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A B S T R A C T   

In the current study, the impact of various foam shapes and configurations was addressed for the first time on the 
thermal energy storage rate. A partial layer of metal foam was used to improve the heat transfer rate in a 
channel-shaped latent heat thermal energy storage unit for solar thermal energy storage. The channel was heated 
at the right vertical wall while half of the channel was filled with a layer of metal foam. The enthalpy porosity 
model was utilized for simulating the melting heat transfer in the channel. The finite element method was 
employed to solve the governing equations. Several design configurations for the placement of the metal foam 
layer were examined. The findings showed that placing the metal foam layer in an L shape form along the left and 
bottom walls could yield maximum thermal energy storage power (0.57 kW). Diagonal placement of the porous 
layer along the right and bottom walls gives the lowest thermal energy storage power (0.23 kW). Therefore, 
changing the shape of the metal foam layer could alter the storage power by about 60 % for a fixed amount of 
metal foam. Therefore, the shape of the metal foam layer is an important design parameter that should be 
selected carefully.   

1. Introduction 

Due to recent technological advancements and modern living de
mands, the world’s energy consumption is expected to double every two 
decades [1]. Worldwide, countries are becoming increasingly concerned 
about global warming and the resulting climate change [2]. Using 
renewable energy provides an opportunity to develop more efficient and 
eco-friendly forms of energy. An energy source such as this is periodic, 
variable, and unpredictable at any particular location. It results in a 
mismatch between the supply and demand for energy [3]. Through 
thermal energy storage (TES), energy storage can close the gap between 
energy demand and supply [4]. The three basic kinds of TES are latent 
heat storage (LHTES), storage of sensible heat, and storage of thermo
chemical energy [5]. 

The sustainable LHTES technique can use the extra thermal energy 
released into the environment by renewable energy sources, making it 

extensively applicable in various practical applications (e.g., industrial 
waste heat recovery, electronic cooling, and solar energy systems) [6]. 
Phase change materials (PCM) have recently attracted considerable 
attention in LHTES. PCMs are desirable for various reasons, including 
repeatable phase transition, non-toxicity, non-corrosive properties, high 
latent heat of fusion per unit volume, a melting point within acceptable 
operating temperatures, and a modest volume change during phase 
transformation [7]. However, its low thermal conductivity is a signifi
cant barrier to its use in several types of thermal appliances. PCM-based 
devices must have efficient thermal conductivity to store and release 
energy uniformly and quickly. It has been suggested to boost the rate of 
heat transfer in many different ways, including the use of nanoparticles 
[8], fins [9,10], heat pipes [11], and porous matrix structures [12]. 
Thermal energy storage enclosures can be produced in different enclo
sure shapes, including shell-tube shapes [13,14]. 

Metal foams (MF), as an example of a porous matrix structure, 
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enhance melting heat transfer. An absorbent structure is an MF, and the 
filling material is a PCM. Tauseef et al. [15] examined the usage of 
porous materials to enhance heat rate in PCM. Yu et al. [16] demon
strated that the size of the MF and the porosity significantly affect its 
solidification rate. Joshi and Rathod [17] numerically investigated the 
heat transfer performance of several MF porosities and filling height 
ratios in a two-dimensional square cavity. They observed that MF only 
increased heat transport in the bottom section and that when the filling 
height ratio or porosity decreased, so did the total melting time. 

Gaedtke et al. [18] used the lattice Boltzmann technique to predict 
the pore size of MF impregnated with PCM. The surface area of MF 
significantly influenced the melting rate. Ali [19] investigated the 
increased heat transfer of PCM induced by the interactions of PCM with 
porous media in a heatsink. Based on the results, the metal foam im
proves the heat transfer rate but reduces the durability of heatsink 
cooling. Li et al. [20] studied three distinct techniques for enhancing a 
triple-tube LHTES, including the addition of MF, the addition of nano
particles, and geometry modification. The findings indicated that when 
both nanoparticles and porous media were used, the latter’s influence on 
performance was insignificant. The entire solidification process can be 
sped up with metal foams with a lower porosity or nanoparticles with a 
higher volume fraction. Meng et al. [21] used a two-dimensional nu
merical model to evaluate the influence of foamed copper porosity. The 
findings reveal that reducing the porosity improves the thermal char
acteristics of the PCM, notably between 92 and 98 %. Still, it reduces the 
heat storage capacity of the PCM by roughly 22.3 kJ for every 2 % drop 
in porosity. Guo et al. [22] utilized a compressed MF to enhance heat 
transfer and reduce the melting time. The foam compression reduced the 
melting time by 13.9 %. However, an over-compression of the MF could 
increase the melting time and impose foam non-uniformity. 

Among the recently invented battery modules for electric vehicles is 
one that utilizes MFPCM to regulate temperature [23]. MFPCM is used in 
conjunction with an arrangement / cooling circuit of two opposing fluid 
currents to maintain an acceptable temperature range for the battery 
module. A combination of electronic equipment and a heat abstractor 
also is introduced in innovation to increase the chip’s radiating effi
ciency while simultaneously lowering the shell temperature of the 
electronic equipment [24]. The drain pan, PCM layer, and MF heat- 
conducting layer are all included in this utility heat abstractor idea. 
Using pore-scale models of primitive cell types to form foam structures, 
Qureshi et al. [25,26] attempted to improve conduction using PCM 
infiltrated MF. Based on their findings, the melt duration of PCM can be 
reduced by up to 30 % compared to pure PCM. A multi-objective Pareto 
optimization was carried out using a genetic algorithm to analyze the 
overall process time of a finned heat sink made of PCM and MF by Bianco 
et al. [27]. With various constant temperature heater sites, Sardarari 
et al. [28] analyzed the average temperature as well as the average PCM 
liquid percentage over time for a porous-PCM system. By shifting the 
heater from the bottom to the sidewall and top, melting time was 
reduced by 70.5 % and 4.7 %, respectively. 

