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This paper analyzes the heat transfer process of nano-encapsulated phase

change material (NEPCM) particles suspended in a base fluid. NEPCMs are

polyurethane-nonadecane, and the base fluid is water. The formed suspension

fills a system of two different layers: a porous layer and a clear layer. A ther-

mally conductive solid wall transmits heat to the porous layer. These three par-

titions are confined in a square cavity. The cavity is heated from the left side of

the solid wall and cooled from the right side of the clear layer. The solid matrix

of the porous layer and the suspension are in local thermal nonequilibrium. A

Galerkin-weighted residual finite element method is adopted for numerical

computations. The impacts of Stefan number, fusion temperature, and the

nanoparticles volume fraction are inspected, graphically. Results show that the

maximum heat transfer can be attained with lower Stefan number, higher

nanoparticles volume fraction, and a fusion temperature range between 0.2

and 0.6. For a certain circumstance, it is found that enhancement of about 29%

in heat transfer can be gained when the volume fraction of the NEPCM parti-

cles is raised from 0 to 0.05.
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1 | INTRODUCTION

The high thermal storage of phase change materials (PCMs) has qualified them to be a perfect choice for conserv-
ing energy. Due to their compliant phase change, PCMs absorb heat and release it with finite temperature differ-
ences; hence, they are active when a variation in environmental conditions exists. The concept of PCMs is
increasingly developing to magnify the thermal mass (heat capacity) of building envelopes1 and to provide efficient
portable electronic devices.2 For the sake of high-energy storage, the thermal conductivity of PCMs should be as
high as possible. Thus, studies have focused to increase this physical property by dispersing solid nanoparticles
having higher thermal conductivity.3 When phase change occurs, the volume of PCMs varies and may need to be
controlled; moreover, they may react with the outside environment.4 To avoid these two drawbacks, the PCM is
encapsulated in a shell material. The encapsulation not only prevents these two drawbacks but also increases the
area of heat transfer. Consequently, the tri-concepts; nanoparticles-encapsulated-phase change material (NEPCMs)
have become an excellent vehicle of investigation. Moreover, the simple5–8 or hybrid9, 10 nanofluids nanoparticles
with no phase change have been extensively investigated in literature as additives for thermal enhancement. The
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migration of nanoparticles in the free convection flows using Buongiorno's mathematical model is also investigated
in Sheremet et al11 and Revnic et al.12 Menni et al13–15 also reviewed the heat transfer enhancement of nanofluids
in porous media,13 complex geometries,14 and solar collectors.15

Faden et al16 developed a numerical algorithm to resolve the melting and settling of macro-EPCMs and got a stable
solution. The developed new algorithm enabled a wide temperature range between the PCM and the wall of the studied
cavity with no oscillated results. They conducted an experimental study to demonstrate their numerical findings and
gave explanations to the discrepancies between the two results. Khodadadi and Hosseinizadeh3 contributed to founding
the pillars of nanoparticles enhanced PCMs, where they predicted a promising virtue of the thermal conductivity of the
PCMs. Hosseinizadeh et al17 widened the governing parameters to include Stefan number and endorsed the conclusion
of Khodadadi and Hosseinizadeh,3 where they performed a numerical study of unconstrained NEPCMs inside a circular
enclosure. Their study was transient, and hence, they took into account the subcooled region. Ghalambaz et al18 investi-
gated the effect of using hybrid nanofluid in enhancing the melting process inside a square cavity. They found better
fusion performance with the use of such hybrid nanoparticles.

Jourabian et al19 used the lattice Boltzmann numerical method to study the transient melting of ice as a PCM
enclosed by annulus with dispersing copper nanoparticles with different volume fractions. The improvement of thermal
conductivity and the decrease of latent heat of fusion were the attributions of the expediting melting rate. Kashani
et al20 proposed that proper suspensions like Cu-n-hexadecane can appreciably improve the heat transfer and hence the
solidification inside the square enclosure as thermal energy storage. Elbahjaoui and El Qarnia21 considered a latent heat
storage system composed of multi-slabs of PCMs between them a heat transfer fluid (water) flows. Due to symmetry,
one-half of both PCM slab and water channels were computed. The PCM slab composed of Paraffin with alumina
nanoparticles dispersed. The volume fraction of the alumina has considerably decreased the time required for complete
melting.

In porous media, the solid/liquid phase change has received distinct concerns as it designates not only engineering
applications but also some important geophysical applications such as artificial freezing of ground to support construc-
tion or mining and freezing of soil surrounding the pipes of underground heat exchangers.22 The numerical and experi-
mental results of Beckermann and Viskanta23 put the basis of the shape influence of the solid/liquid interface by the
natural convection and conduction in the liquid and solid phases, respectively. However, the numerical analysis was
based on the macroscopic volume averaged over a porous medium element.

