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HIGHLIGHTS

= Effect of triangles fin structure on melting and energy storage performance has been investigated.
= MF significantly changed the natural convection behavior in the LHTES.

= 87.5 times reduction is realized in the melting time because of MF.

= In the analyzed systems, stored energy of 54.83 kJ.m* is achieved.
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The main objective of this numerical study is to investigate the effect of triangle fin
inclination angles (1As) on the melting process in a Latent Heat Thermal Energy Storage
(LHTES) system designed as a vertical rectangular cavity with and without metal foam
(MF). In the cases, paraffin wax phase change material (PCM) filled the entire domain,
and the Brinkman-Darcy-Forchheimer model, assuming local thermal equilibrium (LTE),
and the enthalpy-porosity method were employed to simulate the melting process. In total,
14 different cases were analyzed and the results were validated with literature at high
accuracy. Melting time, stored energy, temperature variation, and hydrodynamical
behavior of the melting derived from numerical simulations are provided. The findings
highlight that utilizing MF has reduced the melting time by 87.5 times and it provided a
uniform melting due to enhancing the thermal conductivity of the domains. Also, MF has
varied melting behavior and the shortest melting time was realized at 120° without MF,
while cases with MF experienced the earliest melting at R-60°. However, using MF
decreased the stored energy amount at the rate of 5.69% while the highest energy storage
was realized without MF of R-60° as 54.83 kJ.m™.

Keywords: Latent heat thermal energy storage; Melting; Metal foam; Phase change
material; Triangle fin.
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I. INTRODUCTION

The increasing global temperature and the ongoing climate crisis are widely recognized challenges. In
response, 175 nations have committed to the Paris Agreement, aiming to reduce greenhouse gas emissions by 45%
by 2030 and achieve net-zero emissions by 2050. Despite these commitments, the International Energy Agency's
2023 report reveals that 80% of global energy consumption is still derived from non-renewable sources, highlighting
a significant gap between current efforts and energy demands. To address this disparity, greater emphasis must be
placed on the research and development of renewable energy technologies. However, renewable energy sources such
as solar and wind are inherently limited by variability in weather, seasonal changes, and time of day. To mitigate
these challenges, advanced energy storage systems, including batteries, thermal energy storage (TES), pumped hydro
storage, flywheel energy storage, compressed air energy storage, hydrogen energy storage, and supercapacitors, have
been developed. Recent advancements in these technologies demonstrate significant progress, suggesting their
growing potential to support renewable energy integration.

TES plays a crucial role in balancing the supply and demand of energy, particularly in optimizing intermittent
energy sources like solar thermal systems. Among the various TES approaches, LHTES offers a promising alternative
to conventional sensible heat storage systems due to its higher energy density potential. LHTES typically utilizes
solid-liquid PCMs, which store or release energy at a constant temperature, known as latent heat. These materials are
advantageous because of their narrow temperature range, cost-effectiveness, reusability, and ease of integration into
thermal systems. Furthermore, they demonstrate significantly higher energy storage densities compared to sensible
heat storage fluids such as oil, air, or water. However, one of the key challenges of PCMs is their low thermal
conductivity, which significantly impacts system performance [1]. Consequently, various strategies have been
developed to enhance their heat transfer capabilities.

Choure et al. [2] categorized techniques to improve the thermal conductivity of PCMs into four main groups:
a) the use of high thermal conductivity materials, b) modification of geometry, c¢) incorporation of multiple phase
change materials, and d) the integration of fins with various shapes. Among these, the use of MF, which falls under
the first category, is particularly prominent due to its high thermal conductivity, large heat transfer surface area, and
low thermal resistance. For instance, Liu et al. [3] explored both experimentally and numerically the effect of non-
uniform MF embedded in PCM to mitigate the negative impacts on solar systems and improve solar energy
utilization. Their study demonstrated that natural convection accelerated the PCM melting process and inhibited
solidification. The optimal conditions for PCM melting and solidification were found to be in the range of € = 0.94
with specific porosity values for each process. Notably, reductions of 9.7% and 6.2% in the consumption time for
melting and solidification processes, respectively, were observed. Liu et al. [4] conducted a study on LHTES using
multiple PCMs and MF structures showed significant improvements in thermal performance. The key gquantitative
findings show that the use of multiple PCMs reduced the complete melting time by 9.18% compared to a single PCM
with uniform MF. A one-dimensional positive porosity gradient reduced the melting time by 6.18%, while a negative
gradient increased it by 19.78%. On the other hand, the optimal two-dimensional porosity gradient multi-PCM
storage system reduced the complete melting time by 17.96% and increased energy storage efficiency by 20.16%
compared to the single PCM system with uniform porosity.

