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A B S T R A C T

Due to the instinctive temperature-dependent heat capacity of the Nano-Encapsulated Phase Change Material
(NEPCM), there is a growing interest in the potential applications of such materials in heat transfer. As such,
steady-state natural convection in a porous enclosure saturated with nanofluid using NEPCMs has been investi-
gated in this study. The cavity is assumed to have constant hot and cold temperatures at the left and right vertical
boundaries, respectively, and fully insulated from the bottom and top walls. Considering the Local Thermal Non-
equilibrium (LTNE) approach for the porous structure, the governing equations are first non-dimensionalized and
then solved by employing the finite element Galerkin method. The impact of different parameters, such as porous
thermal conductivity (ks), solid-fluid interface heat transfer (10 � H � 105), Stefan number (0.2 � Ste � 1), and
volume fraction of nanoparticles (0.0 � φ � 0.05) on the patterns of the fluid and solid isotherms, streamlines and
the contours of the heat capacity ratio, fusion temperature (0.05 � θf � 1), local and average Nusselt numbers,
and overall heat transfer ratio has been studied. It is shown that improving the porous thermal conductivity not
only leads to an increase in the rate of heat transfer but also augments the fluid flow inside the cavity. For low
values of the Ste, the rate of heat, transferred in the porous enclosure, is intensified. However, regardless of the
amount of the Stefan number, the maximum rate of heat transfer is achievable when the non-dimensional fusion
temperature is approximately 0.5. Employing NEPCMs in a highly conductive porous structure is more efficacious
only when the phases are in the state of local thermal equilibrium. Nonetheless, the rate of heat transfer is higher
when the Local thermal non-equilibrium is validated between the phases. Besides, for poor thermal conductivity
of the porous medium like glass balls (LTE condition), adding 5% of the nano-encapsulated phase change ma-
terials to pure water can boost the rate of heat transfer up to 47% (for Ste ¼ 0.2 and θf ¼ 0.5). This thermal
investigation of NEPCMs shows in detail how advantageous are these nanoparticles in heat transfer and opens up
an avenue for further application-based studies.
1. Introduction

Phase Change Materials (PCM), owing to their admirable features in
storing and releasing energy during their phase transition, are exten-
sively employed for meticulously managing thermal systems. PCMs are
usually employed as reliable agents for cooling the overheating elec-
tronic gadgets and controlling thermal processes [1, 2]. Besides, one of
the acclaimed application of PCMs is in Thermal Energy Storage (TES)
systems. In essence, since the PCMs could release energy when the
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surrounding is freezing and absorb energy when melting, they have been
extensively employed in thermal energy storage systems and their fea-
tures have been studied by numerous researchers, both experimentally
and numerically.

Nonetheless, knowing the fact that the PCMs have low thermal con-
ductivity by instinct, which extremely affects the thermal performance in
thermal energy systems, many investigators have tried to increase the
overall thermal performance of the systems implementing several
methods, such as using porous metal foams [3, 4, 5, 6], metal matrix [7],
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Figure 1. Schematic view of the geometry.

Figure 2. The adopted grid to discretizing the domain; the size of the grid is
200�200 with a stretching ratio of eight.
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fin [8, 9, 10, 11], and nanoparticles dispersed into the PCMs [12, 13, 14,
15], and nano-encapsulation PCMs [16, 17, 18, 19]. Since nanoparticles
play a promising role in enhancing the thermal performance of multi-
farious systems, the mixture of PCM and nanoparticles to produce
Nano-enhanced Phase Change Materials (NePCM) has been extensively
investigated. In this approach, conventional nanoparticles are dispersed
in a phase change material to improve the thermal conductivity of the
mixture. The impacts of dispersing the copper nanoparticles in a PCM on
its thermophysical properties and the melting/solidification time were
studied byWu et al. [20]. They found that the thermal conductivity of the
PCM can be improved up to 14.2% and 18.1% in the solid and liquid
phases. The outcomes also presented a reduction in the solid-
ification/melting time by dispersing a 1% mass fraction of the
nanoparticles.

According to the experiments of [21], adding nano-sized particles to
pure phase change materials alter their rheological properties. Gha-
lambaz et al. [22], for the first time, using the Power-Law model, studied
the impact of rheological properties of the nano-enhanced PCMs on their
melting rate and revealed that, owing to the increment of the apparent
viscosity, the melting rate remarkably decreases with increasing the
volume fraction of nanoparticles. Further, they showed that the rate of
heat transfer increases when the melted nano-PCM exhibits
shear-thinning behavior (i.e., lower Power-Law index). The also studied
Table 1. Thermophysical properties of solid matrix and the components of the suspe

Property ρ (Kgm–3) k (Wm–1K–1)

Base fluid 997.1 0.613

Glass balls 2700 1.05

Aluminum foam 2700 205

Cooper foam 8933 400

PU 786 -

Nonadecane 721 -

Table 2. Dependency of the average Nusselt numbers of fluid and solid phases and the
Da ¼ 3.1�10�4, θf ¼ 0.05, ε ¼ 0.92, φ ¼ 0.05, ks ¼ 1.05, λ ¼ 0.32225 and H ¼ 100)

Grid size 50�50 100�100 150�15

Nunf 18.4252 18.4134 18.4119

Nus 9.8124 9.8065 9.8055

ømax 29.3192 29.3921 29.4054
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the simultaneous impacts of magneto- and ferro-hydrodynamics on
melted volume fraction and melting front of the nano-enhanced PCM and
showed that the melted volume fraction increases with the increment of
the magnetic parameter and declines when the Hartman number
elevates.

