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Abstract
In this paper, the melting process of a PCM inside an inclined compound enclosure par-
tially filled with a porous medium is theoretically addressed using a novel deformed mesh 
method. The sub-domain area of the compound enclosure is made of a porous layer and 
clear region. The right wall of the enclosure is adjacent to the clear region and is subject 
to a constant temperature of Tc. The left wall, which is connected to the porous layer, is 
thick and thermally conductive. The thick wall is partially subject to the hot temperature 
of Th. The remaining borders of the enclosure are well insulated. The governing equations 
for flow and heat transfer, including the phase change effects and conjugate heat transfer at 
the thick wall, are introduced and transformed into a non-dimensional form. A deformed 
grid method is utilized to track the phase change front in the solid and liquid regions. The 
melting front movement is controlled by the Stefan condition. The finite element method, 
along with Arbitrary Eulerian–Lagrangian (ALE) moving grid technique, is employed to 
solve the non-dimensional governing equations. The modeling approach and the accuracy 
of the utilized numerical approach are verified by comparison of the results with several 
experimental and numerical studies, available in the literature. The effect of conjugate wall 
thickness, inclination angle, and the porous layer thickness on the phase change heat trans-
fer of PCM is investigated. The outcomes show that the rates of melting and heat transfer 
are enhanced as the thickness of the porous layer increases. The melting rate is the high-
est when the inclination angle of the enclosure is 45°. An increase in the wall thickness 
improves the melting rate.
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List of Symbols

Latin symbols
A	� Area
As,i	� Scaled absolute tolerance for degrees of freedom i
Cp	� Specific heat capacity
d	� Wall length
Da	� Darcy number
EY	� Estimate of the local error (absolute error)
g	� Gravitational acceleration
k	� Thermal conductivity
L	� Cavity length
M	� Number of fields
Nj	� Number of degrees of freedom in a field
Pr	� Prandtl number
R	� Relative tolerance
Ra	� Rayleigh number
s	� Porous media length
Ste	� Stefen number
t	� Dimensional time
T	� Dimensional temperature
u, v	� Components of dimensional velocity along x and y directions
U, V	� Components of non-dimensional velocity along x and y velocity
x, y	� Dimensional cartesian coordinates
X, Y	� Non-dimensional cartesian coordinatess
Yi	� Scaled solution vector

Greek Symbols
α	� Thermal diffusivity
β	� Volume expansion coefficient
γ	� Inclination angle
ε	� Porosity
ζ	� Basis function
θ	� Dimensionless temperature
νf	� Kinematic viscositys
ρ	� Density
τ	� Dimensionless time

Subscripts
c	� Cold
h	� Hot
i, j	� Degrees of freedom, field number
l	� Liquid
m	� Melt
p	� Property of metal foam
s	� Solid
w	� Wall
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1  Introduction

Phase change materials (PCMs) are a decent choice for thermal energy storage plans such 
as solar power, electrical vehicles cooling systems, and waste heat recovery. PCMs can 
store/release a tremendous amount of energy on the phase change at a constant tempera-
ture. The latent heat of PCMs can be achieved by solid–solid, solid–liquid, solid–gas, and 
liquid–gas phase changes; however, solid–liquid and liquid–gas phase changes are more 
convenient to manage for thermal energy storage applications.

