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effect of heat transfer fluid (HTF) inlet velocity on the charging performance. A three-
dimensional Computational Fluid Dynamics (CFD) model was developed in ANSYS
Fluent using the laminar flow, energy, and solidification—melting models based on the
enthalpy-porosity approach. A grid independence test was conducted using three
mesh configurations, and a tetrahedral mesh containing 957,302 elements was
selected for the final simulations. The melting process was analysed using liquid
fraction contours and liquid fraction evolution curves for HTF inlet velocities of 20 m/s,
40 m/s, and 80 m/s. The results showed that the liquid fraction increased continuously
from 0 to approximately 1.0, indicating complete melting of the PCM during the
charging process. Comparison of the velocity cases revealed only minor differences in
liquid fraction evolution despite a fourfold increase in HTF velocity from 20 m/s to 80
m/s. All cases exhibited similar melting trends and achieved complete melting within a

Keywords: comparable time period. The study concludes that PCM melting behaviour is
Phase Change Material (PCM); influenced primarily by heat transfer within the PCM domain, while increasing HTF
Computational Fluid Dynamics (CFD); velocity provides only limited improvement in charging performance. The developed
liquid-fraction evolution; thermal energy ~ CFD model successfully captured the transient melting process and produced stable,
storage; solidification and melting grid-independent results.

1. Introduction

The increasing demand for energy and the growing emphasis on sustainable energy utilisation
have led to significant interest in thermal energy storage (TES) technologies. Thermal energy storage
systems improve energy efficiency by storing excess thermal energy during periods of low demand
and releasing it when required. Among the various thermal energy storage techniques, latent heat
thermal energy storage (LHTES) has attracted considerable attention due to its high energy storage
density and ability to store large quantities of thermal energy within a narrow temperature range [1-
3]. The performance of LHTES systems is primarily governed by the thermal characteristics of phase
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change materials (PCMs), which absorb and release latent heat during melting and solidification
processes.

Paraffin-based PCMs are among the most widely used thermal storage materials because of their
high latent heat capacity, chemical stability, non-corrosive nature, and reliable thermal cycling
performance [4,5]. However, the inherently low thermal conductivity of paraffin wax significantly
limits the rate of heat transfer during charging and discharging processes, resulting in prolonged
melting and solidification times [3,6]. Consequently, numerous studies have been conducted to
investigate heat transfer enhancement techniques and improve the thermal performance of PCM-
based storage systems. Recent review studies have further highlighted the importance of thermal
conductivity enhancement methods, including fins, metal foams, nanoparticles, and geometric
modifications, to improve the charging and discharging rates of latent heat storage systems [7-9].

Previous researchers have examined various latent heat thermal energy storage configurations
using both experimental and numerical approaches. Trp [10] investigated the thermal response of
shell-and-tube PCM storage systems and reported that natural convection strongly influences the
melting process. Hosseini et al., [11] demonstrated that the geometric arrangement of the storage
unit significantly affects temperature distribution and melting rate. Similarly, Tay et al., [12] found
that heat transfer enhancement techniques can substantially reduce charging time and improve
overall thermal storage performance. Mahdi et al., [13] further reported that the incorporation of
enhanced heat transfer surfaces can accelerate PCM melting by promoting more uniform heat
distribution within the storage domain. Other studies have also shown that the thermal behaviour of
PCM systems is strongly dependent on the interaction between conduction and buoyancy-driven
convection within the molten PCM region [14].

Due to the complexity of coupled heat transfer, fluid flow, and phase change phenomena,
Computational Fluid Dynamics (CFD) has become a widely adopted tool for investigating PCM
thermal behaviour. CFD enables detailed analysis of temperature fields, velocity distributions, and
phase interface evolution while reducing the time and cost associated with experimental
investigations [15]. The development of the enthalpy-porosity method by Voller and Chander [16]
significantly improved the ability of numerical models to simulate melting and solidification processes
by eliminating the need to explicitly track the moving solid-liquid interface. Consequently, this
approach has become one of the most commonly used numerical techniques in PCM simulations and
has been extensively implemented in commercial CFD software such as ANSYS Fluent.