The melting phenomenon of the nano-phase change material inside
an enclosure, in which aluminum oxide (Al2O3) and water are used as
nanoparticles and PCMs, is studied in [23]. The outcomes show that
mixing nanoparticles with water-PCM enhances the thermal conductiv-
ity, melting performance, and viscosity of the nano-PCM; however, as
viscosity increases, convection heat transfer decreases. The influence of
cyclic melting and solidification of NePCMs based heat sink on managing
heat transfer in electronic systems has been studied numerically
considering copper oxide (CuO) as nanoparticle and n-Eicosane as PCM
[24]. It is shown that the addition of CuO increases the melting rate from
0 to 5%. The decline in the base temperature of the heat sink, down to 4
�C, was observed, which is appropriate for electronic utilization.

The application of nano-PCM in energy storage systems using CuO
nanoparticles and cyclohexane PCM, embedded in a porous material, has
also investigated numerically [15]. It is shown that when the porosity in
the porous medium is small and the volume fraction of nanoparticles is
nsion [31].

Cp (Jkg–1K–1) μ (kgm–1s–1) β (K–1)

4179 8.9�10�4 21.0�10�5

840 - 0.90�10�5

897 - 2.22�10�5

385 - 1.67�10�5

1317.7 - -

2037 - -

flow strength with grid size (Ra ¼ 107, Pr ¼ 6.2, Ste ¼ 0.2, Nc ¼ 23.8, Nv ¼ 12.5,
.

0 200�200 250�250 300�300

18.4108 18.4114 18.4113

9.8049 9.8051 9.8050

29.4117 29.4139 29.4137



Figure 3. Local Nusselt numbers of fluid and solid phases for different grid size
(Ra ¼ 107, Pr ¼ 6.2, Ste ¼ 0.2, Nc ¼ 23.8, Nv ¼ 12.5, Da ¼ 3.1�10�4, θf ¼ 0.05,
ε ¼ 0.92, φ ¼ 0.05, ks ¼ 1.05, λ ¼ 0.322 and H ¼ 100).

Figure 4. The comparison between Nusselt numbers of fluid and solid phases of
the current study and the study conducted by Baytas and Pop [61].

M. Ghalambaz et al. Heliyon 6 (2020) e03823
high, the nano-PCM is melted faster. Moreover, the completion of the
melting process needs less energy in the higher volume fraction of CuO.
Thermal management in electronic components is predicted by
employing carbon foam matrix saturated with PCM (Paraffin wax
(RT65)) and Multi-Wall Carbon Nano Tubes (MWCNTs) [25]. Thermal
conductivity improvement in the carbon foam microcells is observed. A
significant decrease in the temperature of electronic equipment was
Table 3. The average Nusselt number for a clear flow cavity filled with a nanofluid obt
¼ 2.88, Pr ¼ 6.2, and Ra ¼ 106.

φ 0

Current investigation 9.200

Kahveci [60] 9.230

3

achieved. Using carbon foam porosities 75% and 88% leads to 11.5% and
7.8% reduction in the surface temperature of electronic components,
respectively. Considering n-octadecane paraffin dispersed with Cu
nanoparticles, the effect of NePCM melting in partially-filled horizontal
elliptical cavities has been investigated [26]. The cavities with different
aspect ratios are assumed, and it is concluded that although increasing
the nanoparticles-concentration would enhance the melting rate, it cau-
ses a decrease in the amount of the phase change materials [26].

Using copper (Cu)/water as nanoparticle/PCM, several researchers
investigated the performance of this combination on the solidification of
PCMs in the trapezoidal cavity [27], latent heat storage considering wavy
surface [28], and thermal energy storage in annuli [29]. In these studies
[27, 28, 29], it is shown that the dispersion of nanoparticles in PCM
causes a noticeable decrease in solidification or freezing as well as
enhancement in heat release. It is found that employing various PCMs
with a declining order of melting temperature is more effective in ther-
mal energy storage [30].

Another approach of using phase change materials for energy storage
and thermal enhancement is using Nano-Encapsulated Phase Change
Materials (NEPCMs). In this approach, the phase change materials are
encapsulated in a nanoshell, in the form of a nano-encapsulated phase
change particle. Then, these nano-encapsulated phase change particles
can be dispersed in a host liquid and produce a suspension. Barlak et al.
[31] experimentally studied the dynamic viscosity and thermal conduc-
tivity of two different types of suspensions prepared by NEPCMs particles
dispersed in ethylene and water as the base fluids. They found the up-
ward and downward tendencies in the viscosity of the suspensions with
increases in the volume fraction of NEPCMs particles and temperature,
respectively. Also, the thermal conductivity of the suspensions was
observed to increase with increasing the volume fraction of NEPCMs
particles and temperature.

Considering a suspension of nano-encapsulated phase change mate-
rials, there are only a few literature studies. Ghalambaz et al. [32]
modeled the free convection of a suspension of NEPCMs in a cavity with
temperature difference side-walls. The NEPCM particles circulate in the
cavity along with the fluid. When they reach to a hot region with a
temperature higher than their fusion temperature, the PCM core of the
nanoparticle absorbs the heat and undergoes a phase change process.
Accordingly, when the NEPCM particle reaches a cold region below the
fusion temperature, the core of the particle releases its latent heat and
phase change to solid. The results of [32] indicate about 10% heat
transfer enhancement due to the presence of NEPCM particles. The per-
formance of using NEPCMs also depends on the fusion temperature of
NEPCMs. Following Ghalambaz et al. [32], Hajjar et al. [33] explored the
unsteady heat transfer of NEPCMs in an enclosure-cavity with a
time-periodic hot wall temperature. The results of the unsteady-study
heat transfer demonstrated a 21% thermal enhancement by using a
2.5% volume fraction of NEPCM particles.