The importance of solidification and melting processes has contributed to huge scien-
tific endeavors by numerical, experimental, and analytical investigations up to date (Kumar 
et  al. 2012; Wang et  al. 2019a; Bondareva et  al. 2019; Bondareva and Sheremet 2018). 
There are some recent works that have studied new aspects of phase change heat transfer in 
clear regions such as using a magnetic field, nanoadditives, or fins. For example, Ghalam-
baz et al. (2017b) studied the effects of a magnetic field and inclination angle of an enclo-
sure on the melting process of hydrodynamic magnetic phase change phenomena. Results 
showed that the magnetic field could decrease the thermal gradient in the enclosure by 
weakening the natural convection effects. Doostani et al. (2017) numerically investigated 
the effect of using a uniform magnetic field on the melting process of an electrically con-
ductive PCM. Results indicated that at an early stage of the melting process, in which the 
flow velocity is low, the magnetic field has a slight impact on the melting rate and phase 
change behavior. Chamkha et  al. (2017) studied the influence of using nanoadditives on 
the phase change behavior of PCMs in a horizontal cylindrical enclosure. Results showed 
that the interface of solid–liquid was affected by nanoparticles volume fraction. Ghalambaz 
et al. (2017a) investigated the effect of using hybrid nanoparticles as nanoadditives on the 
natural convection melting process inside an enclosure. The results indicated that a stable 
dispersion of nanoparticles inside the PCMs led to the augmentation of heat conduction in 
comparison with the base fluid PCMs. Tiari et al. (2015) conducted numerical studies on a 
thermal finned tube equipped with a thermal energy storage system with high-temperature 
PCMs inside a quadratic enclosure. Results showed that natural convection had a signifi-
cant effect on the melting process of PCMs. Khodadadi and Hoseinizadeh (2007) studied 
the improvement of phase change heat transfer of PCMs by adding nanoparticles. They 
enhanced the heat conduction of PCM by introducing nanoparticle as additives to synthe-
size an enhanced phase change substance. Fan and Khodadadi (2011) reviewed the recent 
advances in the experimental and numerical simulations of phase change heat transfer of 
PCMs.

The study of the literature review shows that various enclosure shapes and conditions 
have been utilized as a container for phase change materials (PCMs). Hlimi et al. (2016) 
numerically investigated the role of natural convection on the melting phase change inside 
a horizontal cylinder. They utilized the enthalpy–porosity method to model the phase 
change, and they found that the natural convection played an essential role in the melting 
shape and temperature of PCM.

Faghani et  al. (2018) numerically surveyed the melting process between elliptical 
cylinders in nine different configurations. RT 25 (Rubitherm Gmbh—Germany) was 
used as the PCM filling between the inner and outer ellipses. Results revealed that a 
horizontal elliptical tube shows the best performance to be used as a shell. Rakotondran-
disa et al. (2019) carried out numerical studies to simulate the melting and solidification 
process of a PCM. The enthalpy method was applied to the energy equation. They inves-
tigated the solidification of octadecane paraffin after a partial melting (around 50%). 
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Elsayed (2018) numerically studied the melting characteristics of commercial paraffin 
wax as PCM inside triangular cylinder containers. The cylinders had the same volume 
and various apex angles which their effects on heat transfer and flow pattern were pro-
vided. The results revealed that the base length and apex angle of the triangle consider-
ably affect the heat storage efficiency and the container surface.

Wang et  al. (2019b) conducted experiments to study the melting process of PCM 
inside a cylindrical container with various boundary conditions. According to the exper-
imental results of this study, the initial melting process occurred based on the conduc-
tion heat transfer mechanism, and after empowering natural convection, it became the 
predominant cause of melting. Bechiri and Mansouri (2019) carried out numerical stud-
ies on the melting process in a vertical cylindrical tube partially filled with PCM and 
air. They provided correlations for the melted liquid fraction and time of melting based 
on dimensionless parameters such as Fourier and Grashof numbers.

Using high thermal conductive porous materials is a novel approach to enhance or 
control the phase change of PCMs. Recently, the methods and techniques for the design 
of various metal foams have significantly advanced. Zhao et  al. (2018) performed an 
excellent review on the applications of metal foams. Hence, a large number of research-
ers studied the impacts of using a porous medium on the flow and heat transfer of the 
fluids without phase change (Mehryan et al. 2019b; Ghalambaz et al. 2016; Pop et al. 
2016; Chamkha and Selimefendigil 2018; Nield and Bejan 2006; Alsabery et al. 2019c).

