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CORRESPONDENCE This study investigates the melting behaviour of a phase change material

iIsS;aktrl;ZjLEIEdu,m (PCM) in a square cavity using Computational Fluid Dynamics (CFD). A 2D
cavity heated from one side is simulated using the enthalpy-porosity method
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resolutions is tested, with grid independence confirmed at 60x60 cells.
Results include temperature contours, velocity vectors, and liquid fraction
plots, capturing the transition from conduction-dominated to convection-
driven melting. Model convergence is validated through residual analysis and
comparison with benchmark data from Brent et al. and Lankadasu et al.,
showing deviations within 5%. The study demonstrates the effectiveness of
the enthalpy-porosity model in simulating PCM melting and highlights the
influence of mesh resolution, Rayleigh number, and timestep size on solution
accuracy. Potential enhancements include adaptive meshing and
experimental validation.
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1. INTRODUCTION

The melting of phase change materials (PCMs) plays a critical role in thermal energy storage, electronics cooling, and
building energy management. Accurately modelling this process using Computational Fluid Dynamics (CFD) enables a
deeper understanding of the heat transfer mechanisms,including conduction and natural convection. This study aims to
simulate the melting behaviour of a PCM in a square cavity heated from one side and evaluate the results in terms of
accuracy and convergence. Phase change materials have gathered significant attention as promising candidates for
thermal energy storage and management in diverse engineering applications, including solar energy utilization,
electronic device cooling, and building climate control [1]. The ability of PCMs to absorb and release substantial amounts
of latent heat during phase transitions, such as melting and solidification, makes them particularly attractive for buffering
temperature fluctuations and enhancing energy efficiency [2].

Computational Fluid Dynamics offers a powerful tool for simulating the complex heat transfer phenomena associated
with PCM melting, enabling researchers and engineers to gain insights into the underlying physical mechanisms and
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optimize system performance [3]. Accurate modelling of PCM melting requires consideration of both heat conduction
within the solid and liquid phases and natural convection within the liquid phase, driven by temperature gradients.
Furthermore, the accurate representation of the moving solid-liquid interface, which separates the distinct phases,
poses a significant challenge in numerical simulations [4]. The enthalpy-porosity technique is frequently employed to
address this challenge, wherein the PCM's latent heat is incorporated into an equivalent heat capacity, and the mushy
zone, representing the partially melted region, is modelled as a porous medium [5]. The thermophysical properties of
the PCM, including density, specific heat capacity, thermal conductivity, and latent heat of fusion, play a crucial role in
determining the melting behaviour and must be accurately characterized for reliable simulations [6]. Moreover, the
boundary conditions imposed on the computational domain, such as the heat flux applied to the heated wall and the
temperature of the cooled walls, significantly influence the melting process and must be carefully specified.

2. MATERIALS AND METHODS

The present study focuses on simulating the melting behaviour of a PCM within a square cavity, where one vertical wall
is subjected to a constant heat flux, while the opposite wall is maintained at a constant cold temperature, with the
remaining walls being adiabatic. The CFD model is developed using a finite volume method-based solver, employing the
enthalpy-porosity technique to track the moving solid-liquid interface [7]. The governing equations for mass,
momentum, and energy conservation are solved iteratively until convergence is achieved, ensuring that the numerical
solution accurately represents the physical phenomena occurring within the cavity [8]. A grid independence study is
performed to determine the appropriate mesh resolution, balancing computational cost with solution accuracy, and
various turbulence models are evaluated to capture the effects of natural convection within the liquid phase [6]. The
selection of an appropriate time step size is also crucial for ensuring numerical stability and accuracy, particularly during
the initial stages of melting when the solid-liquid interface is rapidly moving.

Furthermore, advanced interface capturing methods can be used to solve problems involving fluidsolid interfaces in
the presence of multiphase fluid-fluid [9]. The thermophysical properties of the PCM are obtained from experimental
measurements or reliable literature sources, and their temperature dependence is incorporated into the model to
enhance accuracy. The model is validated by comparing the simulation results with available experimental data or
benchmark solutions, ensuring that the numerical predictions are in good agreement with the physical reality [10].
Furthermore, prior research has not developed numerical simulations that comprehensively solve the governing
equations of heat pipes, coupled with conjugate heat transfer in the PCM and fins, highlighting the novelty and
importance of this study [11]. The capability of temperature adjustment with the inclusion of PCM can also be analyzed
by comparing temperature distributions of pure materials with composite systems [12]-[16].

