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Abstract. This study explores the melting dynamics of paraffin wax, a phase change material (PCM), within a Triplex Tube Heat
Exchanger (THEX) equipped with internal fins, using numerical simulations. The primary objective is to evaluate the impact of fin
materials—aluminum, copper, carbon, and steel—on the PCM melting rate under controlled conditions of 300 K ambient
temperature and 373 K steam temperature. The results demonstrate that fins significantly enhance the melting rate by improving
thermal conduction within the PCM. Aluminum, copper, and carbon fins exhibited superior performance, with aluminum fins
achieving the greatest reduction in melting time, approximately 41% compared to the finless configuration. Steel fins, limited by
lower thermal conductivity, reduced melting time by about 26%, reflecting a moderate improvement. Increasing the steam
temperature to 383 K further accelerated melting across all cases, with the no-fin configuration showing a 10% reduction in melting
time and finned configurations averaging a 5.3% reduction. These findings highlight the critical role of high-conductivity fin
materials in optimizing thermal energy storage systems, particularly for thermal condenser applications, offering valuable insights
for enhancing system efficiency.
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1. Introduction

Energy storage has consistently remained at the forefront of scientific inquiry, particularly in response to the challenges posed
by fluctuating renewable energy sources [1]. Numerous innovative solutions have been proposed to efficiently capture and store
excess energy. Among these, thermal energy storage (TES) is a highly promising approach, with systems leveraging sensible and
latent heat, particularly through phase change materials (PCMs). PCMs are valued for their capacity to absorb and release significant
heat during phase transitions. Consequently, the design and optimization of TES units have become central to research, advancing
tank geometry, material integration, and thermal enhancement techniques [2]. TES systems incorporating PCMs have garnered
significant interest due to their efficient energy storage and release capabilities [3], exceptional energy storage capabilities [4], and
the near-constant temperature maintained during phase transitions [5]. Nonetheless, the primary drawback of latent heat storage
is the notable issue of low thermal conductivity within PCMs and the resulting inefficiency in heat transfer within a TES system [6].
Consequently, there is a critical need to not only alter the characteristics of the PCMs but also to improve the heat transfer
performance of the TES unit.