Trellers and Dufly24 were interested in using the thermal energy storage system in thermoelectric cooling
implemented in the vaccine refrigerator. Their problem, as such, was two containers: the inner one, which is filled with
water and including vaccine and the outer is filled with PCM involved in aluminum porous-matrix and occupies the
inner container. To avoid the need for interface boundary conditions, they followed the enthalpy method in which the
solid-liquid mushy zone is dealt as a porous medium. A small temperature difference between the water and the PCM
was assigned due to the existence of the aluminum porous medium where it improves the thermal conductivity and as
a result, reduces the thermal resistance.

Regarding the thermodynamics action, considering local thermal equilibrium (LTE) between the solid matrix and
the fluid is prone to erratic results, especially for high Reynolds and Darcy numbers.25 When the thermal conductivity
of the porous matrix is low and the interaction between the liquid and the porous structure is high, it can be assumed
that the temperature of the porous matrix and the fluid inside the pores are identical. In this case, the LTE model with
one heat equation can represent the thermal behavior of the porous matrix and the fluid inside the pores. Various
aspect of heat transfer in a porous medium such as non-Darcy effects,26 using nanofluids,6 hybrid nanofluids with car-
bon nanotubes,7,27 magnetic field effects, and 28 entropy generation29 are investigated using LTE model in recent
studies.

However, the LTE is also not valid when the thermal conductivities and heat capacities of the solid matrix and the
liquid are notably different.30 Therefore, it was asserted that the local thermal nonequilibrium (LTNE) is an essential
treatment in backed-beds implemented in thermal energy storage.25,31 Consequently, a significant difference between
the distribution of temperatures in the liquid phase and the solid matrix was reported.32

In recent years, modeling with LTNE has been adopted widely even far from the latent heat storage system.33–36

However, Harris et al37 tried to approximate a procedure to analyze the conduction heat transfer in the solid matrix
during the phase change by assuming LTNE. Relations describing the slow melting or freezing process have endorsed
the invalidation of the thermal equilibrium assumption. Very recently, many aspects of heat transfer in porous cavities
with no phase change such as heating boundary conditions,36 conjugate heat transfer,38 and hybrid nanofluids35 are
addressed using the LTNE model.
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The phase change thermal energy storage and heat transfer of a suspension containing NEPCMs is a new sub-
ject in natural convection flows. The nano-encapsulated particles are made of a nano-phase change core and a
shell as the encapsulation material. The NEPCM nanoparticles undergo a phase change in the suspension, and
they can transfer energy in the form of latent heat. In a pioneer study, Ghalambaz et al39 investigated the steady-
state natural convection phase change of a dilute suspension compromising n-octadecane nanoparticles encapsu-
lated in a tiny shell of poly-methyl methacrylate and dispersed in water. The suspension is enclosed by a square
cavity and subjected to natural convection. Despite the general enhancement of heat transfer gained by the nano-
particle dispersion, some adverse actions were recorded, such as weakening of the buoyancy force. The study rem-
arked that the fusion temperature was the key parameter that governs the melting of the NEPCMs. Following,39

Hajjar et al40 addressed the unsteady heat transfer of a NEPCM-suspension in a cavity. Considering the natural
convection of NEPCMs in porous media, in a very recent study, Ghalambaz et al41 explored the mixing convection
heat transfer of NEPCMs in the boundary layer over a hot vertical plate embedded in a porous medium. The
results show that there are two solution branches for flow and heat transfer over the plate, which only one of the
solution branches is stable. Moreover, the authors reported that the presence of encapsulated phase change
nanoparticles enhances the heat transfer rate. The lower the fusion temperature of the nanoparticle's phase-change
core, the better the heat transfer rate.

In another recent study, Ghalambaz et al42 investigated the unsteady free convection heat transfer of a
NEPCMs suspension in a cavity. The porous matrix was made of glass balls, and a NEPCM-water suspension satu-
rated the porous pores. The phase change core of the nanoparticles was nonadecane, and polyurethane (PU) was
used as the shell material to enclose the phase change core. Because of the low thermal conductivity of the glass-
ball porous matrix, the simple LTE approach was employed. The results reveal that the presence of NEPCM parti-
cles enhances the heat transfer and the increase of volume fraction of the nanoparticles improves the Nusselt
number. The increase of the porosity raises the heat transfer rate only when the volume fraction of nanoparticles
is higher than 3%; otherwise, the increase of porosity reduces the heat transfer rate. An optimum fusion range
was also observed for heat transfer enhancement. Hence, the volume fractions of nanoparticles (NEPCMs particles)
and their fusion temperature are two major parameters for heat transfer enhancement of using NEPCMs particles
in natural convection flows. It should be noted that the study of Ghalambaz et al42 is limited to the LTE model,
which is applicable for the porous matrixes with low thermal conductivities and low fluid motion in porous pores.
However, there are many applications, in which, a layer of metal foam with high thermal conductivity can be
employed to improve the heat transfer rate. Such a metal foam layer can be also used as a charging layer to heat
the NEPCM-suspension and store latent thermal energy in the nanoparticles core.