The study published by Xing et al. [5] investigated the use of water embedded in copper MF to enhance TES
performance, both numerically and experimentally. The effects of the filling ratio, MF specification, and arrangement
on heat transfer during the solidification/melting process were analyzed. Results indicated that as the filling ratio
increased from 0 to 6.6%, the cold storage/release rate and overall heat transfer coefficient increased, while thermal
cycle time, supercooling, and cold storage/release capacity decreased. Notably, heat conduction increased from
67.72% to 91.22% as the filling ratio rose from 3.2% to 6.6%, indicating that heat conduction dominates at higher
filling ratios. Yang et al. [6] highlighted significant advancements in LHTES by incorporating graded MFs and active
flipping methods to enhance heat transfer and mitigate the low thermal conductivity of PCMs. Key findings reveal
that optimal thermal performance occurs at a 6% porosity gradient and a dimensionless flipping time of 0.4, reducing

melting time by 49.37% and improving the thermal energy storage rate by 76.23%. Shen et al. [7] employed a solid-
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liquid lattice Boltzmann model at the REV scale to examine how gradient porosity enhances LHTES. Among three
gradient porosity configurations-Chinese-fan-shape, vertical, and concentric-the fan-shape arrangement delivers the
best performance, reducing melting time by 36.1% compared to homogeneous porosity while achieving better
temperature uniformity. Increasing the number of layers beyond two yields minimal improvements in melting time
(up to 4.4%), whereas higher porosity gradients significantly increase melting time by at least 36.1%. Alasmari et al.
[8] investigated the role of a 30% MF layer in enhancing heat transfer in LHTES systems on both the heat transfer
fluid side and the shell side. Using a two-temperature heat equation model and finite element analysis, the research
reveals that optimizing the MF layer’s position and shape parameter (FL) can significantly reduce melting time by
approximately 40%. At an inlet pressure of 750 Pa, increasing the FL parameter from 0.75 to 1.37 raises energy
storage power during 90% charging from 32.2 W to 48.7 W, marking a 34% improvement. These findings highlight
the potential of MF integration for improved thermal performance in LHTES systems. Bouzidi et al. [9] explored the
application of anisotropic MF with tailored local characteristics to enhance heat transfer in LHTES. Unlike previous
research on partial MF, this work integrates heterogeneous copper foam into a shell-tube system with paraffin wax,
analyzing various heterogeneity angles (-90° to 90° in 15° increments) using finite element methods. Results reveal
that the most effective configuration, with a 0° heterogeneity angle, reduces charging and discharging times to 623
and 989 minutes, respectively, compared to 646 and 1007 minutes for uniform MF.

Ahmed et al. [10] experimentally evaluated the heat storage properties of PCMs enhanced with copper and
iron-nickel MFs. The thermal behavior of paraffin within these composites is compared to pure paraffin under a
constant heat flux of 2000 W.m2 across three directions. Results show that incorporating MFs significantly improves
thermal conductivity, with copper MF/paraffin composites achieving superior temperature uniformity compared to
iron-nickel MF/paraffin composites and pure paraffin. Notably, the copper MF/paraffin composite reduces heat
storage time to 20.63% of the time required by the iron-nickel MF/paraffin composite, highlighting its efficiency in
enhancing thermal performance. Nassar et al. [11] aimed to enhance the low thermal conductivity of conventional
PCMs by investigating composites with MFs and hybrid nanoparticles. Results indicate that increasing the weight
percentage of MF and nanoparticles improves thermal conductivity, achieving a 37.7% enhancement for copper-
based composites. The optimal specific surface value of 1600 m2.m delivers superior thermal performance. While
increased MF content also enhances heat capacity, the fixed shapes of MFs pose challenges in compatibility with
PCM formability, limiting their use in compact applications. Liu et al. [12] conducted a pore-scale numerical analysis
of PCM melting in a truncated cuboctahedron (TCD) and tetrakaidecahedron (TKD) MF. Results reveal that natural
convection reduces melting time by about 7% within the examined porosity range. The TCD MF accelerates melting
in the early stage due to its larger surface area, while the TKD MF is more effective in the later stage due to thicker
metallic ligaments. A critical porosity threshold determines which structure provides superior enhancement, shifting
from TCD to TKD as porosity decreases. At porosity of e=0.941, both foams yield similar total melting times, but
half-melting occurs faster in TCD (17.2%) compared to TKD (20.3%), highlighting structural influence on phase
transition dynamics.

Du et al. [13] investigates the enhanced heat transfer properties of MF in a LHTES system. A 3D transient
numerical model of a horizontal square cavity LHTES unit is developed to analyze the impact of MF on melting and
solidification processes. An experimental LHTES system is constructed for model validation. The Taguchi method
is used to evaluate the effects of MF porosity (¢) and pore density (w) on phase transformation, heat charging, and
discharging times. Results indicate that MF porosity has a greater impact on the phase transformation process than
pore density. For example, the melting-solidification time of Case 3 (¢=0.97, ®=30 PPI) is 67.46% shorter than that
of Case 9 (¢=0.99, ©®=30 PPI). Additionally, Case 3 shows a 199.33% increase in heat charging efficiency and a
196.35% improvement in heat release efficiency compared to Case 9.