Zi-Qin et al. [29] addressed the thermal behavior of a heatsink 
partially filled by a metal foam layer. They examined the impact of foam 
layer height (foam/clear space ratio). The results showed that increasing 
the foam height can gradually raise the heat transfer rate. However, the 
performance raise was found to become saturated as the MF height 
reached the top. Thus, the authors concluded filling 2/3 of the heatsink 
by MF could be more practical compared to fully filling the heatsink by 
MF. Xu et al. [30] simulated the melting heat transfer in a horizontally 
mounted shell-tube shape enclosure. The PCM was heated from the tube, 
and the shell was insulated. The aim was to optimize the amount of MF 
for the best melting (thermal charging) performance. The authors 
concluded placing the foam layer at the bottom is more beneficial since 
natural convection can heat the top region effectively. Moreover, filling 
a portion of the enclosure (0.7 height from bottom) is cost effective and 
can result in 3 % improvement in thermal energy storage rate density 
and 28 % saving in MF compared to an enclosure fully filled by MF. In 

another study, Xu et al. [31] examined the impact of different configu
rations of MF layers on melting performance in the same geometry as 
[30]. The outcomes indicate a well-configured MF layer can save the 
melting time by 80 % compared to a case with no MF. 

Sutradhar et al. [32] developed an analytical model to assess the 
thermal performance of rectangular TES based on metal foam PCM 
(MFPCM) under transient and steady heat load conditions. Yu et al. [33] 
explored experimentally how the MF structure affects the MFPCM’s 
ability to regulate temperatures. Zhuang et al. [34] investigated the heat 
transfer capability of a hybrid LHTES with PCM, nanoparticles, and 
metal foam in a cubic cavity with an internal heater. For four distinct 
composite PCMs, Naldi et al. [35] offered a quantitative examination of 
the discrepancies between experimental data and numerical conclusions 
produced by using the most often utilized correlations. Shakibi et al. 
[36] studied the role of PCMs combined with copper and aluminum 
foam on photovoltaic panel temperature reduction. The impacts of MF 
type, foam porosity, and PCM thickness on the overall performance are 
also investigated. One innovative design of macro encapsulated PCM has 
been proposed by Baruah et al. [37], in which the capsules are filled with 
MF structures incorporated in PCM. 

Even though the above literature analysis shows that MF enhances 
the heat transfer performance of PCMs, each technique has some 
shortcomings. MFs don’t participate in latent energy storage since they 
do not change phase and cause the natural convection flow to be sup
pressed. However, MF can contribute to heat transfer by sensible heat 
for a reasonable temperature difference. Furthermore, filling MF oc
cupies part of the PCM volume and increases the system’s weight. Some 
researchers attempt to optimize the placement or amount of MF layer in 
LHTES units. However, there is no study to address the impact of 
different shapes of MF layer in a channel shape LHTES unit. The present 
study aims to analyze the impact of the location and shape of a metal 
foam layer on the charging time of a channel shape LHTES unit for the 
first time. 

2. Model description and formulation 

2.1. Model description 

Open metal foams are advantageous in enhancing the PCMs’ thermal 
conductivity while allowing some degree of convective heat transfer in 
liquid regions of the enclosure. However, since metal foams do not 
contribute to thermal energy storage, they add weights/volume to a 
PCM enclosure. However, it should be noted that they can contribute by 
their sensible heat when the temperature variation is notable. Therefore, 
improving the heat transfer capability of thermal energy storage without 
compromising its storage capacity is a vital engineering goal in 
designing PCM thermal energy storage units. 

In the current work, the PCM enclosure is made of a channel partially 
filled with a layer of metal foam. The weight (volume) of the metal foam 
layer is kept constant at 50 % volume of the enclosure. As a thermal 
energy storage unit application, a view of solar thermal energy storage is 
depicted in Fig. 1. (a). Fig. 1(b) shows a schematic view of the storage 
model. The heat transfer fluid (HTF) flows through the HTF channel 
with a hot temperature (Th) and charges the PCM inside the channel 
enclosure. The PCM absorbs the HTF heat in the form of sensible and 
latent heat, and the phase changes to a liquid form. Fig. 1(c) depicts a 2D 
view of a single enclosure, which is heated by HTF. The size of the 
storage assembly depends on the required heat capacity of the appli
cation. The vertical or horizontal arrangement of the units also depends 
on the available horizontal or vertical space. Since the present design is 
almost independent of the unit arrangements, the capacity and storage 
power of units can simply add up to meet the application demands. 

The current study aims to improve the PCM’s melting (energy ab
sorption) time in the unit by adding a metal foam layer. The presence of 
a metal layer affects the dynamic of charging PCM and the motion of the 
solid-liquid interface inside the PCM enclosure. Here the goal is to 
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change the shape design of the metal foam layer to reach minimum 
charging time (full melting). In this research, twelve metal foam layer 
configurations were selected with the aim of enhancing the heat transfer 
in the PCM enclosures. Fig. 2 depicts the proposed metal foam layer 
configurations. 

2.2. Model formulation 

2.2.1. Governing equations 
It is assumed the metal foam is placed in the enclosure with a pre

loaded pressure, and the thermal resistance between the heated surfaced 
and the metal foam was neglected. The metal foam is uniform with 
isotropic properties. The fluid flow in the porous metal foam was 
modeled using the Darcy-Brinkman model, while the Navier-Stocks 
model governs the fluid flow in the clear regions. The enthalpy 
porosity approach was used to model PCM’s phase change heat transfer 

in the enclosure. The phase change occurs in a small temperature win
dow around the fusion temperature in this approach. The liquid volume 
fraction changes from zero (pure solid) to unity (pure liquid). The ve
locity in the solid zones is forced to zero using mushy source terms. 