Numerous approaches to enhance the low thermal conductivity of PCMs have been explored [7-10]. These approaches include
incorporating fins [11, 12], employing sinusoidal wall temperature or heat flux profiles [13-15], utilizing nanoparticles [16, 17],
encapsulation techniques [18, 19], and integrating metal foam [20, 21]. Among these, fins are the most widely adopted due to their
cost-effectiveness, efficiency, and ease of implementation [22]. As a result, both experimental and numerical investigations have
extensively examined the effectiveness of fin-assisted TES systems. For instance, Sun et al. [23] tackled PCM’s low thermal
conductivity by introducing novel fin designs, such as arc-shaped and straight fins, to enhance heat transfer during charging and
discharging. Compared to pure PCM systems, experimental results showed that these fins extended operating time during discharge
by 54% to 90%. Numerical simulations indicated that arc and straight fins improved thermal performance by forming an effective
thermal conduction network with longer fins and greater radial distance, extending working time by 157% at 20°C ambient
temperature. Yan et al. [24] explored a dynamic ice-melting system using sprinkler nozzles to enhance discharge rates and
temperature uniformity in ice-on-coil storage. Their experiments revealed a 60.7-89.2% increase in average discharge rate and a
45.3-54.3% reduction in melting time compared to static systems, with nozzle arrangement and flow parameters (e.g., brine
temperature, flow rate) significantly affecting efficiency, particularly with staggered nozzles. Yan et al. [25] conducted experimental
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and numerical studies on heat transfer and energy storage in a double-layered enclosure filled with microencapsulated PCM
(MEPCM). The enclosure, divided by an aluminum plate, was exposed to sinusoidal heat flux at the top and a constant low
temperature at the bottom. Two paraffin-based MEPCMs with melting points of 28°C and 37°C were tested under varying heat fluxes
(200-500 W/m?) and cold-wall temperatures (10-20°C). Gado [26] computationally analyzed Triply Periodic Minimal Surface (TPMS)
structures (Gyroid, IWP, and Primitive) to improve charging performance in latent heat thermal energy storage (LHTES) systems,
demonstrating that TPMS architectures enhance heat transfer through high surface-area-to-volume ratios and interconnected pore
networks. Yan et al. [27] experimentally investigated ultrasonic-assisted dynamic ice melting in an ice storage system, finding that
higher ultrasonic power (200-584 W) reduced melting time by 32-50% and increased cooling rates by 295% compared to static
systems, while frequency (40-120 kHz) had minimal impact. Gado [28] developed PCM-integrated TPMS heat sinks (Gyroid, IWP,
Primitive) for electronics cooling, achieving up to 26°C lower operating temperatures compared to pure PCM systems, with Gyroid
structures performing best and higher TPMS density (10-30%) further enhancing thermal regulation. Wang et al. [29] improved heat
exchanger performance using paraffin-core MEPCMs (28°C melting point) with expanded graphite (EG), achieving 132% higher
thermal conductivity and 15°C better temperature control compared to pure MEPCM. Their copper/aluminum-finned system
showed that 30% EG content optimally balanced conductivity improvement (294% faster heat transfer) with a 28% reduction in
sensible heat capacity. Vahidhosseini et al. [30] compared 12 fin designs in PCM-filled triplex-tube heat exchangers, finding that 8
bidirectional tree-shaped fins (TSFs) outperformed anchor-shaped and radial fins, reducing melting/solidification times by
5.37%/11.75% through optimized heat-path distribution. The alternating inner < outer attachment strategy minimized thermal
resistance pockets, maintaining uniform PCM temperature (+2°C variation). Wang et al. [31] investigated TES systems for managing
heat in airborne equipment, focusing on the impact of high gravity intensities and directions on PCM melting in finned enclosures.
Their results showed that fins reduced melting time by up to 46.0% compared to unfinned enclosures. Sharma et al. [32] examined
the effect of a single fin's placement on confined PCM melting in a spherical TES unit using two-dimensional transient numerical
simulations. A fixed-length fin positioned at different distances from the center in upward and downward directions increased total
melting time by up to 72% when farther from the center, and by 63% and 47% in upward and downward directions, respectively.
Fins are widely applied in TES systems, including heat exchangers (HEXs) [33, 34], electronics cooling [35, 36], solar collectors [37,
38], and building materials [39, 40]. Meanwhile, their most prominent and extensively utilized role is undoubtedly in the realm of
HEXs. Luo et al. [41] studied PCM melting in HEXs with various combinations of bifurcation fractal fins. Their findings showed that
combined fractal fin HEXs reduced PCM melting time by 68% compared to traditional fractal fin HEXs, with higher bifurcation levels
and heat transfer areas initially decreasing melting time before stabilizing. Ao et al. [42] proposed a V-shaped fin design in a HEX-
TES system, evaluating nineteen arrangements. Results showed that natural convection accelerated melting in the upper part of
the unit, creating efficiency disparities between the upper and lower halves. Increasing fin number and length at the bottom
improved performance, with optimized designs enhancing heat storage efficiency by 2.57 times and reducing TES time by 61.05%.
Palmer et al. [43] developed a flow-dynamics-informed fin arrangement for triplex-tube HEXs to accelerate PCM melting. Numerical
modeling identified optimal fin structures, achieving a 57.4% reduction in melting time, highlighting the critical role of fins in
enhancing PCM melting efficiency while minimizing space usage.

Prior research on this topic has largely neglected systematic comparisons of how different fin materials impact PCM melting
dynamics in triplex-tube heat exchangers (THEX), a configuration chosen for its effective balance of heat transfer efficiency (due
to increased surface area) and compact design. Our study focuses on aluminum, copper, carbon, and steel fins, selected to
represent: the highest practical thermal conductivities (aluminum, copper), emerging lightweight alternatives (carbon), and cost-
effective industrial standards (steel). This selection allows for a direct assessment of how conductivity, mechanical durability, and
economic considerations influence phase change performance in confined annular spaces. Although previous studies have
extensively explored fin-enhanced PCM conductivity, significant gaps persist in understanding these material-specific effects:

e Material-specific performance comparisons in annular geometries,

¢ Quantitative analysis of how fin properties (conductivity, density) interact with triplex-tube hydrodynamics, and

e Practical insights for industrial thermal storage optimization.