The number of studies investigating the effect of fin types on LHTES performance shows an increment in the

last years. Within this scope, Moaveni et al. [14] conducted a study on the thermal management of lithium-ion
batteries under maximum performance and safety conditions. Their findings showed that adding nanoparticles (¢ =
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9.0%) and using four fins reduced the peak temperature by 5.18K and 10.36K at a 4C discharge rate, respectively.
Additionally, the application of copper MF (¢=0.90) reduced the temperature by 12.57K at a 3C discharge rate. The
study carried out by Yang et al. [15] on LHTES using solid-liquid PCM found that the optimal configuration of
finned MF with graded porosity significantly improves thermal performance. Specifically, compared to the base case,
this configuration shortens melting time by 46.68%, increases the TES rate by 74.06%, and increases the Nusselt
number by 69.02%. Besides, the optimal parameters have been acquired as a fin length of 20 mm, a fin width of 1.5
mm, a porosity gradient of 2%, and a rotational speed of 0.5 rpm. A novel staggered fin-foam design is proposed by
Lu et al. [16] to assess the impact on melting performance in shell-and-tube. The straight fin-foam configuration
reduces melting time by 58.67% compared to foam-only designs. Further improvements are seen with a segmented
staggered configuration, with the optimal design (four segments) reducing melting time by an additional 13.18%.
This configuration enhances heat transfer and lowers the outlet temperature by 23.55 K, improving heat utilization.
Rahmanian et al. [17] examined the various LHTES systems with different MF fin configurations that were simulated
and compared to pure PCM and fully MF enclosures. Two boundary conditions, constant temperature, and constant
heat flux, were considered. Results showed that MF fins significantly improved thermal performance under constant
temperature conditions. For systems with six MF fins, melting times were reduced by 42% and 30% under constant
temperature and heat flux conditions, respectively. Additionally, the input heat rate was enhanced by up to 112% and
155% for systems with 6 MF fins and fully MF configurations, respectively.

Hasan et al. [18] investigated the impact of two fin configurations, I-shaped and V-shaped, on the solidification
process of a paraffin-based PCM loaded with CuO nanoparticles. The configurations were designed to maintain the
same volume of paraffin. Numerical simulations using the Finite Volume Method (FVM) and an implicit technique
revealed that the system with I-shaped fins required 8.93% less time for solidification than the V-shaped fins. The
freezing times were 47.26 minutes for the I-shaped fins and 51.89 minutes for the V-shaped fins, indicating that the
I-shaped fins enhanced solidification performance. Zhang et al. [19] studied the heat transfer mechanisms in shell-
and-tube and annular finned shell-and-tube latent TES systems. They discovered that both convection and heat
conduction are key to the heat transfer process in the annular finned shell-and-tube TES. However, natural convection
led to uneven melting, affecting liquid fraction and temperature uniformity. To better utilize natural convection
during the melting process, several innovative annular fin configurations have been proposed in the literature.
Abhinand S et al. [20] explored the melting behavior in a LHTES using ice as the PCM and fins to enhance thermal
performance. The research aims to determine the optimal number of fins to improve heat transfer and minimize
melting time in the tube. Various parameters, such as tube arrangement, diameter, and temperature, were evaluated
for their impact on charging performance. The findings show that increasing the number of fins from 4 to 15 boosts
the generated liquid PCM by 34.69%, with a subsequent decrease of 9.03% beyond 15 fins. A staggered tube
arrangement improves melting performance compared to an inline arrangement. Additionally, a higher tube
temperature (280 K) produced 2.08 times more liquid PCM than at 275 K, and increasing the tube diameter from 5
mm to 20 mm enhanced the charging process, generating 2.68 times more liquid PCM.

