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Abstract
In this work, melting characteristics and heat transfer enhancement of gallium as phase change material (PCM) surrounded 
by heterogeneous chamber filled with metal  foam and Al2O3 nanoparticles under magnetic field are investigated. The main 
challenge rather is the low thermal conductivity  of PCMs which in turn limits the performance of PCM based TESSs. 
Numerical simulations were performed using a 2D transient model developed by employing the enthalpy-porosity model 
and Darcy–Brinkman equations for the porous domain; where one of the boundary walls  was kept at a heated temperature 
of 43 °C. It is found that the incorporation of metallic foam and nanoparticles greatly  enhances both thermal conductivity 
and facilitates uniform melt. In addition, the magnetic field promotes such convective heat transfer, speeds up the melting 
rate, and raises the mean Nusselt number and surface heat flux. These results indicate that the integration of metal foams 
and nano/micro particles,  and magnetic fields could be used to maximize the thermal performance of PCMs, which can 
lead to advanced TES applications with a high potential.

Keywords  Heat transfer enhancement · Phase change materials · metal foam · nanoparticles · magnetic field · Melting 
behaviour
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Introduction

Scholarly interest in nanofluids, which are colloidal solu-
tions made up of particles with sizes ranging from the nano-
meter to the millimeter scale, has significantly increased in 
recent years. These materials' exceptional thermal and phys-
ical properties might be advantageous in several domains, 
such as energy conversion systems, biomedical engineering, 
and electronics cooling. The nanomolecules high surface-
to-volume ratio and efficient convection and radiation heat 
transmission are responsible for the usual behavior that has 
been observed. A base fluid's behavior becomes nonlinear 
when nanoparticles are added due to changes to its rheo-
logical and transport properties (Prasad et al. 2024; Khan et 
al. 2021; Andersson et al. 1992). Researchers have recently 
been interested in energy storing utilizing phase change 
materials (PCMs) because of its many uses in electronic 
cooling, heat exchangers, solar power, thermal managing 
in various heat transference (HT) strategies, and building 
energy. The efficacy of PCM in various energy systems has 
been improved by a diversity of methodologies, including 
the use of metal foams, conductive fins, nanoparticles, and 
many more (Seeniraj and Lakshmi Narasimhan 2008; Hos-
seinizadeh et al. 2011; Ghalambaz et al. 2017; Rostami et al. 
2020; Selimefendigil et al. 2022). Sadly, the poor thermal 
conductance of PCM used in energy storing devices lowers 
the rate of heat absorption (Li et al. 2020; Nóbrega et al. 
2020; Khademi et al. 2022). The use of nanoparticles may 
improve the thermal conductance of a PCM, even for a tiny 
fractional size of nanomolecules, according to several ways 
that have been presented to enhance the thermal efficacy of 
the storage items. The impact of nanoparticles on improving 
the thermo-physical and heat transference possible of com-
mon liquids has been thoroughly investigated (Wang et al. 
2022; Leong et al. 2021).

Moghadassi et al. (2015) explored the influences of a 
0.1% volume concentration of H2O-based aluminum oxide 
and aluminum oxide single bond copper hybridized nano-
liquid on laminar forced convecton heat transference are 
investigated numerically. Their findings showed that the 
hybridized nanoliquid had an extremely greater convection 
heat transference factor. Tilehnoee et al. (2020) analyzed 
free convective flowing with entropy generation using the 
finite volume approach. The geometry under discussion 
comprises a rectangular wavy heater block situated on the 
bottom of the hollow wall and a permeable enclosure in 
the shape of an incinerator that is filled with Al2O3–H2O 
nanofluid. The following is a list of more noteworthy stud-
ies in the area of magneto thermal convective flowing in 
the existence of complicated geometry. Huang et al. (2015) 
showed a 3D computational examination on the unstable 
free convective flowing in a square cavity occupied with 

air and subjected to sinusoidal temperature on one side-
wall; benchmark solutions are produced utilizing a tempo-
ral–spatial pseudo-spectral approach that is very accurate. 
They investigated how the amplitude, period, and Rayleigh 
number (between 103 and 106) of the pulsing sidewall tem-
perature affected the liquid flowing patterns and heat trans-
ference capabilities within the cavity. Chorin et al. (2018) 
investigated numerically the heat transport in a two-dimen-
sional cavity, a local thermal disturbance placed at a single 
location on the hot wall. The disturbance is in the space 
between height Z1 = 20 and Z2 = 25. Global heat transport 
is affected by the local change in two ways: around 2% on 
the opposing cold wall and roughly 16% downstream in the 
disturbance region.