The encapsulation of PCMs is promising for enhancing the heat transfer along with thermal energy storage. Hence,
following the work of Ghalambaz et al,42 the present study aims to address the heattransfer of the NEPCM-suspensions
in a layer of the porous medium using the LTNE model for the first time.

2 | MATHEMATICAL FORMULATION

An incompressible and laminar flow arising from the natural convection of a suspension inside a partially
layered cavity is numerically analyzed. As demonstrated in Figure 1, a heat-conducting wall having the-
width d is connected to the left hot wall. A porous layer of width s is placed in contact with the conducting
wall. The other layer, that is, a clear layer, is in the vicinity of the cold wall. The suspension is
a mixture of water and nano-encapsulated particles of a phase change substance. The materials of the shell and
core of the particles are polyurethane (PU) and nonadecane, respectively, and their thermophysical properties are
inserted in Table 1.

The PCM core absorbs some heat and undergoes a phase change when its temperature reaches the fusion tempera-
ture. The Boussinesq approximation is adopted to model the effects of gravity force. A LTNE is considered between the
solid and fluid structures of the porous region. The flow hydrodynamic in the porous layer can be depictured by apply-
ing the Brinkman-extended Darcy mathematical model. Thus, under these assumptions, the conservation equations for
the different layers can be represented as follows:

1. Clear layer:
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∂u
∂x

+
∂v
∂y

=0, ð1Þ

ρnf u
∂u
∂x

+ v
∂u
∂y

� �
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+
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� �
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� �
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∂y

+ μnf
∂2v
∂x2

+
∂2v
∂y2

� �
+ gρnf βnf Tnf −Tc

� �
, ð3Þ

ρCp
� �

nf u
∂Tnf

∂x
+ v

∂Tnf

∂y

� �
= knf
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+
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� �
: ð4Þ

2. Porous layer:
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∂y2

� �
−
μnf
K

u, ð6Þ

FIGURE 1 Schematic view of the studied geometry [Colour

figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Thermophysical properties of the host fluid, the core (nonadecane), and the shell (PU)59,60

μ (kg m−1 s−1) β (K−1) k (Wm−1 K−1) Cp (kJ kg
−1 K−1) ρ (kgm−3)

Host fluid 8.9 × 10−4 21 × 10−5 0.613 4179 997.1

Nonadecane — — — 2037 721

PU — 17.28 × 10−5 — 1317.7 786

Abbreviation: PU, polyurethane.
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ρnf
ε2

u
∂v
∂x

+ v
∂v
∂y

� �
= −

∂p
∂y

+
μnf
ε

∂2v
∂x2

+
∂2v
∂y2

� �
+ gρnf βnf Tnf −Tc

� �
−
μnf
K

v, ð7Þ

ρCp
� �

nf u
∂Tnf

∂x
+ v

∂Tnf

∂y

� �
= εknf

∂2Tnf

∂x2
+
∂2Tnf

∂y2

� �
+ h Ts−Tnf
� �

, ð8Þ

0= 1−εð Þks ∂2Ts

∂x2
+
∂2Ts

∂y2

� �
−h Ts−Tnf
� �

: ð9Þ

3. Thick wall:

kw
∂2Tw

∂x2
+
∂2Tw

∂y2

� �
=0: ð10Þ

2.1 | Boundary and interface conditions

It is considered that the continuities of the velocity and temperature at the interface of the porous and clear layers are
established. The temperature continuity can be acceptable when the heat transfer at the interface is large enough.43–47

vCL = vPL,uCL = uPL,μnf
∂u
∂n

����
CL

= μnf ,eff
∂u
∂n

����
PL

,μnf
∂v
∂n

����
CL

= μnf ,eff
∂v
∂n

����
PL

Tnf

��
CL =Tnf

��
PL =TsjPL,knf

∂Tnf

∂n

����
CL

= knf ,eff
∂Tnf

∂n

����
PL

+ ks,eff
∂Ts

∂n

����
PL

= q00i ,
ð11Þ

in which

μnf ,eff =
μnf
ε
,knf ,eff = εknf ,ks,eff = 1−εð Þks: ð12Þ

Considering no-temperature-jump condition on the walls and the energy balance on the wall-porous interface, the
thermal conditions are

Twjwall =Tnf

��
PL

=TsjPL
kw

∂Tw

∂n

����
wall

= knf ,eff
∂Tnf

∂n

����
PL

+ ks,eff
∂Ts

∂n

����
PL

= q00i :
ð13Þ

In addition, the left of the conducting wall and the right of the clear layer are at the higher and lower temperatures.
By considering the no-slip condition of the viscous suspension, the velocity on the walls is equal to zero.

v x,0ð Þ= u x,0ð Þ=0,
∂Tw x,0ð Þ

∂y
=
∂Tnf x,0ð Þ

∂y
=
∂Ts x,0ð Þ

∂y
=0

v x,Lð Þ= u x,Lð Þ=0,
∂Tw x,Lð Þ

∂y
=
∂Tnf x,Lð Þ

∂y
=
∂Ts x,Lð Þ

∂y
=0

v L,yð Þ= u L,yð Þ=0,Tnf L,yð Þ=Tc,Tw 0,yð Þ=Th

ð14Þ
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2.2 | Suspension bulk properties