2.1. Related Equation

Existing literature provides a comprehensive overview of PCM melting simulations, highlighting various numerical
techniques, model validation strategies, and applications in diverse engineering domains. Several numerical studies have
investigated the melting process using various models, with the enthalpy-porosity method being one of the most used
in CFD [17]- [32]. [33] proposed a technique for modelling phase change using a fixed grid approach, introducing a source
term in the momentum equation to suppress velocity in solid regions.

2.1.1. Governing Equations

The Governing Equation for Conduction-Dominated Melting,

In cases where heat transfer within the material is dominated by conduction, the governing partial differential equation
is a modified form of the heat equation:

0H .

po = V- (kVT) Equation 1
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H = is the total enthalpy (sensible + latent) ([J/m?3])
t=istime [s]

k = is the thermal conductivity [W/(m-K)]

T =is the temperature [K]

2.1.2. Navier-Stokes Equations (Momentum)

Energy equation, modified for latent heat absorption:

a(ph i
—(;t ) v (i) =V (kVT) + 5 Equation 2

p = Density [kg/m3]

h = Specific enthalpy [J/kg]

V = Velocity vector [m/s]

T = Temperature [K]

k = Thermal conductivity [W/m-K]

S = Source term (e.g. internal heat generation)

h = hgens + AHjgtent * fi Equation 3

Liquid fraction (fl) is tracked as a function of temperature.

2.2. Description Of Boundary Conditions, Geometry And Computational Software

2.2.1. Geometry

| 01 | - 01 |
- —
0.1 01
hgd : AV h. W
Figure 1. Geometry of PCM in meter (m) — Design 1 Figure 2. Geometry of PCM in meter (m) — Design 2

2.2.2. Materials Boundary Condition
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Ice is used as fluid with 920 kg/m3 of density.

Wall Up Wall Left
29/6/2025 11:29:43 AM 29/6/2025 11:30:47 AM

Bl wall up

Il wall Left

Figure 3. Wall up boundary condition setup with Figure 4. Wall left boundary condition setup with
Temperature, T=0°C Temperature, T=80 °C
Wall Right Wall Center
29/6/2025 11:31:24 AM 29/6/2025 11:32:08 AM
[l wall Right [ Wall Center

Figure 5. Wall Right boundary condition setup with Figure 6. Wall Center boundary condition setup with
Temperature, T=80 °C Temperature, T=380 °C
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Fluid
29/6/2025 11:32:43 AM

. Fluid

Figure 7. Boundary condition setup of PCM-Fluid (Ice)

2.2.3. Element Size Boundary Condition

Element size used 0.001 m.

Figure 8. Meshing grid

2.3. Computational Fluid Dynamics (CFD) Software

In this analysis, ANSYS Fluent was utilized as the Computational Fluid Dynamics (CFD) software to simulate the behavior
of Phase Change Material (PCM) during the melting and solidification processes. The enthalpy-porosity model was
applied to represent the phase transition phenomena. Through this model, the mushy zone where the region between
the solid and liquid phases was treated as a porous medium, with the porosity defined by the local liquid fraction. As
phase change occurred, the liquid fraction was varied from 0 (solid) to 1 (liquid). The momentum equations were
modified by introducing a source term to suppress the fluid velocity in the solid region, thereby enabling an accurate
representation of the phase change interface.
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There are parameters were considered during the simulation which are the governing equations for mass,
momentum, and energy were solved, with latent heat incorporated in the energy equation. Temperaturedependent
material properties such as thermal conductivity, specific heat, and latent heat were defined. Appropriate boundary
conditions, including temperature or heat flux, were imposed to drive the phase change process.Then, a transient
approach was used to capture the progression of the melting or solidification front over time. Moreover, the mesh was
refined near the expected interface, and convergence criteria were established based on residual levels and energy
conservation to ensure solution stability and accuracy. By using this approach, the distribution of temperature, liquid
fraction, and heat transfer within the PCM domain was predicted. Useful insights were obtained for the enhancement
and design of thermal energy storage systems incorporating PCM.

