demonstrated
in Fig. 1), containing glass balls, saturated with a suspension of
water and NEPCM particles. The shell and core of the NEPCM are
respectively polyurethane (PU) and nonadecane. As shown in
Fig. 1, the left of the medium is imposed to a high time-varying
temperature having the average temperature of Th. The opposite
wall is a heat sink at the lower temperature Tc while the top and
bottom walls of the enclosure are thermally impervious. The flow
in the porous space is described using Darcy-Brinkman model.
There are no thermal and hydrodynamic slips along the fluid and
the nanoparticles, and the particles are uniformly dispersed in
the suspension. Moreover, there exists a strong heat transfer
between the solid matrix and fluid phase of the porous medium.
Indeed, the local thermal equilibrium condition is established
between these two components. Table 1 lists the thermo-
physical properties of the involved materials. Also, the phase
(
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Fig. 1. Schematic configuratio
change temperature and the latent heat of the NEPCMs core are
respectively 32 �C and 211 kJ/kg [35]. It should be noted that the
materials are optional, and the present study is not restricted to
the mentioned type of materials.

2.2. The governing equations

Considering the assumptions, the unsteady equations modeling
thermal and hydro-dynamic behaviors of an incompressible and
laminar suspension inside a porous region are listed below:

Mass conservation [55]:
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Momentum conservation [60–62]:
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Energy conservation [60,62]:
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where [63]

km;b ¼ 1� eð Þks þ ekb ð4aÞ

qCp
� �

m;b ¼ 1� eð Þ qCp
� �

s þ e qCp
� �

b ð4bÞ
The subscripts of b, m, and s of the above-written equations

explain the bulk properties of the suspension, porous medium,
and solid matrix, respectively. Regarding the problem physics,
the boundary conditions are:

x ¼ 0; 0 6 y 6 H : u ¼ v ¼ 0; T ¼ Th þ asin xtð Þ ð5aÞ
c
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n of the physical model.



Table 1
Thermophysical properties of the involved material in the problem [35,59]

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

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

PU 1317.7 – – 786 17.28 � 10�5

Nonadecane 2037 – – 721 –
Glass balls 840 – 1.05 2700 0.9 � 10�5
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x ¼ H; 0 6 y 6 H : u ¼ v ¼ 0; T ¼ Tc ð5bÞ

y ¼ H; 0 6 x 6 H : u ¼ v ¼ 0 ; @T
@y ¼ 0

y ¼ 0; 0 6 x 6 H : u ¼ v ¼ 0 ; @T
@y ¼ 0

ð5cÞ
2.3. Bulk thermophysical properties of the NEPCM suspension

The suspension’s density as a function of the base fluid and the
dispersed NEPCM particles is written as [64]:

qb ¼ 1� /ð Þqf þ /qp ð6Þ
The p and f subscripts denote NEPCM particles and host fluid,

respectively. The density of NEPCM particles is evaluated as fol-
lows [64,65]:

qp ¼
1þ ið Þqcoqsh

qsh þ iqco
ð7Þ

qs and qc are respectively the densities of the shell and core of
NEPCM particles. i is the core-shell weight ratio and is about
i ~ 0.447 [35]. In addition, the density of the core is an average of
the liquid and solid phases of phase change substance. The suspen-
sion’s specific heat capacity is expressed as [66]:

Cp;b ¼ 1� /ð Þqf Cp;f þ /qpCp;p

h i
=qb ð8Þ

Since the core of the nanoparticle undergoes a phase change,
the latent heat of the phase change is involved in the specific heat
capacity of the nanoparticles. The latent heat can be modeled by
employing rectangular, triangle or sinusoidal profiles as follows
[55,58]:

Cp;p ¼ Cp;co þ hsf T � T0ð Þ
TMr

ð9aÞ

Cp;p ¼ Cp;co þ p
2
� hsf

TMr
� Cp;co

� �
� sin p T � T0

TMr

� �� �
ð9bÞ

Cp;p ¼ Cp;co þ 2
hfs

T2
Mr

� Cp;co

TMr

 !
T � T0ð Þ ð9cÞ

TMr is the temperature interval. In fact, this interval avoids the
discontinuity in energy balance. The total specific heat-capacity
of the nanoparticles core, involving the sensible and latent heats,
are defined based on TMr [55]:

Cp;p ¼ Cp;co þ p
2 �

hsf
TMr

� Cp;co

� 	
� sin p T�T0

TMr

� 	n o
r

r ¼
0 T < T0

1 T0 < T < T1

0 T > T1

8><
>: where :

T0 ¼ Tfu � TMr=2
T1 ¼ Tfu þ TMr=2

�



 ð10Þ

The coefficient of the volumetric thermal volume expansion of
the NEPCM-suspension is written as [66]:

bb ¼ 1� /ð Þbf þ /bp ð11Þ
The following linear relations are selected to relate the volume
fraction of the nanoparticles to the dynamic viscosity and the ther-
mal conductivity of a nano-particulate suspension [44,67]:

lb

lf
¼ 1þ Nv/ ð12bÞ

kb
kf

¼ 1þ Nc/ ð12aÞ

Nc and Nv of the above relations respectively denote the numbers of
thermal conductivity and dynamic viscosity. It should be noted that
the relations of Eqs. (12) are only valid in the case of diluted
nanofluids with / � 0.5%.

2.4. Dimensionless form of the governing equations

In order to generalize the model, the non-dimensionalization of
the conservation equations along with the boundary and interface
conditions is performed by employing the ensuing parameters:

X ¼ x
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f
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Hence, we then have:
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The non-dimensional parameters appeared in the above-
written equations are:

Ra ¼ gqf bfDTH
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The thermal expansion behavior of the NEPCM particles and the
base fluid is considerd similar, and, therefore, br ~ 1.
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Cr ¼ qCp
� �

b

qCp
� �

f

¼ 1� /ð Þ þ /kþ /
d Ste

f ð19bÞ

km;r ¼ km;b

kf
¼ 1� eð Þ ks

kf
þ e 1þ Nc/ð Þ ð19cÞ

where Cr is the ratio of the suspension heat capacity to the base
fluid sensible heat capacity. As noticed before, the heat capacity
of the suspension involves of two parts: the latent heat and the sen-
sible heat. Moreover, the ratio of the sensible-heat capacity (k), the
range of the non-dimensional melting temperature (d), and the Ste-
phan number (Ste) are introduced as follows:

k ¼ Cp;co þ iCp;sh

� �
qcoqsh

qCp
� �

f qsh þ iqcoð Þ ; d ¼ TMr

Th � Tc
;

Ste ¼
qCp
� �

f Th � Tcð Þ qsh þ iqcoð Þ
af hsfqcoqsh

� � ð20Þ

In addition, the dimensionless fusion function, f, is defined as:

f ¼ p
2 sin

p
d h� hfu þ d=2
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N

N ¼
0 h < hfu � d=2

1 hfu � d=2 < h < hfu þ d=2

0 h > hfu þ d=2

8>><
>>:

ð21Þ

Here, hf is the non-dimensional fusion temperature.

hfu ¼ Tfu � Tc

Th � Tc
ð22Þ

The non-dimensional forms of the boundary conditions can be
expressed as follows:

X ¼ 0; 0 6 Y 6 1 : U ¼ V ¼ 0; h ¼ 1þ Asin Xsð Þ ð23aÞ

X ¼ 1; 0 6 Y 6 1 : U ¼ V ¼ 0; h ¼ 0 ð23bÞ

Y ¼ 1; 0 6 X 6 1 : U ¼ V ¼ 0; @h
@Y ¼ 0

Y ¼ 0; 0 6 X 6 1 : U ¼ V ¼ 0; @h
@Y ¼ 0

ð23cÞ

In Eq. (23a), the dimensionless temperature frequency is
X ¼ xH2=af .

2.5. Heat transfer rate

The local heat transfer at the hot wall is calculated using the
energy balance and non-dimensional variables as follow:

NuY;s ¼ � 1� eð Þ ks
kf

þ e 1þ Nc/ð Þ
� �

@h
@X
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Y¼0

ð24Þ

Integrating the above-mentioned relation along the hot wall,
the total rate of heat transfer at a specific time s can be given as
follows:

Nua;s ¼ � 1� eð Þ ks
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þ e 1þ Nc/ð Þ
� � Z1
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The average value of the Nusselt number over a period sp
(sp = 2p/X) is defined as:

Nua ¼ 1
sp

� � Znþ1ð Þsp

nsp

Z1
0

Nua;sð ÞdYds ð26Þ

In order to study the effect of the nano-encapsulated particles,
the following averaged Nusselt number (normalized to the aver-
aged Nusselt number of a pure fluid) can be calculated:
Nur ¼
Nuaju
Nuaju¼0