Ghalambaz et al. (2016) studied the free convection flow inside a quadratic enclosure 
occupied with porous media and saturated with nanofluid by considering the viscous 
dissipations and effects of radiation. Pop et al. (2016) investigated free convection in a 
quadratic porous cavity occupied with nanofluid by thermal non-equivalent and Buon-
giorno model. Mehryan et al. (2019b) studied the impacts of the presence of the foam 
on the flow and heat transfer of a suspension containing hybrid nanoparticles. Sheik-
holeslami (2019a,b) investigated the free convection of nanofluids in a cavity with no 
phase change by using a combination of finite element and finite volume methods. The 
lattice Boltzmann has also been applied for the investigation of natural convection of 
nanofluids with no phase change (Sheikholeslami et al. 2019b).

The phase change heat transfer in porous media has been investigated in some of 
the recent works. Jourabian et al. (2018b) conducted numerical investigations to accel-
erate the melting process by using metallic porous media. The enthalpy-based lattice 
Boltzmann method was employed. The results showed that using this porous media 
contributes to the enhancement of conduction and the weakening of natural convection 
heat transfer. Jourabian et al. (2018a) investigated the melting rate inside two configura-
tions of cylinders: one cylinder and four cylinders with three different configurations. 
The PCM used in this research was mixed with the small volumetric concentration of 
the nanometer-sized Cu particles to enhance the melting rate. Results revealed that the 
melting time in a single tube with pure PCM was higher than the multi-tube configu-
ration with pure PCM and nanoenhanced phase change material (NEPCM) melting in 
a multi-tube configuration. Also, different arrays had a different time of melting. Al-
Jethelah et al. (2016) numerically and analytically performed an analysis of the melting 
process inside a porous square enclosure.

Al-Jethelah et al. (2016) found that the flow of melted PCM and the melting front are 
significantly affected by the Darcy and porosity numbers. Hayat et al. (2017) utilized the 
boundary layer analysis to study the melting heat transfer in a stagnation point flow. The 
free convection in a cavity with no phase change has also been the subject of many recent 
studies, for instance conjugate heat transfer effects (Alsabery et al. 2018b, 2019a,b), wavy 
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wall geometry effects (Alsabery et  al. 2018a,2019b,c), double-diffusive effects (Ismael 
2018; Ismael and Ghalib 2018), and magnetic field effects (Alsabery et al. 2018c, 2019a).

Considering the compound enclosure, Tahmasebi et al. (2018) investigated the conju-
gate natural convection heat transfer in an enclosure partially filled with a layer of porous 
medium for a homogeneous nanofluid. Mehryan et al. (2019a) extended the study of Tah-
masbei et  al. (2018) to the case of a non-homogeneous nanofluid. Hu et  al. (2018) also 
extended the study of Tahmasebi et al. (2018) to the case of double-diffusive natural con-
vection. The geometry of a cavity with a layer of porous medium with no phase change has 
also been investigated in Sheremet et al. (2019).

The conventional method for modeling of phase change heat transfer is the 
enthalpy–porosity method. In this method, it is presumed the phase change takes place in 
a range of temperature instead of an exact temperature to avoid discontinuity in the heat 
equation (Doostani et al. 2017; Chamkha et al. 2017; Sheikholeslami et al. 2019a; Sheik-
holeslami 2018a, b, c). The deformed mesh method benefits from the moving grid capabil-
ity for tracking of phase change interface, and hence, the phase change can be tracked with 
an exact fusion temperature.

The literature review shows that the natural convection with no phase change has been 
studied inside a compound cavity, including the wall, porous layer, and clear region in 
recent years (Tahmasebi et al. 2018; Mehryan et al. 2019a; Hu et al. 2018). However, the 
melting heat transfer in a compound enclosure has not been addressed yet. The present 
study aims to analyze the effects of wall thickness and porous layer on the melting rate 
of a phase change material using a novel deformed grid method for the first time. The 
deformed mesh method is employed to capture phase change at an exact fusion tempera-
ture, accurately.