Moreover, the local thermal equilibrium between MF and PCM was 
assumed. The ligaments of the porous metal foam and the PCM are at 
non-identical temperatures due to large variations in thermal diffusivity. 
Such a temperature difference can be considered using a local thermal 
non-equilibrium model. However, the experimental study of Agwu 
Nnanna [38] indicates the local thermal non-equilibrium effects only in 
the initial stages of the phase change. Then, the local thermal equilib
rium condition reaches quickly. Jiao et al. [39] investigated the local 
thermal non-equilibrium effect for the paraffin/copper foam and 
paraffin/nickel foam using numerical and experimental approaches. 
They showed that the difference between the paraffin and foam tem
peratures was evident only near the heated boundary in the first few 

Fig. 1. Model of the TES unit; (a) A system of a solar collector with a TES unit; (b) A 3D detailed view of PCM enclosures and HTF flow direction inside a TES unit; (c) 
A 2D model of a PCM enclosure. 
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minutes. Pore-scale analysis of Hu and Gong [40] also shows that the 
non-equilibrium effects gradually weaken and then vanish as phase 
change advances. 

Moreover, the theoretical study of Mahdi et al. [41] also confirms the 
difference between local thermal non-equilibrium and local thermal 
equilibrium models is small. The reason can be attributed to the slow 
motion of the melting front. Although the thermal diffusivity between 
the solid and PCM phase is considerable, the temperature at the phase 
change front is constant, and the phase change front moves slowly. Thus, 
a local thermal equilibrium can provide reasonably accurate results for 
most engineering thermal energy storage applications. Hence, a local 
thermal equilibrium model has been used to reduce the complexity of 
equations and focus on the impact of porosity distribution on thermal 

energy storage. The governing equations for the conservation of mass, 
momentum, and energy are written as follows [42]: 

Conservation of mass: 

∂u
∂x

+
∂v
∂y

= 0 (1) 

Momentum equation in x and y directions: 

ρPCM

ε
∂u
∂t

+
ρPCM

ε2

(

u
∂u
∂x

+ v
∂u
∂y

)

= −
∂P
∂x

+

(
∂
∂x

(
μPCM

ε
∂u
∂x

)

+
∂
∂y

(
μPCM

ε
∂u
∂y

))

−
μPCM

κ
u − s(T).u

(2) 

G
ro

up
 I C1 Case 2 

C3 C4 

G
ro

up
 II

 

C5 C6 

Fig. 2. Metal foam layer configuration for enhancing the charging rate (reducing melting time) in the enclosure. Group I: Straight partition; Group II: Square 
partition; Group III: Diagonal partition. 
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ρPCM

ε
∂v
∂t

+
ρPCM

ε2

(

u
∂v
∂x

+ v
∂v
∂y

)

= −
∂P
∂y

+

(
∂
∂x

(
μPCM

ε
∂v
∂x

)

+
∂
∂y

(
μPCM

ε
∂v
∂y

))

−
μPCM

κ
v − s(T).v + ρPCMgβPCM

(
T − Tf

)

(3) 

Conservation of energy: 

(
ρcp

)

eff
∂T
∂t

+
(
ρcp

)

PCM

(

u
∂T
∂x

+ v
∂T
∂y

)

+ ερPCMLf
∂ω(T)

∂t

=
∂
∂x

(

keff,PCM
∂T
∂x

)

+
∂
∂y

(

keff,PCM
∂T
∂y

) (4) 

In the above equations, u and v are the x-velocity and y-velocity 

components, respectively. T and ω are the temperature and melting 
volume fraction fields, respectively. Here s(T) is introduced as s(T) =

Amush
(1− ω(T) )2

λ+ω3(T) , in which Amush is a large number, and λ was set to 0.001 in 
order to prevent division by zero. S(T) is a source term that takes a very 
large value when the liquid fraction is small (ω ≈ 0), and it approaches 
zero in liquid regions ω ≈ 1. Finally, g is the gravitational constant and 
acts in a downward direction. The subscripts f, eff, PCM, s, and l, indi
cate the fusion, effective properties of composite PCM, phase change 
material, solid-state, and liquid state, respectively. 

In the above equations, x and y denote the local coordinates while t 
represents time. The thermophysical properties μ, ρ, k, cp, Lf, and β are 
the dynamic viscosity, the density, the thermal conductivity, the sensi
ble specific heat capacity, the latent heat of phase change, and the 

C7 C8 
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C11 C12 

Fig. 2. (continued). 
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volumetric thermal expansion coefficient, respectively. The metal foam 
is characterized by its porosity (ε) and its permeability (κ). The differ
ence between the region with metal foam and the clear region was 
distinguished by considering the following functions: 

Clear region :

{
ε→1
κ→∞ ,metal foam :

{
ε→εmf
κ→κmf

(5)  

where the subscript (mf) represents metal foam. Here, the liquid fraction 
(ω) is introduced based on the temperature around the fusion temper
ature (Tf): 

ω(T) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 T < Tf − ΔTf
/

2

T − Tf

ΔTf
+

1
2
Tf − ΔTf

/

2 < T < Tf + ΔTf

/

2

1 T > Tf + ΔTf
/

2

(6)  

where ΔTf is the melting temperature range which was adopted as 5 ◦C. 
The effective heat capacity and thermal conductivity of PCM in the 
mushy region were computed as a weighted average of solid and liquid 
phases: 
(
ρCp

)

eff,PCM = ϕ
(
ρCp

)

eff,PCM,l +(1 − ϕ)
(
ρCp

)

eff,PCM,s (7a)  

keff = ϕkeff,l +(1 − ϕ)keff,s (7b) 

Then, the effective heat capacity and thermal conductivity of com
posite PCM-metal foam are evaluated using the following equations. 