Heat transfer in porous media is widely investigated due to its
importance in industry, and different aspects of porous and fluid char-
acteristics have been studied [34, 35, 36, 37]. In fact, in the cases which
porous medium thermal conductivity is approximately low or there is
high interaction between the base fluid and porous structure, it is entirely
reasonable to consider the model of Local Thermal Equilibrium (LTE) for
the system in which the temperatures of porous medium and fluid have
almost the same value. This assumption simplifies the issue through
which the fluid and porous medium can be considered as a uniform
mixture. However, there are multiple other cases, mostly when the
ained in the present study and those reported by Kahveci [60] when Nc¼ 3.3, Nv

0.05 0.1

9.760 10.300

9.783 10.297



Figure 5. Influence of the fusion temperature on the isotherms of fluid (solid black lines) and solid (dashed red lines), streamlines, and the contour of heat capacity
ratio (φ ¼ 0.05, Ste ¼ 0.2, ks ¼ 1.05 and H ¼ 100).
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porous is saturated with nanofluid; the temperature of the porous me-
dium is noticeably different from fluid [38, 39, 40, 41, 42]. In this regard,
the consideration of LTE is no longer valid and assuming Local Thermal
Non-Equilibrium (LTNE) model between the porous and fluid is more
rational. Various aspects of LTNE models for regular nanofluids such as
conjugate heat transfer [38], hybrid nanofluids [39], partially porous
layer (fin) [41], and internal heat generation [43] are investigated in a
porous cavity.

Alsabery et al. [38] studied the impacts of the LTNE conditions on the
natural convection of the Al2O3 nanofluid flowing in a porous medium
with the hot bottomwavy bound and a centered non-isothermal cylinder.
The heat transfer through the fluid phase was found to increase at high
values of porosity by the augmentation of the volume fraction, while an
increasing-decreasing tendency was observed at low values of porosity.
Mehryan et al. [44] analyzed the free convection of a magnetic hybrid
suspension flowing in a double-porous media by utilizing a two-equation
energy model. The numerical results showed that an enhancement in the
heat transfer rate can be obtained with a decrease in the ratio of the
solid-liquid interface convection parameter of the lower layer to the
upper one.
4

Moreover, using NEPCMs, dispersed in the fluid, causes a remarkable
difference between the abovementioned temperatures, and conse-
quently, the problem should be solved with LTNE assumption. Consid-
ering the heat transfer of NEPCMs in porous media, Ghalambaz et al. [45]
studied the mixed convection of NEPCMs in the boundary layer of a
vertical flat plate embedded in a porous space. It was assumed that there
is a local-thermal equilibrium for the porous medium and NEPCMs sus-
pension. The results show that the presence of NEPCM particles always
improves the mixed convection heat transfer. Moreover, the thermal
enhancement of using NEPCMs is under a significant influence of the
fusion temperature of NEPCM cores. In a very recent study, Ghalambaz
et al. [46] theoretically addressed the transient free convection of
NEPCMs in a cavity filled with a porous medium using the LTE model.
They used the low thermal conductive glass-balls as the porous medium.
Due to the low thermal conductivity of the glass-ball porous matrix, the
assumption of LTE was justified. However, high thermally conductive
metal-foams with the high porosity and the large surface area inside the
pores are promising for better heat transfer and fast charging/discharg-
ing of NEPCMs.

Regarding the free convection of NEPCMs, Ghalambaz et al. [32] and
Hajjar et al. [33] studied the heat transfer of NEPCMs in a clear cavity



Figure 6. Influence of the thermal conductivity of the porous matrix on the isotherms of fluid (solid black lines) and solid (dashed red lines), streamlines, and contour
of the heat capacity ratio (φ ¼ 0.05, Ste ¼ 0.2, ks ¼ 1.05 and H ¼ 100).
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with no porous medium, while Ghalambaz et al. [46] addressed the
unsteady heat transfer of NEPCMs in a cavity filled with a porous medium
using LTE model. As seen, there are only a few studies regarding the free
convection heat transfer of NEPCMs. As mentioned, the LTE model ne-
glects the temperature difference between the porous matrix and the
working fluid and is limited to the low thermal conductive porous ma-
terial. However, the LTNE model, which is the subject of the present
research, takes into account the temperature difference between the
porous matrix and working fluid by an extra PDE and is capable of
modeling high thermally conductive materials such as metal foams. The
motivation behind the present work is to investigate free convection of a
suspension of NEPCM in a porous cavity by taking into account the LTNE
effects.

2. Problem physics

A geometric model of the porous square cavity having the charac-
teristic length of L is demonstrated in Figure 1. The left and right sides of
the chamber act as the warm and cold surfaces with the Th and Tc tem-
peratures. The other bounds are perfectly insulated. The working fluid is
a suspension of NEPCM particles and water. The temperatures of the
5

suspension and the solid matrix are locally different. The energy balance
between the components of the porous medium is microscopically
established as a result of the LTNE assumption. The NEPCM particles
have two parts; phase-change core and shell. The materials making the
core and shell are nonadecane and polyurethane (PU). Three different
materials are chosen as the solid matrix; glass balls, aluminum, and
copper metal foams. The thermophysical properties of the solid matrix
and the components of the suspension are tabulated in Table 1.