2 � Modeling

Figure 1 demonstrates the schematic diagram for conjugate natural convection of the melt-
ing process in a compound enclosure with a layer of a porous medium. The enclosure is a 
rectangular domain with the height of L and the width of L + s. The enclosure is vertically 
separated into three sections: a solid wall, a porous medium, and a clear flow region. The 
solid and the porous areas are defined by s and d, respectively. It is worth mentioning that 
the width of the porous layer and the clear region is considered to be constant. As pictured 
in Fig. 1, a flash heater having a hot temperature of Th and length of b is mounted on the 
left wall with the central position height of z. The entire right surface of the enclosure is 
subject to a fixed temperature of Tc so that Tc < Th. The remaining surfaces of the com-
pound enclosure are well insulated.

For modeling the conjugate natural convection of the PCM, the following points need 
to be explained. The condition of the no-slip boundary is established on the solid sur-
faces. The pores of the porous region are fully occupied by an incompressible liquid/
solid PCM. The pores are homogeneously distributed, and the solid matrix is assumed 
to be isotropic. Aluminum metal foam and paraffin wax are selected as the solid matrix 
and the PCM. The thermal properties are provided in Tables  1 and 2. The construc-
tive material of the wall and the porous medium are similar, and hence, the thermo-
physical properties in Table 2 are also applicable for the solid wall. Besides, the flow 
of molten PCM is Newtonian and laminar. Apart from density in the buoyancy term, all 
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the thermophysical characteristics of the liquid/solid PCM are regarded as constant. The 
Boussinesq approximation is utilized to take into account the impacts of the buoyancy 
volume force.

Taking into account the points mentioned above, a set of governing equations describ-
ing the molten PCM flow and heat transfer in the free and porous regions are written as fol-
lows (Nield and Bejan 2006; Buongiorno 2006; Sheikholeslami et al. 2018):

Fig. 1   Schematic view of the 
physical model
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Table 1   Properties of the liquid and solid paraffin wax (Farid et al. 2004)

Density, specific heat and thermal conductivity used in the numerical model are considered at 59.9 °C.

The property, symbol (unit) Solid Liquid

Thermal conductivity, ks and kl [W/(m K)] 0.23 0.2
Specific heat, Cp,s and Cp,l [kJ/(kg K)] 2.20 2.10
Latent heat of melting, Lfs (kJ/kg) 190 190
Liquid temperature, Tl (°C) – 59.9
Solidus temperature, Ts (°C) 51.2 –
Kinematic viscosity, ν (m/s2) – 5.2 × 10–6

Thermal diffusivity, α (m/s2) 1.2672 × 10–7 1.2614 × 10–7

Density, ρs and ρl (kg/m) 825 755
Liquid thermal expansion coefficient, β [1/ C] – 4.016 × 10–3

Table 2   Thermal and physical 
properties of the metal foam 
(Dinesh and Bhattacharya 2019)

The property, symbol (unit) Value

Thermal conductivity, kp [W/(m K)] 205
Specific heat, Cp,p [kJ/(kg K)] 0.910
Density, ρp (kg/m) 2830
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Energy balance for the melted PCM:

where

Energy balance for solid PCM:

where

In the clear space, � → 1 and K → ∞ . So, the porous layer can be defined as 
� = � step(x) + (1 − step(x)) and K = K step(x) + ∞ × (1 − step(x)) where ∞ is a large 
number order of 102 and step function is defined as follows:

Energy balance for the solid wall:
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In the present study, the porous layer and the clear flow regions are separated through the 
change in porosity and permeability using a step function. Please see Eq.  (8) and the text 
above Eq. (8). Hence, the interface of porous clear flow indeed is not a real boundary, and it is 
a part of the internal domain. At the initial time, the PCM is solid, and the temperature of the 
whole domain is Tc.