The effective sensible heat capacity of composite-PCM: 
(
ρCp

)

eff,PCM,l(s) = ε
(
ρCp

)

PCM,l(s) + (1 − ε)
(
ρCp

)

mf (8a) 

The effective density of composite-PCM: 

ρeff,PCM,l(s) = ερPCM,l(s) + (1 − ε)ρmf (8b) 

There are several models for computing the effective thermal con
ductivity of high porosity metal foams, such as [43–45]. The effective 
thermal conductivity of composite and PCM was computed using the 
relation proposed by [45], which is in good agreement with the exper
imental measurements of [46]: 

keff = A
(
εkPCM +(1 − ε)kmf

)
+

1 − A
(

ε
kpcm

+ 1− ε
kmf

) (8c)  

where A = 0.35 [45]. The present formulation assumed that there is a 
local thermal equilibrium between the metal foam and PCM inside the 
pores. The natural convection was also taken into account using the 
Boussinesq approximation. Moreover, the density changes during the 
phase change were also neglected. The large value of Amush was adopted 
as 1 × 106 in the clear region and 1 × 1010 in the metal foam region. The 
value of Amush was increased in the metal foam layer since the flow 
resistance is high in such a region and demands a larger value of Amush. 
There are excellent relations in literature for computing the perme
ability of metal foams, such as [47,48]. The pore per inch, ωp, for metal 
foam was taken as ωp = 20 in the present research, and the MF perme
ability was computed as κ = 2.9764 × 10− 7 m2 [48] when ε = 0.9. 
Moreover, the thermophysical properties of the PCM and the porous 
matrix are reported in Table 1. 

2.2.2. Controlling boundary and initial conditions 
The no-slip boundary condition and Dritchlet thermal boundary 

condition were applied at the heated wall as: 

The left heated wall : u = v = 0 and T = Th (9a) 

The no-slip and zero heat flux on the other walls: 

Left, top and bottom walls : u = v = 0 and
∂T
∂n

= 0 (9b)  

where n is normal to the surface. 
Initially, the PCM inside the enclosure is super cold, and the velocity 

and pressure in the enclosure are zero. Thus, the initial conditions can be 
introduced as: 

u = v = 0,P = 0, and T = Tinitial @t = 0 (9c) 

The top left corner of the enclosure was adopted as the reference 
pressure point with zero-gauge pressure. In the current research, Tinitial 
= Tf-10 ◦C, Th = Tf + 10 ◦C, and the enclosure size (L) is 50 mm. 

2.2.3. The total energy stored in the unit (ES) and melting volume fraction 
(MVF) 

The thermal stored energy in the enclosure is a combination of 
sensible and latent heat. Thus, the thermal energy storage was computed 
by integration over the domain from the initial temperature to the 
current state of the domain as: 

ES(t)=
∫

A

∫T

Tinitial

(
ρCp

)

eff,PCMdTdA

| |

Sensible StoredЕnergy

+ε
∫

A

ρPCMωhf dA

| |

LatentStoredEnergy

(10) 

The normal melting volume fraction (NMVF) is evaluated by 
dividing the volume of liquid PCM to the overall volume of void space in 
the enclosure as: 

NMVF =

∫

AεωdA
∫

AεdA
(11) 

Finally, the average Nusselt number at the heated surface was 
introduced using the temperature gradient as: 

Nu =
keff ,PCML

kPCM
(
Th − Tf

)

∫ L

0

∂T
∂x

dy (12)  

3. Numerical method and validation 

This section addresses the numerical method, the mesh sensitivity, 
and the comparison of the results with the literature studies. 

3.1. Numerical method 

The finite element method was employed to solve the governing 
equations for mass, momentum, and energy conservation. The govern
ing equations were first transformed into a weak formulation and then 
integrated over the physical domain. A schematic view of the solution 
diagram is depicted in Fig. 3. A Backward Differential Formulation 
(BDF) was applied to control the time steps and keep the relative solu
tion accuracy below 10− 4. The heat and momentum equations were 
solved fully coupled by the Newton method. The numerical approach is 
well explained in [50]. 

3.2. Mesh study 

Before the validation of the numerical method, a mesh sensitivity 
study was first examined. For this purpose, four different computational 
mesh sizes were tested for an arbitrary case (C5). The melting fraction 
and the stored energy were investigated for the full melting process, and 

Table 1 
Thermophysical properties of paraffin wax and copper [49].  

Properties Paraffin Wax Copper foam 

ρ (kgm− 3)  900 8900 
μl (Nsm− 2)  0.0324 – 
Cp (JkgK− 1)  2300 386 
k (Wm− 1 K− 1)  0.3 380 
hf (kJkg− 1)  148.8 –  
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the results are illustrated in Fig. 4. It should be noticed that the effect of 
changing the geometry, in other words, taking into account other cases, 
had little effect on the process of assessing the independence of the re
sults from the mesh size. Therefore, the review of the mesh effect on the 
computation accuracy for the C5 could provide a general estimation of 
the computational precision. 

Details of selected meshes and computed values of the MVF and the 
total stored energy (TSE) are provided in Table 2. According to the re
sults obtained in Fig. 4, as the size of the mesh elements is reduced, no 
noticeable difference is observed. Therefore, it can be seen that the re
sults are largely independent of the mesh size. As a compromise between 
the computational cost and the accuracy, Nmesh = 0.5 was adopted for 
the rest of the computations. Fig. 5 illustrates a view of the selected mesh 
for C5, the meshing is quite fine, and mesh elements are square in shape. 

