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a b s t r a c t

Low thermal response of latent heat thermal energy storage (LHTES) systems has been their main barrier
in large-scale applications and commercialization. Amongst all proposed techniques, the incorporation of
metal foam appears to be more promising owing to the notable thermal conductivity and high ratio of
surface-area-to-volume. Nonetheless, metal foams augment the thermal response of the LHTES systems
at the expense of reducing their thermal capacity and weakening natural convection. The principal aim of
the present study is to numerically assess the capability of hybrid heat transfer enhancement of an LHTES
through a combination of partial metal foam and nano-additives. Capric acid is considered as the phase
change substance in a circular-shape thermal energy storage unit with a two-pass heat pipe. A combi-
nation of Copper foam and Cu/GO nano-additives is analyzed as the hybrid enhancement approach. The
outcomes show that the combination of partial copper foamwith Cu/GO nano-additives is more effective
than each enhancement technique separately. Moreover, the results reveal that the charging power of
the LHTES can be enhanced to about four times higher than the case of pure PCM at the cost of only a 3%
reduction of the thermal storage’s capacity.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Owing to increasing population growth, technological progress,
and also life quality improvement, energy consumption has
increased considerably over the last decades, resulting in a global
energy crisis and environmental pollution. Hence, sustainable en-
ergy production (such as solar radiation and ocean waves) and
waste heat recovery from industrial sectors have been proposed to
overcome these issues. Nonetheless, intermittency and unsteady
nature of these approaches need to be tackled by employing the so-
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called Thermal Energy Storage (TES) systems. TES systems can store
the corresponding energy and discharge it whenever needed and,
thus, they play a key role in the development of renewable energies
and industrial waste heat recovery systems. According to the
mechanism of storing energy, TES systems are categorized into
three types of sensible, latent, and thermo-chemical thermal en-
ergy storage. Owing to their much higher energy storage density
and also narrow temperature interval during the charging/dis-
charging process, LHTES systems have gained much interest and
been promising options for saving energy. In an LHTES system,
thermal energy is stored (or released) during phase transition
(mainly solid to liquid and vice versa) of a substance called Phase
ChangeMaterial (PCM)with a characteristic of very high latent heat
[1].

Slow thermal response (low thermal conductivity) of all types of
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Nomenclature

Latin symbols
Amush mushy zone constant
a(T) Porosity function
Cp Specific heat of the suspension in constant pressure
dp Pore size
dl Ligament diameter
g Gravity acceleration
hsf Latent heat of the PCM
K Permeability of the porous media (copper foam)
MVF Melted volume fraction
p Pressure field
r Radius
rh Radius of the heat pipe
rp Radius of the porous zone
rs Radius of the storage
t time
T Temperature
Tfu Fusion temperature
U Velocity vector
u x-component of the velocity
v y-component of the velocity
x x-Cartesian coordinate
y y-Cartesian coordinate

Greek symbols
l Thermal conductivity coefficient
m Dynamic viscosity
b Coefficient of thermal expansion
d Porosity of the porous media (copper foam)
x Pore density
s Melt volume fraction
r Density
u Volume fraction of nano-additives
c Parameter defined in Eq. 13b
h Angle of the heat pipe with horizon

Subscript
cz Clear zone
Cu Cu nano-additive
GO GO nano-additive
pz Porous zone
pm Porous media (copper foam)
eff Effective value
s Storage, solid
NeP Nano-enhanced PCM
k Domain indicatior (porous or clear)
na Nano-additives
sm Solid matrix of the porous medium
PCM Phase change material
l Liquid
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PCMs is considered to be their main drawback that significantly
slows down their charging and discharging process and restricts
their large-scale utilization. To overcome this barrier, extensive
surveys have been carried out that can be grouped as: (1)
improving uniformity of heat transfer process, (2) extending sur-
face area of heat transfer, and (3) enhancing PCMs thermal con-
ductivity [1]. Concerning the first group, i.e., increasing uniformity
of heat transfer process, thermodynamic optimization, and
employing multiple PCMs with different fusion point (cascaded
LHTES systems) are the most prominent approaches [2,3].

To increase the surface area of heat transfer in LHTES, namely
the second group, two commonly used techniques are finned sur-
faces and also encapsulation. Finned tubes are mainly used in shell
and tube LHTES systems. Despite the advantages of finned surface,
such as low cost, easy implementation, and effectiveness, assem-
bling fins to the TES systems increases their weight and also re-
duces their thermal storage capacity (because of the space occupied
by fins) [4]. Macro- and micro-encapsulation is another promising
technique that can be used to increase the surface area of heat
transfer in LHTES systems. Encapsulated phase change materials
consist of a PCM as core and a rigid shell that surrounds the core. In
addition to increasing the surface area of heat transfer, encapsu-
lation has numerous advantages, such as preventing PCM leakage
from the structure during the phase transition, reducing the
interference with surrounding, and retarding the volume change of
PCMs [5e7]. For this purpose, encapsulated PCMs are assembled in
a tank, and a heat transfer fluid (HTF) is passed through the gaps
between capsules. The overall rate of heat transfer and also melting
and solidification rates of PCMs boost as the encapsulation process
downsized to micro- and nanoscales [8,9]. However, micro- and
nano-encapsulation techniques suffer from some demerits such as
highly expensive processes, the chance of supercooling effect, and
also interrupting natural convection during the solidification pro-
cess [10]. The thermophysical properties of nanomaterials [11] and
nanofluids [12,13] have been reviewed recently. These reviews
2

provide a comprehensive outline of the modeling and advantage of
nano-enhanced materials.

Finally, with regards to the last group, i.e., enhancing the ther-
mal conductivity of PCMs, two general approaches, namely
employing nano-additives and highly conductive porous medium,
are used to form Composite Phase Change Materials (CPCMs).
Different nanomaterials such as MWCNT, graphite, graphene
(suitable for both low and high-temperature PCMs), metal, and
metal oxides (pertinent for low-temperature PCMs) are commonly
used for preparing nano-additive CPCM [1,14e16]. Lohrasbi et al.
[17] numerically analyzed the discharging process of a fin-assisted
LHTES enhanced with copper nanoparticles. They used a Y-shaped
aluminum fin and showed that by increasing fin length, due to the
heat diffusion, the solidification time reduces up to 32%. Moreover,
they analyzed the impact of copper nanoparticles on the solidifi-
cation of the LHTES. They revealed that the solidification time could
be reduced by around 17% when 5% volume fraction of copper
nanoparticle is added to the base PCM.