The interfacial energy balance (Stefan condition) is utilized to achieve the displacement of 
the phase change interface:

To better analyze the problem, Eqs. (1)–(12) are transferred to the X–Y non-dimensional 
coordinates by introducing dimensionless variables as follows:

Substituting Eq.  (13) into Eqs. (1)–(12), the corresponding non-dimensional form of the 
governing Eqs. (14)–(25) is obtained as:
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 where Ra the Rayleigh number, Pr the Prandtl number, Da the Darcy number, respec-
tively, are:

The Darcy number Da and porosity ε are introduced as a space-dependent function as:

where the non-dimensional form of the step function step(X) is obtained as:

Energy balance for melted PCM:

Energy balance for solid PCM:

Energy balance for the solid wall:

The non-dimensional forms of the boundary conditions are:
On the wall–porous interface:

On the external surfaces:
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Considering the dimensionless temperature definition, the initial temperature is zero in 
the non-dimensional form. Non-dimensional displacement velocity of the moving melting 
interface in X- and Y-directions:

The non-dimensional thermophysical properties can be summarized as:

 where considering the thermophysical properties in Tables  1 and 2 the thermophysical 
ratios are fixed as kp/kl = kw/kl = 1025, ks/kl = 1.15, (ρCp)p/(ρCp)l = (ρCp)w/(ρCp)l = 1.6243, 
and (ρCp)s/(ρCp)l = 1.1447 in the present study.

It should be noted that the porosity is a function of X defined by Eq. (18b). In this study, 
the porosity value in the porous region is considered to be 0.92 [1]. The Nusselt at the 
heated wall and the volume fraction of melt are the parameters of interest. A part of the 
enclosures is filled with the porous matrix, and the PCM can only fill the void space in the 
pores and the porosity in the clear space is unit. Hence, the void space in the porous space 
and in the clear space which is filled with PCM can be evaluated using the porosity func-
tion. So, the melt volume fraction is presented as:

 where MVF indicates the melt volume fraction of the melted PCM, and the m subscript 
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where using the non-dimensional parameters it can be written as:

where QY = qL∕kw(Th − Tc) is the non-dimensional heat transfer at the wall and the total 
heat transfer at the wall can be obtained by integration over the length of the wall as:

3 � Numerical Method, Grid Test, and Validation

3.1 � Numerical Method

The powerful numerical approach of the finite element was adopted to solve the set of 
Eqs. (14)–(16) and (20)–(22), subject to the boundary conditions with Eqs. (23) and 
(24). The details of the numerical approach are presented in (Basak et al. 2006; Reddy 
1993). The numerical method uses the continuity equation and a penalty parameter (γ) 
for the coupling of the velocity and pressure (Reddy 1993).

It is evident that very large values of the penalty parameter ( � = 107 ) can satisfy the 
continuity Equation [5]. Now, the velocities components (i.e., U and V), and tempera-
tures are expanded invoking a basis set 
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In the domain of the solution. Since the basis functions for the velocity components and the 
temperatures are the same, the total number of nodes variables is N. The nonlinear residu-
als for the discussed equations at nodes of internal domain Ω are derived as,

(36)
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A reference pressure at the top of the wall–fluid interface with zero pressure was intro-
duced. Moreover, some constraints were introduced to limit the vertical grid motion next 
to the horizontal bounds, preventing inverted low-quality grids. In this case, the vertical 
grid movement was converted to the same horizontal grid movement to produce the same 
amount of liquid fraction. The grid motion was also controlled very close to the cold wall 
preventing the grid collision with the cold wall. When the grid reaches to X = 1, the grid 
motion stops. It should be noted the length of the cavity was considered as X = 1.1 due to 
mesh control. However, the computations were performed in the cavity of non-dimensional 
size X = Y = 1, and the region between X = 1 and X = 1.1 was discarded in any characteristic 
calculation.

The results were recorded at the strict time steps of Δτ = 5 × 10–4. However, an auto-
matic time step scheme based on the backward differentiation formulas (BDF) with 
embedded error control was utilized for controlling the intermediate time steps. Here, 
the automatic time step scheme ensures the accuracy of the solution. BDF employs a 
numerical estimate of the local truncation error along with a time step selector (Moore 
and Petzold 1994) to control the time steps and maintain the solution within a given 
tolerance. The following relation evaluates the validity of each time step for the scaled 
absolute tolerance:

where EY denotes the estimate of the local error (absolute error) in scaled solution vector 
(Yi) and As, i indicates the scaled absolute tolerance for degrees of freedom i. In the above 
equation, R, Nj, and M are the relative tolerance, number of degrees of freedom in field j, 
and number of fields, respectively.

