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Abstract

In enclosures containing phase change materials (PCMs), walls subjected to a constant
heat flux experience localized temperature rise. The objective of this study is to
minimize the complete melting time while ensuring uniform temperature distribution
on the heated wall, while maintaining the thermal capacity of the enclosure. In this
study, an aluminum porous network occupies half of the enclosure containing coconut
oil as the PCM. The effects of porous network placement, enclosure inclination angle
relative to the horizontal, aspect ratio of the enclosure, and pore density of the porous
structure on the complete melting time of the PCM, the maximum temperature
deviation of the wall from the mean temperature, and the uniformity of the temperature
distribution on the heated wall are numerically analyzed using ANSYS Fluent.

The results indicate that increasing the pore density from 5 to 20 pores per inch
enhances temperature uniformity but increases the complete melting time by up to
12.6%. When the metallic network is positioned in the lower half of the enclosure, the
shortest melting time of 2340 seconds is achieved. Increasing the aspect ratio from 2 to
1 and then to 0.5 improves temperature uniformity but has minimal impact on the
complete melting time. The enclosure inclination angle has a significant influence on
the complete melting time but a negligible effect on temperature uniformity.
Specifically, at an inclination of -30 degrees, the melting time is 39% shorter than at
+30 degrees. Finally, the optimal combination of these parameters is determined using
the Taguchi method.
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1- Introduction

Phase change materials (PCMSs) are widely used for
thermal energy storage due to their ability to store
and release large amounts of latent heat [1]. Despite
their advantages, the main limitation of pure PCMs
is their low thermal conductivity, which slows heat
transfer and delays the phase transition process.

Research has shown that embedding PCM within
metallic structures such as aluminum foams can
significantly improve thermal performance. Atal et

al. [2] demonstrated that using paraffin saturated in
aluminum foam inside a shell-and-tube TES unit
reduced the melting and freezing cycle times, with
lower foam porosity leading to faster phase
transitions.

The geometry of the PCM container also plays a
crucial role. Poran and Ahmad [3] numerically
examined seven different configurations and
concluded that a circular heat source substantially
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increases the melting rate. Meanwhile, Hu et al. [4]
studied 3D-printed thermal conductivity enhancers,
including fins and porous structures, across 15
cooling system designs. Their results showed that
porous structures outperformed traditional fins,
achieving up to 3.5 times better cooling
performance at 20 W. In a follow-up study, Hu et al.
[5] further demonstrated that porous media-filled
coolers provided up to 78.8% improvement at a 1.0
fill ratio under 10 W and 70°C conditions, with
higher  thermal input further  enhancing
performance.

The efficiency of TES units is highly dependent on
both  PCM conductivity and container design.
Ghalambaz et al. [6] numerically modeled petal-
shaped tubes enhanced with copper (Cu) and
graphene oxide (GO) nanoparticles and found
optimized designs that significantly improved heat
transfer. A subsequent study by the same group [7]
showed that adding copper porous networks into
PCM systems reduced charging time, where the
height and porosity of the metal network were the
most influential factors, while nanoparticle
concentration had a lesser effect.

Experimental investigations have also emphasized
the advantages of PCM walls in TES units. Kurnia
et al. [8] showed that using PCM as a wall material
improved both insulation and energy storage
capacity, compared to traditional TES units.
Additionally, Kotb and Wang [9] analyzed the
effect of nonlinear porosity distributions in copper
foam, revealing that a positive porosity gradient
reduced melting times by up to 22.67% and
increased the energy storage rate by 38.32%.

2- The Problem Study

This study examines a phase change thermal storage
unit containing coconut oil, partially embedded with
an aluminum porous structure. While maintaining
constant total thermal capacity, the research aims to
reduce melting time and improve temperature
uniformity along the heated wall. A numerical index
is proposed to evaluate thermal uniformity. Key
parameters—container tilt angle, pore density (PPI),
aspect ratio, and porous material placement—are

analyzed. Using the Taguchi method, an optimal
configuration is identified to  maximize
performance.

3- Research Methods

A numerical model is developed to study the
melting behavior of a phase change material (PCM)
embedded in a porous aluminum matrix under
natural convection. The model assumes local
thermal equilibrium, constant thermophysical
properties, and neglects volume expansion. The
enthalpy-porosity method is used to simulate the
phase change, and the Darcy-Brinkman—
Forchheimer model accounts for fluid flow in the
porous medium. Permeability and inertia effects are
estimated using empirical relations based on pore
density and porosity. Effective thermal properties
are calculated through volume averaging. This
model provides a reliable framework for analyzing
and optimizing heat transfer in PCM-metal foam
systems.