Dahmani et al. (2022) developed an innovative design 
that uses ferrofluid and an external magnetized force pro-
duced by a current-carrying wire to improve heat trans-
ference in parabolic trough solar collector absorbers. The 
findings showed that a disrupted flowing with a high-speed 
area close to the current-carrying wire is produced by the 
occurrence of an uneven magnetized force. The optimiza-
tion of nanofluid heat transfer performance is the primary 
emphasis of the aforementioned literature on non-uniform 
magnetic fields. The nonuniform magnetized forces have 
been intentionally used to enhance the NEPCMs' melting 
and solidification procedures. Shakiba and Vahedi (2016) 
examined the heat transference factor and pressure dropping 
in a twin-pipe heat exchanger with a ferrofluid in the inner 
tube and an external nonuniform magnetized force (created 
by a wire carrying current parallel to the tube). They noticed 
that a few vortices formed because of the magnetized force 
producing a Kelvin force perpendicular to the ferrofluid 
flowing. When compared to the situation without a magne-
tized force, this produced secondary flow caused the Nusselt 
number to rise by 45% (for Re = 50). The research also 
confirms that expanding the Reynolds numbers lessens the 
impact of the external magnetic field. Shatikian et al. (2005a) 
carried out numerical work for the melting of a PCM in a 
storage unit with aluminum internal fins. They used finite 
volume-based code and unstable 2D/3D simulations to 
conduct a thorough parametric investigation for various fin 
characteristics and PCM thickness. They observed that the 
Fourier and Stefan numbers influenced the Nusselt number 
(Nu) and melted percentage. The impacts of convection at 
mature stages should be considered for vast vertical PCMs.

However, the low thermal conductivities of PCMs remain 
a major obstacle to efficient heat transfer (Li et al. 2020). To 
elaborate this, conductive structures such as metallic foams 
(Li et al. 2020) and the addition of nanoparticles (Ghalam-
baz et al. 2017; Rostami et al. 2020) have been proposed 
to enhance thermal performance. Furthermore, recent stud-
ies have shown that irregular magnetic fields can improve 
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heat transfer in nanofluids (Shakiba and Vahedi 2016) and 
in PCM systems (Selimefendigil et al. 2022). Nevertheless, 
most published research has focused on improving heat 
transfer using one of these technologies (foam, nanopar-
ticles, or a magnetic field) separately, or by combining only 
two of them. For example, Ref. (Li et al. 2020) focused on 
the effect of metallic foam alone, while Ref. (Dahmani et al. 
2022) investigated the effect of a magnetic field on nanoflu-
ids without including PCM or metallic foam. Ref. (Shakiba 
and Vahedi 2016) tested the effect of a magnetic field on 
the performance of a heat exchanger using a nanofluid with-
out considering phase transition or the porous environment. 
Therefore, a clear research gap exists in investigating the 
combined and interactive effect of these three components 
(metal foam + nanoparticles + magnetic field) on PCM melt-
ing behavior and heat transfer improvement. This research 
addresses this gap by achieving the following:

Three optimization mechanisms were integrated into a 
single model: a metallic foam (to improve conductiv-
ity), nanoparticles (to enhance thermal properties), and 
a magnetic field (to improve heat transfer).
The effect of magnetic flux density on the melting rate 
and heat distribution in a PCM-foam-nano system was 
investigated, a topic not explored in Li et al. (2020); 
Dahmani et al. 2022; Shakiba and Vahedi 2016).
The quantification of heat transfer optimization was 
achieved by calculating the fluid fracture evolution, av-
erage Nusselt number, and total enthalpy under different 
magnetic conditions.