3.2 � Grid Test

The shape of the solid wall is a rectangle with no deformation. A structured grid was 
selected for this region. The PCM-filled solid and liquid regions were meshed using tri-
angular elements. The triangular grids were easier to handle in the Arbitrary Eule-
rian–Lagrangian (ALE) domain. As there are three main domains of solid wall (domain 
A), solid region (domain B), and liquid region (domain C) with different physics, a sys-
tematic grid check was performed. A non-uniformed structured Nx × Ny mesh was used for 
domain A, i.e., the solid wall. In domain A, the grid points were uniform in the vertical 
direction (y), while the grids were stretched in the x-direction with the growth ratio of 0.1, 
in a way that the grids were fine next to the hot element.

A triangular mesh with the maximum size of MaxB was adopted for domain B. We 
presumed that the grid size in domain B, i.e., the solid region, was not important as there 
were no evident temperature gradients in this region. In contrast, the grid size in the liquid 
region was very important due to the temperature and velocity gradients. Hence, a fine 
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triangular mesh with the maximum size of MaxC was selected for domain C. The phase 
change interface was divided into Ny equal grid points the same as the size of domain A. 
For all triangular grids, the maximum element growth rate and curvature factor were 1.25 
and 0.25, respectively.

First, a very fine grid was selected for domains A and B to diminish the effect of these 
regions on the solution, and then, the impact of the grid size of domain C, i.e., the liquid 
region, on the solution was investigated. Then, for a very fine and adequate mesh in domain 
C, the size of the mesh in domains A and B was increased. The governing equations were 
solved for various grid sizes. The distortion of the grids in the solid and liquid PCM 
regions was monitored. For any distortion larger than unity, a re-meshing was performed. 
Due to the growth of the liquid region and shrinkage of the solid region, the re-meshing 
was essential because of the melting phase change. The re-meshing ensures the quality of 
the grid during the large deformations of the liquid and solid domains.

For grid check, the governing equations were solved, and the heat transfer from the 
hot element, Q, was monitored and plotted as a function of the non-dimensional time. To 
explore the effect of the grid size on the accuracy of the results, each time, the grid size of 
a region was changed, while the other regions were kept at the smallest grid size to dimin-
ish their effects of the solution accuracy.

The size of the grid at the wall–fluid region and the melting interface (Ny) was shared 
between the domains. Moreover, the temperature and velocity gradients are significant 
next to these two surfaces. Hence, our preliminary results showed that Ny was the most 
important parameter of the grid in this study. The heat transfer results for three different 
grid sizes are plotted in Fig.  2. The selected parameters for the grid examination were 
Pr = 41.2, Ra = 1.4 × 107, Ste = 0.11, Da = 3.1 × 10–4, B = 0.2, S = 0.1, D = 0.01, and γ = 45°. 
The details of the corresponding grids are summarized in Table 3. As shown in Fig. 2, the 
difference between the results is in the initial times. The grid of case 3 shows acceptable 
results with a reasonable computational cost. Hence, the grid of case 4 was utilized for 
plotting the results. Figure 3 shows the grid of case 4 at τ = 0.1. Figure 3b shows a detailed 
view of the grid at the top of the cavity.  