Several numerical studies have successfully applied the enthalpy-porosity formulation to
investigate latent heat thermal energy storage systems. Arasu and Arun [17] demonstrated that CFD
predictions showed good agreement with experimental measurements of PCM melting. Al-Abidi et
al., [18] reported that numerical simulations accurately captured the influence of natural convection
on melting behaviour in shell-and-tube storage systems. Mahdi et al., [13] employed ANSYS Fluent
to analyse PCM melting in a double-pipe thermal energy storage system and found that heat transfer
enhancement techniques significantly improved melting performance and reduced charging time.
Their results further highlighted the importance of buoyancy-driven flow in accelerating the melting
process and confirmed the suitability of the enthalpy-porosity model for PCM simulations. Similar
conclusions have been reported by recent investigations focusing on PCM-based thermal energy
storage systems under various operating conditions [19,20].

Despite the substantial amount of research conducted on PCM-based latent heat thermal energy
storage systems, limited studies have specifically examined the influence of heat transfer fluid (HTF)
velocity on the liquid fraction evolution of RT-50 paraffin wax in a double-pipe thermal energy storage
configuration using a validated CFD framework. Furthermore, the relationship between HTF velocity
and the overall melting progression remains insufficiently understood, particularly when the PCM

24



Semarak Journal of Thermal-Fluid Engineering
Volume 9, Issue 1 (2026) 23-35

thermal resistance dominates the charging process. Understanding this behaviour is important
because increasing HTF velocity generally requires greater pumping power and operating costs, and
therefore its actual influence on PCM melting performance must be properly evaluated.

The significance of this study lies in its ability to provide a clearer understanding of the melting
characteristics of RT-50 paraffin wax under different HTF operating velocities using Computational
Fluid Dynamics. The findings of this study can contribute to the optimisation of latent heat thermal
energy storage systems by identifying whether increasing HTF velocity provides meaningful
improvements in charging performance. Such information is valuable for the design and operation of
energy storage systems where thermal efficiency and energy consumption must be balanced.

Therefore, the present study performs a CFD analysis of PCM melting in a double-pipe latent heat
thermal energy storage system using ANSYS Fluent. The geometry and thermo-physical properties
are adopted from the validated work of Trp [10], while the laminar flow, energy, and solidification—
melting models are employed to predict the transient melting behaviour of RT-50 paraffin wax. The
objectives of this study are to investigate the evolution of liquid fraction during the PCM melting
process and to evaluate the influence of different HTF inlet velocities on the melting behaviour and
charging performance of the thermal energy storage system.

2. Methodology
2.1 Governing Equations
2.1.1 Laminar flow model

The flow behaviour of the heat transfer fluid (HTF) within the inner copper tube governs the rate
at which thermal energy is supplied to the phase change material (PCM) during the charging process.
The motion of the HTF is governed by the continuity equation, which expresses the principle of mass
conservation. For an incompressible fluid, the continuity equation is shown in Eq. (1).

d
a—’t’+v-(pV)=0 (1)

where V represents the velocity vector. This equation ensures that mass is conserved throughout the
computational domain and that no artificial accumulation or depletion of fluid occurs during the
numerical solution process. The conservation of momentum is described by the Navier—Stokes
equations as shown in Eq. (2).

p(5+V W) = —Vp+uv2V + pg 2)

where p is the fluid density, p is pressure, u is the dynamic viscosity, and g is the gravitational
acceleration vector. The equation represents the balance between inertial forces, pressure gradients,
viscous forces, and body forces acting on the fluid.

2.1.2 Energy equation

Heat transfer within the latent heat thermal energy storage system occurs through a combination
of convection, conduction, and latent heat absorption. The thermal energy carried by the HTF is
transferred through the copper tube wall and subsequently absorbed by the PCM, resulting in
temperature rise and phase transition. To describe this process, ANSYS Fluent solves the conservation
of energy equation throughout both fluid and solid regions of the computational domain.
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The energy equation is expressed in terms of total energy transport and includes contributions
from thermal conduction, convective transport, viscous work, species diffusion, and volumetric heat
sources. The general form of the energy equation can be written as Eq. (3).

9(pE)

where E denotes the total energy per unit mass, k.sf is the effective thermal conductivity, T is
temperature, and S, represents volumetric heat source terms.

2.1.3 Solidification and melting model

The phase transition process occurring within the PCM domain is simulated using the
Solidification and Melting model available in ANSYS Fluent. This model is particularly suitable for
latent heat thermal energy storage applications because it can accurately represent the absorption
and release of latent heat during phase transition without explicitly tracking the moving solid-liquid
interface. For a pure material or PCM with a narrow melting range, the liquid fraction is defined as

Eq. (4).

0’ T < Tsolid
A= Tiiquia=Tsolid Tsoua <T < Tiiquia (4)
1L, T > Tiquia

where 1 denotes the liquid fraction, while T4 and Ty represent the solidus and liquidus
temperatures, respectively.