Sheikholeslami and Mahian [18] investigated the phase change
heat transfer of nano-enhanced PCMs during the solidification
process in an enclosure using Finite Element Method. They re-
ported that dispersing 4% CuO nanoparticles could reduce the so-
lidification time up to 14%. Lin and Al-Kayiem [19] dispersed 20 nm
Cu nanoparticles into paraffin wax to synthesis CuePCM nano-
composites. It was found that the thermal conductivity of the
nanocomposite can be augmented to around 50% for 2% weight of
Cu-nanoparticles. Furthermore, they found that the latent heat and
fusion point of the nanocomposite of Cu-PCM reduces because of
the agglomeration of the copper nanoparticles. Barhemmati-Rajab
and Zhao [20] reported 71.9% increase in the conductivity of the
calcium chloride hexahydrate (CaCl2.6H2O) as the PCM by
dispersing 0.5 wt% boron nitride. Yang et al. [65] reviewed the
thermophysical properties and various applications of the nano-
enhanced PCMs in thermal energy storage (TES), photovoltaic
thermal (PVT), solar still (SS), thermal control unit (TCU). It was
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stated that the incorporation of nano-additives enhance the
melting/solidification rates of PCMs in all of the their applications.

Owing to their high thermal conductivity, metal foam-PCM
composites are widely used in LHTES systems. The most
commonly used materials, copper foam, aluminum foam, and
nickel foam, have shown a substantial impact on the overall ther-
mal conductivity of the CPCMs and their melting (charging) time
[21]. A wide range of porosities and pore densities are available for
foams. Extensive experimental and numerical tests have been
carried out to assess the thermal performance enhancement of the
metal foam-PCM composites. For example, Xiao et al. [22] studied
two metal foam-PCMs comprising paraffin/nickel foam and
paraffin/copper foam composite phase change materials in an
LHTES. They found that compared to the case of pure paraffin, the
thermal conductivity of the CPCM could be elevated up to three
times for paraffin/nickel composite PCMs and fifteen times for
paraffin/copper composite PCMs. In another study, Mancin et al.
[23] analyzed the solid to the liquid phase transition process for
three different paraffin-waxes embedded in copper foam with a
porosity of 0.95. They found that metallic foam can substantially
enhance the rate of heat transfer in passive approaches. Mehryan
et al. [24] numerically analyzed the phase transition process of a
non-Newtonian PCM in a porous coaxial pipe filled with aluminum
foam with a porosity of 0.9. They found that the melting rate in-
tensifies as the power-law index of the PCM decreases. Moreover,
with decreasing the Stefan number, the melting time reduces
significantly. Ghalambaz and Zhang [25] numerically surveyed the
conjugate phase change process in a heat sink filled with paraffin
wax-nickel foam composite under a pulse heat load. It was found
that the utilization of nickel foam in the heatsink could improve the
rate of heat transfer at the hot surface, especially when external
cooling power is low. Ghahremannezhad et al. [66] studied impact
of non-homogeneous porous copper foam on phase change
behavior of paraffin in a LHTES with rectangular storage. It was
found that location of heat source and also direction of gradient
metal foam can affect the charging time of the storage and for the
case of left-heated storage, the lowest charging time can be ob-
tained when a porous foamwith positive gradient porosity foam in
xdirection is utilized.

Recently, hybrid approaches (i.e., combinations of two or more
techniques) for thermal performance augmentation of the LHTES
system have been proposed [26,27]. In fact, it is argued that the
level of enhancement is not adequate for single techniques and
LHTES systems still suffer from the low thermal response. Xie et al.
[28] conducted experimental research to assess the thermal per-
formance improvement of metallic foam and fins in an LHTES. They
used eicosane as the phase change substance and copper foamwith
96% porosity and showed that the utilization of fins could increase
the melting rate of the TES system up to 2.7 times higher than the
case without fins. Zhang et al. [29] analyzed the improvement level
of a combination of finned surface and copper foam in a heat pipe
latent heat thermal energy storage system. They revealed that the
combination results in better performance than sole fins or copper
foam. In addition, it was found by exergy analysis that as the total
volume fraction of both fins and copper foam increases, the rate of
phase transition intensifies; however, the role of natural convection
retards reasonably. Similar researches on a combination of fins and
metal foams have been conducted by Feng et al. [30], Srivatsa et al.
[31], and Zhang et al. [32] (for heat pipe-based fins). Also, combi-
nations of fins and nanoparticles [33e35] and a combination of
nano-additives and metallic foams [36e40] for thermal enhance-
ment of thermal storage systems have been investigated by some
3

researchers. Latterly, in an excellent work, Mahdi et al. [26]
reviewed the recent progress on hybrid thermal enhancement
approaches of LHTES systems. It was concluded that hybrid utili-
zation of nanoparticle with fins or metal foams is more efficient
than the sole use of nanoparticles. The idea of a combination of
techniques for thermal response enhancement of LHTES is yet in
need of further assessment since it might not be beneficial for all
techniques to be merged. For example, Buonomo et al. [39]
numerically studied the phase transition process of nanocomposite
PCM saturated in a metallic foam. It was found that the melting rate
of the PCM enhances when the porosity of the metallic foam re-
duces. Moreover, they revealed that the presence of nanoparticles
increases the melting rate; however, high values of nanoparticles
volume fraction could suppress natural convection as it raises the
viscosity of liquid composite PCM.

As could be concluded from the above discussion, the presence
of metal foams can extremely enhance the thermal performance of
the LHTES system. Nonetheless, the latent heat and melting tem-
perature of PCMs are affected by the utilization of composite PCMs.
In addition to this, their manufacturing technology is complicated
and costly. Most importantly, the natural convection heat transfer is
weakened, which is considered as the main disadvantage of
metallic foam-PCM composites. Nevertheless, to the best of au-
thors’ knowledge, very limited research can be found that
addressed the mentioned drawbacks of metal foam-PCM compos-
ites. Metal foams augment the heat diffusion throughout the PCM
domain at the expense of reducing natural convection and less PCM
volume (occupied by the metal foam). Indeed, because of the
buoyancy force, phase change proceeds faster on the upper portion
of the enclosures comparing to the lower parts. Hence, it could be
more efficient to implement a partial porous medium in the lower
parts of the storage. This approach can uniform the melting process
with the minimum area occupied by the porous medium. In other
words, this concept can reduce the charging time of LHTES systems
without a notable reduction in their thermal capacity. Xu et al. [67]
numerically surveyed the phase change performance of PCMs in a
horizontal concentric-tube LHTES system. They assessed the per-
formance of embedding porous foams with four different config-
urations (none porous insert, full porous insert, lower and upper
porous inserts). It was found that position of the porous foam can
meaningfully affect the melting rate. In fact, the melting rate is
higher when the porous foam is installed on the lower portion of
the storage. Joshi and Rathod [68] analyzed the melting front of a
pure PCM in a square cavity and found that at the top half, the
propagation of the melting front is faster, and hence, they investi-
gated the influence of partial metal foam installation at the bottom
of the cavity for two different configurations. It was found that with
such structural modification, the melting time could be reduced up
to 40%. In another study, Joshi and Rathod [69] numerically studied
the thermal enhancement of partial metal foam in a square cavity.
The height of the porous foam and its porosity was analyzed as
influential parameters and was found that it is more efficient to
employ themetal foam on lower part of the cavity. Moreover, it was
found that when the filling height is 0.75 of cavity, the melting time
is almost the same as the case of full porous foam installation.
Besides, it was shown that porous foams with higher porosities
should be chosen to minimize the reduction of the LHTES capacity.