This work makes a numerical study of the joint action of 
metal foam and nanoparticles in a PCM-filled  chamber 
under magnetic field to improve heat transfer and melting 
rate. A two-dimensional transient model including a tangen-
tial enthalpy method for the phase change was developed by 
means of ANSYS Fluent  software. Using the Darcy–Brink-
man model of porous metallic foam, the work investigated 
the influences of magnetic flux density on temperature dis-
tributions, liquid fraction evolution, Nusselt numbers and 
heat flow by a  parametric study. The fact this paper is 
novel enough to explore the use of the loading rate of phase 
change materials (PCMs) and thermal conductance devel-
opment of PCMs in a heterogeneous chamber containing 
metal foam and nanoparticles, the field which has not been 
studied enough as the system of thermal energy storage. 
This research aims to assess the impact of these improved 
materials on thermal conduction and the heat transfer rate of 
PCMs with a heated wall at 43°C. Through computational 
modeling of the temperature fields and velocities during 
phase transformation, this research seeks to establish infor-
mation on the fluid behavior and thermal characteristics of 

PCMs as useful in formulating enhanced thermal energy 
storage systems. With this knowledge, the paper aims to 
highlight potential areas of research for the development of 
novel approaches in energy control and advanced thermal 
performance technologies of buildings.

Simulation and mathematical model

Governing equations for PCM

This research incorporates the standard assumptions of tran-
sient formulation and two-dimensional Newtonian incom-
pressible fluid, accounting for natural convective influences. 
Although they could vary for the liquid and solid phases, the 
PCM's thermophysical characteristics are thought to remain 
constant. Variations in liquid density only occur in the 
buoyancy source term and are otherwise ignored, accord-
ing to the Boussinesq approximation (Keshteli and Sheik-
holeslami 2020; Bouzennada et al. 2020), which is valid. 
The conservation rules must be represented in their corre-
sponding integral forms since the current formulation deals 
with solutions to unstructured grids. Given the aforemen-
tioned presumptions, the continuity, momentum, and energy 
conservation equations may be expressed as (Ji et al. 2018; 
Gorzin et al. 2019):

Mass conservation

∇⃗.V⃗ = 0.� (1)

Momentum conservation

ρpcm

[
∂V⃗

∂t
+

(
V⃗

−→∇.V⃗
)]

= −∇P⃗ + ∇
(

µ.∇.V⃗
)

− ρpcmg⃗ (1 − β. (T − Tm)) − σf B2
0 V⃗ + AV⃗ ,

� (2)

A = −Amush
(1 − fl)2

f3
l + 0.001

,� (3)

Energy equations

ρ
∂hsens (T )

∂t
+ ∇.hsens (T ) ρV⃗

= ∇ (λ.∇T ) − ρ

(
dhlat

dt
+ V⃗ .

−→∇.hlat

)
,
� (4)

where hsens (T ) denotes the sensible heat associated with 
the energy accumulated due to the temperature increase of 
the solid or liquid substance, as articulated in Eq. (4) (Kok 
2020):
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This constraint occurs when the magnetic Reynolds num-
bers (Rem ≪ 1) decrease and the moderate magnetic flux 
densities (B0 ≤ 0.001T ) adopted in this study.

Foam layer (porous medium/PCM-MF)

The continuity and momentum formulas in a porous and 
transparent zone are part of the hydraulic equations that 
control fluid flow. The Darcy-Brinkman prototype manages 
to construct the momentum equation in the porous zone. 
The following are the momentum equation in the clear area 
and the continuity equation in the porous region (Golbaghi 
Masouleh et al. 2022; Lu et al. 2006; Vafai and Tien 1981):

Continuity equation:

∂ρ

∂t
+ ρ

(
∂u

∂x
+ ∂v

∂y

)
= 0,� (8)

Momentum equation in x− direction

ρ

ε

∂u

∂t
+ ρ

ε2

(
u

∂u

∂x
+ v

∂v

∂y

)
= µ

ε

(
∂2u

∂x2 + ∂2v

∂y2

)

− ∂P

∂x
−

(
µ

K
u + Ci√

K
u

√
u2 + v2

)
+ S (u) ,

� (9)

The magnetic force per unit volume (
−→
F m) comes from 

the Lorentz force acting on an electrically conducting 
fluid in a static magnetic field. When the Reynolds num-
ber (Rem ≪ 1) is small, then the induced magnetic field is 
small compared to the applied field 

−→
B . The general form is:

hsens (T ) = href +
ˆ T

T ref

CpdT ,� (5)

where href  represents the reference enthalpy at the refer-
ence temperature (Tref = Tm = 302.93K) and Cp signifies 
the specific heat a. a fixed pressure. The energy absorbed by 
a substance throughout its phase transition is denoted by the 
latent energy component hlat (T ) in Eq. (5), which may be 
articulated using the following formula (Kok 2020):

hlat (T ) = f (T ) .∆hs−l,� (6)

Equation (7) is employed to corre.a.e sensible heat and fluid 
fraction, including iterations between the energy formula 
and the fluid fraction formula.

