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Abstract. Renewable energy systems require efficient storage solutions to
mitigate the temporal mismatch between supply and demand. Among
various storage concepts, latent heat thermal energy storage (LHTES)
systems based on phase change materials (PCM) offer high thermal storage
density and nearly isothermal operation, making them especially suitable for
enhancing the performance, reliability, and flexibility of renewable energy
technologies. In this work, a numerical investigation of melting behavior in
a rectangular PCM domain is performed. Multiple heat transfer
enhancement techniques are compared under identical boundary conditions,
including metal fins, copper nanoparticles, and hybrid combinations of both.
The results indicate substantial improvement in heat transfer and melting
rate with enhanced configurations, highlighting the potential of combined
techniques for developing high-performance latent heat thermal energy
storage systems.

1 Introduction

Latent heat storage (LHS) has gained considerable attention in recent decades as an effective
solution to mitigate the growing mismatch between global energy supply and demand. Owing
to its high energy storage density and nearly isothermal operation during phase transition,
LHS plays a pivotal role in modern thermal energy storage technologies. Recent
comprehensive studies [1,2], emphasize that, among various storage approaches, LHTES
systems employing PCMs represent one of the most promising strategies for enhancing the
efficiency and reliability of renewable energy systems. The relevance of PCM-based LHTES
is particularly pronounced in medium-temperature applications such as building thermal
regulation, industrial waste heat recovery, domestic solar systems, and electronic cooling,
where storage temperatures typically remain below 100°C.

To accurately predict and optimize the thermal behavior of PCM-based LHTES systems,
numerical modeling has become an indispensable research tool. Computational fluid
dynamics (CFD) simulations allow detailed investigation of phase change processes [3], heat
transfer mechanisms, and thermo-fluid interactions within the storage domain. In the present
work, ANSYS Fluent is employed to solve the governing mass, momentum, and energy
conservation equations using the finite volume method. This approach enables precise
tracking of melting and solidification fronts, temperature distribution, and heat transfer rates,
providing valuable insights prior to experimental validation and significantly reducing design
uncertainty and development costs.
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Although concentrated solar power (CSP) applications are often cited in the literature, the
PCM used in the present work (RT42) melts at approximately 42°C, making it more
representative of low- and medium-temperature LHTES applications rather than high-
temperature CSP systems. Additionally, paraffin-based PCMs are non-toxic, recyclable, and
environmentally benign, making them well suited for sustainable energy systems. Therefore,
in the context of benchmarking enhancement strategies for medium-temperature LHTES, the
primary goal of this study is not to optimize geometry for a specific industrial application but
to establish a controlled comparison among representative enhancement configurations
operating under identical domain and boundary conditions. Thermal enhancement
approaches differ fundamentally in the physical mechanisms by which heat transfer is
improved. Fin-assisted configurations promote conduction from the wall, whereas
nanoparticle-enhanced PCM improves volumetric conductivity and intensifies natural
convection flows within the liquid region. Hybrid configurations aim to balance these
mechanisms. Despite these advantages, the practical deployment of PCM-based LHTES
systems is hindered by the intrinsically low thermal conductivity of most organic PCMs,
which results in slow charging and discharging rates and limits overall system efficiency.
Consequently, a wide range of heat-transfer enhancement techniques have been proposed to
overcome this limitation. One of the most widely adopted enhancement strategies involves
the integration of metallic fins within the PCM storage cavity. Fins act as extended heat-
transfer surfaces, creating efficient conductive pathways that accelerate heat diffusion within
PCM. Numerous experimental and numerical investigations [4—6] have demonstrated
significant reductions in melting and solidification times when fin structures are employed.
Further studies have examined the influence of fin geometry, orientation, number, and
dimensions [7-10], revealing that optimized fin configurations can substantially enhance
thermal performance. A schematic representation of the PCM-based LHTES system with
internal fins investigated in this study is shown in Fig. 1. Beyond structural modifications,
nanoparticle-enhanced PCMs have emerged as a complementary and effective approach to
improving thermal conductivity. Copper nanoparticles are attractive due to their
exceptionally high thermal conductivity, chemical stability, and strong compatibility with
organic PCMs [11]. Previous studies have reported notable improvements in heat diffusion
and accelerated melting behavior when copper nanoparticles are dispersed within paraffin-
based PCMs. Furthermore, copper is abundant, recyclable, and mechanically robust,
reinforcing its suitability for long-term and sustainable thermal energy storage applications.
The novelty of the present study lies in providing a systematic baseline comparison of pure
PCM, fin-based, nanoparticle-based, and hybrid configurations, enabling performance
differentiation among conduction-dominated, convection-dominated, and mixed
enhancement strategies.
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Fig. 1. Schematic representation of the PCM-based latent heat thermal energy storage system with
internal fins and applied thermal boundary conditions.
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Abbreviations
NePCM physical Property PCM phase change material
PCM physical Property NePCM nanoparticle-enhanced phase
Change Material
Nanoparticle physical Property TES thermal energy storage
Density (kg.m™) LHTES latent heat thermal energy
storage
Volume fraction of nanoparticles in HTF heat transfer fluid
the PCM
Specific heat capacity at constant CSP concentrated solar power