The present study aims to evaluate how efficient could be the
hybrid incorporation of partial metal foam and nano-additives in a
circular latent heat thermal energy storage with a two-pass heat
pipe. Moreover, the trade-off between the heat capacity of LHTES
and its charging power will be addressed. To study the impact of
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the geometrical features of the storage, the angle of heat pipes with
the horizon, as well as the porosity and eccentricity of the partial
metal foam, are examined. Moreover, to assess the potential of
nano-additives on the thermal enhancement of the LHTES system,
two nano-particles of Cu and GO are considered. The effects of the
mentioned parameters are evaluated in terms of isothermal and
streamline contours, thermal capacity, and the average charging
power. Finally, for a constant volume of PCM, the efficiency of
combinations of partial metal foam and nano-additives are pre-
sented and discussed.

2. Mathematical model

The configuration of the thermal energy storage unit employed
in this study is depicted in Fig. 1. The heat pipe located in the unit is
surrounded by an eccentric porous annulus with porosity d and
permeability K. The eccentricity of the porous annulus with respect
to the centerline of the heat pipe is e. The heat pipe is made of a
high thermally conductive material with a low thickness. Conse-
quently, the temperature difference between the condenser and
evaporator section of the heat pipe is not high, and it can be
assumed that its temperature is constant at Th. These assumptions
and reasons reduce the 3D computational domain to a 2D one. The
clear and porous zones are saturated with a nano-enhanced phase
change material (NePCM) of the Capric acid as the PCM and Cu/GO
as the nano-additives. The employed NePCM could be prepared by
using the so-called two-step method, in which, first, the Cu/GO
nano-additives are produced and then, dispersed in the liquid
Capric acid as PCM [70,71]. The thermophysical characteristics of
the solid matrix of the porous mediums, the phase change material,
and the nano-additives are tabulated in Table 1. It is worth
mentioning that for each simulation, only one of the nano-additives
of Cu or GO was considered. Since the nanoparticles are very fine,
they can be uniformly and stably dispersed in the PCM. Due to their
miniature size, they do not clog the tiny pores of the metal foam.
Hence, the NEPCM liquid could be modeled as a uniform suspen-
sion with enhanced thermophysical properties, which was
embedded in a metal foam. The geometrical characteristics of the
2D computational domain are illustrated in Fig. 1b in which
rs ¼ 40 mm, rh ¼ rs/4, and rpm ¼ 4rs/10.

The control equations of the governing physics are as follows
[43e45]:

Continuity equation:
Fig. 1. (a) Configuration of the thermal energy st
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vu
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x- and y-momentum equations:
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Energy equation:

�
rCp
�
k
vT
vt

þ �rCp�NeP;lðU!,VÞT ¼ lkV
2T � rNeP;lhsf ;NePdk

vsðTÞ
vt

(4)

The coefficient B in Eqs. (2) and (3) is:

B¼ � mNeP;l
Kk

� aðTÞ (5)

where the first term in the right hand side of Eq. (4) is based on the
Darcy-Brinkmanmodel. Moreover, a(T), is the porosity function and
defined as the following:

aðTÞ¼Amush
ð1� sðTÞÞ2
sðTÞ3 þ 2

(6a)

in which,

s
�
T
� ¼

8>>>>>>>>>><
>>>>>>>>>>:

0
T � Tfu
DT

þ 1
2

1

T < Tfu �
DT
2

Tfu �
DT
2

< T < Tfu þ
DT
2

T > Tfu þ
DT
2

(6b)

spatial functions dk (porosity) and Kk(permeability) are defined
orage unit and (b) cross-section of the unit.



Table 1
Thermophysical properties of the capric acid, metal foam, and the nano-additives [41,42].

Properties Capric acid Copper foam Cu nano-additives GO nano-additives

Density (kg m�3) Solid: 1018
Liquid: 888

8900 8933 1800

Specific heat (kJ kg�1 K�1) Solid: 1900
Liquid: 2400

0.386 0.385 0.717

Thermal expansion coefficient (K�1) 1 � 10�3 NA 1.67 � 10�5 28.4 � 10�5

Fusion temperature (�C) 32 NA NA NA
Thermal conductivity (Wm�1 K�1) Solid: 0.372

Liquid: 0.153
380 401 5000

Latent heat (kJ kg�1) 152.7 NA NA NA
Kinematic viscosity (m2 s�1) 3 � 10�6 NA NA NA
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based on the clear and porous zones as the following:

dk ¼
�
d
1

k ¼ 1
k ¼ 2 ; Kk ¼

�
K
∞

k ¼ 1
k ¼ 2 (7)

The permeability of the metal foam is given as [27,46,47]:

K ¼ d2p
73� 10�5

ð1� dÞ0:224
	
dl
dp


�1:11

(8a)

dl
dp

¼ 1:18
	
1� d

3p


0:5

½1� expð � ð1� dÞ=0:04 Þ ��1 (8b)

in which,

dp ¼254� 10�4x�1 ðPPIÞ (8c)

The heat capacity in Eq. (4) is defined as:

�
rCp
�
k ¼
(�

rCp
�
pm;eff k ¼ 1�

rCp
�
NeP;l k ¼ 2

(9)

in which,

�
rCp
�
pm;eff ¼sðTÞ�rCp�pm;eff ;l þ ð1� sðTÞÞ�rCp�pm;eff ;s (10a)

�
rCp
�
pm;eff ;i ¼ð1� dkÞ

�
rCp
�
sm þ dk

�
rCp
�
NeP;i (10b)

Subscript i denotes both the fluid and solid phases of the
NePCM. lk of the energy equation is defined as the following:

lk ¼
�
lpm;eff
lNeP

k ¼ 1
k ¼ 2 (11)

The thermal conductivity of the porous medium and the NePCM
are functions of the melt volume fraction as the following:

lpm;eff ¼ sðTÞlpm;eff ;l þ ð1�sðTÞÞlpm;eff ;s (12a)

lNeP ¼sðTÞlNeP;l þ ð1�sðTÞÞlNeP;s (12b)

There are various relations for evaluating the effective thermal
conductivity of porous media and metal foams. Many of the re-
lations are discussed in the comprehensive review study of Ranut
[48]. The most commonly used equation is the following relation
[49,50]:
5

lpm;eff ;i ¼
h
lNeP;i þ p

� ffiffiffi
c

p � c
�
Dl
i�
lNeP;i þ ðcpÞDl

lNeP;i þ
�
4
3
ffiffiffi
c

p ð1� dÞ þ p
ffiffiffi
c

p � ð1� dÞ
�
Dl

(13a)

in which,

c¼1� d

3p
; Dl ¼ lsm � lNeP;i (13b)