3.3. Validation 

In this part, the current model results are compared to the literature 
to guarantee the simulations’ correctness and accuracy. As the first 
comparison, the results of the current study are compared with those of 
Kamkari and Amlashi [51] and Kamkari et al. [52] for melting a lauric 
acid in a rectangular enclosure with a vertical heated wall (Th = 70 ◦C). 
The width and heights of the enclosure were 50 mm and 120 mm, 
respectively. In [51], a local thermal equilibrium model was used. The 
results for the MVF and the thermal stored energy (TSE) are depicted in 
Fig. 6. As seen, an acceptable agreement between the computations of 
the current study and the experimental and numerical literature works 
can be noticed. 

Regarding the melting of composite paraffin wax metal foam, the 
results of the present code were compared with the experimental data 
reported by Zheng et al. [49]. The melting of paraffin wax occurred in a 
square enclosure of size 100 mm, where one of the vertical walls was 

Fig. 3. Diagram of the solution method.  
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Fig. 4. Evaluation of mesh independency for (a) melting volume fraction, (b) Total energy stored.  

Table 2 
The characteristics of utilized mesh size for mesh study.  

Nmesh Quad elements MVF 
@810 s 

TES (kJ) 
@810 s 

Computational time  

0.25  62,000  0.956  487 26 h 12 min  
0.5  15,625  0.949  482 5 h 28 min  
0.75  7026  0.953  484 2 h 42 min  
1.0  3949  0.970  494 1 h 32 min  
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heated subject to a constant heat flux (1150 W). There was a slight heat 
loss from the enclosure sides. The porosity of the copper metal foam was 
0.95 and ωp = 5 PPI. Fig. 7 shows the melting interface at 1.5, 3, and 4.5 
h of heating. The shape and the interface locations obtained by the 
current simulation are very close to those observed by Zheng et al. [49]. 

4. Results and discussions 

In this part, the results for the 12 cases are evaluated. These12 cases 
are divided into three separate groups (Fig. 2). The first group will 
involve the placement of the foam layer horizontally (on the bottom and 
the top) and vertically (on the left and the right), and it includes cases 1 
to 4. The second group consists of cases 5 to 8, in which the boundary of 
the foam layer is separated from a clear quadrilateral medium inside the 
enclosure. The third group is related to the placement of the foam layer 
diagonally inside the enclosure, in which cases 9 to 12 are considered. 

4.1. Horizontal and vertical foam layer arrangement (cases 1–4) 

Fig. 8 shows the melting fraction, the amount of stored energy, and 
the average Nusselt number inside the enclosure to investigate the first 
group. Cases 1 and 2 are provided to locate the foam layer in the vertical 

arrangement. In the first case, the foam layer is adjacent to the warm 
vertical wall on the left side of the cavity (the active wall), while in the 
second case, the clear region is adjacent to the right wall (the adiabatic 
wall). Fig. 8 shows that, in the first case, the melting process is 
completed faster than in the second case. When the foam layer is adja
cent to the hot wall, the melting of the phase change material will be 
faster than when the clear region occupies the half-enclosure adjacent to 
the adiabatic wall. Hence, when the foam layer is adjacent to the hot 
vertical wall, due to the porous solid matrix, the thermal conductivity is 
increased, and the PCM advances quickly as long as it is in the foam 
region. A fracture in the middle of the curves indicates the exit or entry 
of the PCM melting interface from the metal foam into the clear region. 
When the slope of the curve decreases, the phase-changing material 
leaves the foam layer and is transferred to the clear region. 

On the contrary, the PCM reaches the foam layer from the clear re
gion when the curve slope increases. The clear region has a lower 
thermal conductivity than the metal foam, so melting the phase change 
material progresses slowly in a clear region than in a foam layer. In this 
portion of the curve, a transition from the conduction-dominant mode to 
the convection-dominant mode can be expected. According to the curve 
obtained for the first case, the melting volume fraction raised to 50 % 
with a steep slope. Then, the slope decreases, which shows that the 
melting interface entered the clear region on the right. At this point, t =
100 s, a fracture occurred in the curve, i.e., the melting interface enters 
the clear region, and the melting process continues at a lower speed. On 
the other hand, according to the curve of the second case, a steep slope 
occurred after the 40 % melting of the PCM. So considering that the 
porous and clear regions each occupy half of the enclosure, it can be 
concluded that the melting interface enters the foam layer before it 
covers the entire clear region. As mentioned, the rate of advance of the 
melting interface within the foam layer is faster than in the clear region. 

Due to natural convection, the advance of the melting interface in the 
top half of the enclosure is always greater than in the bottom half. Thus, 
there is a convection-dominant mode at the top region. Nevertheless, 
using a foam layer can promote the thermal conductivity of the bottom 
half and promote the conduction heat transfer mechanism. 

Cases 3 and 4 show the horizontal arrangement for the foam layer 
and clear regions. In the third case, the metal foam occupies the bottom 
half of the enclosure and is at the top half of the enclosure in the fourth 
case. As it turns out, of all four cases, the shortest time to complete the 
melting process is in the third case, where about 70 % of the melting 
process is completed, and then the slope is slightly reduced. In this 
configuration, when the clear region is in the top half of the enclosure, 
the melting is boosted by natural convection. Enhancing thermal con
ductivity by including the foam structure in the bottom will increase the 

(a) (b) (c)

b

c 

Fig. 5. A view of the selected mesh for C5 with Nmesh = 0.5.  

Fig. 6. A comparison between the present study and literature works for MVF 
as a function of time for the numerical simulations [51] and experimental 
measurements [52]. 
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melting rate again. On the contrary, when the foam layer is in the top 
half of the enclosure (C4), the melting interface advances pretty quickly 
in the top half. However, it advances slowly at the bottom due to poor 
effective thermal conductivity and poor convection heat transfer at the 
bottom area. 