ð27Þ

Nuaju¼0 is the time-averagedNusselt number associatedwith the
host fluid. Nur evaluates the impact of the presence of the NEPCM
particles on the heat transfer rate comparedwith the host fluid. Also,
streamlines which can be a good way to visualize the suspension
flow is achieved by solving the following Poisson equation:

@2W

@X2 þ @2W

@Y2 ¼ � @V
@X

� @U
@Y

� �
ð28Þ

Since the no-slip condition is valid at the walls and the walls are
impermeable, the enclosure walls are a streamline with the value
of zero as the boundary condition.

3. The numerical method, grid test, and validation

3.1. Numerical method

The PCM core undergoes phase change in a small band temper-
ature. At the onset of phase change, a sharp change in the heat
capacity ratio occurs, which notably changes the behavior of heat
equation and increases the nonlinearity of the governing equa-
tions. The governing equations of (14)–(16) and (18), along with
the boundary conditions of Eqs. (23) are solved using the finite ele-
ment method. Following the finite element method, the governing
equations are written in the weak form, and the following basis set
ckf gNk¼1 is employed to expand the x-velocity, y-velocity, the pres-
sure equation as well as the temperature:
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The temperature and pressure equations are discretized by
using linear shape functions by a similar set of the basis functions,
c. By employing the Galerkin approach, the residual equations for
the velocities, pressure, and temperature at each element are
obtained as:
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Fig. 2. The utilized grid with a size of 100 � 100.
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The integrals in the residual equations are numerically inte-
grated using Gaussian quadrature with second-order accuracy.
Due to sharp grow of heat capacity ratio at the onset of the phase
change of NEPCMs particles, using an adequate time step is
essential. The selection of time step is controlled automatically
using a Backward Differentiation Formula (BDF) with a free
time-step scheme, within a free time-step selection in an order
between one and two [68]. The residual equations are iteratively
solved by Newton method employing a PARDISO solver [69–71].
The iterations with a Newtonian damping factor of 0.8 are
repeated until with a residual error of O (10 �6) is achieved.
The streamline equation is solved independently by using the
obtained velocity field.
Table 2
Grid check results for Nua and |W|max.

Case number (i) Grid size Nua

1 25 � 25 25.02
2 50 � 50 25.73
3 75 � 75 26.95
4 100 � 100 27.08
5 125 � 125 27.08
6 150 � 150 27.09

D1 ¼ Nuiþ1�Nuij j
Nui

� 100, D2 ¼ wiþ1�wij j
wi

� 100.
3.2. Grid check

The discretization of the computational domain is performed
into a regular mesh consisting of N � N rectangular elements.
The mesh was stretched with the stretching ratio of 10 near the
walls to adequately capture the temperature gradients, and the
mesh is progressively coarsened towards the center of the cavity.
A view of the mesh size of 100 � 100 is depicted in Fig. 2. Different
grid sizes are investigated to adopt a grid with adequate accuracy
and low computational cost. For this reason, the average value of
Nusselt number at the hot wall and the magnitude of stream func-
tion |W|max over one period (time between sp and 2sp) in the whole
surface of the cavity are selected as criteria to determine the suffi-
ciently fine mesh. According to Table 2, the grid size of 100 � 100
represents the number of elements above which the obtained val-
ues of averaged-time Nusselt number and |W|max show a negligible
difference compared to grids with finer meshes. Therefore, the grid
size of 100 � 100 presents very good precision and is adopted for
the numerical study.
3.3. Validation

The results of the present study are evaluated through several
published works to validate the correctness of the utilized code.
At the first comparison, the work of Kahveci [72] re-simulated.
Kahveci [72] studied the natural convection heat transfer of a sus-
D1 |W|max D2

0.0823 25.196 0.03421
0.0524 25.421 0.02506
0.0048 25.845 0.00824
– 26.058 –
0.0000 26.080 0.00084
0.0003 26.100 0.00160
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pension of water and the Al2O3 nanoparticles filling a square enclo-
sure. The left and right bounds of the studied square domain were
kept at the higher and lower temperatures of Th and Tc, respec-
tively. While the horizontal bounds were adiabatic. The average
Nusselt number acquired in the present code, and the work of
Kahveci [72] are tabulated in Table 3. The outcomes of the current
solution are further verified by comparing the heat transfer rates
obtained from the applied code in this paper with the heat transfer
rates presented by Nithiarasu et al. [73]. This verification is per-
formed to approve the correct implementation of the governing
equations in the employed code for a porous medium. The high
and low temperatures were imposed on the left and right vertical
walls and the other walls were adiabatically isolated. The results
are tabulated in Table 4 for the difference values of governing
parameters and Pr = 1.