The following weighted function is employed to achieve the density of the suspension48:

ρnf = 1−ϕð Þρbf +ϕρp, ð15Þ

in which the density of NEPCM particles is49

ρp =
1+ ιð Þρcoρsh
ρsh + ιρco

, ð16Þ

To evaluate the specific heat capacity of the suspension, the following relation is utilized49,50:

Cp,nf =
1−ϕð Þ ρCp

� �
bf +ϕ ρCp

� �
p

ρnf
: ð17Þ

The suspension's coefficient of the thermal expansion is defined using the following linear relation50:

βnf = 1−ϕð Þβbf +ϕβp: ð18Þ

Since the PCM as the core of nanoparticles can be melted, it can absorb a large amount of heat. Hence, the specific
heat capacity of the particles must also include the latent heat of the PCM48,51:

Cp,p =Cp,p +
π

2
� hsf

TMr
−Cp,co

� �
�sin π

T−T0

TMr

� �� �
σ

σ=

0 T <T0

1 T0 <T <T1

0 T >T1

8>><
>>:

T0 =Tfu−TMr=2

T1 =Tfu +TMr=2

(����� :

ð19Þ

The below linear relations are applied to calculate the thermal conductivity and dynamic viscosity of the NEPCM-
suspension, consisting of nano-encapsulated particles52,53:

knf
kbf

=1+Ncϕ, ð20aÞ

μnf
μbf

=1+Nvϕ: ð20bÞ

2.3 | Dimensionless equations

Using the nondimensional parameters,

X =
x
L
, Y =

y
L
, D=

d
L
, S=

s
L
,U =

uL
αbf

, V =
vL
αbf

P=
pL2

ρbf α
2
bf

,θnf =
Tnf −Tc

ΔT
,θs =

Ts−Tc

ΔT
,θw =

Tw−Tc

ΔT
,

ð21Þ
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in which ΔT = Th − Tc, the conservation equations, interface, and boundary conditions are transferred to dimensionless
coordinate as:

1. Clear layer:

∂U
∂X

+
∂V
∂Y

=0, ð22Þ

ρnf
ρbf

 !
U
∂U
∂X

+V
∂U
∂Y

� �
= −

∂P
∂X

+Pr 1+Nvϕð Þ ∂2U

∂X2 +
∂2U

∂Y 2

� �
, ð23Þ

ρnf
ρbf

 !
U
∂V
∂X

+V
∂V
∂Y

� �
= −

∂P
∂Y

+ Pr 1+Nvϕð Þ ∂2V

∂X2 +
∂2V

∂Y 2

� �

+Ra�Pr βnf
βbf

 !
ρnf
ρbf

 !
θnf ,

ð24Þ

Cr U
∂θnf
∂X

+V
∂θnf
∂Y

� �
= 1+Ncϕð Þ ∂2θnf

∂X2 +
∂2θnf
∂Y 2

� �
: ð25Þ

2. Porous layer:

∂U
∂X

+
∂V
∂Y

=0, ð26Þ

ε−2 ρnf
ρbf

 !
U
∂U
∂X

+V
∂U
∂Y

� �
= −

∂P
∂X

+Prε−1 1+Nvϕð Þ ∂2U

∂X2 +
∂2U

∂Y 2

� �
−

Pr
Da

1+Nvϕð Þu, ð27Þ

ε−2 ρnf
ρbf

 !
U
∂V
∂X

+V
∂V
∂Y

� �
= −

∂P
∂Y

+ Prε−1 1+Nvϕð Þ ∂2V

∂X2 +
∂2V

∂Y 2

� �

+Ra�Pr βnf
βbf

 !
ρnf
ρbf

 !
θnf −

Pr
Da

1+Nvϕð Þv,
ð28Þ

Cr U
∂θnf
∂X

+V
∂θnf
∂Y

� �
= ε 1+Ncϕð Þ ∂2θnf

∂X2 +
∂2θnf
∂Y 2

� �
+H θs−θnf

� �
, ð29Þ

0=Kr 1−εð Þ ∂2θs
∂X2 +

∂2θs
∂Y 2

� �
−H θs−θnf

� �
: ð30Þ

3. Thick wall:

Rk
∂2θw
∂X2 +

∂2θw
∂Y 2

� �
=0, ð31Þ
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where

Ra=
gρbf βbfΔTL

3

αbf μbf
,Pr=

μbf
ρbf αbf

,Da=
K

L2
,H =

hL2

kbf
,Rk =

kw
kbf

,Kr =
ks
kbf

ρnf
ρbf

 !
= 1−ϕð Þ+ϕ

ρp
ρbf

 !
,

βnf
βbf

 !
= 1−ϕð Þ+ϕ

βp
βbf

 !
:

ð32Þ

The thermal expansion behavior of the base fluid and the NEPCM particles are assumed similar (βnf/βbf ~ 1). The
heat capacity ratio is evaluated using:

Cr=
ρCp
� �

nf

ρCp
� �

bf

= 1−ϕð Þ+ϕλ+
ϕ

δSte
f , ð33Þ

in which f is:

f =
π

2
sin

π

δ
θ−θfu + δ=2
� �	 


Ξ

Ξ=
0 θ< θfu−δ=2
1 θfu−δ=2< θ< θfu + δ=2
0 θ> θfu + δ=2

8<
: θfu =

Tfu−Tc

ΔT

���� ,
ð34Þ

and λ, δ, and Ste are, respectively,

λ=
ρcoρsh Cp,co + ιCp,sh

� �
ρCp
� �

bf ρsh + ιρcoð Þ ,δ=
TMr

ΔT
,Ste=

ρCp
� �

bfΔT ρsh + ιρcoð Þ
αbf hsf ρcoρsh
� � : ð35Þ

2.4 | Nondimensional forms of the boundary and interface conditions

Interface boundary of the clear and porous layers:

VCL =VPL,UCL =UPL,
∂U
∂N

����
CL

=
1
ε

∂U
∂N

����
PL

,
∂V
∂N

����
CL

=
1
ε

∂V
∂N

����
PL

,θnf
��
CL = θnf

��
PL = θsjPL

1+Ncϕð Þ∂θnf
∂N

����
CL

= ε 1+Ncϕð Þ∂θnf
∂N

����
PL

+ 1−εð ÞKr
∂θs
∂N

����
PL

=
q00i L
kbfΔT

=Qi:

ð36Þ

Interface boundary of the wall and porous layer:

θwjwall = θnf
��
PL

= θsjPL
Rk

∂θw
∂N

����
wall

= ε 1+Ncϕð Þ∂θnf
∂N

����
PL

+ 1−εð ÞKr
∂θs
∂N

����
PL

=
q00i L
kbfΔT

=Qi:
ð37Þ

Boundary conditions on the outer surfaces:

8 MEHRYAN ET AL.



V X ,0ð Þ=U X ,0ð Þ=0,
∂θw X ,0ð Þ

∂Y
=
∂θnf X ,0ð Þ

∂Y
=
∂θs X ,0ð Þ

∂Y
=0

V X ,1ð Þ=U X ,1ð Þ=0,
∂θw X ,1ð Þ

∂Y
=
∂θnf X ,1ð Þ

∂Y
=
∂θs X ,1ð Þ

∂Y
=0

V 1,Yð Þ=0,U 1,Yð Þ=0, θw 0,Yð Þ=1,θnf 1,Yð Þ=0:

ð38Þ

A reference pressure point at the top of wall-porous layer interface with zero pressure is introduced. The physical
quantity of interest in the current study is the heat transfer through the wall Qw:

Qw = −Rk
∂θw
∂X

� �
X =0,D

: ð39Þ

In addition, the heat transfer rates through the fluid and solid structures of the porous medium are respectively
defined as:

Nunfp = − 1+Ncϕð Þ ∂θnf
∂X

� �
X =D

,Nus = −Kr
∂θs
∂X

� �
X =D

: ð40Þ

The average rate of heat passing through the wall �Qw, and the average Nusselt numbers �Nunfp, and �Nus are

�Qw =
ð1
0

QwdY , �Nu=
ð1
0

NudY : ð41Þ

Moreover, by using Equation 37, the following relation at the interfaces of the wall-porous layer can be established
as

�Qw = ε �Nunfp + 1−εð Þ �Nus at X =D: ð42Þ

To find the impact of dispersing the nano-encapsulated particles, the below-mentioned ratios can be discussed:

Qr =
�Qwjφ

�Qwjφ=0

,Q
0
r =

�Qwjφ,Ste!∞
�Qwjφ=0

,Q
00
r =

Qr

Q
0
r

=
�Qwjφ

�Qwjφ,Ste!∞
: ð43Þ

Qr ratio shows the augmentation or reduction of the heat transfer rate because of dispersing the NEPCM particles
inside the host fluid. When the core of the NEPCM particles does not undergo any phase change, the impacts of dispers-
ing the particles inside the base fluid is represented by Q0

r . On the other hand, when the core of the particles experiences
phase change, the influence of the presence of the NEPCM on the total heat transfer is investigated by Q00

r . Ultimately, a
Poisson equation is solved to better visualize the suspension flow:

∂2Ψ

∂X2 +
∂2Ψ

∂Y 2 = −
∂V
∂X

−
∂U
∂Y

� �
: ð44Þ

The cavity walls are considered as Ψ = 0.
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3 | NUMERICAL METHOD AND VALIDATIONS