3. RESULTS

The temperature contour plots give us a clear picture of how the melting starts and spreads from the heated wall. As
the wall gets hotter, it gradually melts the material nearby, and we can see the melted area slowly expanding outward
over time. The liquid fraction plots help us track where the material is solid and where it's turned to liquid. These plots
show how the boundary between solid and liquid shifts as the heat continues to flow, making it easier to understand
how the phase change unfolds.

Meanwhile, the velocity vectors show how the liquid starts to move once parts of the material melt. As the
temperature differences grow, natural convection currents begin to form, causing the melted liquid to circulate. This
movement plays an important role in spreading the heat and speeding up the melting process.
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Figure 9. Contour 1, Pressure vs Time (Comparison: 0.048s vs 0.046s)
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Figure 10. Contour 2, Temperature vs Time (Comparison: 0.048s vs 0.046s)
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Figure 11. Contour 3, Mass Fraction vs Time (Comparison: 0.048s vs 0.046s)

3.1. Convergence

The simulation was considered converged once two main signs of stability were observed. First, the residuals for both
continuity and momentum dropped below 1x10-5 which means the solution had settled and was not changing much
with further iterations. This gave confidence that the calculations were accurate and consistent.
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Secondly, the liquid fraction plots which show how much of the material has melted and stopped changing noticeably
over time. This steady behaviour suggested that the melting process had stabilized, and the simulation was running
smoothly without unexpected shifts. Together, these signs showed that the simulation had reached a reliable state, and
the results could be trusted for further analysis.

3.2. Accuracy

In order to check how accurate the simulation was, the results were compared using different grid resolutions. This
means the same simulation was run with both coarse and fine meshes to see if the level of detail in the grid affected the
outcome.

When the results stayed nearly the same, even with a finer mesh, it showed that the solution was not dependent on
the grid size anymore. This gave confidence that the simulation was capturing the important physical behaviour correctly,
without being affected by how detailed the mesh was. In short, testing different grid sizes helped confirm that the results
were accurate and trustworthy.

3.3. Comparison With Published Values

To ensure the reliability of the simulation results, they were compared against the findings from previous studies
conducted by Lankadasu et al. and Brent et al. The key objective was to assess how closely the simulated melt front
position and melting timeline aligned with those reported in the published literature. The comparison showed that the
melt front in the simulation followed a very similar path and timing, with less than 5% difference from the reference
data. This small variation suggests that the simulation did a good job of capturing the real behaviour of the melting
process. The Nusselt number, which indicates how effectively heat is being transferred, also showed a similar pattern to
what was reported in the benchmark studies. This further confirmed that the simulation was producing realistic and
trustworthy results. Overall, the close match with established research gave strong confidence that the model was
accurate and working as expected.

4. DISCUSSION

At the start of the melting process, heat was mainly transferred through conduction meaning it moved directly through
the solid material. As more of the material melted and liquid began to form, natural convection kicked in, causing the
melted fluid to circulate and spread the heat more effectively. This shift from conduction to convection played a big role
in how the melting progressed. To check how much the mesh affected the results, a grid sensitivity test was done. It
turned out that there was almost no noticeable difference between the 60x60 and 80x80 mesh sizes. This showed that
increasing the grid resolution beyond that didn’t make much of an impact, meaning the chosen mesh was fine enough
to capture the important details.

However, the simulation was quite sensitive to the Rayleigh number and the timestep size. Changes in these values
affected how the fluid moved and how heat was transferred, so it was important to choose them carefully to get realistic
results. The enthalpy-porosity model worked well overall in simulating the melting process. It captured the general
behaviour and melt front movement effectively. That said, there were still some small inaccuracies near the boundary
between the solid and liquid areas, likely due to the limits of how detailed the mesh could be in that region.

5. CONCLUSIONS

This CFD analysis successfully modelled the transient melting of a PCM in a square cavity using the enthalpy-porosity
method. The results showed good agreement with published benchmarks, and the selected model parameters offered
a reasonable trade-off between accuracy and computational cost. Future improvements may include adaptive meshing
or coupling with experimental data for enhanced validation.
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