As a transient natural convection flow, an evaluation is con-
ducted using the numerical results of Kalabin et al. [74]. The geom-
etry studied by Kalabin et al. [74] was a square cavity with
sinusoidally varying time-periodic temperature imposed on its left
wall. The opposite bound was isothermally kept at the low temper-
ature. As depicted in Fig. 3, the average Nusselt number of the
present investigation is compared to the one reported in [74] for
Table 3
The average Nusselt numbers of the present investigation and Kahveci [72] for
Ra = 106.

/ = 0.1 / = 0.05 / = 0

Current work 10.3 9.76 9.20
Kahveci 10.297 9.783 9.23

τ

N
u a
,τ

0.8 0.9 1 1.1

-2

0

2

4

current study
Kalabin et al

Fig. 3. The time history of the Nusselt number obtained by Kalabin et al. [74] and
the outcomes of the current work.

Table 4
The average Nusselt number computed in the current work and that of [73]

Da Ra e Present study Reference [73]

10�6 107 0.4 1.078 1.078
10�4 107 0.9 9.322 9.202
10�2 104 0.4 1.360 1.408
10�2 105 0.9 3.92 3.91
Ra = 2 � 105, Pr = 1, and X = 20p. As shown in Fig. 3, a good agree-
ment is obtained in the results of the present study compared to
those of Kalabin et al. [74].
4. Results and discussions

The effect of a parameter is assessed by varying its value in a
limited range and examining the results accordingly. A certain
range of parameters was used to study the change of the qualita-
tive behavior of the suspension of NEPCM particles and water.
The values of ratio of the heat capacity of the NEPCM particles to
the base fluid (k), dynamic viscosity (Nv), and thermal conductivity
(Nc) numbers are adopted following the experiments of Barlak
et al. [35]. Also, as mentioned in the text, the relations of thermal
conductivity and dynamic viscosity are applicable for a low con-
centration of particles / � 0.5%. The porosity and Darcy number
describe the characteristics of the porous medium that can be
included a wide range of values. In fact, considering the porosity
definition, the selected values for porosity is entirely desirable.
Besides, regarding the characterization length, the selected values
for the Darcy number can be developed for practical application.

Moreover, as pointed out in the text, the fusion temperature is
non-dimensionalized based on the temperature difference of the
hot and cold walls. Hence, the dimensionless values of it, i.e., hfu,
can be varied from zero to 1. In the end, the selected values for
the melting range and Stefan number for the organic PCM forming
the core of MEPCM particles are practical.

The ranges of the alterable parameters are: Rayleigh number
105 � Ra � 107, dimensionless fusion temperature 0.05 � hfu � 1,
porosity 0.3 � e � 0.9, Darcy number 10�5 � Da � 10�1, non-
dimensional frequency 0.01p � X � p, dimensionless amplitude
0.0 � A � 1 and the NEPCM volume fraction 0.0 � / � 5%. The
default value of non-dimensional parameters is adopted as
Nc = 23.8, Nv = 12.5, k = 0.32, Pr = 6.2, Ste = 0.2, d = 0.05,
hfu = 0.1, Ra = 107, Da = 0.1, / = 0.05, X = p, A = 1, and e = 0.8. These
parameters represent the default values that will be used through-
out the study other indicated otherwise. To emphasize the effect of
a defined parameter on the results, it will be varied in a selected
interval and the results will be reported accordingly.