Fig. 2   Time history of the ele-
ment heat flux (Q) for various 
grid sizes
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3.3 � Validation and Verification

The correctness and accuracy of the provided code were evaluated by comparing the results 
of this work and those mentioned in (Kashani et al. 2012; Bertrand et al. 1999; Gau and Vis-
kanta 1986; Sun and Pop 2011; Sheremet et al. 2015; Sathiyamoorthy and Chamkha 2012). 
Figures 4, 5 and 6, and Table 4 show these verifications and validations. The results exhibit 

Table 3   Details of each grid of case

Details Case

1 2 3 4 5 6

Size A (Nx, Ny) 5 × 80 10 × 120 8 × 150 16 × 200 32 × 300 50 × 500
MaxB 0.07 0.06 0.05 0.04 0.03 0.02
MaxC 0.045 0.035 0.025 0.02 0.015 0.01
Element growth rate 1.25 1.25 1.25 1.25 1.25 1.25
Computational time 16 min 27 min 39 min 47 min 1 h 18 min 2 h 34 min
Number of elements 1631 4153 5374 9567 2106 48,194

(a) Full view

(b) Top view

Fig. 3   Grid of case 4 at τ = 0.1, a Full view and b Top view



672	 S. A. M. Mehryan et al.

1 3

an acceptable agreement between the current simulations and the previous works. The leading 
cause of discrepancies between the results of numerical methods in Figs. 4 and 5 can be seen 
in the different approaches of capturing the melting interface, especially at the early stage of 
the phase change. Moreover, there are also different measuring techniques, which have been 
utilized in the literature. For instance, Gau and Viskanta (1986) utilized a mechanical probe to 
capture the melting interface.

Fig. 4   Obtained melting interface 
of the current work and those of 
Bertrand et al. (1999)
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of the current work and the lit-
erature (Gau and Viskanta 1986)
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4 � Results and Discussion

4.1 � Grid Deformation

Figure 7 shows the grid deformation during the melting process of PCM inside the cav-
ity at different dimensionless times when Pr = 41.2, Ra = 1.41 × 107, Da = 3.1 × 10–4, γ = 0°, 
S = 0.1, and Ste = 0.11. At the primary times, the melting process of the solid region is 
more significant at where the embedded heater is located on the left wall, so it leads to a 
convex shape of grid deformation. It is worth mentioning that the conduction heat transfer 
is dominant at this time, and gradually, the convection mechanism becomes predominant. 
Due to natural convection impacts, the mesh deformation approaches toward the upper 
parts of the cavity by the advancement of the melting process, and the melting process 
intensifies at top regions of the cavity. At the latest times of the melting process within 
the clear region, the convection heat transfer is the predominant mechanism, so the melted 
region covers the upper parts of the cavity sooner.

4.2 � Analysis of the Effect of the Porous Layer Thickness

Figure  8 depicts the isotherms and streamlines of melted PCM for different porous 
layer thicknesses at τ = 0.3 when D = 0.001, Pr = 41.2, Ra = 1.41 × 107, Da = 3.1 × 10–4, 
Ste = 0.11, ε = 0.92, and γ = 0°. It can be seen that an increase in the porous layer thickness 

Fig. 6   Obtained isotherms of the 
current work (solid lines) and 
those of Sathiyamoorthy and 
Chamkha (2012) (points)
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Table 4   Average Nusselt number 
in a porous triangular enclosure

Ra × Da Sun and Pop 
(2011)

Sheremet et al. 
(2015)

Present work

500 9.66 9.65 9.64
1000 13.9 14.05 13.96
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leads to an increment in the melting area at similar Fo numbers. In thicker porous layers, 
there would be more effective thermal conductivity and uniform temperature distribution 
of the element, so the heat transfer rate, and hence, the melting rate is higher compared 
with the thinner layers. Figure 9 illustrates the effects of different porous layer thickness on 
the NMVF and the heat transfer rate for this case. It is evident that the melt volume frac-
tion reaches its maximum, i.e., NMVF = 1, sooner (around τ = 0.12) by thicker porous layer 
S = 1, while it is lower for other thicknesses. Also, the increase in porous layer thickness 
has a direct relation with an increment of heat transfer rate. It is the result of an empowered 
conduction heat transfer mechanism due to the porous media. 