f =




0, T ≤ TS ,
T −Ts

Tl−Ts
, Ts ≤ T ≤ Tl,

1, T ≥ Tl,
� (7)

where s and l are indexes for the solid and liquid phases of 
phase change materials (PCM). The Boussinesq approxima-
tion is used here, where density changes are considered only 
at the buoyancy term, while the fluid is treated as incom-
pressible. This approximation is suitable for small temper-
ature changes as well as average density changes. This is 
used in many studies related to the melting of phase-change 
materials (Bouzennada et al. 2020; Ji et al. 2018). When 
MHD impact is present, this approximation remains valid as 
long as the magnetic field does not cause significant Joule 
heating or, in turn, produce significant compressive effects. 

Fig. 1  (a) Diagrammatic illustra-
tion of the filled heat storage 
chamber and (b) Computational 
grids for the system studied
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wherein 
−→
J = σ

(−→
E +

−→
V × −→

B
)

 signifies the current den-

sity, when the fluid is static and there is no external electri-
cal field 

(−→
E = 0

)
, this can be simplified to:

−→
F m = σ

(−→
V × −→

B
)

× −→
B.

For the magnetic field that applied only in the y− direction 
(
−→
B = (0, B0, 0)), and velocity 

−→
V = (u, v), the force com-

ponents become Fmx = 0, Fmy = −σf B2
0v (Lorentz force 

in y− direction), where σf  indicates the electrical conduc-
tivity of the fluid.

y−direction momentum equation includes the effects of 
magnetic, gravity, porosity, and concentration forces.

ρ

ε

∂v

∂t
+ ρ

ε2

(
u

∂v

∂x
+ v

∂v

∂y

)
= µ

ε

(
∂2v

∂x2 + ∂2v

∂y2

)

− ∂P

∂y
−

(
µ

K
v + Ci√

K
v
√

u2 + v2
)

+ ρgγ (T − T0) − σf B2
0v + S (v) ,

� (10)

Energy equation:

[ερf CP,f + (1 − ε) ρsCP,s] ∂T

∂t
+ ερf CP,f

(
u

∂Tf

∂x
+ v

∂Tf

∂x

)

= keff

(
∂2Tf

∂x2 + ∂2Tf

∂y2

)
+ ερf L

∂β

∂t
,

� (11)

The effective thermal conductance is calculated by
The effective thermal conductivity keff  of the CPCM 

may be calculated using several techniques that are often 
used in the literature (Tian and Zhao 2011; Feng et al. 2015; 
Hu and Patnaik 2014). The following equation (Mesalhy et 
al. 2005) is used to determine Keffin Eq. (12):

keff =

[
ks + π

(√
1−ε
3π − 1−ε

3π

)
(kf − ks)

] [
ks + 1−ε

3 (kf − ks)
]

ks +
[

4
3

(√
1−ε
3π (1 − ε)

)
+ π

√
1−ε
3π − (1 − ε)

]
(kf − ks)

,� (12)

The solid matrix, the applicable characteristics of the sus-
pension and porous material, and the bulk characteristics of 
the suspension are denoted by the subscripts s, m, and b, 
respectively. Tadrist et al. (2004) used the empirical formula 
to determine the correlations between permeability (K) and 
the Forchheimer coefficient (Ci).

K =
ε2d2

f

100(1 − ε)2 ,� (13)

Ci = 0.65(1 − ε)
ε2df

,� (14)

−→
F m = −→

J × −→
B,

Table 1  Main thermal-physical attributes of the worked
Parameter Value
(Pure gallium) (Chibani et al. 2024; Zennouhi et al. 
2017; Çolak et al. 2022)
Thermal conductance (W/mK) 32

Specific heat (J/kgK) 381.5

Latent heat of fusion (J/kg) 80,160

Melting temperature Tm (K) 302.93
Reference temperature Tref  (K) 302.93

Density (kg/m3) 6093

Viscosity (kg/m.s) 1.81·10− 3

Electrical conductivity (σf ) (S/m) 3.9 × 106

Magnetic field strengths (B0) (T) 0, 0.001, 
0.01, 0.1

Volumetric thermal expansion coefficient of liquid 
(K−1)

1.2 × 
10− 4

Reference density (kg/m3) 6095

Paraffin (RT25HC) (Kıyak et al. 2024; Öztop et al. 2024)
Thermal conductivity (W/mK) 0.19