The variation of the time history of Nusselt number of the hot
wall Nua;s is depicted in Fig. 4(a). It is clear that Nua;s shows a peri-
odic variation accordingly with the temperature variation of the
hot wall, so that Nua;s reaches to maximum and minimum values
when the hot wall temperature is maximum (at 0:25sp, 1:25sp,
2:25sp, and 3:25sp) and minimum (at 0:75sp, 1:75sp, 2:75sp, and
3:75sp) respectively. Indeed, when the temperature of the hot wall
is at its highest, the heat transfer in the enclosure reaches its peak
due to the increased temperature difference between the hot and
cold walls. It should be noted that based on the selected default
values for the hot wall temperature (hh ¼ 1 and A ¼ 1), the minimal
value of the hot wall temperature is equal to the cold wall temper-
ature. So when the hot wall temperature is minimum, no heat
transfer is occurring in the cavity and Nua;s ¼ 0. Overall, the heat
transfer inside the enclosure is varying periodically with intervals
of very active heat transfer followed by intervals with zero heat
transfer. Moreover, Nua;s is oscillating around a mean value Nua,
which corresponds to the value that would have been obtained if
the hot wall temperature was steady (A ¼ 0Þ.

The effect of the presence of the NEPCM particles in the fluid on
the heat transfer characteristics can be analyzed by looking at the
variation of Nur as a function of the NEPCM volume fraction / as
shown in Fig. 4(b). Raising / obviously tends to enhance heat
transfer by increasing the value of Nur . The maximum value of
Nur is reached for / ¼ 0:05. As the NEPCM suspension is assumed
to be diluted, it can be deduced that the optimal value of / is 5%:
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An increase of 80% in the value of Nua is achieved when using a
suspension with / ¼ 5% compared to the case with pure fluid.

Fig. 5 illustrates the variation of time-averaged Nusselt number
of the hot wall over one period Nua as a function of NEPCM parti-
cles, for different values of the porosity e. For low values of /, rising
the porosity e decreases the value ofNua. When / is increased, typ-
ically above 3%, Nua starts increasing with the rise of e. This sug-
gests that the porosity greatly affects the impact of the NEPCM
particles on the heat transfer. While a high porosity tends to
enhance heat transfer in a cavity with NEPCM suspension with a
higher volume fraction /, its effect is less advantageous when /
is decreased. Indeed, when the porosity is reduced, the volume of
the solid matrix increases. Hence, due to the weak thermal conduc-
tivity of glass balls, melting of the PCM cores is slowed down and
the NEPCM particles contribution of the to the overall heat transfer
is diminished, and, thus, a reduced porosity with a lower NEPCM
fraction presents a better heat transfer performance and leads to
a higher value of Nua. An optimal heat transfer is therefore
obtained for / ¼ 5% and e ¼ 0:4.

The effect of Rayleigh number Ra on the variation of Nua;s as a
function of time is shown in Fig. 6. It is clear that the amplitude
of Nua;s increases with the rise of Ra. A significant increase in the
amplitude is shown when Ra is increased from 105 to 107. In fact,
Ra represents the relative importance of the natural convection
driving forces in the cavity. An increase of Ra indicated that buoy-
ancy forces dominate the viscous resistive forces and, conse-
quently, stronger convection occurs, leading to a higher
amplitude of Nua;s.

To better illustrate the effects of Ra and e on the heat transfer in
the enclosure, the variation of Nua as a function of Ra for various
values of e is shown in Fig. 7. Increasing e inhibits heat transfer



Ra

N
u a

0 2 4 6 8 10
4

8

12

16

20

24

28

ε = 0.4
ε = 0.6
ε = 0.8

(× 10 )+ 6

Fig. 7. The time-averaged Nusselt number aginst various values of Ra number for
various values of porosity.

(b
): 

1.
25

p
(c

): 
1.

5
p

(d
): 

1.
75

p

1.6

1.2

0.8

0.4 -10

-30

-50

-60
-60

0.2

0.4

0.6

0.8

-10
-20
-30
-40

-50

0.0054

0.0042

0.003

0.0024

0.
00
18

0.
00
06

0.0018

0.0006

02 4

-2-4
Isotherms                              Streamlines 

(a
): 

p

0.8

0.6

0.4

0.2 -10
-20
-30

-40

-5
0

Fig. 8. The isotherms and streamlines during time.

962 M. Ghalambaz et al. / Advanced Powder Technology 31 (2020) 954–966
in the enclosure for all the values of Ra. Similarly, the effect of Ra
on Nua is independent of e. The effects of the medium porosity
and Ra on heat transfer in the enclosure are thus independent of
each other.