Fahad et al. [21] investigated the impact of six modified longitudinal fin designs in a shell-and-tube heat
exchanger unit on the charging and discharging of PCM. The designs include modifications to the traditional
rectangular fin shape (Case 1), with variations such as tapering (Case 2), inverse tapering (Case 3), herringbone wavy
(Case 4), convex (Case 5), and constricted (Case 6) shapes. The performance of the designs was assessed based on
the total phase transition time, melting time, and solidification time. Case 4, with the herringbone wavy shape, showed
the best performance, improving total phase transition time by 10.93%, melting time by 8.48%, and solidification
time by 12.31% compared to the traditional rectangular fin. Conversely, Case 5, the convex shape, performed the
worst, with decreases of 3.55%, 5.88%, and 5.04% in total cycle time, melting time, and solidification time,
respectively, compared to the base case. Farahani et al. [22] examined the numerical analysis of heat transfer and
PCM melting enhancement in a three-dimensional cylindrical LHTES system using RT82 as the PCM. The study
investigates the effects of strip fins, FesO. nanoparticles, and both uniform and non-uniform magnetic fields on PCM
melting. The results show that the introduction of strip fins reduces the PCM melting time by approximately 51%
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compared to no fins. Abdulrazzaq et al. [22] focused on improving the performance of PCM-based shell-and-tube
LHTES systems by utilizing differently shaped fins. PCM systems face challenges due to their low thermal
conductivity, which this study addresses by incorporating conductive fins. The system consists of concentric
cylinders, where the inner cylinder carries the heat transfer fluid and the outer one contains the PCM. Four different
fin shapes (straight, curved, and wavy) are attached to the heat transfer fluid cylinder. The results indicate that the
use of a curved fin reduces the melting time by 122.2% compared to the no-fin case. The findings demonstrate that
modifying the geometry of the system significantly enhances the heat energy storage rate, offering valuable insights
for designing more efficient and compact thermal energy storage systems. Ao et al. [23] explored the enhancement
of heat transfer efficiency in LHTES units using novel three-tube heat exchangers with longitudinal fins. The research
investigates the impact of fin number, length, thickness, and arrangement on the melting performance of PCM. The
results show that thinner and longer fins significantly reduce the melting time, with the complete melting time of thin
long fins being 10.6% faster than short thick fins. The optimal fin length was found to be 30 mm, which shortened
the heat storage time by 18%. Additionally, a lower long and upper short fin arrangement improved heat transfer
efficiency. Du et al. [24] compared the heat storage and release performances of four structures: pure paraffin, fins,
MF, and fin-MF, throughout the complete melting-solidification cycle. Using experimental snapshots and real-time
data acquisition, the study evaluates phase interface changes and internal temperature variations. Results show that
both fins and MF improve melting and solidification, with fins offering better temperature responses and MF
providing greater temperature uniformity. The combination of fins and MF demonstrates the best heat storage/release
performance, reducing heat storage and release time by 61.6% and 82%, respectively, and improving average
temperature response by 122.4% and 429.8% compared to pure PCM.

Huang et al. [25] used numerical analysis to investigate heat storage and release in a square LHTES unit,
enhanced by fins, MF, and a periodic sinusoidal heat source. An experimental setup validates the numerical findings,
and the Box-Behnken design in response surface methodology is used for optimization. The results show that fin
position and MF pore density do not impact the PCM volume. The initial design with evenly spaced fins creates a
refractory zone during phase transformation, with temperature fluctuations due to heat source instability. Optimal
results indicate that increasing transverse fin spacing reduces total storage-release time, while increasing longitudinal
fin spacing and pore density initially decreases and then increases storage-release time. The optimal structure
achieved a 29.55% reduction in total storage-release time, a 20.74% increase in average heat storage rate, and a
65.75% increase in heat release rate during solidification compared to Case 1.

Zeng et al. [26]_introduced a novel fin-MF combination to enhance melting and solidification in horizontal
shell-and-tube latent heat storage devices. Upward fins accelerate natural convection, while downward foams
improve thermal conduction. Numerical analysis compares this design with typical eccentric and concentric
configurations throughout the full phase change cycle. The fin-MF combination achieves the best performance,
reducing melting time by 47.9% and solidifying time by 55.4%, while minimizing the "buckets effect" in eccentric
designs by lowering the melting-solidifying time difference to 12%. The existing literature indicates that numerous
studies have explored the heat transfer characteristics of LHTES systems enhanced by MF under various conditions,
including natural convection. However, further investigation is needed regarding the specific impact of triangular fin
structures and their varying IAs in the context of PCM-MF hybrid systems. Such systems have potential applications
in a wide range of fields, including solar energy systems [27], microelectronics [28], and building thermal
management [29].

Building on this gap in the literature, the present study examines in detail the heat transfer, heat storage, and
melting performance of triangular-finned rectangular cavities filled with PCM and embedded with MF. A numerical
study has been conducted to explore the effects of triangular fin IAs, along with the presence of tending and
aluminum-based MF, under laminar flow and natural convection conditions.
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Il. MODEL DESCRIPTION

A two-dimensional schematic representation of the computational domain is illustrated in Figure 1. The domain
consists of a rectangular cavity with dimensions of 30 mm in height (H) and 10 mm in width (W). It is filled
alternately with pure PCM and PCM combined with MF to compare cases with and without MF structure. The left
wall of the domain is maintained at a constant temperature of 335.15 K, while the remaining walls are treated as
adiabatic with no-slip conditions. The initial temperature across the domain is set at 298.15 K. The top wall features
a triangular geometry, with 1As varying along its length from left to right. This study aims to analyze heat transfer
behavior within the PCM during the melting process when encountering obstacles. Rubitherm RT58 paraffin wax,
an organic PCM, was selected for the study. The MF, assumed to be aluminum, was characterized by a porosity of
€=0.9 and a pore density of ®=20 PPL

Figure 1. Schematic view and boundary conditions of the computational domain.