The thermo-physical characteristic of the NePCM
Dispersion of nano-additives impacts all the thermo-physical

characteristics of PCMs. Nonetheless, to accurately simulate the
obtained NePCM, effective thermal conductivity and viscosity of
NePCMs are the principal properties and need to be specially
treated. In fully melted condition, NePCMs behaves as a nanofluid.
The main different with simple nanofluid is that the NePCMs can
also be found in solid and mushy (semi-solid) states, and hence,
NePCMs exhibit different thermal and rheological behaviors as
their temperatures varies. The presence of nanoparticles in the base
liquid PCM can be addressed using the so-called single-phase ap-
proaches of nanofluids. In these models, the Brinkman and
Maxwell models are employed to estimate the viscosity and the
effective thermal conductivity of the liquid NePCM [63]. It is worth
mentioning that the nanoparticles are assumed to have spherical
shape and the base fluid and nano-sized particles are flowing with
equal velocities (no-slip boundary condition). Moreover, the pre-
dicted effective thermal conductivity and dynamic viscosity of the
NePCM are reliable when the volume fraction of the nano-additives
in the NePCM is less than 0.08 [64]. The density of NePCM, as a
mixture of two components, is defined as:

rNeP ¼ rPCM þ unaðrna� rPCMÞ (14a)

rPCMðTÞ¼ rPCM;lsðTÞ þ ð1� sðTÞÞrPCM;s (14b)

in which una is the volume fraction of the nano-additives. The
effective dynamic viscosity of the NePCM is estimated by the
following relation [60,61]:

mNePCM;l ¼mPCM;lð1� unaÞ�2:5 (15)

Similarity, the thermal-volume expansion coefficient is evalu-
ated as the following:

rNeP;lbNeP;l ¼ rPCM;lbPCM;l þ una
�
rnabna � rPCM;lbPCM;l

�
(16)

The effective thermal conductivity of the NePCM can be ob-
tained by employing the mentioned-below equation [60,62]:
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lNeP;i
lPCM;i

¼
�
lna þ 2lPCM;i

�� 2una
�
lPCM;i � lna

��
lna þ 2lPCM;i

�þ una
�
lPCM;i � lna

� (17)

Furthermore, the effective heat capacity of the NePCM is:

rNePCp;NeP ¼ rPCMCp;PCM þ una

�
rnaCp;na � rPCMCp;PCM

�
(18a)

rPCMCp;PCMðTÞ¼ rPCM;lCp;PCM;lsðTÞ þ ð1�sðTÞÞrPCM;sCp;PCM;s

(18b)

Finally, the effective heat latent of the NePCM can be evaluated
as follows:

rNeP;lhsf ;NeP ¼ð1�unaÞrPCM;lhsf ;PCM (19)

The boundary conditions at the interface of the porous and clear
regions are the continuities of the temperature and heat flux as the
following:

T j cz ¼ Tjpz; lNeP
vT
vn

����
cz

¼ lpm;eff
vT
vn

����
pz

(20a)

Also, the mathematical form of the applied boundary conditions
on the shell and the inner pipes is as the following:

u¼ v ¼ 0;
vT
vn

¼ 0 (20b)

u¼ v ¼ 0; T ¼ Th (20c)

where n is the normal direction to the surfaces. Moreover, the initial
boundary condition is

u¼ v ¼ 0; T ¼ Tc (21)

The capacity of the storage is the total energy stored in the
NePCM includes the latent and sensible energy which can be
formulated as follows:

Total Capacity of the Storage¼
ð
A

�
rCp
�
kðT � TcÞ dA

þ
ð
A

rNeP;lhsf ;NePdkdA
(22)

Finally, the melted volume fraction (MVF) is evaluated as:
uz
XN
m¼1

umgmðx; yÞ; vz
XN
m¼1

vmgmðx; yÞ; pz
XN
m¼1

pmgmðx; yÞ; Tz
XN
m¼1

Τmgmðx; yÞ (24)
MVF ¼

ð
A

dkcðTÞdA
ð
A

dkdA
(23)
6

3. Numerical method

In the present phase change problem, there are two important
source terms. There is a source term in the momentum equation,
which controls the velocity vector at the solid and liquid regions.
The velocity source term a(T) is a function of the domain temper-
ature (T), and it approaches a very large value when the domain
temperature is lower than fusion temperature, which leads to a
zero velocity. The other important source term is the term of
vsðTÞ=vt, which corresponds to the latent heat of fusion. When the
domain temperature reaches to the fusion temperature, the tem-
perature remains constant, and this term controls the phase
domain of s. Hence, at themelting/solidification interface, there is a
significant change in themomentum equation as well as in the heat
equation. Thus, a high-quality mesh with high resolution is
required at the phase change interface.

Moreover, due to the low thermal conductivity of PCMs and the
presence of natural convection effects in the enclosure, themelting/
solidification interface is a small region in the domain of the so-
lution. The thickness of the melting/solidification region can be
controlled by the fusion temperature range DT. A small value of DT
result is a sharp and very thin melting/solidification interface,
which is physically expected. However, a skinny layer in the domain
of solution requires a very dense mesh, which, computationally, is
very expensive even for a 2D domain of solution. Therefore, mesh
adaptation at a region about themelting/solidification interface can
capture the phase change interface with a high resolution and
relatively low computational cost.

Another important aspect of the present work is the time step.
Attention to the fusion source term of vsðTÞ=vtshows that the
phase-field s is a function of temperature domain (T) while T is a
function of space and time. Therefore, this term is susceptible to the
chain of differentiation and the selected time step and the quality of
the utilized mesh. However, as mentioned, a very dense grid raises
the computational time while a non-dense grid requires a very
small time step which again leads to high computational costs.
Thus, an automatic time step is also required to balance time ac-
curacy and mesh adaptation.

Here, a Finite Element Method (FEM) is developed to solve the
governing equations of (1)-(4) along with the corresponding
boundary conditions of Eq. (20) (a)-(c) and the initial condition of
Eq. (21). The COMSOL Multiphysics software was used to numeri-
cally solve the governing equations. User defined codes were
written for the mesh adaptation control and velocity control of the
flow at the mushy interface, the solid region, and the liquid region.
Following the FEM, the governing equations are written in a weak

form, and the following basis set fgkgNk¼1 is adopted to expand the
xe and yevelocity equations as well as the pressure, and the
temperature equations as
The temperature and pressure are expanded using linear shape
functions. The adopted set of the basis functions (g) is the same for
the variables, and the adopted mesh is an unstructured mesh.
Invoking the Galerkin finite element method, the governing equa-
tions can bewritten as a set of the residual functions at each node of
the domain of solution as
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Table 2
Details of the employed grids for independency test.

Grid No. 1 2 3 4 5 6 7

Total No. of elements 4658 7898 9576 11108 13016 14318 23698
Computing time (min) 62 81 97 108 122 137 176
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where

vsðTÞ
vT

¼

8>>>>>>>>>><
>>>>>>>>>>:

0
1
DT
0

T � Tfu �
DT
2

Tfu �
DT
2

< T < Tfu þ
DT
2

T � Tfu þ
DT
2

(26)

In the residual equations, the integrals are integrated using the
second-order Gaussian-quadrature method. More details about the
Galerkin finite element method can be found in Ref. [51,52].