4- Results

A two-dimensional square cavity (5 cm x 5 cm) was
considered, with a uniform heat flux of 3000 W/m?
applied on the left wall, representing a constant-flux
thermal boundary similar to conditions encountered
in thermal management systems for electronics. The
baseline case employed a metal foam region with a
porosity of 0.9 and a pore density of PPl = 10,
located adjacent to the heated wall. The results
indicated that the complete melting of the PCM
occurred after 2780 seconds, with a maximum
deviation of 1.31°C between the wall's peak and
average temperatures during the process. Initially,
heat transfer was dominated by conduction, but as
melting progressed, natural convection intensified,
accelerating the melting rate. Toward the end,
conduction again became dominant as the
remaining solid PCM resided at the bottom of the
cavity.

To assess the impact of foam placement, four
configurations—foam located on the left (hot wall),
top, right, and bottom—were evaluated.
Temperature uniformity, quantified via a
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Temperature Uniformity Index (TUI), was found to
be most stable and closest to unity when the foam
was placed adjacent to the hot wall, indicating a
more even temperature distribution. However, this
configuration did not significantly reduce the total
melting time. In contrast, foam placed at the bottom
minimized the melting duration due to a reduced
PCM volume in that region, but resulted in higher
peak wall temperatures and greater thermal
gradients. These findings reveal a design trade-off
between achieving uniform temperature distribution
and minimizing the total melting time.

Further analysis explored the effect of varying the
pore density (PPI) of the foam. Increasing PPI
improved the TUIl due to enhanced thermal
conduction through the foam structure. However,
higher PPl values also suppressed natural
convection within the PCM, resulting in longer
melting  durations. Maximum  temperature
differences between the wall’s peak and average
temperatures decreased with increasing PPI, owing
to the enhanced heat spreading ability of denser
foam structures.

The influence of cavity geometry was investigated
by altering the aspect ratio (AR) while maintaining
constant cavity volume and total thermal input. An
increase in AR led to a reduction in TUI and an
increase in peak temperature differences, due to
variations in boundary layer thickness along the
extended vertical heated wall and associated
changes in thermal resistance. Nonetheless, the total
melting time remained relatively constant,
highlighting the importance of wall geometry in
temperature regulation rather than melting
efficiency.

Finally, the effect of tilting the cavity with respect
to the horizontal axis was studied for inclination
angles of +30°, 0° and -30°. While the TUI
remained largely unaffected by inclination due to
minimal changes in thermal resistance or heat flux
distribution, the total melting time was significantly
influenced. A downward tilt of —30° enhanced
natural convection, reducing the full melting time
by approximately 40% compared to the +30° case.

This was attributed to earlier and stronger activation
of buoyancy-driven flow within the cavity.

5- Conclusion

In this study, the influence of metal foam
characteristics on the melting rate of a phase change
material (PCM) and the temperature uniformity of
the heated wall was numerically investigated. The
key findings are summarized as follows:

1 -Foam Position: Among the various locations of
the porous medium within the cavity, placing the
metal foam at the bottom results in the shortest
melting time but yields the poorest temperature
uniformity index (TUI). Conversely, positioning the
foam at the top leads to the widest variation in both
TUI and melting time.

2 -Pore Density (PPI): Increasing the foam’s pore
density (PPI) improves the temperature uniformity
index, but also increases the total time required for
complete PCM melting. Furthermore, a higher PPI
reduces the maximum difference between the
instantaneous peak and average wall temperatures.

3 -Aspect Ratio (AR): As the cavity’s aspect ratio
increases, TUI decreases, indicating reduced
temperature uniformity. However, the melting time
remains relatively unaffected. Additionally, higher
aspect ratios lead to larger peak-to-average
temperature differences on the heated wall.

4 -Inclination Angle: Varying the inclination angle
of the cavity has minimal impact on temperature
uniformity but significantly affects the total PCM
melting time.

Optimal Configuration: Based on a Taguchi method
optimization, the best configuration for minimizing
both the total melting time and TUI occurs when the
porous medium is placed adjacent to the heated
(left) wall, the PPI is 5, the aspect ratio is 1, and the
inclination angle is —30°. In this optimal case, the
total melting time is 2440 seconds, and the
maximum temperature difference between the
wall’s instantaneous peak and average is 1.56 °C.
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Figure 1: (@) Contour of liquid phase volume fraction (%) and
streamlines, (b) Temperature distribution (°C) for the optimized
case and the baseline case at the time corresponding to the
minimum TUI for each case (1660 seconds for the optimized case
and 1980 se
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