Specific heat (J/kgK) 1800

Latent heat of fusion (J/kg) 230,000

Melting temperature Tm (K) 298.15
Reference temperature Tref  (K) 298.15

Density (kg/m3) 880 
(solid) 
770 
(liquid)

Viscosity (kg/ms) 0.026

Volumetric thermal expansion coefficient of liquid 
(K−1)

0.0006

Reference density (kg/m3) 770

Graphite (Chibani et al. 2022, 2023b)
density (kg/m3) 2,266

specific heat (J/kgK) 170

Thermal conductivity (Wm−1K−1) 720
Aluminum Oxide Al2O3 (Keshteli and Sheikholeslami 2020; Saha 
2020)
density (kg/m3) 3970

specific heat (J/kgK) 170

Thermal conductivity (Wm−1K−1) 25
Volumetric thermal expansion coefficient of liquid 
(K−1)

1.2 10− 4

Diameter of nanoparticle (µm) 47
Electrical conductivity (Ω−1m−1) 1 × 10− 10
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In relationship of latent heat of fusion Lpcm, ∆Hpcm is 
the fractional latent heat of the PCM that increases through-
out the phase change management.

∆Hpcm =
{

0ifT < Tm
β.LpcmifT > Tm

� (17)

The summation of sensible and latent heat, or the PCM's 
total enthalpy H , is as follows:

H = h + ∆Hpcm,� (18)

The sensible enthalpy, denoted by ℎ, is expressed as follows:

where df  and ε are the metal foam's strut diameter and 
porosity. The present research makes use of copper foam. 
According to Kumar et al. (2014), the foam's porosity is 0.9 
and the strut diameter is 0.534 mm.

S = C(1 − β2)
α + β3 ,� (15)

β = ∆Hpcm

Lpcm
=




0, T ≤ TS ,
T −Ts

Tl−Ts
, T s ≤ T ≤ Tl,
1, T ≥ Tl,

� (16)

where s and l are indexes for the solid and liquid phases of 
phase change materials (PCM).

Fig. 2  (a) Time step and (b) Grid independence verification based on melt fraction results
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Lnpcm = (1 − ∅) ρpcmLpcm

ρnpcm
,� (22)

βnpcm = (1 − ∅) ρpcmβpcm + ∅ρnpβnp

ρnpcm
,� (23)

The 1st half of this equation is derived from the Maxwell 
representation, whilst the 2nd half takes Brownian motion 
into account to explain why thermal conductivity tem-
perature is dependent. This prototype considers the conse-
quences of molecule size, operating circumstances, volume 
fraction, and thermo-physical characteristics for PCM and 
nanoparticles (Khan et al. 2019; Chibani et al. 2023a):

h = href +
T̂

Tm

ρpcmCppcmdT,� (19)

Nanofluid properties

The characteristics of nano-PCM are altered when nanopar-
ticles are present. With the exception of thermal conduc-
tivity, all of the effective characteristics of nano-PCM are 
constant and established utilizing the volume fraction of 
nanoparticles, which is computed as follows (Kant et al. 
2020; Bechiri and Mansouri 2016; Khan et al. 2019):

ρnpcm = (1 − ∅) ρpcm + ∅ρnp,� (20)

Cpnpcm =
(1 − ∅) ρpcmCppcm + ∅ρnpCpnp

ρnpcm
,� (21)

Fig. 3  Verification temperature of the current result obtained by Xu et al. (Chibani et al. 2024)
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Using the representations of Vajjha et al. (2010), the effec-
tive dynamic viscosity of NePCMs containing Al2O3 
nanoparticles is calculated:

µnpcm = 0.983e(12.958.∅).µpcm,� (27)

knpcm = knp + 2kpcm − 2 (kpcm − knp) ∅
knp + 2kpcm + (kpcm − knp) ∅

kpcm

+ 5.104ρpcm∅cppcm

√
KBTpcm

ρnpdnp
f (T, ∅) ,

� (25)

here the correction coefficient f (T,∅) is distinguished as:

f (T, ∅) =
(
2.8217 × 10−2∅ + 3.917 × 10−3)

Tnpcm

Tref
+

(
−3.0669 × 10−2∅ − 3.91123 × 10−3)

,
� (26)

Fig. 4  Liquid fraction graph of PCM at diverse magnetic flux densities
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design is worthy in the overall precise measurement in the 
examination of the melting behavior and thermal character-
istics of the PCM under different conditions.