A modified phase-field variable s0is adopted as a bound for grid
adaptation where s0 ¼ 1 defined the space-domain marked for
mesh adaptation. It is assumed that the phase change occurs at a
slightly thicker temperature range of 3DT/2 instead of DT. This
slightly larger fusion bond leads to a wider physical domain around
the melting/solidification interface, which allows a smooth mesh
7

transient at the phase change interface. The refined mesh in the
domain marked by s0 ¼ 1 is five-times smaller than the regular
mesh of the domain. Here, s0is defined as
s0ðTÞ ¼

8>>>>>>><
>>>>>>>:

0
1
0

T � Tfu �
3
2
DT

Tfu �
3
2
DT < T < Tfu þ

3
2
DT

T � Tfu þ
3
2
DT

(27)

Moreover, as long as the phase change interface is inside the
adaptation domain, the mesh is adequate for computations. Hence,
a slightly larger adaptation area around the phase change interface
reduces the number of required adaptations procedures. Although



Fig. 2. Dependency of the melting interface (left) and liquid fraction of the NePCM (right) on the grid density (h ¼ p/6, uGO ¼ 0.04, uCu ¼ 0.0, e ¼ 0.14rc, d ¼ 0.8).

Fig. 3. The utilized gird for computations (Grid 5) at the start of simulation.
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mesh adaptation in a larger domain increases the number of mesh
elements and computational costs, a mesh adaptation is also an
expensive computational step, which can be avoided at some in-
termediate time steps by adopting a slightly larger mesh-
adaptation domain. Hence, the utilized approach is computation-
ally effective.

In the present study, an automatic time step, free step Backward
Differentiation Formula (BDF) is utilized to control the time steps
within a variable order in the range of one and two [53]. The re-
sidual equations of Eq. (25) are iteratively solved by the Newton
method utilizing a PARallel DIrect SOlver (PARDISO) solver [54e56]
with a Newtonian damping factor of 0.8 and a residual error
O(10�6).
4. Grid study and independency test

As shown in Table 2, seven different meshes with different
element numbers were used to examine the mesh independence of
8

the results. Fig. 3 shows the non-structured grid used in this study
(case 5). A dense mesh was provided, especially for the curvature
region of the domain. Different element numbers were compared
with respect to melting interface and liquid fraction of the NePCM
vs time, for h ¼ p/6, uGO ¼ 0.04, uCu ¼ 0.0, e ¼ 0.14rc, and d ¼ 0.8.
Fig. 2 shows good agreement between the different meshes,
especially grids 5, 6 and 7. Grid 5 was chosen to reduce the time and
cost of simulations while providing sufficient accuracy. Moreover,
the deformation of the studied grid and its adaptive refinement at
t ¼ 1000 are depicted in Fig. 4, demonstrating a smooth transient.
The light blue and light orange show the solid and liquid regions,
respectively, and the red line indicates the melting front.
5. Validation and verification

Previous studies were considered to examine the accuracy of the
employed numerical modeling and validate the results of the pre-
sent study. The experimental results of Kumar et al. [57] were



Fig. 4. The adopted gird for computations (Grid 5) at t ¼ 1000s. The red line indicates the melting front, the light blue and light orange specify the solid and liquid regions,
respectively. The dashed line represents the area of the porous medium. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

Fig. 5. the experimental results of Kumar et al. [57] (first row) and the numerical results of the current work (second row) for (a): t ¼ 139s, (b): t ¼ 277s, (c): t ¼ 416s and (d):
t ¼ 554s.
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Fig. 6. The results presented in Ref. [50] (left) and the numerical outcomes of the
current work (right) for (a): t ¼ 5400 s (b): t ¼ 10800 s and (c): t ¼ 16200 s.

Fig. 7. A comparison between the results of the present study and literature review of
[58].

Fig. 8. Comparison between the isotherm of this study (left) and Ref. [64] (right).
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considered as the first case for comparison. They investigated the
solid-liquid interface in the melting process of lead, which was
captured by neutron radiography of the flux. The vertical side-wall
of their domain had a constant heat flux imposed, while the other
walls were insulated. Fig. 5 demonstrates the melting front of the
present work and the experimental results of Kumar et al. [57] at
four different time instants with Pr ¼ 0.0236, Ste ¼ 0.4,
Ra ¼ 1.4 � 107, and element heat flux of 16.3 kW/m2. The results
show qualitative agreement in the extent and the shape of the
melting front. Second, the results of the current work are validated
against the experimental study of Zheng et al. [50]. They examined
melting heat transfer during the phase change of embedded
paraffin wax in a metal foam. A cavity size of 0.1 m was filled with
copper metal foam (pore size of 5 PPI), leading to a cavity porosity
¼ 0.95. The left wall of the cavity was subjected to a heat flux
q ¼ 1150 W/m2, while the other walls were insulated. The melting
interface of the present work and the experimental results of
Ref. [50] are shown in Fig. 6 at three time instants. Again the results
show that the method captures the overall extent and large scale
shape of the interface. Third, the melting front inside the cavity of
the present study was compared with the graphs of Ref. [58]. Their
extensive investigation was done into the melting of a base PCM
(without any nanoparticle) within a square cavity in where the left
and right vertical walls were considered at hot and cold tempera-
tures (Th > Tc), respectively, and two horizontal walls were insu-
lated. The results were examined at Ra ¼ 1.25 � 105, Pr ¼ 50 and
two different values of dimensionless number Fo. Ste (Fo. Ste¼ 0.01
and 0.002). The current findings in Fig. 7 are within the uncertainty
present in the literature results. Finally, the experimental research
of Kuehn and Goldstein [59] was considered to examine the natural
convection heat transfer behavior. Their investigations were done
to study the natural convection in the region between two hori-
zontal cylinders. They considered water and air as the working
fluid, and the ratio of annulus gap width (L) to the diameter of inner
cylinder (Di) was L/Di ¼ 0.8. The comparison of the isotherm con-
tours of the current work and the experimental results of Ref. [59]
are depicted in Fig. 8, when Pr ¼ 0.706 and Ra ¼ 4.7 � 104



Fig. 9. Influence of the angle h on the isotherms and streamlines at different charging time (uGO ¼ 0.04, uCu ¼ 0.0, e ¼ 0.07rc, d ¼ 0.8): (a) t ¼ 500 s, (b) t ¼ 1000 s, (c) t ¼ 1500 s and
(d) t ¼ 2000 s.
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demonstrating a good agreement.