The isotherm contours and the flow streamlines at different
instants are shown in Fig. 8. At s ¼ sp (Fig. 8(a), the hot wall tem-
perature is h ¼ 1, and a temperature gradient is present in the cav-
ity. The isotherms h ¼ 0:2 to h ¼ 0:8 start near the hot wall then
continue horizontally until the cold wall. The isotherm h ¼ 0:1
starts from the middle of the bottom wall until the hot wall, while
the isotherm h ¼ 0:9 finishes very close to the hot wall. The
streamlines show a flow covering the enclosure, with a zone with
higher velocity near the hot wall. At s ¼ 0:25sp, the temperature of
the hot wall is h ¼ 2 which gives rise to a greater temperature gra-
dient in the enclosure.

The streamlines present a symmetrical behavior with zones of
high velocity near the hot and cold walls. The isotherm contours
from 0 to 0.9 are limited in the bottom half of the cavity, while iso-
therms with higher temperature values occupy the importance.
This observation indicates that the position of the zone of phase
change of the PCM cores, which falls near the isotherm with a tem-
perature equal to hfu, goes down in the cavity when s increases
from sp to 1:25sp. At s ¼ 1:5sp (Fig. 8(c)), the the hot wall temper-
ature drops back to h ¼ 1, and the isotherm contours are very sim-
ilar to the ones obtained for s ¼ sp. Flow with higher velocity is
present near the cold wall. Finally, Fig. 8(d) shows that when the
hot wall temperature is 0, i.e., equal to that of the cold wall, the
flow is very slow, and there is no temperature gradient in the cav-
ity. Overall, the distribution of the isotherms and the streamlines
θfu = 0.2

Cr = 8.5

θfu = 0

Cr = 8

Fig. 9. The heat capacity ratio contours at different v
inside the enclosure changes significantly with time due to the
periodic variation of the hot wall temperature.

The contours of the heat capacity ratio Cr contours for different
values of the fusion temperature hfu at s ¼ sp are displayed in
Fig. 9. The dark red ribbons correspond to the zones in which the
.5

.5

θfu = 0.8

Cr = 8.5

alues of dimensionless fusion temperature at sp.
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phase change of the NEPCM is occurring. It is clear that increasing
hfu tends to push the phase change towards the top wall.

In fact, as mentioned earlier, the PCM undergoes phase change
when the nearby temperature is close to its fusion temperature hfu.
As discussed in Fig. 8, the isotherms with higher temperature are
above those with lower temperature. Therefore, when hfu is
increased, the position of the isotherm corresponding to its value
will be higher and closer to the top wall in the enclosure, which
explains the shift of the phase change zone towards the top wall.

Fig. 10 depicts the variation of Nua;sas a function of hfu at two
distinct instants, s ¼ sp and s ¼ 1:25sp for different values of Darcy
Da = 10 - 5 Da =

Da = 10 - 5 Da = 10

Fig. 11. The heat capacity ratio contours in differe
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Fig. 10. The variation of time-averaged Nusselt number aginst the fusion temper-
ature (hfu) for different values of Da.
number Da. It is obvious that increasing Da improves heat transfer
inside the cavity for all the values of hfu. In fact, a higher value of Da
signals an increase of the porous medium permeability. The sus-
pension is, therefore, flowing in the cavity with more ease and con-
vective heat transfer is enhanced. It is also shown that at s ¼ sp, i.e.
when the hot wall temperature amplitude is 0 and the value of
Nua;s is the average value Nua. Nua;s presents a maximum when
hfu is in the interval [0.25; 0.75]. Similarly, at s ¼ 1:25sp, i.e. when
the hot wall is at its maximum temperature h ¼ 2, the effect of
Nua;s remains increasing with hfu when hfu is between 0.5 and 1.
Fig. 10 thus shows that heat transfer is thus enhanced when the
PCM fusion temperature is far from the temperatures of the hot
and cold walls. An optimal heat transfer is achieved when hfu is
in the range [0:25hh;0:75hh].

The effect of Darcy number Da on the Cr contours inside the
cavity is depicted in Fig. 11. For Da = 10�5 the melting is occurring
over a straight line near the cold wall. When Da is increased the
melting zone shifts towards the center in the bottom part of the
cavity. This suggests that while increasing Da facilitates the sus-
pension of the flow inside the medium, it has an effect on the tem-
perature distribution in the cavity and consequently affects the
zone of phase change of the PCM cores. Fig. 11 illustrates then
the contribution of the NEPCM particles to the overall heat transfer
in the cavity as discussed in Fig. 9.