335.15K + No-slip

all

T,

The Forchheimer-extended Darcy model has been utilized to simulate heat transfer between the PCM and MF,
incorporating the LTE hypothesis. This hypothesis assumes that the time-averaged internal temperatures of the fluid
and solid phases are equal, with supporting studies in the literature validating its applicability for aluminum MF with
a ®=20 PPI [30], [31]. The study operates under the following assumptions:

i. The liquid phase of the PCM behaves as a Newtonian and incompressible fluid.
ii. Except for density, the thermophysical properties of both the PCM and MF remain constant regardless of the
phase change.
iii. The Boussinesq approximation is applied to account for density variations due to buoyancy effects in the
momentum equation, given the small temperature differences.
iv. The MF is considered homogeneous and isotropic in all directions.
v. The domain volume is assumed to remain constant throughout the melting process.

The governing equations for the PCM and MF combination are provided below, derived from the stated assumptions
and hypotheses. The enthalpy-porosity method is employed to model the melting process.

This approach does not explicitly track the melt interface; instead, it assigns a liquid fraction to each cell within the
computational domain. This fraction quantifies the proportion of the cell volume that exists in the liquid state and is

determined iteratively using an enthalpy balance [32]. Based on this methodology, the continuity equation is
expressed as shown in Eq. (1) [33].

V-V=0 1)
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where V denotes the velocity field within the computational domain. The momentum equation, which governs the
fluid motion, is provided in Eq. (2) [34].

av
P Pry gy
e ot &2 2
1 - B)? My C @)
ooy Amen? — (Y + JeaV V1) + ooy ATy

inwhich p,, [kg.m?], u,, [Pa.s], and y [K™] describe the density, dynamic viscosity, and thermal expansion coefficient
of PCM, respectively. Furthermore, &, B, Aush [kg.m3.s1], Cr [M™], g [m.s?], AT, [K], K [m?], and P [Pa] show
the porosity of MF, liquid fraction, mushy constant (set to 10° kg.m=.s%),

= —vp +2y2y

Forchheimer drag (inertial) coefficient, gravity (set to 9.81 m.s), the temperature difference relies on the Boussinesq
approximation, permeability, and pressure. The energy equation written in Eg. (3) is considered due to the LTE
hypothesis [33].

aT d

The term k¢, [W.m™.K?], as defined in Eq. (4), represents the volume-averaged effective thermal conductivity
within the fluid and MF region, while H. [J.kg!] denotes the latent heat of the PCM [32].

kesr = ekpem + (1 — )kyr 4)

The terms in the momentum equation related to MF need to be defined using validated mathematical expressions. To
achieve this, the permeability of the MF is determined using Eq. (5) [35].

e2d?

The parameters dx [m] and o represent the characteristic length and the tortuosity coefficient of the MF, respectively.
These parameters are defined using Egs. (6) and (7) [35].

dp ==——d, (6)

4 1
§ =2+ 2cos [? + §cos‘1(25 - 1)] (7)

The Forchheimer’s drag (inertial) coefficient is determined using Eg. (8) [35].

d.\ 163
Cr = 0.00212(1 — ¢)~0-132 <d_f> o
P
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The parameters dr [m] and d, [m] represent the fiber diameter and pore diameter of the MF, respectively, and can be
calculated using Eqgs. (9) and (10) [35].

1—¢ 1
dr =118 — 9)
! 3m (1 - e(_;ﬁ)>
0.0254
P4 (10)

The pore density, w [PPI], is specified as 20 PPI. In solidification and melting phenomena, one of the critical
parameters is the liquid fraction (). This parameter, incorporated into the momentum equation (Eq. (2)), varies
within the range 0<f<1 based on the solidus and liquidus temperatures. Consequently, the equation describing the
variation of g is provided in Eq. (11) [35].

0if T <Ts
AH J T—-Ts
ﬁ—ET- o ifTs<T<T, (11)
1ifT>T,

Ts[K], TL[K], and T [K] represent the solid phase temperature, liquid phase temperature, and local temperature,
respectively. Additionally, / depends on the local temperature (T), with PCM starting to melt when T exceeds Ts.
The variation in enthalpy, which reflects the stored energy, can be determined using Eqgs. (12)-(14) [33].

(pAR)yF = CpMp(TMF —Tin) (13)

ppemsTpem = Tin) if Tpem <Ts
(pAR) pey = CpPCM,S(TS —Ti) + HBif Ts <Tpem <Tp (14)

CpPCM,S(TS —Tin) + H, + CpPCM'L(TPCM =Ty if T, < Tpem

in which 4Hpcm and 4Hwr represent the enthalpy variations of the PCM and the MF, respectively, while their sum
constitutes the total enthalpy variation (4H) of the TES system. Additionally, h, 4, and Ti, denote the specific
enthalpy, volume, and initial temperature of the TES system, respectively. In the analyses, RT58 (Rubitherm) has
been used as the PCM, and aluminum MF has been selected for the study. The thermophysical properties of these
materials are listed in Table 1.