It is assumed that the temperature differences between the hot wall
and the cold wall are limited, so that, the Boussinesq approximation is
employed to model the buoyancy forces due to the temperature differ-
ences in the fluid. As the flow is natural convection and confined in the
porous structure, the flow is considered as laminar. Most of the liquids in
typical situations can be regarded as incompressible and Newtonian. The
NEPCM suspension remains uniform, and the surface of the porous ma-
trix is treated to prevent the sedimentation or filtration of NEPCM par-
ticles. The NEPCMs are also treated by charge methods or additives to
prevent agglomeration. The porous medium is saturated with the liquid,
and there is no capillary effect. The source of convection heat transfer is a
temperature difference. Finally, the temperature difference between the
porous matrix and the liquid inside the pores is taken into account, which



Figure 7. Influence of the thermal conductivity of the porous matrix on the isotherms of fluid (solid black lines) and solid (dashed red lines), streamlines and contour
of the heat capacity ratio (φ ¼ 0.05, Ste ¼ 0.2, ks ¼ 205 and θf ¼ 0.5).
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led to the LTNE model. Invoking the mentioned assumptions, the gov-
erning equations for the steady-state, laminar and incompressible fluid
flow and LTNE heat transfer in porous medium and liquid inside the
porous medium are introduced. Here, following the standard equation of
Darcy Brinkman model for flow and LTNE model for heat transfer of a
liquid [47], the governing equations of the fluid and solid are:

∂u
∂xþ

∂v
∂y ¼ 0 (1)

ρnf
ε2

�
u
∂u
∂xþ v

∂u
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�
∂2u
∂x2 þ

∂2u
∂y2

�
� μnf

κ
u (2)

ρnf
ε2

�
u
∂v
∂xþ v

∂v
∂y

�
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∂yþ
μnf
ε

�
∂2v
∂x2 þ

∂2v
∂y2

�
þ gρnf βnf

�
Tnf �Tc

�� μnf
κ
v (3)

�
ρCp

�
nf

�
u
∂Tnf

∂x þ v
∂Tnf

∂y

�
¼ εknf

�
∂2Tnf

∂x2 þ ∂2Tnf

∂y2

�
þ h

�
Ts � Tnf

�
(4)
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0¼ð1� εÞks
�
∂2Ts

∂x2 þ ∂2Ts

∂y2

�
þ h

�
Tnf � Ts

�
(5)
The boundary conditions in the mathematical form are as follows:

8 x; y j x¼ 0; 0� y�L ⇒ u¼ v¼ 0; Τnf ¼Τ s ¼Τh (6)

8 x; y
�� x¼ L; 0� y�L ⇒ u¼ v¼ 0; Τnf ¼Τ s ¼Τc (7)

in which the velocities at the walls are zero, and the temperatures at the
right and left walls are isothermal with hot and cold temperatures of Th
and Tc, respectively.

8 x; y

���������

y ¼ 0; 0 � x � L ⇒ u ¼ v ¼ 0;
∂Τnf

∂y ¼ ∂Τ s

∂y ¼ 0

y ¼ L; 0 � x � L ⇒ u ¼ v ¼ 0;
∂Τnf

∂y ¼ ∂Τ s

∂y ¼ 0

(8)

In the above equation, the top and bottom walls are impermeable,
with zero velocity and adiabatic.



Figure 8. Influence of the NEPCMs' volume fraction on the isotherms of fluid (solid black lines) and solid (dashed red lines), streamlines and contour of the heat
capacity ratio (Ste ¼ 0.2, ks ¼ 205 and θf ¼ 0.5).

Figure 9. Variation of the average Nusselt numbers of the fluid (left) and the solid matrix (right) with the fusion temperature and the Stefan number (φ ¼ 0.05, ks ¼
1.05 and H ¼ 100).
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2.1. Suspension bulk properties

The suspension is a mixture of NEPCM particles and the working
fluid; hence, the following equations are utilized to demine the effective
values of the thermophysical properties. The following weighted func-
tion is employed for achieving the density of suspension [48]:

ρnf ¼ð1�φÞρbf þ φρp (9)

In which the density of NEPCM particles is [48]:
7

ρp ¼
ð1þ χÞρcoρsh
ρsh þ χρco

(10)
where χ is the weight ratio of core to shell. The following weighted
function is employed to obtain the heat capacity of the suspension [49,
50]:

Cp; nf ¼
�
ρCp

�
p;effφþ �

ρCp

�
bf ð1� φÞ

ρnf
(11)

where the effective specific heat of nano-encapsulated particles, i.e.
Cp,p,eff, without phase change is [48]:



Figure 10. Impact of fusion temperature on the local values of the Nusselt numbers of the fluid (left) and the solid phase (right) (φ ¼ 0.05, Ste ¼ 0.2, ks ¼ 1.05 and H
¼ 100).
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�
ρCp

�
p
¼ Cp; co þ χCp; sh ρcoρsh

ðρ þ χρ Þ (12)
� �
sh co

If the core of the nanoparticles undergoes a phase change, which this
phase change is included in the heat capacity as [32].