The total energy stored for cases 1 to 4 is shown in Fig. 8(b). The 
patterns obtained for all four cases correspond to the curves in Fig. 8(a). 
The amount of energy stored for the four curves is roughly equal, except 
for the third case, where the storage process is fast. It should be noted 
that the amount of energy stored is also a function of simple and porous 
media. As can be seen, the amount of energy stored in a foam layer is 
always greater than in a clear region. 

Fig. 8(c) shows the mean Nusselt number adjacent to the left warm 
wall for cases 1 to 4. According to the obtained results, the highest heat 
transfer rates for cases 1, 3, and 4 occurred in the very first moments. In 
contrast, the highest Nusselt number occurred for the second case after 
the time t = 1000s, where the phase change material is entered in the 

foam layer. For these three cases, in the initial moments, the presence of 
a phasing material and a cold porous solid matrix next to the hot wall 
created the highest heat transfer rate. When the foam layer is uniformly 
adjacent to the hot wall (i.e., C1), the high thermal conductivity of the 
solid matrix affects the entire thermal boundary layer created adjacent 
to the hot wall, resulting in the highest heat transfer rate. 

The high thermal conductivity of the metal foam composite accel
erates the heat transfer between the PCM and the heated wall. The 
resulting pattern for the first case also weakly occurred for the third and 
fourth cases. As can be seen, the lower and top half of the enclosure for 
the third and fourth cases are composed of porous media, respectively. 
In general, according to the considered boundary conditions, more 
intense thermal gradients always occur in the lower areas of the left 
warm wall than in the top areas. Therefore, the placement of a foam 
layer with high thermal conductivity in the lower half of the enclosure 
had a greater effect on the average Nusselt number than its placement in 
the top half of the enclosure. As mentioned, the pattern of the second 

1.5 h     3 h          4.5 h 

)a(

(b)  

Fig. 7. Melting of composite paraffin wax‑copper foam in a square enclosure: (a) the results of the present study and (b) the experimental observation [49].  

(c) (b) (a) 

t (s)

A
ve
ra
g e
N
us
se
lt
nu
m
be
r

0 500 1000 1500 2000 2500
0

50

100

150

200

250

300

350 Case 1

Case 3

Case 2

Case 4

t (s)

To
t a
lS
to
re
d
E
ne
rg
y
(k
J)

0 500 1000 1500 2000 2500
0

100

200

300

400

500

600

Case 3

Case 1

Case 2

Case 4

t (s)

M
V
F

0 500 1000 1500 2000 2500
0

0.2

0.4

0.6

0.8

1

Case 1

Case 2

Case 3Case 4

Fig. 8. (a) Melting volume fraction, (b) Total energy stored and (c) Average Nusselt number for group I.  
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case is different from the other three cases. The second case is the only 
case where the foam layer is not adjacent to the hot wall. 

The pure phase change material is initially adjacent to the hot wall. 
Since its thermal conductivity is lower than the effective thermal con
ductivity (foam layer relative to the pure material), the heat transfer rate 
in the early times for the second case is slightly less than in the three 
other cases. When the molten phase change material reaches the foam 
layer in the right half of the enclosure, the thermal conductivity is 
improved, and the circulating melt phase change material is out of 
thermal equilibrium more than the initial moments. Observing the 
curves obtained at the last moment makes it possible to get the cases 
with the highest and lowest heat transfer rates in the first moment and 
the highest and lowest heat balance in the last moment, respectively. 
Therefore, increasing the thermal conductivity in the vicinity of the hot 
wall creates a greater thermal balance at the last moment. 

Fig. 9 shows isotherm lines for cases 1 to 4 in the three default times 
200 s, 600 s, and 1200s. For this purpose, the temperature range of 326 K 
to 356 K is considered for all the cases and the three times. Also, the 
boundary between the foam layer and the clear region is separated by a 
thick black line to better reflect the changing patterns in these envi
ronments. As can be seen, placing the foam layer in the left half of the 

enclosure (C1) makes the isotherms noticeably wider than in the right 
half (C2). A closer look at the isotherm shapes in the first row (C1) re
veals that the melting interface exits the foam layer on the left and enters 
the clear region on the right. The isotherms are quite compact around 
the melting interface in the clear region since the effective thermal 
conductivity is low. A similar trend for C3 and C4 can be seen when the 
melting interface is in a clear region. 

The set of Fig. 10 shows the streamlines and the forward pattern of 
the melting interface in the three default times for cases 1 to 4. The 
obtained patterns are in agreement with the results in Figs. 8 and 9. The 
streamlines’ expansion and the melting interface’s progress in cases 1 
and 3 are more advanced than in cases 2 and 4. The first and third cases 
are almost completely melted, t = 1200s, a lower melting fraction is 
observed in case C4, but no significant amount of PCM was melted in 
case 2. 

The streamlines become compact near the melting interface when 
the meting interface enters a clear region since there is less resistance to 
flow movement in a clear region. Next to the melting interface, the ve
locity reaches the natural convection velocity from zero in the solid 
region, and hence, a notable velocity gradient (compact pattern of 
streamlines) could be expected. These observations agree with the slope 

C1 

C2 

C3 

C4 

Fig. 9. Variation of contours of isotherm for Group I.  
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t=1200s t=600s t=200s Case 

C1 

C2 

C3 

C4 

Fig. 10. Variation of streamlines for Group I.  
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change in the curve plotted in Fig. 8(a) and the compaction of isotherms 
in Fig. 9. 