2.1.4 Enthalpy-porosity method

The enthalpy—porosity technique constitutes the mathematical foundation of the Solidification
and Melting model implemented in ANSYS Fluent. According to the Fluent Theory Guide, this
approach eliminates the need for explicit interface tracking by solving a single set of conservation
equations throughout the entire computational domain while accounting for latent heat effects
through the enthalpy formulation. The total enthalpy of the PCM is defined as the sum of sensible
and latent heat contributions as shown in Eq. (5).

H=h+AH (5)

where H is the total enthalpy, h is the sensible enthalpy, and AHrepresents latent heat content. The
sensible enthalpy component is calculated as Eq. (6).

h=hyes + [y, CpdT (6)

where C, is the specific heat capacity, h,.r is the reference enthalpy, and T, is the reference
temperature. The latent heat contribution is expressed as Eq. (7).

AH = AL (7)
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where L is the latent heat of fusion and A is the liquid fraction.
2.1.5 Momentum sink formulation in the mushy zone

A unique feature of the enthalpy—porosity approach is the treatment of the mushy zone as a
porous medium. During phase transition, the coexistence of solid and liquid phases restricts fluid
motion within the PCM. To account for this phenomenon, ANSYS Fluent introduces an additional
momentum sink term into the momentum equations. The momentum sink source term is expressed
as Eq. (8).

(-2
S = Amushy 3+€ (8)

where A, is the mushy zone constant, 4 is the liquid fraction, and € is a small numerical
stabilisation parameter.

2.2 Numerical Setup
2.2.1 Geometry

The computational geometry was developed based on the latent heat thermal energy storage
(LHTES) system investigated by Trp [10]. The model consists of a concentric double-pipe configuration
comprising an inner copper tube for heat transfer fluid (HTF) flow and an outer cylindrical shell
containing the phase change material (PCM). The geometry was constructed as a three-dimensional
model with an axial length of 1 m to represent the thermal energy storage unit during the charging
process.

Figure 1 illustrates the cross-sectional dimensions of the developed geometry. The inner tube has
an inner diameter of 10 mm and an outer diameter of 12.5 mm, while the outer shell has an inner
diameter of 50 mm and an outer diameter of 52.5 mm. The annular region between the inner tube
and outer shell is occupied by RT-50 paraffin wax PCM. During operation, thermal energy is
transferred from the hot HTF flowing through the inner tube to the surrounding PCM through the
copper tube wall, resulting in PCM melting and thermal energy storage.

Fig. 1. Cross-sectional geometry
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2.2.2 Mesh

The computational domain was discretised using ANSYS Meshing to convert the physical
geometry into a finite number of control volumes suitable for numerical analysis. Since mesh quality
directly affects numerical accuracy and convergence behaviour, three different meshing approaches
were investigated to evaluate their suitability for the PCM melting simulation. The first mesh
configuration was generated using the default ANSYS meshing method with curvature-based sizing.
This approach automatically refines the mesh in regions containing curved boundaries to improve
geometric representation and numerical accuracy. Figure 2 presents the mesh generated using the
default meshing strategy.

The second mesh configuration employed the Prime Mesh technology within the PCM region.
Prime Mesh is designed to improve element quality and generate a more uniform mesh distribution
while maintaining computational efficiency. The resulting mesh structure is shown in Figure 3. The
third mesh configuration utilised tetrahedral elements within the PCM region. Tetrahedral meshes
provide greater flexibility in resolving complex thermal gradients and phase interfaces, particularly
in transient heat transfer simulations involving phase change phenomena. The generated tetrahedral
mesh is illustrated in Figure 4.

The three mesh configurations were subsequently evaluated through a grid independence study
to determine their influence on the predicted liquid fraction evolution during PCM melting. Based on
the convergence behaviour and numerical stability obtained from the grid independence analysis,
the tetrahedral mesh was selected as the final mesh topology for all subsequent simulations.

Fig. 2. Default mesh Fig. 3. Prime mesh Fig. 4. Tetrahedrons

2.2.3 Boundary conditions

The thermal and flow boundary conditions were established to simulate the charging process of
the latent heat thermal energy storage (LHTES) system. The selected boundary conditions represent
the operating conditions under which thermal energy is transferred from the heat transfer fluid (HTF)
flowing inside the copper tube to the surrounding phase change material (PCM). Table 1 summarises
the boundary conditions applied in the present CFD model.