6. Results and discussion

The outcomes of the present study are divided into three parts.
First, the influence of each parameter on the patterns of melting
(i.e., contours of isotherms and streamlines) and also the melt
volume fraction are assessed and discussed individually (while
keeping all other parameters unchanged). The second part is
devoted to the effect of each parameter on the thermal capacity and
charging power of the LHTES system. The last part discusses the
trade-off between the thermal capacity of the LHTES system and its
charging power. The parameters studied in this work are the ec-
centricity of partial metal foam (0 � e � 0.14 rs), its porosity (0.8 �
ε � 1), angle of the heat pipes with the horizon (0.0 � h � 90�) and
the volume fraction of the nano-additives (0 � una � 0.08).

6.1. Charging patterns

Fig. 9 depicts the impact of heat pipe angle on the isothermal
11
lines and streamlines at different charging times of 500s, 1000s,
1500s, and 2000s. The melting process initiates around the surface
of the heat pipes, and as time elapsed, the phase change proceeds,
and the melt volume fraction increases. Buoyancy is the driving
force for the natural convection flow of the melted PCM in the
storage. The liquid PCM around the hot surfaces expands and rises.
In consequence, the flow of the liquid around the hot surfaces is
always upward. With increasing melted volume fraction (MVF),
natural convection intensifies and the strength of vortices in-
creases. It can be seen that the geometry of the storage remarkably
influences the pattern of streamlines and hence, the way that the
LHTES charges. When h ¼ 0, four separate vortices can be found
around the hot surfaces at the early stages of the melting process
(t < 1000s). Owing to the symmetry of the storage for the case of
h ¼ 0, the strength and pattern of streamlines of the left and right
half of the storage are exactly the same. It is evident that for h ¼
0 and p/4, the strength of the formed vortices on the upper portion
of the storage are much higher than those in the lower part. Hence,
the melting rate in the upper portions is considerably higher than
the lower parts. By increasing the angle h, the mean distance



Fig. 10. Variaiton of the liquid fraction during charging process for different values of
angel h (uGO ¼ 0.04, uCu ¼ 0.0, e ¼ 0.07rc, d ¼ 0.8).
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between the hot surfaces and the bottom part of the storage de-
creases. This accelerates the melting process, and thus the full
charging time of the storage is below 2000s when h ¼ p/2.

Fig. 10 outlines the melted volume fraction of the PCM for
different values of angle h. As seen, owing to the presence of the
partial metal foam around the hot surfaces, the melting rate is quite
high at the beginning of the charging process (t < 100e150s). The
impact of angle h is more pronounced when the melted volume
fraction (MVF) approaches around 0.8, and the natural convection
in the storage becomes stronger.

Figs. 11 and 12 outline the influence of porosity and eccentricity
of the porous medium on the isothermal lines and streamlines at
four different melting times. Increasing the porosity of the porous
medium has a double-sided impact on the melting rate. On the one
hand, it reduces the effective thermal conductivity of the storage
and thus retards the conductionmode of heat transfer. On the other
hand, higher porosity causes higher liquid flow in the storage and
therefore a higher rate of convection heat transfer. As expected,
increasing porosity of the utilized porous medium strongly de-
creases the melting rate (Fig. 11).

The eccentricity of the porous medium also plays a significant
role in the melting rate of the phase change material (Fig. 12), in
that increasing the eccentricity of the porous medium increases the
effective thermal conductivity of the storage, and hence the con-
duction mechanism intensifies in the lower portion of the cavity.
Since the melting process is governed by convection on the upper
parts of the storage, increasing eccentricity is seen to accelerate the
overall charging process.

Fig. 13 (a) and (b) illustrate the variation of melted volume
fraction of the NePCM with porosity and eccentricity of the porous
medium, respectively. It can be seen that the slope ofMVF variation
with time for the case of d¼ 1.0 is much lower than the other cases.
This illustrates that the presence of the porous metal foam can
considerably intensify the rate of melting. When all of the PCM in
the porous zone melts, the phase change process continues nor-
mally. Nonetheless, compared to the case of without metal foam
(d¼ 1.0), themelting rate proceedsmore rapidly, indicating that the
12
presence of a partial metal foam impacts the whole of the phase
change process. In fact, owing to the presence of the utilized partial
metal foam, the thermal resistance is reduced, and hence the rate of
heat transfer intensifies throughout the enclosure. Fig. 13 (b) shows
that increasing the eccentricity of the porous medium only affects
the final stages of the phase transition (MVF > 0.85). The melting
rate (the slope ofMVFwith time) increases as the eccentricity of the
porous medium increases. In fact, the phase change process slows
in the bottom portion of the enclosure. As a result of the exerted
buoyancy force, liquid PCMwith a high temperature rises, and only
melted PCM with relatively lower temperature can be found
around the melting interface at the bottom of the storage. Liquid
PCM with lower temperature retards the phase transition in this
region. Increasing the eccentricity of the porous medium enhances
the conduction mechanism of the heat transfer in the bottom parts
and thus amplifies the melting rate.

Figs. 14 and 15 show the impact of the volume fraction of two
different nano-additives (Cu and GO) on the patterns of melting.
For the Cu nano-particles, the volumetric heat capacity, and for the
GO nano-particles, the thermal conductivity is very high. As a
result, adding Cu nano-additive to the base PCM enhances the
advection mechanism in the melting process. On the other hand,
the conduction mode of heat transfer is boosted for NePCM
comprising GO nano-particles. For the studied set of parameters,
the presence of either Cu or GO nano-additive is shown in Figs. 14
and 15 to increase the phase transition. Moreover, no visible dif-
ference can be found between the isothermal and streamlines of
NePCM containing Cu and GO nano-additives.

Fig.16 (a) and (b) present the dependency of themelt fraction on
the type of nano-additive. It is evident that the rate of phase change
for the case of NePCM is moderately higher than the case of pure
PCM. However for each volume fraction, the melting time of both
CU and GO nano-particles are approximately the same.

6.2. Capacity and average charging power of the LHTES

In this section the impact of the surveyed parameters on the
capacity and average charging power of the LHTES is analyzed. It
should be noted that the capacity of the storage is the sum of both
latent and sensible forms of energy that could be stored in the
storage before the melting process is complete. In other words, the
capacity of the LHTES is the total energy stored in a full charging
cycle. Correspondingly, the average charging power is the total
capacity of the storage divided by full melting time. The average
charging power, in fact, indicates how fast the storage is being
charged.

Fig. 17 shows the impact of angle h on the capacity and charging
power of the thermal storage. Rotating the hot surfaces of heat
pipes in the enclosure does not alter the volume of the PCM (or
NePCM), and thus the latent capacity of the storage remains un-
changed. However, the sensible component of the total capacity
slightly increases when h increases from 0 to p/2, as the average
temperature of the phase change material increases. The average
charging power of the LHTES increases markedly and the melting
time decreases considerably when the heat pipes are positioned
vertically. As discussed previously, this is due to the fact that with
increasing angle h, the average distance between the hot surfaces
and the lower portion of the enclosure decreases. In consequence
the phase change takes place faster, and charging power intensifies.
Fig. 17 indicates that the geometry of the LHTES can play an
important role in its charging time and hence, charging power.