Table 1. Thermophysical properties of RT58 PCM and aluminum MF [33].

Properties RT58 Aluminum
Density, p [kg.m?] 825 2719
Specific heat, ¢, [J.kgt.K?] 2000 871
Thermal conductivity, k [W.m1.K?] 0.2 202.4
Dynamic viscosity, u [kg.m™.s?] 0.0269 -

18
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Thermal exp. coeff., y [K] 0.00011 -
Latent heat, H. [J.kg™] 160000 -
Solidus temperature, Ts [K] 326 -
Liquidus temperature, T, [K] 332 -

Following the critical information outlining the problem under investigation, the solution methodology for the
numerical analysis is defined. The analyses were performed using ANSY'S Fluent 2024 R1 software, which employs
the FVM for calculations. The pressure-velocity coupling was resolved using the SIMPLE algorithm and its prefer
to increase the robustness and efficiency handling incompressible flow and strong coupling between temperature,
velocity, and pressure fields [36]-[38]. The SIMPLE algorithm ensures proper pressure-velocity coupling by
iteratively correcting velocity fields, which is essential for conserving mass in phase change processes [39]. It
effectively handles low-speed buoyancy-driven flows, stabilizing the pressure and velocity fields in transient
melting/solidification problems [40]. Pressure was calculated with the PRESTO algorithm because its superior
accuracy in handling pressure gradients in the case with strong body force including natural convection-driven phase
change_[41]. The PRESTO! scheme enhances pressure interpolation, reducing numerical artifacts like
checkerboarding and improving pressure gradient resolution. Since phase change is often accompanied by natural
convection, PRESTO! provides higher accuracy in buoyancy-driven flows by refining the pressure field distribution
[42].

By combining SIMPLE and PRESTO!, software achieves greater numerical stability and physical realism in melting
process, ensuring reliable predictions of phase change dynamics. Besides, under-relaxation factors were set as 0.3
for pressure, 1.0 for density, 0.7 for momentum, 0.9 for liquid fraction, and 1.0 for energy. Additionally, the
convergence criteria were established as 1x10°®, 1x10°, and 1x10° for continuity, momentum, and energy,
respectively.

To evaluate the effects of mesh density and time step size, convergence and sensitivity analyses were performed for
the case of 120° including MF. The fluid domain was discretized into small volume cells using local mesh settings,
independent of mesh quality metrics. A mesh convergence analysis was conducted for three different mesh densities.
The quality metrics, specifically the minimum orthogonal quality, and maximum skewness, were maintained
approximately constant at 0.730 and 0.528, respectively.

As illustrated in Figure 2(a), the liquid fraction remains unaffected by varying mesh densities, with a maximum error
rate of 0.2% observed compared to the 19400-mesh number. These results indicate that the mesh density does not
significantly influence the results. Consequently, the mesh configuration with the 7500-mesh number was selected
for further analysis, and its schematic structure is shown in Figure 3. Additionally, a time step sensitivity analysis
was performed for t=0.1, 0.5, and 1.0s using the 7500-mesh number configuration. According to Figure 2(b), the
trends in the liquid fraction are consistent across all time steps. The maximum error rates in liquid fraction between
t=0.1s and t=0.5s, as well as t=0.1s and t=1.0s, were 3.23% and 7.08%, respectively. Based on these findings, t=0.5s
was selected as the optimal time step for subsequent analyses.
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Figure 2. Variation of liquid fraction for; (a) mesh convergence analysis at t=0.5s and (b) time step sensitivity
analysis for 7500 mesh number.

Figure 3. Presenting of the mesh structure with 7500 mesh numbers.

To validate the accuracy of the methods and solutions applied in the numerical study, a validation analysis was
performed using data from the literature. The comparative analysis was based on the work of Huang et al. [35]
focusing on the liquid fraction in a fluid domain without a fin structure. In order to perform the validation, an exact
copy of the study conducted by Huang et al. was designed. The suitability of the mesh study and the selected solution
methods was tested in this way. To obtain a complete replica solution data, a vertical rectangular cavity without
triangular fins was created and heated with 335.15K from one wall. The other walls were assumed to be adiabatic
and no-slip condition was assumed on all walls. A copper MF with porosity and pore density of €=0.90 and v=10
PPI, respectively, was placed inside the rectangular cavity and the entire volume was filled with RT42 PCM. The
results of the current study were compared with the reference data, as shown in Table 2 and Figure 4, respectively,
considering the liquid fraction.
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The comparison revealed that the contours demonstrated a high degree of similarity, confirming the reliability of the
numerical approach. Besides, liquid fraction trends show a high harmony between each other, and the average

deviation has been acquired as 0.83%.