pressure (J.kg!. K1)

Dynamic viscosity (kg.m™. s™)
Specific latent heat of fusion (J.kg™")
Thermal conductivity (W.m!. K1)
Temperature (K)

Time (s)

Velocity vector (m.s™)

Specific energy (J.kg™!)

Liquid Fraction

Mushy zone constant

small numerical parameter

thermal expansion coefficient (1/K)

2 Physical model and computational domain

The investigated system is a two-dimensional rectangular LHTES cavity with dimensions of
50 mm x 30 mm, filled with the PCM RT42. The PCM is initially at a uniform temperature
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below its melting point. A constant-temperature boundary condition is imposed on one
vertical wall to simulate the charging process, inducing melting through combined
conduction and natural convection. The geometric dimensions are kept identical for all
configurations to ensure consistent performance comparison.

RT42 is selected due to its suitable melting temperature (~42 °C), high latent heat, chemical
stability, low supercooling, and environmental safety, making it appropriate for medium-
temperature thermal energy storage applications. Two heat-transfer enhancement strategies
are considered: copper fins attached to the heated wall and copper nanoparticles uniformly
dispersed within the PCM at a low volume fraction to preserve suspension stability while
limiting viscosity variations.

For the fin-assisted and hybrid cases, fins are implemented using a mass-equivalent fraction
approach without explicitly prescribing geometric parameters such as thickness or height.
The fin-only configuration corresponds to an equivalent copper mass fraction of 6%, whereas
the hybrid configuration distributes the copper content equally between fins (3%) and
nanoparticles (3%). This methodology enables a systematic comparison of enhancement
strategies while avoiding geometry optimization, which is beyond the scope of the present
benchmark study and typically depends on application-specific design requirements.

2.1 Assumptions

The following assumptions are adopted to simplify the physical model:

1. The system is modeled as two-dimensional, which is appropriate for thin cavities.
2. PCM is considered Newtonian and incompressible, with density variations
accounted for only in the buoyancy term using the Boussinesq approximation.

3. Thermophysical properties of both solid and liquid phases are treated as
temperature-dependent when necessary.

4. Radiation heat transfer is neglected due to the moderate temperature range.

5. Thermophysical properties are assumed constant at the melting temperature for
consistency with the enthalpy—porosity formulation

6. The fins and cavity walls are assumed to have uniform and isotropic thermal
properties.

2.2 Boundary Conditions

The boundary conditions applied in this study are as follows:

e  Charging wall: constant-temperature hot wall

e Remaining walls: adiabatic

¢ Solid boundaries: no-slip velocity
This configuration enables a quantitative evaluation of the effects of fin geometry and
nanoparticle loading on the heat-transfer performance of the LHTES unit.

2.3 Thermophysical Properties

The thermophysical properties of the PCM and nanoparticles used in the simulations are
summarized in Table 1. All properties are evaluated at the melting temperature and assumed
constant throughout the simulations to ensure consistency with the enthalpy—porosity
formulation.