Cp; p; eff ¼ Cp; p

�
π
2
:

�
hsf
TMr

� Cp; p

�
: sin

�
π
Tnf � T0

TMr

��8<
:

0 Tnf < T0

1 T0 < Tnf < T1

0 Tnf > T1

(13)

T0 and T1 are respectively, the lower and upper limits of melting
range TMr:

�
T0 ¼ Tf � TMr=2
T1 ¼ Tf TMr=2

(14)

Therefore, the heat capacity of the NEPCM particles consists of two
parts, the first part is the regular constant heat capacity, and the second
part is the latent heat which is modeled in the term of temperature-
Figure 11. Variation of the total heat transfer ratio with the fusion temperature
and the Stefan number (φ ¼ 0.05, ks ¼ 1.05 and H ¼ 100).
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dependent heat capacity with an energy absorption similar to the
amount of latent heat. The coefficient of thermal volume-expansion for
the NEPCM-suspension is as follows [16]:

βnf ¼ð1�φÞβbf þ φβp (15)

The presence of NEPCM particles changes the dynamic viscosity and
thermal conductivity of the suspension. Thus, the following linear func-
tions can be used to obtain the dynamic viscosity and thermal conduc-
tivity of NEPCM-suspension [51, 52]:

μnf ¼ μbf ð1þNvφÞ (16)

knf ¼ kbf ð1þNcφÞ (17)

Nv and Nc denote the numbers of dynamic viscosity and thermal
conductivity. A linear relation for dynamic viscosity and thermal con-
ductivity of nanofluids was proposed by benchmark studies of Buon-
giorno et al. [53] and Venerus et al. [54]. This relation later was
discussed and utilized in the study or Zaraki et al. [51] for nanofluids,
and the studies of Ghalambaz et al. [13, 55] for hybrid nanofluids and
nano-enhanced PCMs.

2.2. Non-dimensionalizing the equations and boundary conditions

Non-dimensionalization techniques facilitate the study of the prob-
lem at hand and lessen the number of free parameters. In the non-
dimensionalization technique, an appropriate combination of the fluid
properties and flow characteristics needs to be found. The following
dimensionless parameters are employed to non-dimensionalize the
equations and boundary conditions:

X ¼ x
L
; Y ¼ y

L
; U ¼ uL

αbf
; V ¼ vL

αbf
; P ¼ pL2

ρbf α
2
bf

;

θnf ¼ Tnf � Tc

ΔT
; θs ¼ Ts � Tc

ΔT

(18)

where ΔT ¼ Th � Tc. Invoking the non-dimensional parameters, the non-
dimensional form of the governing equations is then achieved as:

∂U
∂X þ ∂V

∂Y ¼ 0 (19)



Figure 12. Variation of the total heat transfer (left) and total heat transfer ratio (right) with the volume fraction of NEPCMs, interface heat transfer parameter and the
thermal conductivity of the porous matrix (Ste ¼ 0.2 and θf ¼ 0.5).

Figure 13. Variation of average Nusselt number for the suspension (left) and solid phase (right) with the volume fraction of NEPCMs, interface heat transfer
parameter and the thermal conductivity of the porous matrix (Ste ¼ 0.2 and θf ¼ 0.5).
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The parameters appeared in the non-dimensional Eqs. (20) and (21) ,
Rayleigh Ra, Prandtl Pr and Darcy Da numbers, are:

Ra¼ gρbf βbfΔTL3

αbf μbf
; Pr ¼ μbf

ρbfαbf
; Da ¼ κ

L2
(22)

Cr
�
U
∂θnf
∂X þV

∂θnf
∂Y

�
¼ ε

�
knf
kbf

��
∂2θnf
∂X2
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∂Y2
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(23)

where
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Cr¼
ρCp nf� � ¼ð1�φÞþφλþ φ

f (24)
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ρCp bf

δ Ste

λ, δ and Ste of the above relations, respectively, are:
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f of Eq. 25, the dimensionless fusion function, can be obtained by
substituting the non-dimension form of the parameters into Eq. 13. After
some simplifications, it reads

f ¼ π
2
sin

	π
δ

	
θ� θf þ δ

2




�
�
1

��θ � θf
�� � δ=2

0
��θ � θf

�� � δ=2
(26)

The dimensionless melting point of the core of NEPCM particles, i.e.,
θf, is:

θf ¼ Tf � Tc

Th � Tc
(27)

The energy balance equation for the solid matrix in the dimensionless
coordinates can be written as follows:
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0¼ð1� εÞ
�
ks
k

��
∂2θs
∂X2

þ ∂2θs
∂Y2

�
þ H

�
θnf � θs

�
(28)
bf

The dimensionless parameter of H, called the fluid-solid interface
heat transfer parameter, is:

H¼ hL2

kbf
(29)

Substituting the scales, the boundary conditions in the dimensionless
form acquired are:

8 X; Y j X¼ 0; 0�Y � 1 ⇒ U¼V ¼ 0; θnf ¼ θs ¼ 1 (30)

8 X; Y j X¼ 1; 0�Y � 1 ⇒ U¼V ¼ 0; θnf ¼ θs ¼ 0 (31)

8X;Y

��������
Y ¼ 0; 0 � X � 1 ⇒ U ¼ V ¼ 0;

∂θnf
∂Y ¼ ∂θs

∂Y ¼ 0

Y ¼ 1; 0 � X � 1 ⇒ U ¼ V ¼ 0;
∂θnf
∂Y ¼ ∂θs

∂Y ¼ 0

(32)

2.3. Heat transfer rates

The average Nusselt numbers for the fluid and solid phases are
determined as the following:

Nunf ¼
�
knf
kbf

�Z L

0

�
∂θnf
∂X

�
dY (33)

Nus ¼
�
ks
kbf

�Z L

0

�
∂θs
∂X

�
dY (34)

The weighted combination of the Nusselt numbers of fluid and solid
phases results in the total heat transfer, i.e., qnf :

qnf ¼ εknf

Z L

0

�
∂θnf
∂X

�
dY þ ksð1� εÞ

Z L

0

�
∂θs
∂X

�
dY (35)

or

Qnf ¼ qnf
kbf L

¼ εNunf þ ð1� εÞNus (36)

Qr is the total heat transfer ratio and shows the total enhancement or
deterioration of the heat transfer rate while using NEPCMs.