Table 2. Validation of the numerical solution methods via liquid fraction contours as a function of time.

Time, t[s] 180 360 540 720 900
Huang et al. II
Present
study
1.0 ¢
e Present study
= &/== Huang et al. [30]
0.8 | Y
c
§e!
D 06}
Y
L
el
S 04 ..
k=3 Avg. Deviation=0.83%
-
0.2

0.0x% 1 1
0 200 400 600 800 1000
time [s]
Figure 4. Validation of the numerical solution methods via liquid fraction trends as a function of time.

I11. RESULTS AND DISCUSSIONS

The changing of liquid fraction as a function of time is presented in Figure 5 for PCM and PCM+MF cases. Presenting
liquid fraction results is critical to understanding heat transfer processes and system performance. A logarithmic
growth is seen both each case with increasing time. As the figures examined, LHTES of 120° first reached the full
liquid phase on condition including only PCM. Initially, entire cases performed similar melting characteristics.
However, 120° provided a considerable difference between the time of t=437.5-2625s compared to other cases, and
the difference in melting rate reached up to 15.0% in this period. On the other hand, utilizing MF has accelerated the
melting due to increasing the effective thermal conductivity. Also, MF has changed the melting characteristics and
the R-60° configuration provided the full liquid phase condition, primarily. The reason for this situation can be
attributed to the homogenous behavior of the MF.
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Figure 5. Liquid fraction versus time considering different IAs for; (a) without MF and (b) with MF.

The melting behavior of the LHTES with 120° and R-60° has been visually presented in Table 3. It was concluded
that the presence of MF significantly influenced the system's behavior. Specifically, in the absence of MF, the 120°
configuration exhibited the highest melting performance. Conversely, in the presence of MF, the R-60° configuration
achieved the highest melting performance. Additionally, the liquid fraction of the PCM embedded within MF was
found to be more uniformly distributed compared to the PCM without MF. In the case of without MF, natural
convection is more dominant than heat conduction. At t=875s, heat mostly progresses with the help of conduction.
However, the effect of buoyancy force increased melting behavior progressively and the melted PCM on the bottom
side of the rectangular cavity carried out the upper side. Because of this, a natural convection can be observed after
the t=875s, and a logarithmic solid-liquid interface is seen at the upper side. In the case of including MF, there is no
logarithmic solid-liquid interface and the melting progressed linearly from the left side to the right side because heat
conduction is more dominant than natural convection.
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Table 3. Comparison of liquid fraction contours belonging to 120° and R-60° LHTES configurations.
Without MF

Time, t [s] 875 2187.5 3500 4812.5

1.00
-
0.88

With MF H B
Time, t [s] 10 25 40 T
" ~ 0.00

120°

R-60° I I

Figure 6 illustrates the influence of MF and the IA of triangular fins on the melting process. Considering the melting
time provides important insights in terms of evaluating the thermal response time of the system and determining the
heat transfer efficiency. The results indicate that the inclusion of MF significantly reduced the melting time by
approximately 87.5 times. This reduction can be attributed to the enhanced effective thermal conductivity of the
system, which facilitates better heat conduction and increases thermal diffusion within the domain. Furthermore, MF
was found to alter the system's characteristics. As shown in Figure 6(a), the shortest melting time in the absence of
MF was observed for the 120° configuration.

(6)]
N S -
|Q

However, with the addition of MF, this behavior shifted, and the R-60° configuration achieved the fastest melting
time, as depicted in Figure 6(b). The reason for this difference, as mentioned before, is that MF exhibits homogeneous
behavior due to heat being transferred via conduction. The accelerated melting of PCM in the presence of MF can be
explained by the significant improvement in effective thermal conductivity. This enhancement, combined with the
synergistic effects of heat conduction and heat convection, resulted in a faster melting rate of the PCM when MF was
included in the system.
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Figure 6. Comparison of melting time considering different IAs for; (a) without MF and (b) with MF.

Figure 7 depicts the temporal average temperature variation in the LHTES systems including different triangle fin
configurations. In these applications, evaluating PCM temperature change is crucial for defining the system's phase
change process and understanding the heat transfer dynamics. It is clearly mentioned that temperature changes show
a sudden increase in the early stage of melting (pre-sensible) for both without MF and with MF cases due in that time
heat dominantly progresses with conduction. After the starting of the melting, the latent heat process is observed and
temperature variations show a more horizontal tendency.

The results, also, indicate that the highest final temperature was achieved in the R-60° configuration for both cases.
The final temperature was recorded as 334.91K without MF and 334.75K with MF.
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Figure 7. Average temperature versus time considering different 1As for; (a) without MF and (b) with MF.