3.1 | Grid check and validations

The nondimensional governing equations subject to the boundary conditions is solved numerically using a weighted
finite element method, named Galerkin method. The discretization of the computational region is done using a non-
uniform structured grid. The damped Newton approach is applied to fully couple the governing discretized equations.
Finally, the solution for the corresponding linear algebraic equations is acquired using the Parallel Sparse Direct Solver.
The computation is terminated when the residuals for all dependent variables become less than 10−5. The used numeri-
cal method is described in detail in Zienkiewicz et al.54

The grid check survey is conducted for the present study to guarantee a grid independent solution. Five various non-
uniform grid sizes are considered to select the appropriate grid size, as tabulated in Table 2. The results for the average
Nusselt number over the hot vertical wall and the maximum velocity inside the porous cavity are presented for each
grid size when Ste = 0.2, θf = 0.1, and ϕ = 0.05. It is noteworthy that the grids generated near the vertical and horizon-
tal boundaries are considered denser to handle the steep gradients of temperature and velocity. Consequently, by con-
sidering the computational cost and accuracy, the nonuniform grid size of 150 × 150, specified in bold in Table 2, has
been selected for the following analysis.

3.2 | Validations with others

The accuracy of the utilized numerical code can be proved by comparisons between the current outcomes and those
reported in other studies.55–58 Tables 3 and 4 and Figure 2 show these evaluations. As seen, the utilized code is reliable
with high accuracy.

4 | RESULTS AND DISCUSSION

To focus the investigation on the phase change aspects of the core of the NEPCMs particles, we varied the volume frac-
tion of the NEPCM particles in the range of 0.0 ≤ ϕ ≤ 5%, dimensionless fusion temperature in the range of 0.05 ≤ θf ≤ 1,
and the Stefan number in the range of 0.2 ≤ Ste ≤ ∞. While the other parameters are fixed at Pr = 6.2, Nc = 23.8,
Nv = 12.5, δ = 0.05, Ra = 106, D = 0.15, S = 0.35, ε = 0.8, Da = 10−2, H = 500, Kr = 10, and Rk = 50, λ = 0.32. The pre-
sent study is set as dimensionless; however, for brevity, the “nondimensional” is dropped from the parameters in the
forthcoming discussions.

Figure 3 portrays the influence of the fusion temperature (θf) on the streamlines, isotherms, and melting-
solidification zone. Since we set the study for dominant natural convection (Ra = 106), strong recirculation and

TABLE 2 Grid test when Ste = 0.2, θf = 0.1, and ϕ = 5%

Number of elements Qw Error (%) Ψmax Error (%)

50 × 50 20.643 32.392

100 × 100 20.646 0.0145 32.455 0.1945

150 × 150 20.652 0.0290 32.465 0.0308

200 × 200 20.653 0.0049 32.469 0.0123

250 × 250 20.653 0 32.471 0.0061

Note. Bold indicates the utilized grid size for computations.

TABLE 3 A comparison between the results of current work and those of Kahveci55 for the average Nusselt number when Ra = 106

ϕ 0 0.05

Present study 9.20 9.76

Kahveci et al44 9.23 9.783
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stratified isotherms are observed in the first and second columns of Figure 3, respectively. With very low fusion temper-
ate (θf = 0.1), Figure 3A depicts a strong recirculation, and the distribution of the heat capacity ratio, that is, Cr, (the
fourth column) shows that the phase change process of the core of the NEPCM particles undergoes within a limited
zone (melting-solidification zone). In fact, the core of the NEPCM particles on the left side of the melting-solidification
zone is fully melted, and it release the stored heat while passing through this zone. Increasing θf from 0.1 to 0.4, the
zone of the phase change expands and moves away from the cold wall and tends toward the center of the enclosure. As

TABLE 4 The average Nussle number of a porous media occupied with a suspension of water and Cu particles for Ra × Da = 103

ϕ Sheremet et al57 Sun and Pop56 Present work

0.1 9.41 9.42 9.42

0.2 12.84 12.85 12.85

FIGURE 2 Temperature distribution obtained in the current code

and by Turan et al58 [Colour figure can be viewed at wileyonlinelibrary.

com]

FIGURE 3 Streamlines,

isotherms, and heat capacity

ratio contours with fusion

temperature: (A) θf = 0.1,

(B) θf = 0.4, (C) and θf = 0.7

when Ste = 0.2 and ϕ = 5%

[Colour figure can be viewed at

wileyonlinelibrary.com]
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a result, more NEPCM particles can undergo the phase change. The flow paths demonstrate that when θf = 0.4, a large
number of NEPCM particles passes through the melting-solidification zone. This, in turn, emerges higher thermal stor-
age by the NEPCM particles; thus, the recirculation weakens, as shown in Figure 3B. For higher fusion temperature
(θf = 0.7), the melting-solidification zone becomes close to the solid wall and fewer NEPCM particles undergo the phase
change; thus, the recirculation recovers some strength and expands to the porous layer (Figure 3C). It must be asserted
that the isotherms of the fluid phase corresponding to the fusion temperature, shown in the third column of Figure 3,
are most affected by the fusion temperature value. In fact, it is obvious that the surface of isothermal area surrounding
the melting point temperature is expanded. The reason is that the heat is more absorbed by the core of nanoparticles
during the phase change process with approximately no temperature rise. The temperature field of the fluid phase per-
ceptibly is similar to that of the solid matrix in the areas far from the solidification-melting zones (the second column).
However, it is found that the phase change of the core of the NEPCM particles amplifies the LTNE between the suspen-
sion and the solid matrix.