Software that is sold commercially the regulating for-
mulas are resolved in double-precision employing ANSYS-
Fluent (Shatikian et al. 2005b). A 12th Gen Intel(R) Core 
(™) i5-12,400, 2.50 GHz processor is used for parallel com-
putation. Phase change simulations are carried out using the 
enthalpy-porosity prototype created by Voller et al. (1987), 
and a pressure-based finite volume approach is used to 

Problem setup

The filled heat storing chamber is also illustrated in Fig. 1 
part (a) of this paper while part (b) of the figure shows the 
computational grids used in the study. The heat storage 
chamber section discusses how thermal energy storage is 
used and how the PCM is incorporated into the system. The 
grids shown in part (b) represent the numerical simulation 
meshing technique used for the described fluid dynam-
ics and heat transference in the chamber. This careful grid 

Fig. 5  Average temperature graph of PCM at diverse magnetic flux densities
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the real iterations required for convergence are far less. By 
running the same simulation with one distinct time step 0.75 
s a time step sensitivity examination is carried out. These 
four distinct time step sizes are used to compare the liquid 
percentage of gallium at equivalent physical moments, and 
the difference between the findings is less than 1% shown 
in Fig.  2a To run the simulation, an unstructured mesh is 
created. Two grids are created to conduct a grid sensitiv-
ity/independence study. Two grids are prepared: a coarse 
grid with 12,000, 23,352, and 23,350 cells and a fine grid 

discretize the model's regulating formulas. A PISO method 
with a separated solver is exploited for the pressure–velocity 
coupling (Kang and Ryou 2004). Table 1 depicts the main 
thermal-physical attributes of the worked material value. The 
governing equations' convective components are discretized 
operating a 2nd-order upwind technique, and the PRESTO 
algorithm is employed to carry out the pressure–velocity 
coupling. For the continuity, momentum, and energy formu-
las, the residuals are set to 10− 4, 10− 5, and 10− 9, separately. 
Despite an elevated value of 200 iterations per time step, 

Fig. 6  Nuavg  graph of PCM at diverse magnetic flux densities
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two meshes produced very little variation in the outcomes. 
Figure 2b displays the results of the mesh sensitivity and 
time step assessments. The experiments shown in Fig. 2b 
are halted when the liquid fraction reached 100% since the 
findings demonstrated that the numerical calculations con-
ducted are unrelated to grid size and time step.

with 33,500 cells, which is almost twice as many cells as 
the coarse grid. For both grids, the change in gallium (Ga)'s 
liquid percentage is displayed. The findings produced from 
the two grid sizes differed by less than 2%. This is because 
there were a lot of cells in both the coarse and fine grids. 
Additionally, the convergence criteria's residuals are main-
tained rigorously. Consequently, the combined impact of the 

Fig. 7  Average total surface heat flux graph of PCM at diverse magnetic flux densities
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Xu et al. (Chibani et al. 2024). The agreement of the cal-
culated temperature in this regard with reference tempera-
ture as well as the agreement of the temperature values in 

Results and discussion

As seen in Fig. 3, the verification of temperature results cal-
culated in the current study yielded satisfactory results com-
pared to the study by Xu et al. (Chibani et al. 2024). This 
temperature profile indicated the variations of temperatures 
at diverse locations (X) in the present numerical study with 
respect to the positions at certain vertical locations (Y ) The 
marked point in the graph shows good accord between the 
present simulation outcomes and the empirical findings of 

Fig. 8  Average total enthalpy graph of PCM at diverse magnetic flux densities

 

Table 2  Summarizing outcome data
Parameter Pure 

PCM
PCM + MF + NPs PCM + MF + NPs 

+ B=0.001T
Melting time (up to 
90%)

1100s 720s 520s

Nuavg
12.3 21.5 28.9

Relative storage 
capacity (at 600 s)