Qr ¼ Qnf

Qnf

��
φ¼0

¼ εNunf þ ð1� εÞNus�
εNunf þ ð1� εÞNus

�
φ¼0

(37)

3. Numerical analysis and grid verification

The non-dimensional, nonlinear, and coupled governing equations
are solved by employing the finite element method. For this purpose, the
equations of (19), (20), (21), (23) and (28) and their corresponding
boundary conditions are first rewritten in the weak form and the dis-
cretized utilizing the Galerkin method. Using the weak form of the
equation, the residual equations are achieved by performing integration
over the domain of the solution. Then, the Newton method is applied to
iteratively solve the set of algebraic residual equations by employing the
PARallel DIrect SOlver (PARDISO) solver [56, 57, 58]. A residual error O
(10�6) and a damping factor of 0.8 are utilized for the solution.

The damped Newton method, along with the Parallel Sparse Direct
Solver is implemented to solve the set of equations, algebraically. The
stopping criteria of 10�5 are used for residuals to stop the computations.
The details of this method are discussed in [59]. A structured
non-uniform grid with regular quadrilateral elements and the variable
stretching ratio is employed to discretize the domain. Theoretically, the
stretching approach allows producing a dense computational grid with
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high resolution wherever it is required, especially in the vicinity of solid
boundaries to capture the sharp variation of fluid behaviors. In the pre-
sent study, as can be seen from its schematic view in Figure 2, a stretched
grid with symmetrical distribution on both X and Y directions, and a
stretching factor of eight was generated.

Table 2 shows the average Nusselt numbers of the fluid and solid
matrix as well as the maximum value of the flow strength in the enclosure
for five grid sizes, wherein the experimental data of [31] are used for
some of the parameters. As observed, the evaluated parameters show to
be independent of the grid size and their maximum variations are less
than 1% between coarsest and finest utilized grids. Thus, for further
assessment, the graphs of the local Nusselt numbers of the fluid (on the
left vertical axis) and the solid (on the right vertical axis) on the hot wall
are depicted in Figure 3. As seen, the grid size of 200�200 shows satis-
fying accuracy and thus is acceptable to be used for simulations.

In a numerical study, the accuracy of the results needs to be
confirmed. Hence, the outcomes of the present investigation are
compared with several studies published in the literature [60, 61]. Table
3 illustrates the comparison between the heat transfer rates of the current
research and those reported by Kahveci [60]. The geometry of the square
enclosure and the applied boundary conditions in the work of Kahveci
[60] are quite similar to the present one. The enclosure is filled with a
nanofluid in which the dynamic viscosity and thermal conductivity
numbers were respectively 2.88 and 3.3. Clearly, a quite satisfactory
agreement between the outcomes of Kahveci [60] and ours can be found.
The comparison has been done for Nc ¼ 3.3, Nv ¼ 2.88, Pr ¼ 6.2, and Ra
¼ 106.

The results of the present work are further verified for the heat
transfer rates through fluid and solid phases of a fluid-saturated porous
medium enclosed in this paper with those presented by Baytas and Pop
[61] wherein, the LTNE condition was taken into account. The porous
medium enclosed was a square enclosure with a left hot and a right cold
wall. However, the upper and lower walls are adiabatic. The comparison
between the rates of heat transfer through the solid and fluid phases
between the results of the current work and the results presented by
Baytas and Pop [61] are conducted for different values of modified
solid-fluid interface heat transfer parameter (Hm ¼ H=ε), as depicted in
Figure 4. In this validation, Ra� Da ¼ 103. Further, the value of the
modified thermal conductivity ratio, Kr ¼ εkbf =ðks � εksÞ, is 10. As can
be seen from Figure 4, excellent matching can be observed.

4. Outcomes and discussion

Herein, the impacts of different involved parameters on the flow and
thermal fields of the suspensions comprising NEPCMS are analyzed.
These parameters are as follows: Stefan number (0.2 � Ste � 1), solid-
fluid interface heat transfer parameter (10 � H � 105), dimensionless
fusion-temperature (0.05 � θf � 1), volume fraction of the NEPCMs (0.0
� φ � 0.05), material of the solid matrix (ks ¼ 1.05, 205 and 400 W/m.
K). Here the conductivity and viscosity numbers are adopted as Nc ¼
23.8, Nv ¼ 12.5. Furthermore, water (Pr ¼ 6.2) is considered as the base
fluid. Besides, the values of the Darcy number, porosity of the porous
medium, the ratio of the heat capacity of the NEPCM particles to the base
liquid, and the Rayleigh number are considered to be constant at
3.1�10�4, 0.92, 0.32, and 107, respectively.

The contours of the fluid and solid temperatures, streamlines, and
heat capacity ratio are depicted in Figure 5. The red ribbons in the Cr
contours show the regions that the NEPCMs undergo a phase change, and
thus, the heat capacity increased. In fact, the PCMs in the capsules can be
found in three states: pure solid, pure liquid, or during the phase tran-
sition. The first two cases are treated as simple nanoparticles with no
specific feature or impact on the heat capacity (see Eq. (12) for these
cases). On the other hand, wherever the fluid temperature is around the
fusion temperature of the NEPCMs, or in other words, whenever phase
change occurs in the capsulated PCMs, an extra heat needs to be absorbed
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by these capsules to proceed the phase transition. A temperature-
dependent term models this additional latent heat in the heat capacity.
In other terms, the red ribbons depict the region where the PCMs in the
capsules are partially melted. Note that the heat capacity ratio is identical
to 0.966 wherever no phase change occurs inside capsules and the con-
tour presents the level 0.97. It can be seen that for each fusion temper-
ature, the red ribbon is developed around the corresponding isotherm. It
is worth mentioning that the heat capacity ratio approach to its
maximum, which is about four or higher, precisely on its equivalent
isothermal line.