Fig. 18 outlines the influence of the porosity of the porous me-
dium on the capacity and the average charging power of the stor-
age. By increasing the porosity of the porous medium, the volume
of the phase change material inside the enclosure is raised and the



Fig. 11. Influence of the porosity of porous medium on the isotherms and streamlines at different charging time (h ¼ p/4, uGO ¼ 0.04, uCu ¼ 0.0, e ¼ 0.07rc): (a) t ¼ 500 s, (b)
t ¼ 1000 s, (c) t ¼ 1500 s and (d) t ¼ 2000 s.
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latent heat capacity of the storage is amplified, while the sensible
capacity of the storage shrinks. This is plausible in that the volume
of the porous medium decreases as d increases. Since the thermal
conductivity of the porous medium is much higher than the PCM,
the porous medium can be considered isothermal with an
approximate temperature of T ¼ Th. In consequence, reducing the
amount of porous medium leads to a slight reduction in the sen-
sible portion of thermal capacity. This can be explained by the fact
that by increasing the porosity of the porous medium, the mass of
the PCM increases, and hence, a higher portion of the total absor-
bed energy would be stored as latent heat. As a result, the share of
sensible heat energy decreases.

The average charging power shows a non-monotonic behavior
with increasing porosity. As seen in Fig. 18 as d increases, the
average charging power first increases and then decreases. This can
be explained by considering both the thermal capacity and melting
time of the storage. With increasing porosity, the capacity of the
storage is increased, but the corresponding melting time rises since
the effective thermal conductivity of the cavity declines. Conse-
quently, by increasing the porosity of the porous medium from 0.8
13
to 0.9, the charging power of the storage is enhanced. This means
that the increment rate of the capacity is higher than that of the
melting time. However with further increase in the porosity, the
melting time surges, and thus, the charging power drops consid-
erably. According to Fig. 18, within the range of studied parameters,
the highest charging power can be obtained when d ¼ 0.9.

Fig. 19 illustrates how the eccentricity of the porous medium
affects the thermal capacity and also the charging power of the
LHTES. The volume of PCM remains constant with increasing ec-
centricity of the porous matrix, and hence, the latent heat of the
storage remains static. A very slight increase in the sensible
component of the thermal capacity can be found when e increases.
Nonetheless, the charging power of the LHTES is significantly
enhanced when the eccentricity rises. For the set of studied pa-
rameters and the geometry, the results show that the charging
power can be augmented to around 60% when the eccentricity of
the porous matrix increases. This, as explained above, is attributed
to the mean distance between the hot surfaces and the lower parts
of the enclosure. Fig. 19 reveals that the locality of the solid matrix
around the hot surface can improve the charging power of an



Fig. 12. Influence of the eccentricity of the porous medium on the isotherms and streamlines at different charging time (h ¼ p/4, uGO ¼ 0.04, uCu ¼ 0.0, d ¼ 0.9): (a) t ¼ 500 s, (b)
t ¼ 1000 s, (c) t ¼ 1500 s and (d) t ¼ 2000 s.

S.M. Hashem Zadeh, S.A.M. Mehryan, M. Ghalambaz et al. Energy 213 (2020) 118761
LHTES to a great extent.
Fig. 20 outlines the variation of the thermal capacity and

charging power of the thermal storage with the volume fraction of
the studied nano-additives, i.e., Cu and GO. Similar trends can be
observed for both of the overall thermal capacity and the charging
power of the Cu- and GO-PCM when the volume fraction of the
nanoparticles increases. Adding nano-particles to the pure PCM
reduces the volume fraction of the PCM and hence reduces the
overall latent heat capacity of the storage. Moreover the effective
thermal conductivity of the storage increases due to the higher
thermal conductivity of the nano-additives. As a result, the melting
process proceeds faster and the charging power of the LHTES in-
creases. It can be seen that for Cu nano-additives, the sensible heat
capacity of the TES increases, while its counterpart for GO nano-
particles exhibits a decreasing trend. In fact, the mass of PCM de-
creases as the nano-additives volume fraction increases. As a result,
a higher share of heat is stored in the form of sensible heat (higher
average temperature). The volumetric heat capacity (rCp) of the Cu
and GO nano-additives are lower than the capric acid (PCM). With
14
increasing volume fraction of both nano-additives, the average
volumetric heat capacity of the storage decreases. According to
Table 1, the value of rCp for GO nano-particles is much lower than
the Cu. In other words, for GO nano-additives, the rise in the
average temperature cannot compensate for the reduction of the
volumetric heat capacity of the storage. Consequently, according to
Eq. (22), the sensible heat capacity of the storage reduces when GO
nano-particles are incorporated.
6.3. Comparison with constant volume of PCM

In the previous sections, the impact of the key parameters on
the melting pattern and the thermal performance of the LHTES was
assessed. It was shown that the presence of both partial metal foam
and also nano-particles of Cu and GO can enhance the charging
power and reduce the thermal capacity of the storage. In fact, it was
found that there is an inverse relationship between the capacity of
the storage and the corresponding charge time (or charging power).
However the results obtained from the variation of each parameter



Fig. 13. Variaiton of the liquid fraction during charging process (h ¼ p/4, uGO ¼ 0.04, uCu ¼ 0.0): (a) porosity (e ¼ 0.07rc) and (b) eccentricity (d ¼ 0.9) of porous medium.

Fig. 14. Influence of the volume fraction of Cu nano-additive on the isotherms and streamlines at different charging time (h ¼ p/4, d ¼ 0.9, uGO ¼ 0.0, e ¼ 0.07rc): (a) t ¼ 500 s, (b)
t ¼ 1000 s, (c) t ¼ 1500 s and (d) t ¼ 2000 s.
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Fig. 15. Influence of the volume fraction of GO nano-additive on the isotherms and streamlines at different charging time (h ¼ p/4, d ¼ 0.9, uCu ¼ 0.0, e ¼ 0.07rc): (a) t ¼ 500 s, (b)
t ¼ 1000 s, (c) t ¼ 1500 s and (d) t ¼ 2000 s.

Fig. 16. Variaiton of the liquid fraction during charging process (h ¼ p/4, d ¼ 0.9, e ¼ 0.07rc) with: (a) Cu nano-additive (uGO ¼ 0.0) and (b) GO nano-additive (uCu ¼ 0.0).
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Fig. 17. Dependency of the average thermal storage capacity (left) and average charging power charging process (right) on the angle h (uGO ¼ 0.04, uCu ¼ 0.0, e ¼ 0.07rc, d ¼ 0.8).

Fig. 18. Dependency of the average thermal storage capacity (left) and average charging power charging process (right) on the porosity of the porous medium (h ¼ p/4, uGO ¼ 0.04,
uCu ¼ 0.0, e ¼ 0.07rc).