To investigate the effect of the Stefan number (Ste), the scenario of Figure 3 is repeated for a higher Ste of 0.7, and
the results are presented in Figure 4. High Ste accounts for low latent heat of the NEPCM particles. Therefore, the phase
change zones shrink, and the NEPCM particles absorb less heat energy compared with those of Ste = 0.2. Consequently,
the stored heat in the core of the NEPCMs particles decreases, and this results in magnifying the stream function, as
shown in Figure 4. Finally, it can be seen that the dependency of the governing fields on the θf increases when the Ste
decreases.

For θf = 0.4 and Ste = 0.2, the effect of the volume fraction of the NEPCM particles, that is, ϕ, on the governing
fields is considered and presented in Figure 5. As Figure 5A to C illustrates, dispersing more NEPCMs inside the host
fluid elevates the flow strength. The second column of Figure 4 shows that the isotherms of the solid matrix move
slightly toward to the side solid wall and the upper bound of the enclosure. This trend can also be seen for the tempera-
ture field of the fluid phase, leading to an increase in the temperature gradient. The fluid temperature remains approxi-
mately constant in a wider area with the increment of the volume fraction of NEPCMs. This can be manifestly seen
from the movement of the isotherms in the vicinity of the corresponding fusion temperature, resulting in a larger area
with constant temperature. This is due to the core of a larger number of NEPCMs undergoes the phase change. Thus,
the heat is stored in the core of NEPCM particles during phase change, resulting in an increase in the surface of the
isothermal area.

The maps presented in Figure 6 display the variations of the average heat transfer in the cavity. The figure shows
that the NEPCM particles dispersed in the host fluid augment the heat transfer in the cavity; this is due to the

FIGURE 4 Streamlines,

isotherms, and heat capacity

ratio contours with fusion

temperature: (A) θf = 0.1,

(B) θf = 0.4, and (C) θf = 0.7

when Ste = 0.7 and ϕ = 5%

[Colour figure can be viewed at

wileyonlinelibrary.com]
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simultaneous increment of the thermal conductivity and heat capacity. Figure 6A indicates a marginal effect of fusion
temperature on the heat transfer when ϕ ≤ 0.01. However, the bell-shaped lines of the constant heat transfer are associ-
ated when ϕ ≥ 0.01.

It is clear from Figure 6A that the maximum heat transfer occurs at the highest volume fraction and θf ranges from
0.2 to 0.6. This is due to that the maximum number of NEPCM particles undergo the phase change in this range of θf,
due to the position of the melting-solidification zone. Essentially, when 0.2 ≤ θf ≤ 0.4, a larger number of NEPCM parti-
cles release their latent heat while passing the solidification-melting range (as depicted in Figures 3 and 4B). Hence,
higher amount of heat can be transferred from the hot zone (the left side of the melting-solidification zone) to the cold
one (the right side of the melting-solidification zone). The other map (Figure 6B) portrays an adverse effect of the Stefan
number, especially at higher volume fraction. Stefan number inversely correlates with the latent heat of fusion, and
hence, the higher Ste, the lower latent heat of fusion. Indeed, the higher values of Ste results in a reduction of the heat
required for charging or fusion. This, as shown in Figure 6B, leads to a strong shrinkage in the range of the maximal
heat transfer.

For a better understanding of dispersing the NEPCM particles in the base fluid, the ratio of the enhanced heat trans-
fer to that of the pure fluid (Qr) is plotted versus θf and Ste separately in Figure 7. According to Equation 33, neither θf

FIGURE 5 Streamlines,

isotherms, and Cr ratio contours

with volume fraction of the

NEPCMs particles: (A) ϕ = 0.0,

(B) ϕ = 0.025, and (C) ϕ = 0.05

when Ste = 0.2 and θf = 0.4

[Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 6 Maps of the average

heat transfer �Qw for (A) θf and ϕ when

Ste = 0.2 and (B) Ste and ϕ when

θf = 0.4 [Colour figure can be viewed at

wileyonlinelibrary.com]
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nor Ste affects the rate of heat transfer for pure fluid as no phase change undergoes. Figure 7A shows that the suspen-
sion composed of volume fraction of ϕ = 0.05 and θf = 0.35 enhances the heat transfer rate by 1.29 times compared with
the pure fluid. Figure 7B presents that the adverse action of Ste is notably observed with the higher nanoparticles load-
ing. Raising ϕ from 0 to 0.05, enhances Qr by 29% and 22% when Ste = 0.2 and 1, respectively. Figure 8 displays the role
of the NEPCM particles on the average heat transfer (shown with Q0

r ), when their latent heat is negligible (Ste �!∞).
The ratio of Q0

r that is given in Equation 43 shows that when Ste tends to ∞, the latent energy storage/release of
nanoparticles approaches zero, and hence, the results of Figure 8 are independent of a fusion temperature. The figure
endorses a continuous augmentation of the heat transfer rate with ϕ due to the enhancement of the thermal conductiv-
ity of the suspension.