The patterns of the streamlines and isotherms of the fluid and solid is
more affected for θf ¼ 0.5, and the flow strength is lower than the cases θf
¼ 0.1and 0.9. This can be explained by the fact that the fluid temperature
remains approximately constant during the phase change (i. e. on the red
ribbon), resulting in the reduction of the buoyancy force and thus the
decline of the fluid flow. The average value of the heat capacity for θf ¼
0.5 over the entire domain is

R R
Cr dA ¼ 1.2622, while for the cases of θf

¼ 0.1and 0.9 is equal and identical to
R R

Cr dA ¼ 1.4368. This means for
that θf ¼ 0.5, the phase change occurs in more capsules, or in other
words, the fluid temperature is almost constant in a larger area, and thus,
the fluid flow for this case is minimum.

Figure 6 illustrates the impact of the porous medium thermal-
conductivity on the patterns of the fluid and solid isotherms, stream-
lines, and the contours of Cr. Increasing thermal-conductivity of the
solid-matrix boosts the conduction mechanism and thus the heat transfer
is intensified, resulting in higher fluid flow in the cavity. Moreover, the
solid isotherms are almost vertical for higher ks, indicating that the
conduction heat transfer prevails for the solid matrix. A comparison be-
tween the solid isotherms reveals that for higher values of the ks, thermal
equilibrium only can be achieved in higher values of the solid-fluid
interface heat transfer parameter. The red ribbons in which the phase
change occurs for capsules enlarge by increasing the thermal conduc-
tivity of the porous medium specifying that more capsules are engaged in
the melting process due to thermal-conductivity augmentation.

The effect of the solid-fluid heat transfer parameter of the interface
(H) on the patterns of the fluid and solid isotherms, streamlines, and the
heat capacity ratio contours is presented in Figure 7. The solid-fluid heat
transfer parameter of the interface (H) indicates the pore-scale convec-
tive heat transfer between the solid matrix of a porous medium and the
liquid inside the pores. Thus is a measure of microscopic heat exchange
between the phases. For low values of the heat transfer parameter (H ¼
10), the non-equilibrium effect is considerable, resulting in significant
discrepancies between the fluid and solid temperature fields. Increasing
the H parameter brings the isotherms of solid and fluid phases closer to
each other. While the fluid isotherms slightly move away from the side
walls by increasing the heat transfer parameter, specifying a reduction in
the rate of fluid heat transfer, the solid ones get closer to the hot and cold
walls, indicating an increase in the rate of solid heat transfer. For high
values of the H parameter, the temperature isolines of fluid and solid are
coincided, indicating that the phases are in the state of the thermal
equilibrium. As seen, the flow strength is increased with augmentation of
the H parameter. The red ribbons in the contours of Cr enlarge and
widens as the H elevates from 10 to 103 and then narrows as H increases
to 105.

The influence of the volume fraction of the nano-encapsulated PCMs
on the patterns of the fluid and solid isotherms, streamlines, and the
contours of Cr, is presented in Figure 8. As seen, the flow strength de-
creases marginally due to the augmentation of the nanofluid viscosity
(see Eq. 16). Moreover, the isotherms of solid and fluid move lightly
away from the sidewalls, indicating a slight decrease in the temperature
gradient. On the other hand, adding NEPCMs to the host fluid raises the
thermal-conductivity (Eq. 17) and the heat capacity of the nanofluid (Eq.
23), which can compensate the fluid temperature gradient reduction and
consequently results in the amplification of the heat transfer rate. In
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addition to this, for the case of pure fluid (φ ¼ 0), the heat capacity
contour is constant and equals unity.

Figure 9 depicts the impact of the Stefan number and non-
dimensional fusion temperature on the average Nusselt numbers of the
fluid and solid matrix. Lower Stefan numbers specify higher latent heat of
the PCM core and the heat capacity of the NEPCM, resulting in pro-
gressive augmentation in the rate of heat transfer. For each value of the
Stefan number, the highest Nusselt numbers can be achieved when the
fusion temperature is around 0.5. As discussed before, this is due to the
fact for this case, the heat capacity increment leads to a higher temper-
ature gradient and thus higher Nusselt numbers. This can be manifestly
observed from the variation of the local Nusselt numbers of the fluid and
solid presented in Figure 10. The vertical dash-dotted lines are used to
separate the regions to ease the reading and comparison of the local
Nusselt numbers of each graph. As seen, the location of these regions
depends on the fusion temperature, indicating a local increment in the
values of the heat transfer. As seen in Figure 9, the variation of Nus as a
function of fusion temperature θf is not symmetric. When the fusion
temperature is to low, the heat transfer at the hot wall is slightly higher
than when the fusion temperature is about the temperature of the hot
wall. The NEPCMs with a low fusion temperature creates a higher tem-
perature gradient in the solid matrix next to the hot wall due to inter-
action between the liquid and the porous matrix, which leads to the
improvement of the heat transfer rate compared to the case of NEPCMs
with a high fusion temperature.

The variation of the total heat transfer ratio with the fusion temper-
ature is shown in Figure 11. As discussed before, the highest heat transfer
can be achieved for lower values of the Stefan numbers and at the fusion
temperatures identical to the average temperature of the hot and cold
walls (i.e., θf ¼ 0.5). In addition to this, for poor thermal conductivity of
the porous medium like glass balls (LTE condition), adding 5% of the
nano-encapsulated phase change materials to pure water can boost the
rate of heat transfer up to 47% (for Ste ¼ 0.2 and θf ¼ 0.5).