Fig. 19. Dependency of the average thermal storage capacity (left) and average charging power charging process (right) on the eccetricity of porous medium (h ¼ p/4, uGO ¼ 0.04,
uCu ¼ 0.0, d ¼ 0.9).
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cannot be directly compared as the mass of the PCM varied from
case to case. To get a better estimation of how each parameter af-
fects the thermal capacity and melting time of the storage, a
comparison has been carried out inwhich the mass (volume) of the
phase change material is constant. Details of the utilized parame-
ters are presented in Table 3. The radii of the partial metal foams
were considered to be constant (rp/rs ¼ 0.4). As a result, the volume
fraction of the phase change material was obtained as 95.4%. With
this value fixed, five different cases with different combinations of
partial metal foam and nano-additives, namely cases 2 to 6, are
taken into account for comparison. Two more cases are assessed. In
case 1, as a reference case, the storage is fully saturated with pure
PCM. Moreover, the storage is completely filled with metal foam for
case 7.
Fig. 20. Dependency of the average thermal storage capacity (left) and average charging po
(uCu ¼ 0.0) nano-additives (h ¼ p/4, d ¼ 0.9, e ¼ 0.07rc).

18
Fig. 21 compares the thermal capacity of the storage for the
seven surveyed cases. For simplicity, the outcomes are normalized
with respect to the case 1 (pure PCM). As mentioned above, the
mass of the PCM for all cases of 2e7 is the same, and there are only
differences between sensible heat capacity of the storage. The ca-
pacity of the storage was found to retard significantly (around 17%)
when fully filled with a porous medium with a porosity of 0.8.
Employing partial metal foam with a volume fraction of 4.6%
(without nano-additives) decreases the thermal capacity of the
storage to about 2%. Moreover, the results show that the combi-
nation of partial metal foam and nano-additives of Cu and GO
(cases 3, 4, and 6) are approximately similar in terms of the total
capacity of the LHTES. Using nano-additives of Cu only results in the
lowest capacity of the storage.
wer charging process (right) on the volume fraction of (a) Cu (uGO ¼ 0.0) and (b) GO



Table 3
Specifications of the studied cases (h ¼ p/4, e ¼ 0.14rc).

Case No. uPCM upm uCu uGO rp/rs d Description

1 100% 0% 0% 0% 0.0 1.0 Pure PCM
2 95.4% 4.6% 0% 0% 0.4 0.8 Partial metal foam without nano-additives
3 95.4% 2.3% 2.3% 0% 0.4 0.9 Partial metal foam with Cu nano-additive
4 95.4% 2.3% 0% 2.3% 0.4 0.9 Partial metal foam with GO nano-additive
5 95.4% 0% 4.6% 0% 0.4 0.9 Cu composite PCM without metal foam
6 95.4% 0% 0% 4.6% 0.4 0.9 GO composite PCM without metal foam
7 80% 20.0% 0% 0% 1.0 0.8 Full metal foam

Fig. 21. Comparison between the normalized thermal capacity of the seven studied cases detailed in Table 3.

Fig. 22. Comparison between the normalized charging power of the seven studied cases detailed in Table 3.
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Fig. 22 presents the normalized charging power with respect to
the case of pure PCM (case 1). As expected, the highest charging
power corresponds to the case of full copper foam-PCM composite
(case 7) with power around 70 times higher than the case of full
PCM (case 1). As discussed, this performance augmentation is
achieved at the cost of around 17% reduction in the thermal ca-
pacity of the storage. Interestingly, with a constant volume fraction
of the PCM, the charging rates varies considerably for cases 2 to 7.
The case of partial metal foamwithout nano-additives (case 2) has a
charging power 3.65 times that of the case without copper foam
(case 1), at the expense of only 2% reduction in the thermal capacity
of the LHTES. In addition, compared to case 2, adding nano-sized
particles of Cu and GO has a lower efficiency since with approxi-
mately equal capacity of the storage, their charging power is much
lower than for case 2. On the other hand, hybrid utilization of the
enhancement methods, i.e., metal foam and nano-additives, pro-
vides better performance than each case separately. Finally, it is
shown that the GO nano-particles have slightly better performance
than Cu nano-additives when employed in a hybrid enhancement
approach.
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7. Conclusion

The charging process of a phase change substance, namely
capric acid, in a circular thermal energy storage with a two-pass
heat pipe has been numerically studied. The enthalpy-porosity
method has been employed to model phase transition. In addi-
tion, an adaptive mesh refinement technique has been used to
precisely track the melting front with time. The efficiency of hybrid
heat transfer enhancement of a latent heat thermal energy storage
via a combination of partial copper foam and Cu/GO nano-additives
has been analyzed. The effects of the angle of the heat pipes with
the horizon, porosity, and eccentricity of the metal foam and vol-
ume fraction of the Cu/GO nano-additives have been investigated
and discussed in detail. The principal outcomes of the study can be
summarized as follows:

1. The position of the heat pipes (angle h) significantly affects the
average charging power of the thermal storage. This is because
the average distance between the hot surfaces and the lower
portion of the enclosure decreases with increasing angle h.
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2. By increasing the porosity of the copper foam, the volume
(mass) of the PCM within the storage rises, resulting in
enhancement of its latent heat capacity. On the other hand, the
average charging power is a non-monotonic function of the
porosity. By increasing d, the average charging power first in-
creases (d < 0.9) and then decreases (d > 0.9). Moreover, for the
set of studied parameters, the highest charging power can be
obtained when d ¼ 0.9.

3. The volume of PCM remains constant with increasing eccen-
tricity of the porous matrix. As a result, the eccentricity of the
partial metal foam has a negligible impact on the thermal ca-
pacity of the storage. However, the average charging power of
the LHTES can be enhanced to around 60% with the appropriate
eccentricity.

4. Adding nano-particles to the pure PCM reduces the volume
fraction of the PCM, and thus decreases the overall latent heat
capacity of the storage. On the other hand, the effective thermal
conductivity of the storage increases, which leads to an incre-
ment in the charging power of the LHTES.

5. The capacity of the storage retards significantly (around 17%)
when fully filled with a porous medium with a porosity of 0.8.
Moreover, using a sole partial metal foamwith a volume fraction
of 4.6% is shown to decrease the thermal capacity of the storage
by about 2%.

6. The highest charging power can be obtained in the case of full
copper foam-PCM composite (case 7) with power around 70
times higher than the case of full PCM (case 1). This performance
augmentation was achieved at the cost of approximately 17%
reduction in the thermal capacity of the storage.

7. For a constant volume fraction of PCM, the charging rate varies
considerably when a single or combination of enhancement
methods are employed. The case of partial metal foam without
nano-additives (case 2) was shown to have a charging power of
3.65 time higher than the case without copper foam (case 1), at
the expense of only 2% thermal capacity of the LHTES.

8. For a given volume fraction of the PCM, the sole employment of
the nano-sized particles of Cu and GO has a lower efficiency than
utilizing partial metal foam.

9. Hybrid application of the thermal enhancement methods, i.e.,
metal foam and nano-additives, is more efficient than each
approach individually. In addition, incorporation of the GO
nano-particles has slightly better performance than Cu nano-
additives in a hybrid enhancement approach.
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