Figure 5 illustrates the overall simulation setup and flow direction within the storage system. The
hot heat transfer fluid enters the inner tube through the velocity inlet located at one end of the pipe
and exits through the pressure outlet at the opposite end. During the charging process, thermal
energy is continuously transferred from the HTF to the PCM through the copper tube wall, resulting
in a gradual increase in PCM temperature and subsequent melting. The imposed flow direction
ensures continuous transport of thermal energy throughout the length of the storage unit and
enables the transient melting behaviour of the PCM to be investigated.
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Table 1
Summary of boundary conditions applied
Boundary region Boundary type Specification
HTF inlet Velocity inlet V=20m/s
thermal condition T=450K
HTF outlet Pressure outlet Gauge pressure =0 Pa
Inner tube wall Coupled wall Heat transfer through conduction
Adiabatic wall Zero heat flux
PCM domain Initial condition Solid
Initial temperature T=310K
Gravity Body force Enable in -ve y direction
PCM model Solidification and melting  Enthalpy-porosity method

Fig. 5. Setup for simulations

2.3 Grid Independence Test (GIT)

A grid independence test was conducted to evaluate the influence of mesh density and mesh
topology on the numerical prediction of the PCM melting process. The primary objective of this
assessment was to ensure that the simulation results were independent of the computational grid
and that the selected mesh provided sufficient numerical accuracy without incurring high
computational cost. Three different mesh configurations were generated using different meshing
strategies within ANSYS Meshing. The first configuration employed the default curvature-based
meshing approach, while the second configuration utilised the Prime Mesh technology within the
PCM region. The third configuration was generated using tetrahedral elements in the PCM domain.
The characteristics of the investigated meshes are summarised in Table 2.

Table 2

Summary of mesh configuration used in GIT

No. mesh Meshing method No. of nodes No. of elements
Mesh 1 Default ANSYS meshing 437,451 419,814

Mesh 2 Prime mesh 222,202 211,640

Mesh 3 Tetrahedrons 237,565 957,302

To assess mesh sensitivity, the volume-averaged liquid fraction was selected as the monitoring
parameter because it directly represents the progression of PCM melting throughout the charging
process. The liquid fraction was monitored over the entire simulation period for each mesh
configuration and subsequently compared. Since the liquid fraction is the principal indicator of
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thermal energy storage performance, its evolution provides an effective measure of numerical
consistency between different computational grids.

Figure 6 illustrates the variation of volume-averaged liquid fraction as a function of melting time
for the three mesh configurations. The results indicate that all meshes predict a similar overall
melting trend, characterised by a gradual increase in liquid fraction followed by complete melting of
the PCM. However, noticeable differences are observed during the intermediate stages of the
melting process, particularly between approximately 500 s and 1500 s. These deviations demonstrate
the influence of mesh resolution and element topology on the numerical prediction of the phase
change process.

Graph of Liquid Fraction vs Time Step (s)
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Fig. 6. Grid Independence Test (GIT)

The default curvature-based mesh and Prime Mesh configuration exhibit greater variation in the
predicted liquid fraction profiles throughout the transient simulation. Although both meshes
successfully capture the overall melting behaviour, local fluctuations in the liquid fraction evolution
indicate a higher sensitivity to discretisation errors. In contrast, the tetrahedral mesh demonstrates
a smoother and more physically consistent melting profile. The liquid fraction evolution predicted by
the tetrahedral mesh shows a gradual and stable transition from the solid state to complete melting
without significant oscillatory behaviour. This improved convergence behaviour suggests that the
tetrahedral mesh provides enhanced spatial resolution of the temperature gradients and phase
interface evolution within the PCM domain.

The superior performance of the tetrahedral mesh can be attributed to its ability to conform more
effectively to the complex thermal gradients that develop during the melting process. As natural
convection becomes dominant within the liquid PCM region, accurate representation of temperature
and velocity fields becomes increasingly important. The tetrahedral mesh provides greater geometric
flexibility and improved resolution of the solid—liquid interface, thereby reducing numerical diffusion
and enhancing solution stability.

Although the tetrahedral mesh contains the largest number of computational elements, the
resulting liquid fraction profile demonstrates the smoothest convergence trend among the
investigated mesh configurations. Furthermore, comparison of the liquid fraction histories indicates
that additional refinement beyond the selected tetrahedral mesh would be unlikely to produce
significant changes in the predicted melting behaviour. Consequently, the numerical solution may be
considered sufficiently independent of the computational grid.
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3. Results and Discussion
3.1 Results
3.1.1 Liquid fraction evolution during PCM melting

The melting behaviour of the phase change material (PCM) was investigated using the selected
tetrahedral mesh obtained from the grid independence study. The evolution of the melting process
was visualised using liquid fraction contours at different stages of the charging process. Three
representative contour plots corresponding to the initial state, intermediate melting stage, and
nearly complete melting condition were selected to illustrate the progression of the phase change
process.