Table 1. Thermophysical properties of RT42 and copper nanoparticles (Cu-NPs), [12,13].

Material e Jkg' KD |k (Wm'K?Y) | pkgm?) | LAkg") | B (I/K) | p(kgm'sT)
PCM(RT42) 2000 0.2 710 169000 5.710* | 0.00353
Copper (Cu-NP) | 383 400 8954
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3 Mathematical Model

The phase-change process is modelled using the enthalpy—porosity method, which treats the
mushy zone as a porous medium where the porosity is equal to the liquid fraction. The
governing equations solved in ANSYS Fluent are based on the conservation of mass,
momentum, and energy.

3.1 Mass Conservation
V.v=0 (1)
3.2 Momentum Conservation

Density variations are included using the Boussinesq approximation to model buoyancy
forces, which is appropriate for the moderate temperature variations of RT42.

The attenuation term A(A)that suppresses velocity in the solid and mushy zones follows the
formulation of Voller and Prakash:

a
p(a—:+v. Vv) = —Vp + uV?v+ pgB(T — Trer) — AV )
The last term represents the mushy zone damping as:
1-21)2
A =52 3)
3.3 Energy conservation
p (3 +v.7h) = V.(kVT) (4)
Total enthalpy follows:
h=hyep + [ L GpdT + L (5)
re
Or the Liquid Fraction model:
T—To’l-d T < Tsotiaus
soliaus
A= Tliquidus_Tsolidus' Tsolidus< T< Tliquidus (6)
1’ T> Tliquidus

The thermo-physical properties of RT42 and copper nanoparticles are treated as constant at
the melting temperature of RT42 for consistency with the enthalpy—porosity model. The
previous mention of temperature-dependent properties was removed to avoid ambiguity, as
no such functional correlations were originally provided.

3.4 Nanoparticle-Enhanced PCM Properties

A single-phase homogenous nanofluid model is used, which the main properties of PCM-
Nano are calculated following next Equations:
Density:
Pry = (1= @)ps + @pn ()
Heat Capacity:
(Cpp)nf =1- (p)(cpp)f + (p(pncp)n 3

Thermal Conductivity (Maxwell model):

_ Kf+2Kf—2(p(Kf—Kn)
T Kpt2K e (Kp—Ky)

an (9)
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Viscosity (Brinkman model):

— i
Hnfp = (1-¢)25 (10)

Mass Fractions Used in This Study

e Nanoparticle-only case: 6% mass fraction

e Combined enhancement case: 3% nanoparticles + 3% fin mass equivalent

e Fin-only case: fins represent 6% of total PCM mass
These mass fractions are used to compute the effective thermophysical properties in each
configuration.
This allocation ensures consistent enhancement mass budgets across compared
configurations, enabling meaningful ranking of performance mechanisms without
introducing geometry or concentration optimization as confounding variables.

3.5 Numerical Implementation

The governing equations are solved in ANSY'S Fluent, using the finite volume method.
Pressure—velocity coupling: SIMPLE algorithm
Spatial discretization: second order upwind for momentum and energy
Time discretization: implicit first-order scheme
Convergence criteria:
10 for energy
104 for momentum and continuity
This numerical setup is consistent with standard PCM melting simulations using the
enthalpy—porosity technique.

The governing equations are solved using a finite volume method. Pressure—velocity

coupling is performed using the SIMPLE algorithm. Second-order upwind discretization is
applied to convective terms, and second-order schemes are retained for diffusion and
temporal terms to improve numerical accuracy.
Boundary conditions are defined explicitly as follows: the left vertical wall is maintained at
a constant temperature T, above the PCM melting temperature, while all remaining walls are
adiabatic. No-slip conditions are imposed on all solid boundaries. The initial temperature is
uniform and below the melting point.