4.2. Simple square foam layer arrangement (Cases 5–8) 

The arrangement of the second group and its effect on the melting 
fraction, stored energy, and average Nusselt number is shown in Fig. 11. 
As mentioned earlier, the simple square environment is located in four 
different areas of the enclosure, and other than that, the porous solid 
matrix is placed in the rest of the area. According to Fig. 11(a), C8 is fully 
melted in the shortest time (t = 855 s), and C6 takes the longest time (t =
1704s). Comparing cases 5 and 8 shows that both cases are in contact 
with the foam layer in the lower parts of the enclosure. In most moments 
of the melting process, C5 was more advanced than C8, but in the end, 
the melting process of C8 was completed earlier than C5. 

In C5, the foam layer covers the bottom and left areas of the enclo
sure next to the left wall. This will speed up the melting process until a 
high amount of PCM melts down. However, a full melting takes a long 
time since the remaining solid PCM is located in a clear region at the far 
right of the enclosure. Therefore, according to the observations related 

to the first group, it can be concluded that advancing the melting 
interface in the mentioned region at the final stages of thermal charging 
(melting process) is difficult. 

On the other hand, according to the arrangement of C8, more time 
will be needed to overcome the clear region, but as the melting interface 
reaches the foam layer, the melting process in the eighth case will be 
completed faster than in C5. The completion of the melting process for 
C7 was very similar to C5 until a melting fraction of about 60 % was 
reached, while after passing the said fraction, the slope of the MVF curve 
decreased, and more time was needed for the total melting than C5 and 
C8. Hence, to complete the melting in C7, more time is needed to 
overcome the clear region of low thermal conductivity at the lower-right 
areas of the enclosure. The three cases described so far, C5, C7, and C8 
had a foam layer area at the bottom of the enclosure adjacent to the hot 
wall. For C6, with no foam layer at the bottom, the advancement of the 
melting interface is slow because the thermal conductivity in the 
remaining regions is poor, and hence, the slope of the MVF reduces. 

Following the patterns obtained for the MVF for all four cases in 
Fig. 11(a), the patterns of the amount of energy stored are shown in 
Fig. 11(b). As can be seen, a change in the arrangement of the foam / 

t=1200s t=600s t=200s Case 

C5 

C6 

C7 

C8 

Fig. 12. Variation of contours of isotherm for Group II.  
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plain medium does not significantly affect the final amount of stored 
energy. Therefore, only the storage duration is affected. 

The average Nusselt number for the C5 to C8 in the predefined time 
range is shown in Fig. 11(c). As it turns out, when the foam layer is 
completely adjacent to the hot wall (C5 and C7), the thermal conduc
tivity in those areas increases, and the heat transfer rate for both cases is 
equally improved. As time progresses, differences between the curves of 
C5 and C7 can be observed. In C5, the heat transfer rate is gradually 
reduced, while in the seventh case, the heat transfer rate is suddenly 
reduced. In the fifth case, the foam layer covers most of the lower half of 
the enclosure, while in the seventh case, the foam layer covers the top 
half of the enclosure. Therefore, the arrangement of the foam layer in the 
fifth case has caused the heat transfer rate to decrease gradually. 

The lowest rate of heat transfer in the initial moments belongs to C6 
since the clear region is located in the bottom areas of the enclosure. 
However, after a while, the melting interface reaches the foam layer, and 
the heat transfer rate increases compare to other cases. Interestingly, the 
average Nusselt number reached a maximum value at later times for C8. 

The development of streamlines and the melting interface propaga
tion for C5 to C8 are shown in Fig. 13. In agreement with Fig. 12, in the 

early period, the development of streamlines and melting interfaces for 
C5 and C7 is greater than in the other two cases. At t = 600 s, not only do 
C5 and C7 show a good development of the melting interface, but also 
C8 shows a comparable advancement of the melting interface. At the last 
time (t = 1200s), the melting process is almost completed for C5 and C8. 
However, some notable regions of C6 and C7 are still solid. 

4.3. Diagonal foam layer arrangement (Cases 9–12) 

The impact of the diagonal placement of the metal foam layer on the 
melting behavior is evaluated in the third group for C9 to C12. Fig. 14(a) 
to (c) show the effect of diagonal arrangement on MVF, the amount of 
stored energy, and the average Nusselt. In order to better identify the 
mentioned cases, the term diametric arrangement is used for C9 and 
C10, and the term opposite diametric arrangement is used for C11 and 
C12. As shown in Fig. 14(a), C9 and C12 are fully melted in the shortest 
time, and cases 10 and 11 are fully melted later. The melting process is 
faster when the foam layer is adjacent to the hot vertical wall regardless 
of the diametric and opposite diametric arrangements. The difference 
between C 9 and C12 is in the position of the metal foam layer because 

t=1200s t=600s t=200s Case 

C5 

C6 
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Fig. 13. Variation of contours of isotherm for Group II.  
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Fig. 15. Variation of contours of isotherm for Group III.  
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when the foam layer is in the diametric arrangement (C9), it occupies 
the top areas of the enclosure. When it is in the opposite diametric 
arrangement (C12), it includes the bottom areas of the enclosure. 

Placing the metal foam in the bottom areas accelerates the melting 
interface’s advancement due to the foam layer’s high thermal conduc
tivity. Therefore, the melting process in C12 is completed slightly earlier 
than in C9. The progress of MVF for C10 and C11 up to the melt fraction 
of 80 % (t = 1200s) is almost the same, while the onset of divergence 
between the two curves occurred after t = 1200s. As previously 
described, in a clear region, the advancement of the melting interface at 
the top regions of the enclosure is much better than bottom regions due 
to much better natural convection heat transfer at the top. The 
arrangement of C10 (diametric arrangement) is such that the PCM enters 
the foam layer from the bottom areas of the enclosure. Therefore, the 
advancement of the melting interface continues from both the bottom 
and top regions. 