The variation of Nua;s during the time is shown in Fig. 12 for var-
ious values of amplitude (A) and the porosity (e). Three different
values of the temperature frequency X are It is shown that the fre-
quency of Nua;s is equal to that of the temperature (X) and that the
average value of Nua;s remains the same even when X is varied.
Comparing Fig. 12(a) to (b) shows that raising A increases the
amplitude of Nua;s. Therefore, Nua;s follows a periodic variation
with a frequency equa to that of the temperature variation and
with an amplitude that rises with the increase of that of the tem-
perature. A comparison between Fig. 12(b) and (c) confirms the
fact that a higher porosity increases the average value Nua and
enhances heat transfer. However, its impact on the amplitude of
Nua;s is relatively limited.
(a): p

(b): 1.25 p

10 - 3 Da = 10 - 1

- 3 Da = 10 - 1

nt values of Darcy number in specific times.
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To better illustrate the impact of amplitude, frequency, and
porosity on heat transfer in the enclosure, the variation of Nua;s

as a function of time is plotted in Fig. 13 for different values of A,
X, and e. It is confirmed that the amplitude of Nua;s increases when
A is increased, for all the values of X, and e. It is equally verified
that Nua;s frequency is always the same as X. Finally, comparing
Fig. 13(b) to (c) confirms the improvement of heat transfer due
to the increase of e, as indicated by the increase of the average
value Nua. It is shown that doubling the porosity (cases (b) and
(c)) can increase the heat transfer by up to 33% for all the non-
zero values of the temperature amplitude. To summarize, the vari-
ation of Nua;s is periodic and presents a frequency equal to that of
the hot wall temperature and an amplitude that increases accord-
ingly with the rise of the temperature amplitude and/or the med-
ium porosity.
5. Conclusion

The unsteady free convection heat transfer in a cavity filled
with a porous medium and saturated with a suspension of
NEPCM was theoretically studied. The hot wall of the cavity
was subject to a periodic wall temperature while the cold wall
was kept at a constant cold temperature. The hot temperature
and cold temperatures were respectively at higher and lower
temperatures than the fusion temperature of nanoparticles, and
hence, the PCM core of nanoparticles undergoes a phase change.
On phase-change, a significant amount of heat can be stored/re-
leased. The effect of the presence of the porous medium and
NEPCM particles on the heat transfer behavior of the cavity is
investigated in the form of isotherm contours and heat capacity
contours as well as time history of Nusselt number and average
Nusselt number. The results of the numerical studies can be sum-
marized as follows:

– When the temperature of the hot wall of the cavity is varying
periodically with time, Nua;s shows a periodic variation having
a frequency equal to that of the hot wall temperature and an
amplitude which increases accordingly with the increase of
the temperature amplitude. The heat transfer inside the enclo-
sure is thus characterized by periods of active heat transfer fol-
lowed by periods of zero heat transfer and so on. The average
value Nua of Nua;s remains constant even when the temperature
amplitude and/or frequency are varied.

– Increasing the volume fraction / of the NEPCM particles
enhances heat transfer inside the cavity. Nonetheless, as the
suspension is assumed to be diluted, / ¼ 5% is the fraction
which corresponds to an optimal heat transfer.
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– Increasing the porosity enhances heat transfer when the NEPCM
volume fraction / is high, typically higher than 3%. When / is
below this value, porosity plays an opposite role, and improve-
ment of the heat transfer performance in the cavity can be
observed in a lower porosity.

– A higher value of Rayleigh number Ra leads to heat transfer
enhancement due to the increased relative importance of buoy-
ancy forces which dominate the viscous forces, resulting in
stronger convective effects.

– Increasing the fusion temperature hfu of the NEPCM cores
changes the location at which phase change is occurring, which
depends on the temperature distribution inside the cavity. In
addition, heat transfer is better enhanced when hfu is not close
to the hot and cold wall temperatures. An optimal enhancement
is achieved when hfu is between 0.25 and 0.75.

– Increasing Darcy number Da improves heat transfer in the cav-
ity as it eases the flow motion of the suspension in the pores
and consequently boosts the convection.

In the present study, the unsteady flow and heat transfer of
NEPCMs in a square enclosure with a periodic temperature was
investigated, and the effect of the fusion temperature and porosity
was found to be important. The suspension of NEPCMs can be uti-
lized as a phase change heat sink or phase change thermal energy
storage. Therefore the energy storage response time and capacity
of NEPCM suspensions can be subject of future studies.
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