1.0 1.48 1.72
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Fig. 9  PCM's transitions between the phases of solid and liquid during melting with a heated wall temperature of 43°C
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magnetic flux densities. The graph also shows that the 
greater the magnetized fluxing density, the greater the heat 
flux, which implies that the employment of a magnetic field 
accelerates heat transference at the surface of the PCM. This 
enhancement can be ascribed to the deed that an increment 
in the convection currents with the help of a magnetized 
force improves the thermal contact and heat transference 
on the surface of the PCM. The outcome analyses suggest 
that the magnetic flux density is a significant factor for high 
heat transfer coefficients within TES incorporating PCMs. 
Figure 8 shows the thermal behaviour of the phase change 
material (PCM) in the form of average total enthalpy varia-
tions concerning the time on the horizontal axis but against 
different magnetic flux densities on the vertical axis. The 
curve in Fig. 6 shows that the mean total enthalpy escalates 
with an increment in magnetized fluxing densities proving 
the fact that this magnetized force has a quest influence 
on the heat storage capacity of the PCM. This increase in 
enthalpy can be ascribed to the better heat transference pro-
cesses produced by the magnetic field that accelerates the 
rate of heat-induced phase change in the PCM. As applied 
to thermal energy storage schemes with PCMs, flux den-
sity may well constitute a key factor for maximizing energy 
storage efficiency when controlled optimally.

As illustrated in Fig. 9, the phase change material (PCM) 
solid–liquid interfaces during the melting procedure main-
tain the heated wall temperature at 43°C. This feature is 
depicted in the visual diagram where the state boundaries 
are clearly shown as the PCM melts as it is heated by the 
wall. The figure is concerned with the thermal processes 
depicted, and how the PCM stores thermal energy as it 
changes phases. The temperature differences set involving 
the heated side and the PCM permits the subsequent phase 
transition hence proving the capability of the material as a 
TES.

In this investigation, the contour plots depicting the tem-
perature distributions in the PCM throughout the melting 
process at a heated wall temperature of 43°C are presented 
in Fig. 10. The contour plots indicate a distinct temperature 
profile where the warmer regions are closer to the heated 
wall and in contrast, the cooler regions grow further as we 
move away from the wall into the PCM. They reflect tem-
perature distribution across the spatial volume of the mate-
rial during the melting phase when heat is being transmitted 
from the wall to the PCM and performing phase change 
from solid-state to liquid. The shapes also exhibit how the 
PCM manages to store and distribute heat, as well as the 
formation of thermal layers within the material.

Figure 11 and Table 2 show the outline charts of the veloc-
ity field at diverse PCM through the melting progression 
heated the wall temperature is 43°C. From the velocity field, 
one can depict the flow patterns obtained while the PCM is 

different conditions such as B0, show that the current com-
putational model is accurate in predicting the behavior of 
the thermal system. This verification also re-asserts the reli-
ability of the assay in the examination of numeric tropes 
within the research, so allowing for further utilization in the 
exploration and extension of PCM concerns.

In this study, Fig. 4 describes the effect of magnetic flux 
density on the liquid-to-solid phase change of the material 
through the analysis of the fluid fraction of the PCM as a 
function of time. The liquid fraction changes throughout 
the melting process are shown on the graph, and each curve 
corresponds to a different strengthening of the magnetized 
force. A clear trend in the enhancement in the liquid fraction 
with increasing magnetic flux density is evident suggesting 
an increase in the melting rate of the PCM. This behaviour 
can be attributed to the influence of a magnetized force on 
the thermophysical properties of PCM, particularly ther-
mal conductivity and convection currents. Because of these 
findings, magnetic flux density is a critical determinant in 
enhancing phase change in PCMs to boost the functioning 
of TES systems.

Figure 5 shows the temperature of the PCM as a function 
of time at different magnetic flux densities. The graph points 
out very clearly the temperature trends corresponding to the 
different magnetic field strengths, in as much as it depicts 
how the spatial average temperatures of the PCM changes 
throughout the melting development. It is worth mention-
ing that the upsurge of the magnetic flux density implies an 
upsurge in average temperature which means that the appli-
cation of magnetic field helps to intensify thermal energy 
transfer in PCM. This is expected because of the developed 
convective currents and effective heat transference as pro-
vided by the magnetic increasing the rate of melting.

Average Nusselt number (Nuavg) of the PCM over time 
for different magnetic flux densities is presented in Fig. 6. 
From the graph, it is observed that Nuavg  rises with the 
employment of greater magnetic flux densities which 
according to the investigation suggests that the convection 
heat transference rate inside the PCM is enhanced during 
the phase transformation. As it is seen, an increase in the 
Nusselt number is traced to enhanced thermal characteris-
tics as boosted by the magnetized force indicating height-
ened fluid motion and heat transfer. The findings therefore 
confirm the impact of the magnetized flux density on the 
convection heat transference attributes of the PCMs and 
indicate that there could be an opportunity to enhance the 
effectiveness of their use in practical applications through 
controlling magnetic fields.