Figure 7 illustrates the temporal evolution of the liquid fraction within the PCM domain
throughout the charging process. At the initial condition shown in Figure 7(a), the PCM remains
completely solid with a liquid fraction of zero throughout the storage region. At this stage, thermal
energy supplied by the heat transfer fluid has not yet generated sufficient heating to initiate the
melting process.

As the charging process progresses, the PCM begins to melt near the heated inner tube wall, as
shown in Figure 7(b). The increase in liquid fraction indicates that thermal energy has been
transferred from the heat transfer fluid to the surrounding PCM through the copper tube wall. The
molten region expands outward from the inner tube as the PCM absorbs sensible and latent heat,
resulting in the gradual growth of the liquid phase within the storage domain.

Figure 7(c) presents the final stage of the charging process, where the liquid fraction reaches
approximately 1, indicating that the PCM is almost completely melted. The liquid region occupies
nearly the entire PCM domain, confirming that sufficient thermal energy has been supplied to
complete the phase transition process. The progression observed in Figure 7 demonstrates the
capability of the numerical model to capture the transient melting behaviour of the PCM and
illustrates the overall charging mechanism of the latent heat thermal energy storage system.

The liquid fraction contours provide a qualitative representation of the phase change process and
serve as the basis for evaluating the thermal performance of the storage system under different
operating conditions. The selected tetrahedral mesh successfully captures the evolution of the
melting front and provides a stable numerical representation of the PCM melting process throughout
the simulation period.
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Fig. 7. Fluid fraction on different time step (s) (a) 0 s (b) 700 s (c) 1400 s
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3.1.2 Effect of HTF velocity on liquid fraction evolution

To evaluate the influence of heat transfer fluid (HTF) velocity on the melting performance of the
latent heat thermal energy storage system, simulations were performed using inlet velocities of 20
m/s, 40 m/s, and 80 m/s while maintaining all other operating conditions constant. The variation of
volume-averaged liquid fraction with flow time for the three velocity conditions is presented in Figure
8. All three velocity conditions exhibit a similar melting trend throughout the charging process. The
liquid fraction increases continuously with time, indicating the gradual conversion of solid PCM into
liguid PCM as thermal energy is transferred from the heat transfer fluid. Initially, the liquid fraction
increases at a relatively uniform rate for all velocity conditions, indicating that the melting behaviour
is nearly identical during the early stage of the charging process.

As the melting process progresses, slight differences begin to appear between the liquid fraction
profiles. The simulation with an inlet velocity of 20 m/s exhibits a marginally higher liquid fraction
during the intermediate stage of melting compared with the higher velocity cases. However, the
differences remain relatively small throughout the simulation period. As the liquid fraction
approaches unity, all three curves gradually converge and reach complete melting within a similar
time range.

The results indicate that increasing the inlet velocity from 20 m/s to 80 m/s produces only a minor
influence on the overall liquid fraction evolution. Although small variations can be observed during
the intermediate melting stage, the general shape and progression of the liquid fraction curves
remain largely unchanged. The similarity of the three profiles suggests that the PCM melting process
is not significantly affected by the investigated velocity range under the present operating conditions.

Overall, the liquid fraction results demonstrate that the latent heat thermal energy storage
system exhibits consistent melting behaviour across the investigated velocity conditions. The
observed trends provide a basis for further discussion regarding the influence of heat transfer fluid
velocity on the thermal performance of the storage system.

Plot for different velocities
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Fig. 8. Effect of HTF velocity on curve of liquid fraction
3.2 Discussion
The liquid fraction contours and liquid fraction evolution curves presented in the previous section

provide valuable insight into the melting behaviour of the PCM within the latent heat thermal energy
storage system. The results demonstrate that the numerical model successfully captures the
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transient phase change process, beginning from a fully solid PCM state and progressing towards
complete melting. The gradual increase in liquid fraction observed throughout the charging process
confirms that thermal energy supplied by the heat transfer fluid is effectively transferred through the
copper tube wall and subsequently absorbed by the PCM as sensible and latent heat.