3.6 Grid Details and Mesh Independence

A structured quadrilateral mesh is employed for all cases. Local refinement is applied
near the heated wall and fin—-PCM interfaces to resolve thermal gradients. Three mesh
densities were tested (coarse, medium, and fine). The total melting time varied by less than
2% between the medium and fine meshes, indicating mesh convergence. The medium mesh
was selected for subsequent simulations.

The inclusion of fins in the computational domain is treated using conjugate heat transfer,
meaning fins are modeled as solid copper entities with heat conduction solved simultaneously
with PCM melting.

4 Numerical Validation

Cc The numerical model developed in this study is validated against the benchmark results
reported by Khodadadi and Hosseinizadeh [12], who investigated the melting behavior of
nanoparticle-enhanced phase change materials in a rectangular enclosure subjected to
constant wall temperature heating. This reference is widely cited for validating enthalpy—
porosity-based phase change models and nanofluid PCM formulations.
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The validation is carried out by comparing the time evolution of the liquid fraction for two
cases: pure PCM (¢ = 0%) and nanoparticle-enhanced PCM (¢ = 10%). Figure 2 illustrates
the comparison between the present numerical predictions and the reference data for both

volume fractions.
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Fig. 2. Validation of the present numerical model against the results of Khodadadi and Hosseinizadeh:
temporal evolution of liquid fraction for pure PCM (¢ = 0%) and nanoparticle-enhanced PCM (¢ =

10%).

As observed, an excellent agreement is achieved over the entire melting process. The present
results accurately reproduce the melting trends and phase transition rates reported by
Khodadadi and Hosseinizadeh. In both cases, the addition of nanoparticles accelerates the
melting process, which is consistently captured by the present model. The slight deviations
observed at intermediate times can be attributed to minor differences in thermophysical

property correlations, mesh resolution, and numerical discretization schemes.

Overall, the close correspondence between the present simulations and the reference results
confirms the robustness and accuracy of the implemented numerical methodology.
Therefore, the adopted enthalpy—porosity approach combined with the finite volume method
in ANSYS Fluent is considered reliable for predicting phase change behavior and evaluating
heat-transfer enhancement strategies in latent heat thermal energy storage systems.

5 Results and discussion

5.1 Melting behaviour and liquid fraction evolution

Figure 3 presents the temporal evolution of the liquid fraction for the four investigated
configurations: pure PCM (Case 1), nanoparticle-enhanced PCM (NePCM, Case 2), PCM
with fins (Case 3), and the combined NePCM with fins configuration (Case 4). In all cases,
the liquid fraction increases monotonically with time, reflecting the progressive melting of
the PCM under the applied constant-temperature boundary condition.
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Fig. 3. Temporal evolution of the liquid fraction for the four investigated configurations: pure PCM,
nanoparticle-enhanced PCM (NePCM), PCM with fins, and NePCM combined with fins.

The pure PCM case exhibits the slowest melting rate due to the inherently low thermal
conductivity of paraffin-based materials. The addition of copper nanoparticles (Case 2)
significantly accelerates the melting process, leading to the shortest total melting time. This
improvement is primarily attributed to the enhanced effective thermal conductivity of the
PCM, which promotes faster heat diffusion throughout the cavity and intensifies buoyancy-
driven natural convection within the molten region.

The fin-assisted configuration (Case 3) shows only a modest enhancement compared to the
pure PCM case. Although fins provide additional conductive pathways near the heated wall,
their influence on the global melting rate remains limited due to restricted heat penetration
into the PCM core.

The hybrid configuration (Case 4) demonstrates a clear improvement over the pure PCM and
fin-only cases; however, its melting rate remains slightly lower than that of the NePCM-only
configuration. This behavior can be explained by the competing effects of fins on heat
transfer mechanisms. While fins enhance conduction locally, they partially obstruct fluid
motion within the molten PCM, weakening natural convection. In contrast, the NePCM
configuration allows unobstructed convective flow while simultaneously improving heat
diffusion, resulting in a more effective overall heat-transfer process.