Fig. 7   Display of the deformable mesh during heat transfer process when γ = 0°, D = 0.01, and S = 0.1 for a 
τ = 0.001, 0.003, and 0.005, b τ = 0.01, 0.03, and 0.05, c τ = 0.1, 0.3, and 0.5 (left to right)
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4.3 � Analysis of the Effect of the Inclination Angle

Figure 10 shows the impacts of the inclination of the cavity on the isotherms and stream-
line of the melting process when D = 0.001, Pr = 41.2, Ra = 1.41 × 107, Da = 3.1 × 10–4, 
Ste = 0.11, and ε = 0.92. Three various inclination angles (γ = 0°, γ = 45°, and γ = 90°) 
have been surveyed in this research. It is evident that the inclination of the enclosure 
affects the melting area and the movement of the melting front. This is due to the chang-
ing of the buoyancy force distribution significantly while changing the cavity angle. 
Conduction heat transfer next to the hot wall in the solid region as well as the convec-
tion heat transfer at the porous and free layer leads to a convex form of melting at the 
cavity with γ = 90°. Also, two separate regions for the streamlines are formed in γ = 90°. 
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Fig. 8   Isotherms and streamlines for a S = 0.0, b S = 0.3, c: S = 0.7, and d S = 1.0 at τ = 0.3 when D = 0.001, 
Pr = 41.2, Ra = 1.41 × 107, Da = 3.1 × 10–4, Ste = 0.11, ε = 0.92, and γ = 0°
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Figure 11 illustrates the effect of the inclination angle, i.e., γ, on the NMWF and the 
heat transfer rate. An ascending and descending trend can be seen for NMWF and the 
heat transfer rate by the time, respectively. The NMVF of the inclined cavity is higher 
than the horizontal one, especially for γ = 45°. The heat transfer rate shows a sharp fall 
at primary times (τ < 0.01). At the beginning of the melting process, the extreme gra-
dient of the temperature between the hot wall and the PCM causes a dramatic rate of 
the conductive heat transfer, and gradually, the temperature gradient diminishes by the 
advancement of melting front, and hence, the heat transfer rate decreases. 
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Fig. 9   Effect of S on a the NMVF and b the heat transfer rate when D = 0.001, Pr = 41.2, Ra = 1.41 × 107, 
Da = 3.1 × 10–4, Ste = 0.11, ε = 0.92, and γ = 0°
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4.4 � Analysis of the Effect of the Wall Thickness (D)

Figures  12 and 13 illustrate the impact of the wall thickness on the melting process, 
normalized melted volume fraction, and the heat transfer rate at τ = 0.1 when Pr = 41.2, 
Ra = 1.41 × 107, Da = 3.1 × 10–4, Ste = 0.11, ε = 0.92, S = 0.1, and γ = 0°. As shown, the 
temperature field becomes more uniform as the wall thickness increases. When the wall 
is thin, the heat is locally transferred to the PCM where the heater is located. However, 
the presence of the thick wall causes the heat to uniformly transfer to the PCM through 
the interface of the solid wall and PCM. At primary times, the conduction mechanism is 
predominant, the ticker walls conduct more heat into the cavity. After that, the convection 
heat transfer gradually becomes dominant, and hence, the impact of the wall thickens on 
the overall heat transfer declines. Also, it can be found that the melting rate increases with 
an increase in wall thickness. 
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5 � Conclusion

The melting flow and heat transfer in an inclined compound cavity, including a solid wall, 
porous layer, and clear region are addressed in this study. The width of the porous layer and 
the clear region is fixed, and a hot element is placed at the left side of the porous layer. To 
track the interface of the melted liquid and solid regions, the Stefan condition is applied. 
The finite element method, along with the ALE moving grid technique, is employed to 
solve the non-dimensional governing equations. The grid check is conducted, and the out-
comes in several cases are validated against the available literature. The effect of the wall 
thickness, the porous layer thickness, and the inclination angle of the cavity on the melt-
ing process of PCMs is investigated. It is found that the porous layer thickness drastically 
affects the melting process and heat transfer rate. The melting and heat transfer rates are 
increased by increasing the thickness of the porous layer. Also, it is found that the melting 
rate is higher when the inclination angle is 45o. Increasing the wall thickness leads to an 
augmentation in the melting rate.
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