FIGURE 7 Variation of Qr with (A) θf
(Ste = 0.2) and (B) Ste (θf = 0.4) for different

values of volume fractions [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 8 Variation of Q0
r with volume fraction of nano-

encapsulated phase change materials (NEPCMs) [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 9 Variation of Q00
r with

the volume fraction of nano-

encapsulated phase change materials

(NEPCMs) particles for (A) different

values of fusion temperature (Ste = 0.2)

and (B) Stefan number (θf = 0.4)

[Colour figure can be viewed at

wileyonlinelibrary.com]
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As shown by Q00
r and mapped in Figure 9, the enhancement rate of the heat transfer induced by presence of the

nano-capsules of PCMs is normalized with the case of simple nanoparticles with no phase change. The maps show a
steep effect of fusion temperature even with moderate nanoparticles volume fraction. The perfect ranges that gives max-
imum rate of heat transfer are indicated when ϕ = 0.05 and 0.25 ≤ θf ≤ 0.475, as shown in Figure 9A. Regarding Stefan
number, Figure 9B asserts the adverse effect of lower latent heat of the core of the nanoparticles, and this effect
becomes notable at high nanoparticles volume fraction.

5 | CONCLUSIONS

Three layers, solid, porous, and clear layer, confined in square cavity saturated with suspension of water and NEPCMs
particles are heated differentially and analyzed numerically using the finite element method. The LTNE between the
porous solid matrix and the suspension is taken into consideration. The study is focused on the effect of the fusion tem-
perature of the core of NEPCM particles, Stefan number, and nanoparticles volume fraction. The numerical results
were asserted to be accurate by comparing with other studies. The following conclusions are drawn from the results.

1. The LTNE is an important problem that should be taken into account with the analysis of heat transfer process of
PCMs and especially when these materials are encapsulated in nanoparticles (NEPCM).

2. Higher Stefan number shrinks the zone of phase changing and deteriorates the rate of heat transfer in the overall
system. This action of Stefan number becomes notable at higher volume fraction of NEPCMs.

3. Higher fusion temperature leads to rise up the melting phase change zone to the upper part of the cavity.
4. To get maximal heat transfer rate, the nanoparticles volume fraction should be as high as possible, and the fusion

temperature should range between 0.2 and 0.6.
5. The enhancement of heat transfer rate can reach to about 29% when the volume fraction of the NEPCM is raised

from 0 to 0.05.
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NOMENCLATURE
Cp specific heat capacity (J kg−1 K−1)
Cr heat capacity ratio
d thickness of the conjugate wall (m)
D nondimensional thickness of the conjugate wall
Da Darcy number
f nondimensional fusion function
g gravity (m s−2)
h the heat transfer coefficient between the suspension in pores and porous matrix (W m−3 K−1)
hsf latent heat of the core (kJ kg−1)
H interface heat transfer coefficient
k thermal conductivity (W m−1 K−1)
K permeability of the porous medium (m2)
Kr thermal conductivity ratio of the base fluid to the porous medium
L the length and width of size of the square cavity (m)
Nc number of thermal conductivity
Nv number of dynamic viscosity

Nu Nusselt number (local)
�Nu Nusselt number (average)
p the suspension pressure (Pa)
P the nondimensional pressure of the suspension
Pr Prandtl number
q00i the total heat flux at interfacial interface (W m−2)
Qw the nondimensional heat transfer at the conjugate wall (local)
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�Qw the nondimensional heat transfer at the conjugate wall (average)
Ra Rayleigh number
Rk the ratio of the thermal conductivity of the wall to the thermal conductivity of the base fluid
s the thickness of the porous layer (m)
S nondimensional thickness of the porous layer
Ste Stefan number
T Temperature field (K)
TMr the phase change bond (K)
u, v velocity components along x, y directions, respectively (m s−1)
U, V dimensionless velocity components along X, Y directions, respectively
x, y Cartesian coordinates (m)
X, Y dimensionless Cartesian coordinates

GREEK SYMBOLS
α effective thermal diffusivity (m2 s−1)
β the thermal expansion coefficient of the fluid (K−1)
δ nondimensional melting range
λ the sensible heat capacity ratio
ε porosity of the porous medium
θ dimensionless temperature
ι core-shell weight ratio
μ dynamic viscosity (kg m−1 s−1)
ρ density (kg m−3)
ϕ nanoparticle volume fraction
Ψ dimensionless stream function

SUBSCRIPTS
bf base fluid
c cold
CL clear layer
co core
eff effective
f fusion
h hot
nf suspension
p nanoparticle
PL porous layer
s solid porous matrix
sh nano particle's shell
w wall
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