On the other hand, in C11 (opposite diametric arrangement), the 
advancement of the melting interface is high at the top areas, where it 
enters the foam layer. However, it remains small from the bottom areas 
of the enclosure. Therefore, melting of the PCM in the bottom part of 

C11 takes longer than in C10. 
Fig. 14(b) shows the amount of stored energy for C9 to C12. The total 

stored energy follows similar patterns to the curves in Fig. 14(a). In fact, 
the faster the melting process, the higher the rate of thermal energy 
storage. The difference in the amount of stored energy for all four cases 
at the last time is related to the sensible heat. The latent energy storage 
reaches its maximum value when the melting process is completed. 

The average Nusselt number for Group III is shown in Fig. 14(c). The 
presence of a foam layer adjacent to the heated wall (C9 and C12) en
hances the heat transfer rate. However, the absence of the foam layer 
near the hot wall (C10 and C11) decreases the heat transfer at initial 
times. 

The isotherms for C9 to C12 are shown in Fig. 15. At any given time, 
the broadest range of streamlines belongs to C9 and C12 since the foam 
layer is adjacent to the left wall (active wall). With the entry of the liquid 
PCM into the clear region, the isotherms become compact, which is due 
to the low thermal conductivity in the clear region. The opposite 
behavior of the isotherms can be seen in C10 and C11 (see rows 2 and 3). 
As long as the isotherms are in a clear region and adjacent to the active 
wall, a high density of isotherms can be seen, which indicates a high- 

t=1200s t=600s t=200s Case 
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Fig. 16. Variation of streamlines for Group II.  
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temperature gradient. When these isotherms enter the foam layer, they 
suddenly expand due to the high thermal conductivity of the composite- 
PCM. These observations agree with Fig. 14(a) and (c). 

Fig. 16 shows the streamlines and melting interface pattern for C9 to 
C12 in three default times. The expansion of the streamlines and a fair 
advancement of the melting interface can be observed in C9 and C12 in 
an early time of t = 200 s. Moreover, the melting interface is quite 
behind in C10 and C11, and the streamlines are pretty compact since 
they are in a clear flow region. Over time, when the liquid PCM leaves 
the metal foam layer of C9 and C12, the streamlines and melting 
interface are compacted. In contrast, the flow and melting interface lines 
expand dramatically when the liquid PCM enters the foam layer. 

4.4. All arrangement comparison 

After examining the melting process for the three groups, the energy 
storage power of each configuration can be computed as the amount of 
stored energy over the storage time. The energy storage power of the 12 
foam layer arrangements is plotted in Fig. 17. It is important to note that 
the area occupied by the foam layer is the same in all cases, so it makes 
sense to judge the efficiency of the 12 cases based on the energy storage 
power. C8 in blue with 0.57 kW and C11 in black with 0.22 kW represent 
the highest and lowest energy storage power among the investigated 
configurations. To be more precise, the effect of arranging the foam 
layer inside the energy storage enclosure for the best case (C8) can be up 
to 2.6 times greater than the worst-case (C11). After C8, C12 could 
provide the best energy storage power. 

5. Conclusion 

The influence of the shape and mounting place of a metal foam layer 
was addressed in the melting rate and energy storage power of an LHTES 
unit. The metal foam layer was investigated in three design groups 
Group I: Straight partition; Group II: Square partition; Group III: Diag
onal partition. The time profiles of the total stored energy, MVF, Average 
Nusselt number, streamlines, and temperature contours were reported 
for each design group. The main outcomes can be summarized as 
follows:  

(a) For design group I (straight partition), laying the metal foam 
layer horizontally along the bottom wall (C’3) results in the 
fastest melting time (~15 min) melting time. The second-best 
case was laying the foam layer vertically along the heated wall 
(left wall). These two configurations could allow a fair enhanced 
conduction heat transfer at the initial melting heat transfer and a 
fair natural convection circulation at the final stages of melting.  

(b) For design group II (square partition), the best case was C8, in 
which the metal foam layer was placed at the bottom right. In this 
design, the melting was developed from the bottom of the foam 
layer and then led to a robust natural convection circulation. This 
design provides a uniform storage rate along the charging pro
cess. Placing the foam layer at the bottom right also produces a 
good storage power close to C8. However, in this design, the 
storage rate is very high due to a very good local thermal con
ductivity enhancement of the foam layer along the heated wall 
and bottom. However, at the final stages of the charging process, 
there is no metal foam in the solid PCM, and hence the charging 
rate drops.  

(c) For design group III (diagonal partition), The foam layer should 
be placed next to the heated wall. Laying the rest of the foam next 
to the bottom wall gives the best melting rate in this group since it 
allows a better natural convection circulation at the final stages of 
the melting process. Placing the foam layer next to the vertical 
insulated walls delays the PCM melting at the initial thermal 
charging stages, which generally is not beneficial.  

(d) Among all investigated cases, C8, with 15 min charging time, 
provides the highest melting and thermal energy storage rate 
(power). In C8, the metal foam layer was laid along the bottom 
and right walls. This design provides an initial boost in melting 
heat transfer by enhancing the conduction heat transfer along the 
bottom wall and then boosts the natural convection heat when 50 
% of the enclosure is melted. It also helps the thermal charging be 
completed quickly at the final melting stage since a foam layer 
locally supports the remaining solid PCM. C11 was the worst case 
with about 37 min charging time. In this case, the foam layer is 
configured diagonally along the right and top walls. This 
configuration eliminates the benefit of the foam layer at the 
initial melting stages and suppresses the convection heat transfer 
at the final melting stages. Placing the foam layer with the 
configuration C8 leads to 60 better charging power than C11. 
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