These results indicate that, under the present geometry and operating conditions, nanoparticle
enhancement plays a dominant role in accelerating PCM melting, whereas fins provide a
secondary contribution. The optimal performance of NePCM highlights the importance of
maintaining strong natural convection in latent heat thermal energy storage systems.
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5.2 Energy Consumption and melting time analysis

Figure 4 compares the power consumption pand the total melting time t,, for the four
investigated configurations. The pure PCM case (Case 1) exhibits the longest melting time,
reflecting the limited heat-transfer capability associated with the low thermal conductivity of
paraffin-based PCMs.
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Fig. 4. Comparison of power consumption and total melting time for different thermal enhancement
configurations.

The nanoparticle-enhanced PCM configuration (Case 2) achieves the shortest melting time,
confirming the strong effect of copper nanoparticles on accelerating heat transfer. The
improved effective thermal conductivity enhances heat diffusion within PCM and promotes
faster temperature homogenization, which in turn intensifies buoyancy-driven convection.
However, this performance enhancement is accompanied by the highest power consumption,
indicating that rapid melting requires a higher thermal input under the imposed boundary
condition.

In the fin-assisted configuration (Case 3), the melting time is moderately reduced compared
to the pure PCM case, while the power consumption remains relatively low. This behavior
suggests that fins mainly improve localized conductive heat transfer near the heated wall
without significantly increasing the overall thermal demand of the system.

The hybrid configuration combining fins and nanoparticles (Case 4) offers a balanced
performance, achieving a substantial reduction in melting time relative to Cases 1 and 3,
while requiring less power than the NePCM-only configuration. The presence of fins
enhances heat distribution near the heated surface, whereas nanoparticles improve thermal
diffusion within the PCM bulk. However, the partial suppression of natural convection
caused by fin structures limits further reductions in melting time.

Overall, the results indicate that while nanoparticle addition is the most effective strategy for
minimizing melting time, the hybrid approach provides a favorable compromise between
thermal performance and energy consumption, which is particularly relevant for practical
latent heat thermal energy storage applications.
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5.3 Comparative assessment and practical implications

A comparative evaluation of the investigated configurations highlights the relative
effectiveness of the considered heat-transfer enhancement strategies. The pure PCM
configuration exhibits the lowest thermal performance, characterized by long melting times
due to the inherently low thermal conductivity of paraffin-based materials. The addition of
copper fins alone provides only a moderate improvement, as the enhancement is mainly
confined to conductive heat transfer near the heated wall and does not substantially
strengthen heat transport within the PCM bulk.

The nanoparticle-enhanced PCM configuration demonstrates the highest melting
performance, achieving the shortest melting time among all cases. This behavior confirms
that improving the effective thermal conductivity of the PCM while preserving unrestricted
natural convection is a highly efficient approach for accelerating phase change processes.
However, this configuration is associated with increased power consumption, which may
limit its applicability in systems where energy efficiency is a critical constraint.

The hybrid configuration combining fins and nanoparticles offers a balanced thermal
response, achieving significant melting-time reduction while maintaining lower power
consumption than the nanoparticle-only case. Although the presence of fins partially restricts
convective flow, their contribution to conductive heat spreading near the heated wall
improves temperature uniformity and stabilizes the melting process. As a result, the hybrid
approach represents an effective compromise between thermal performance and energy
demand.

From a practical perspective, these findings indicate that the optimal enhancement strategy
for latent heat thermal energy storage systems depends on the targeted application.
Nanoparticle-enhanced PCMs are preferable when rapid charging is required, whereas hybrid
fin—nanoparticle configurations are more suitable for applications prioritizing energy
efficiency and operational stability.

5.4 Liquid Fraction contours

Table 2 presents the liquid fraction distributions at 400 s, 800 s, and 1200 s for the four
investigated configurations. At early melting stages, the pure PCM case shows melting
confined near the heated wall, indicating conduction-dominated heat transfer. The
nanoparticle-enhanced PCM exhibits a larger molten region and a more advanced melting
front, reflecting enhanced heat diffusion and stronger buoyancy-driven convection.