The dependency of the total heat transfer and total heat transfer ratio
to the solid-fluid interface heat transfer parameter, volume fraction of
NEPCM particles and the thermal conductivity of the solid matrix is
depicted in Figure 12. As discussed before, increasing the thermal con-
ductivity of the porous medium and the interface heat parameter boosts
the total rate of heat transfer. In addition to this, for low values of the ks, a
direct correlation can be found between the overall rate of heat transfer
and the volume fraction of the NEPCMs. Furthermore, for the case of
glass balls (ks¼ 1.05), increasing the interface parameter has a negligible
impact on the rate of heat transfer. However, for a highly conductive
solid matrix, the rate of heat transfer depends on whether LTNE or LTE is
established. According to the results, although the overall rate of heat
transfer is higher when the phases are in the state of thermal equilibrium
(H ¼ 105), the Qr is lower when the LTE is validated between the phases.

To analyze the influence of the discussed parameters on the rate of
heat transfer, more precisely, their impacts on the average Nusselt
numbers of the solid and fluid phases are presented in Figure 13. As seen,
by increasing the φ, and for all values of the ks and H, the average Nusselt
number of the fluid increases, and its solid counterpart decreases. This
can be explained that increasing the volume fraction of the NEPCMs, as
shown in Figure 8, slightly reduces the temperature gradients of the fluid
and solid phases. On the other hand, increasing the φ intensifies the
thermal conductivity of the suspension (Eqn 17). The figure for the fluid
Nusselt number shows an upward trend indicating that the increment of
the knf can compensate for the reduction of the fluid temperature
gradient. However, for the solid phase, the solid Nusselt number de-
creases with the increment of the NEPCMs' volume fraction, and its
reduction is more severe when the phases are in the state of thermal
equilibrium (H ¼ 105). As a result, the total heat transfer decreases when
the reduction rate of heat transfer in the solid is more than its increase in
the suspension.
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5. Conclusion

Free convection of a suspension comprising nano-encapsulated phase
change materials in a porous medium is analyzed. The capsules are made
up of a core, which is the phase change material and a shell. The shell
prevents the leakage and direct contact of the PCM to the host fluid. The
thermophysical properties of the NEPCMs' core and shell are evaluated
using a mixture model. As such, their latent heat during the phase change
process is reflected in the heat capacity of the suspension, and thus, a
temperature-dependent heat capacity can be found for the slurry. The
sidewalls of the considered cavity are subjected to a temperature dif-
ference, and the other walls are well insulated. The local thermal non-
equilibrium condition is considered between the fluid and the porous
matrix. The non-linear governing equations, including the continuity and
momentum equations for the nanofluid and energy equations for the
phases, are first non-dimensionalized and then solved using the Galerkin
finite element method. The influence of various involved parameters and
non-dimensional numbers are surveyed on the patterns of the fluid and
solid isotherms, streamlines, and the contours of the heat capacity ratio.
The impact of these parameters on the local and average Nusselt numbers
of the phases and the overall heat transfer ratio is studied as well. The
following conclusions are achieved:

1. The non-dimensional fusion temperature can change the patterns of
the fluid and solid isotherms and the streamlines. Indeed, the fusion
temperature affects the heat capacity ratio around its corresponding
fluid isotherm. The flow and thermal fields are more influenced when
θf ¼ 0.5.

2. Increasing thermal conductivity of the porous medium boosts the rate
of heat transfer and amplifies the fluid flow inside the cavity, and as a
result, more capsules undergo the phase change.

3. Due to the augmentation of the viscosity, adding nano-encapsulated
phase change materials to the base fluid reduces the fluid flow. In
addition to this, the increasing volume fraction of the NEPCMs leads
to a slight decrease in the temperature gradient of the fluid and solid.

4. The rate of transferred heat in the cavity is intensified with lower
values of the Stefan numbers. In addition to this, the results show that
regardless of the values of the Stefan number, the maximum rates of
heat transfer for both fluid and solid can be achieved when the
dimensionless fusion temperature is around 0.5. Furthermore, the
graphs of local Nusselt numbers manifest that the influence of adding
NEPCMs reflects in local augmentation of heat transfer, and the
location of this augmentation is almost coincident with the corre-
sponding isothermal line.

5. The heat transfer ratio, which is a measure of the amplification of the
heat transfer rate with the presence of the NEPCMs, shows that
adding 5% of the nano-encapsulated phase change materials to pure
water can boost the rate of heat transfer up to 47% when the porous
matrix is made up of glass balls (for Ste ¼ 0.2 and θf ¼ 0.5).

6. For low values of the solid matrix's thermal conductivity, a direct
correlation can be found between the overall rate of heat transfer and
the volume fraction of the NEPCMs.

7. For porous mediums with high thermal conductivity, the influence of
the heat transfer parameter is more pronounced. The rate of heat
transfer intensifies when the phases are in the state of thermal equi-
librium, but it decreases as the volume fraction of NEPCMs increases.

8. In contrast with the case of solid matrix with poor thermal conduc-
tivity, the total heat transfer ratio shows a downward trend with the
NEPCMs' volume fraction when the LTE condition is established, and
the thermal conductivity of porous medium is high, indicating that
the incorporation of NEPCMs is more efficient when the thermal
conductivity of solid matrix is poor. In other words, utilizing NEPCMs
in a highly conductive solid matrix is more efficient only when the
phases are in the state of local thermal non-equilibrium.
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