The velocity profiles of the cases with different triangular 1As, without and with MF, on the horizontal (0, 15 mm;
10 mm, 15 mm) and vertical (5 mm, 0; 5 mm, 30 mm) lines are presented in Figure 8 for fully melted condition. In
these applications, discussion of the speed changes in the system is an important indicator of heat transfer
effectiveness and understanding the phase change process. When examining the horizontal velocity profiles, it is
evident that the MF exerts a significant influence on the velocity distribution within the rectangular cavity. The
velocity is observed to be highest in regions adjacent to the lateral walls, with elevated velocity values near the heated
wall. This phenomenon is attributed to the thermal gradient established by the heated wall, which induces density
variations in the PCM due to thermal expansion. The less dense, heated material ascends along the heated wall, while
the denser, cooler material descends along the opposing walls, generating natural convection currents. These
convective flows are most pronounced near the walls, where the thermal gradients are steepest, resulting in higher
velocities in these regions. Conversely, the velocity values in the central region of the cavity consistently decrease
under all conditions. The central region behaves as a "stagnation zone" where the interaction of upward and
downward convective currents from opposing walls reduces the net velocity. Notably, under without MF conditions,

the lowest velocity profiles occur in the L-60° configuration, whereas under MF influence, the R-60° configuration
yields the highest velocity levels.

The effect of MF is also distinctly observable in the vertical velocity profiles. In without MF scenarios, velocity
increases near the bottom of the cavity, whereas MF presence leads to a more uniform velocity distribution. Under
MF conditions, regions of heightened velocity are shifted toward the upper wall, coinciding with the locations of
fins. Furthermore, while the L-60° configuration exhibits the lowest velocity without MF cases, L-90° demonstrates
the highest velocity distribution under MF conditions. These findings underscore the critical role of MF in modulating
flow dynamics and enhancing velocity distribution within the cavity.
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Figure 8. Velocity profile for; (a) without MF horizontal direction, (b) with MF horizontal direction, (c) without MF vertical
direction, and (d) with MF vertical direction.

Demonstrating the results of 4H changes in PCM applications provides a pioneering approach to determining energy
storage capacity, design, and material selection. Figure 9 compares the AH performance of systems with and without
MF over time for unit horizontal length. The results show that the AH trends are similar across both scenarios.
Moreover, the energy storage process in systems with MF is more uniform, mirroring the homogeneity observed in
liquid fraction and average temperature distributions. When the results are examined, it is calculated that the highest
amount of stored energy is partially realized for the MF and without MF states of R-60°. In addition, when the without
MF state and the MF state are compared for the full melting state, it is determined that the without MF state stores
5.69% more energy. The factor that causes this situation is that there is an aluminum material in the volume that
should be PCM in the MF state, and this factor reduces the amount of energy stored in the MF state.

Another important situation determined is that the state containing MF stores higher energy from the beginning of
the melting until the average temperature of the PCM reaches T, =332K. At this point, the important issue and the
decision which is within the user/system requirements is whether the full melting time or the total amount of stored
energy is important. It is recommended that researchers optimize the porosity structures of the MFs to be used in
LHTESS regarding this issue.
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Figure 9. Energy storage versus time considering different 1As for; (a) without MF and (b) with MF.

IV. CONCLUSION

This study evaluates the performance of LHTES systems by investigating the effects of different 1A triangular fins
and MF. Key parameters such as liquid fraction, melting time, average temperature, and energy storage have been
analyzed. The systems incorporate RTS8 (Rubitherm) as PCM and aluminum MF with €=0.9 and ®=20 PPL. In all
simulations, the Brinkman-Darcy-Forchheimer model and enthalpy-porosity method were employed to solve the
governing equations and model the melting process under the LTE hypothesis. The main findings are summarized as
follows:

e Reduction in Melting Time: MF reduced the melting time by approximately 87.5 times due to the enhanced
effective thermal conductivity, allowing heat to be conducted more efficiently within the cavity and
increasing thermal diffusion.

e Homogeneity of Liquid Fraction: The PCM embedded within MF displayed a more uniform liquid fraction
compared to the PCM without MF.
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Melting Time Trends: The shortest melting time occurred at 120° for systems without MF, while cases with
MF experienced the earliest melting at R-60°, driven by the combined effects of enhanced heat conduction
and convection.

Energy Storage: Systems without MF exhibited higher energy storage than those with MF at the rate of
5.69% for R-60° since the volume occupied by the MF material is filled by the PCM which can store energy.
The maximum amount of the stored energy is realized as 54.83 kJ.m-1.

Homogeneous Energy Storage: Similar to the trends in liquid fraction and average temperature, the energy
storage process in MF cases was more uniform, with the highest energy storage recorded as 51.87 kJ.m-1 at
R-60°.

Possible studies: In the next studies, the effects of different fin structures, the effects of different MF
characteristics, the effects of nanoparticle use, the effects of magnetic field application and ultrasonic
vibration application, and the cases including the combination of these applications can be addressed. Studies
on the melting process and energy storage performance of LHTES can be conducted and also the
solidification process of the system can be investigated.
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