At intermediate and later times, this behavior becomes more pronounced, with the
nanoparticle-enhanced configuration approaching complete melting earlier than the other
cases. The fin-assisted configuration primarily promotes localized melting around the fins,
while the hybrid configuration improves melting uniformity compared to the fin-only case
but remains slightly less effective than the nanoparticle-only configuration. This is attributed
to partial restriction of natural convection by the fin structures. Overall, the liquid fraction
fields confirm that nanoparticle addition governs volumetric melting enhancement, whereas
fins mainly contribute to localized conductive heat transfer.

10
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Table 2. Liquid fraction distribution at different time instants (400 s, 800 s, and 1200 s) for the four
investigated configurations.

Case 3 Case 4
400s 400s

800s
NN

800s 800s

1200s 1200s 1200s 1200s

005 0.1 015 0.2 025 0.3 035 0.4 045 0.5 055 0.6 065 0.7 075 0.8 0.85 0.9 085

Melting behavior is examined for the following configurations:
e (Casel : Pure PCM
e Case 2: PCM + fins (Cu, 6% mass equivalent)
e Case 3 : NePCM (Cu nanoparticles, 6%)
e Case 4 : Hybrid (3% fins + 3% nanoparticles)

The evolution of melting front and liquid fraction indicates significant differences across
configurations.

In the pure PCM configuration, melting initiates near the heated wall and progresses slowly
due to conduction-limited transport. The onset of natural convection is delayed, resulting in
a thick thermal boundary layer and limited mixing in the liquid region.

The NePCM configuration enhances volumetric thermal conductivity and intensifies
buoyancy-driven convection, allowing faster penetration of heat toward the bulk PCM. This
produces the fastest melting response among the examined configurations, making NePCM
favorable for rapid charging scenarios.

Fin-assisted melting improves conduction from the heated wall, reducing thermal resistance
near the solid-liquid interface. However, fins inhibit convective circulation, limiting the
enhancement of buoyancy effects. As a result, fins provide moderate improvement relative
to pure PCM but do not achieve the performance levels of the nanoparticle case.

11
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Hybrid enhancement balances both conduction and convection mechanisms. Although fins
restrict some fluid motion, nanoparticles compensate by improving volumetric heat diffusion.
This produces more uniform melting while requiring lower power demand compared to the
NePCM configuration, making the hybrid approach suitable for steady or efficiency-oriented
operation rather than fast charging.

The four configurations therefore represent three distinct enhancement regimes: conduction-
dominated (fins), convection-dominated (nanoparticles), and mixed (hybrid). Such
differentiation is particularly relevant for LHTES design, where operational requirements
dictate the prioritization between response time and energy efficiency.

6 Conclusion

A comparative numerical investigation was conducted to evaluate melting enhancement in a
rectangular latent heat thermal energy storage system filled with RT42, considering fin-
assisted, nanoparticle-enhanced, and hybrid configurations. The results indicate that
nanoparticle-enhanced PCM delivers the fastest melting response, primarily due to increased
effective thermal conductivity and strengthened buoyancy-driven natural convection, which
promotes volumetric heat transfer within the enclosure.

The fin-assisted configuration provides only moderate performance improvement, as heat
transfer enhancement remains largely confined to the vicinity of the heated wall and partially
suppresses convective motion. In contrast, the hybrid fins—nanoparticle arrangement achieves
a more balanced thermal response by combining conductive and convective mechanisms,
resulting in substantial melting acceleration while requiring lower power input than the
nanoparticle-only case. Nevertheless, partial restriction of fluid motion limits its maximum
attainable performance. Liquid fraction contours further support these observations,
revealing that nanoparticle dispersion facilitates more uniform melting, whereas fins
predominantly reinforce conductive pathways. From an application perspective, the selection
of an enhancement strategy should reflect operational priorities: nanoparticle-enhanced PCM
is advantageous for rapid charging, while hybrid configurations offer a favorable
compromise between thermal performance and energy efficiency.

Overall, this study establishes a systematic benchmark for medium-temperature LHTES
enhancement and provides a foundation for future investigations addressing parametric
effects such as fin geometry, nanoparticle concentration, and enclosure aspect ratio.
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