The thermal performance of the PCM is illustrated in the 
average of the total surface heat flux in Fig.  7 at various 

Fig. 10  Contour plots of the temperature distributions through the 
melting progression at a heated wall temperature of 43°C
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5.	 Combining metal foam, which improves conductivity, 
nanoparticles that enhance thermal properties, and a 
magnetic field that improves load led to a 53% reduc-
tion in overall melting time. It also resulted in a 135% 
increase in the average Nusselt number compared 
to pure PCM. This shows that the combined effect is 
greater than the sum of the individual effects.

6.	 The system that combines metal foam, nanoparticles, 
and a magnetic field shows a strong effect. It reduces 
melting time by about 53% when compared to pure 
PCM and by around 28% when compared to the non-
magnetic composite.

7.	 Quantitative analysis shows that the magnetic field 
(B0 = 0.001T ) boosts the average Nusselt number by 
about 34% and increases the surface heat flux by around 
72%. This highlights its strong role in improving con-
vective heat transfer in structured PCM composites.

Therefore, this research highlights the role of the ther-
mal and fluid characteristics of PCMs that are necessary 
for improving the advancement of thermal energy storage 
systems.

Assumptions, limitations and future work

The basic assumptions and limitations of the current model 
can be summarized as follows:

	● It is assumed that all properties such as viscosity, spe-
cific heat, and thermal conductivity are constant for each 
phase, this slightly simplification maybe affects accura-
cy in cases where the temperature gradients are large.

	● It is taken into consideration that these effects are mini-
mal under the studied configuration and operating con-
ditions of the current study.

	● The foam was mixed as a homogeneous porous medium 
with constant porosity and permeability, neglecting lo-
cal heterogeneity.

	● We also assumed that the magnetic field is constant and 
uniform, in addition to neglecting all spatially variable 
or transient magnetic effects.

	● Non-slip constraints were applied in the boundary con-
straints and are valid as a measure of total flow.

These assumptions are based on our reading of similar pre-
vious studies using the phase-change materials model and 
hydromagnetodynamics, which are justified in explaining 
the prevailing physical phenomena. Future studies may 
work to mitigate some of these assumptions to further com-
plicate the problem under investigation.

in the process of changing from the solid phase to the liquid 
phase, with the convection currents fostered because of the 
temperature differences between the edge and the core that 
is heated. These plots suggest that the direction of the fluid 
motion is towards the heated surface and helps to develop 
the heat transference and distribution of the molten PCM 
uniformly. For convection current to upsurge the melting of 
the PCM, these currents must be present to enable the cover-
ing of more area hence enhancing the thermic implementa-
tion of the PCM by undertaking time to reduce its thermal 
mass.

Conclusions

In this examination, the behaviour of phase change materi-
als (PCMs) through the phase change process of melting is 
the primary focus, with specific reference to the effects of 
a heated wall at a temperature of 43°C. The current study 
also emphasizes the importance of understanding the ther-
mal phenomena and fluid mixing on the implementation of 
thermal energy storing. The subsequent inferences can be 
drawn:

1.	 The use of a heated wall enhances the heat transfer-
ence rates to the PCM than when using a plane wall, 
thus enhancing the melting development. The tempera-
ture distribution illustrates that the PCM stores thermal 
energy, which is worthy to achieve the maximum stor-
age capacitance of the material.

2.	 Unlike the phase boundaries for transfer from solid to 
liquid or liquid to solid, the boundary at the transition 
between phases of solid and liquid can be highlighted 
through the contour plots. This transition is important 
for the performance of PCMs in thermal control appli-
cations because it determines how the competence of 
the material to save and distribute energy is affected.

3.	 Analysis of the vorticity field introduces patterns of con-
vection currents within the PCM because of the applied 
temperature gradient across the heated wall. These cur-
rents improve the circulation of the material and thus 
improve the melting of the material as well as minimiz-
ing thermal stratification for the best heat exchange.

4.	 Using metal foam with porosity 0.95 with 5% Al2O3 
nanoparticle to balance conductivity and fluidity, and 
applying a uniform magnetic field of B0 ≈ 0.001T  near 
the heated wall to increase the load without increasing 
complexity or cost, the magnetic field direction was set 
perpendicular to the flux taking advantage of Lorentz 
forces.

Fig. 11  Contour plots of the Velocity field distributions through the 
melting progression at a heated wall temperature of 43°C
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