The liquid fraction contours shown in Figure 7 reveal the progression of the melting front within
the PCM domain. Initially, the PCM remains completely solid because the thermal energy supplied
by the heat transfer fluid has not yet penetrated sufficiently into the storage region. As heating
continues, melting begins in the vicinity of the inner tube wall where the temperature gradient is
highest. This behaviour is expected because the tube wall acts as the primary heat transfer surface,
resulting in the earliest phase transition occurring closest to the heat source. As additional thermal
energy is transferred into the system, the molten region expands progressively outward from the
tube wall until the liquid fraction approaches unity and the PCM becomes almost completely melted.

The observed melting behaviour is consistent with the physical characteristics of latent heat
thermal energy storage systems reported in previous studies. During the early stages of charging,
heat transfer within the PCM is primarily governed by thermal conduction because the material
remains largely solid and fluid motion is absent. As melting progresses, liquid PCM begins to form
around the heated tube, allowing buoyancy-driven flow to develop within the molten region. The
resulting natural convection currents enhance thermal transport and contribute to the continued
growth of the liquid phase. Similar melting patterns have been reported by Mahdi et al., [19], who
observed that natural convection becomes increasingly important as the volume of liquid PCM
increases during the charging process.

The influence of heat transfer fluid velocity on the melting behaviour can be evaluated from the
liquid fraction curves presented in Figure 8. Although three different inlet velocities were
investigated, the resulting liquid fraction profiles exhibit only minor differences throughout the
charging period. All velocity conditions produce a similar melting trend, characterised by a
continuous increase in liquid fraction followed by complete melting within a relatively narrow time
range. This observation suggests that the overall melting performance of the storage system is only
weakly dependent on the investigated velocity range.

The limited influence of velocity can be explained by considering the dominant thermal resistance
within the system. Increasing the HTF velocity generally enhances convective heat transfer inside the
inner tube by reducing the thermal boundary layer thickness adjacent to the tube wall. However,
once the thermal energy reaches the copper wall, it must still be conducted through the PCM and
subsequently distributed throughout the storage region. Because paraffin-based PCMs possess
relatively low thermal conductivity, the rate of heat transfer within the PCM domain becomes the
controlling factor in the overall melting process. Consequently, further increases in HTF velocity
provide only marginal improvements in melting performance because the dominant thermal
resistance is located within the PCM rather than within the fluid flow region.

4. Conclusions

This study successfully investigated the melting behaviour of RT-50 phase change material (PCM)
in a double-pipe latent heat thermal energy storage (LHTES) system using Computational Fluid
Dynamics (CFD). A numerical model was developed in ANSYS Fluent by incorporating the laminar flow
model, energy equation, and solidification—melting model based on the enthalpy—porosity
formulation. The geometry and thermo-physical properties were adopted from a validated study in
the literature, while a grid independence study was performed to ensure the reliability of the
numerical results.
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The first objective of this study, which was to simulate the melting process of RT-50 PCM during
the charging process, was successfully achieved. The liquid fraction contours clearly illustrated the
progression of the melting front from an initially solid state to a nearly fully melted condition. The
second objective, which was to analyse the evolution of liquid fraction throughout the charging
process, was also achieved. The liquid fraction profiles showed a continuous increase with flow time,
indicating the gradual conversion of solid PCM into liquid PCM. The third objective of investigating
the effect of HTF inlet velocity on PCM melting behaviour was accomplished by comparing liquid
fraction evolution at inlet velocities of 20 m/s, 40 m/s, and 80 m/s. The results revealed that all
velocity conditions produced similar melting trends and reached complete melting within a relatively
narrow time range.

From an engineering perspective, the present findings suggest that increasing the HTF velocity
beyond the baseline operating condition may not provide a proportionally significant improvement
in thermal storage performance. Although higher velocities can increase the convective heat transfer
coefficient within the tube, the resulting enhancement in PCM melting is relatively limited. Therefore,
optimisation strategies focused solely on increasing fluid velocity may not be the most effective
approach for improving charging performance. Instead, greater benefits may be achieved by
enhancing heat transfer within the PCM domain through geometric modifications, increased heat
transfer area, or the incorporation of thermal conductivity enhancement techniques.

Overall, the numerical results indicate that the melting behaviour of the PCM is governed
primarily by the thermal characteristics of the storage medium and the heat transfer mechanisms
occurring within the PCM region. The selected tetrahedral mesh successfully captures the evolution
of the melting front and provides stable predictions of liquid fraction development throughout the
charging process. Furthermore, the observed trends are consistent with previously published studies
on PCM melting, providing confidence in the reliability of the numerical methodology and the validity
of the simulation results.
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