Upper symmetry line

Tw=TraTF

Lower symmetry line

Symmetry

Fig. 1. Semi-transversal section of the triplex tube heat exchanger configuration.
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This study fills critical knowledge gaps by employing a novel numerical approach to isolate the effects of fin materials under
controlled conditions, providing actionable design insights. It focuses on the role of phase change materials (PCMs) in improving
thermal performance, assessing their impact on heat storage and transfer efficiency. The triplex-tube system is rigorously
evaluated as a benchmark configuration for advanced thermal storage applications, such as compact heat exchangers, solar energy
systems, and thermal management of high-power electronics. By bridging fundamental material science with practical engineering
design, this research makes significant contributions to both academic understanding and industrial innovation in PCM-based
energy systems.

2. Mathematical Model and Numerical Method

The studied system is described in Fig. 1, the system consists of two circular rings with PCM material in the middle in a solid
state. The walls of the two rings have fins and the whole are subjected to hot temperature.

Our configuration is composed of an annular structure with fins affixed to the inner surface, designed to enhance heat transfer
and accelerate the melting process. The fins, made from various materials, are strategically positioned to maximize thermal
conductivity. A cross-sectional view reveals this setup, while a top view provides a clear depiction of the fin arrangement within
the unit. This research aims to optimize the design for efficient thermal energy storage by analyzing the impact of different fin
materials on melting rates.

Based on the above assumptions, the conservation equations are presented as follows:

¢ Momentum conservation equation

ap  0(pu)  9(pv)
op =0
ot * 0x * oy @)

This equation is derived from Newton'’s second law applied to fluid motion along both the X and Y axes. The left-hand side
represents total acceleration (both local and convective). On the right-hand side, the terms represent, respectively, the pressure
gradient force, the viscous (diffusive) force. The third term incorporates the Boussinesq approximation, capturing the influence of
buoyancy-driven body forces due to gravity in the X and Y directions on the liquid paraffin.

The last term of Egs. (2) and (3) was due to the mushy region during the phase change process.

¢ Continuity equation:
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This equation expresses the conservation of mass within a fluid. The first term represents the local temporal change in density,
while the second term denotes the mass flux due to fluid motion. p represents the density. u and v denote the velocity in x and y
directions, respectively. The left-hand side represents total acceleration (both local and convective). On the right-hand side, the
terms represent, respectively, the pressure gradient force, the viscous (diffusive) force. §,, ..., represents the thermal expansion
coefficient, g represents gravitational acceleration of the PCM, 6 represents the angle of incline of the collector, Trfrepresents the
reference temperature, the terms Sx and Sy denote the source terms in the x- and y-directions, respectively [44], which originate
from the mushy region formed during the phase change process.

The definitions of the source terms Sx and Sy are given as follows:

— A2 A2
Sx — Amush];(l v )’ Sy — Amushg(l v ) (4)
(’ +e) (r* +e)

In this study, the symbol ~ represents the liquid fraction and Amus is a constant value specific to the mushy zone, equal to 105
kgm™s™. Additionally, a small value ¢ is used to prevent division by zero, it is set to 0.001 [45, 46].

e Energy equation:

O(pH) | O(pH) .
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This equation reflects the conservation of thermal energy. The left-hand side includes heat accumulation and convective

transport. The first term on the right-hand side describes heat conduction. The enthalpy (H) of the PCM can be expressed as the
sum of the sensible enthalpy (h) and the latent heat enthalpy (AH) as follows [44, 47, 48]:

H=h+AH (6)
T

h=h,+ [CdT )
T

A grid independence study is essential in computational fluid dynamics (CFD) or any numerical simulation involving partial
differential equations to ensure that the results are not significantly affected by the discretization of the domain.
The 12490 grids were chosen as the independent grid for the following reasons:
- Relative error less than 1% compared to the best grid.
- The convergence trend is clear and asymptotic.
- Computational time increases significantly beyond 12490, with a slight improvement in accuracy.
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The enthalpy at the reference temperature Try is represented by hrs. The latent heat enthalpy AH can be determined by using
the latent heat L of the PCM through the following calculation [12, 49]:

AH =1L ®)
The liquid fraction v is defined as follows [50]:
0 T<T,
v= 1 T>T ©)

(T-T)/(T,-T) T,<T<T,

2.1. Initial and boundary conditions
The starting temperature of the simulated area was established as 27 °C, at which point the PCM is fully solid:

T,. =27C°, Ty = 100C° (10)

The boundary conditions of the TTHX were varied for the PCM freezing types used, and for the other different cases, and can
be written as below.
The inside freezing methods:

T =1, , Ty = 100C° (11)
OH
r=r1,,—=0
" or (12)
The outside freezing methods:
r=r, , Ty =100C° (13)
OH
r=r,—=0
Both tubes method and other cases:
r=1,, Ty = 100C° (15)
r=r1, , T = 100C° (16)
The initial temperature for all cases is:
t = 0, Ty = 27C° (17)

3. Numerical Procedure and Validation

3.1. Simulation parameters

The Ansys fluent 15.0 commercial CFD software was used to find the numerical solution. The energy and momentum equations
were solved using a second-order up-winding scheme, and the PRESTO Scheme was used for the pressure [44, 45, 51]. The PISO
was employed to handle the coupling between velocity and pressure [52]. To improve the stability during the convergence, the
under-relaxation factors for momentum, pressure, liquid fraction, and energy were set to 0.7, 0.3, 0.9, and 1, respectively [53]. The
maximum number of iterations for each time step was set to 100, which met the convergence criteria for energy and velocity of
107 and 107, respectively.

3.2. Time step and grid size independency tests

An exploration into the optimal mesh cell count was conducted, considering various cell numbers (12490, 14773 and 17483) with
a time step of 0.1 second, as illustrated in Fig. 2.

The results clearly reveal that, for the current model, a mesh with 14773 cells has the best efficiency and shows the least amount
of divergence even when the number of cells is increased to 17483. This careful selection accomplishes two goals at once: accurate
representation and computational efficiency. Applying this study to the whole range of applicable heat exchanger types, a mesh
arrangement consisting of 14773 cells was selected. Moreover, the choice of an ideal time step was shown to be an important
aspect. After careful investigation with time step sizes of 0.25, 0.1, and 0.075 seconds on a mesh of 14773 cells, as shown in Fig. 2(a),
the ultimate decision indicates that a 0.1s time step is the best option. This choice, which is based on a thorough evaluation,
guarantees that temporal dynamics and the spatial complexities captured by the selected mesh arrangement are in harmony.

Table 1. Thermo-physical properties of chosen materials as PCM measured at 25°C [54, 55].

Material p(kg/m? A (W/mK) C,(J/kgK) Latentheat(J/kg) Phase change temperature (°C)
Paraffin wax (RT70HC) 880/770 0.2 2000 260000 69-71
Graphite 2266 170 720 - -
Aluminum 4850 202.4 871 - -
Steel 7830 13 468 B -
Copper 8933 350-401 381 - -
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3.3. Model validation

This section also contains the results of validation test. This study is based on repeating previous experiments and comparing
their results with the results of our new method.

The thermo-physical properties of the materials used as fins in the study, as detailed in Table 1, highlight significant differences
in their ability to conduct heat and store thermal energy. Paraffin wax (RT70HC) serves as the phase change material (PCM) with a
density of 880/770 kg/m3, a low thermal conductivity of 0.2 W/m-K, a high specific heat capacity of 2000 J/kg-K, and a latent heat of
260000 J/kg, transitioning between 69-71°C.
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Fig. 2. (a) Grid size, (b) time-step dependence of the numerical solution, (c) mesh type.
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Fig. 3. Validation of the present model against (a) Kamkari et al.’s [S6] experimental data, and (b) the numerical model by Al-Abidi et al. [50],
showing good agreement.
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Fig. 4. Comparison of the liquid fractions, temperature and total enthalpy of finned and unfinned tube for Tur = 90 °C.

The fin materials exhibit varied properties: graphite has an excellent thermal conductivity of 170 W/mK, aluminum and copper
offer even higher conductivities at 202.4 and 350-401 W/mK, respectively, while steel, though dense at 7830 kg/m?3, has a relatively
low conductivity of 13 W/m-K. These differences in thermal properties are crucial in influencing the rate of heat transfer and the
overall efficiency of the melting process within the triplex tube heat exchanger.
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Figure 3 presents a comprehensive validation of the current numerical model against both experimental and numerical
reference studies. In Fig. 3(a), the average liquid fraction during the melting process is compared with the experimental data of
Kamkari et al. [56], showing a strong agreement. The maximum deviation between the current model and the experiment is 5.28%,
while the average error is 4.84%, confirming the model's robustness in capturing melting dynamics. In Fig. 3(b), the solidification
process is evaluated against the numerical model of Al-Abidi et al. [50], revealing highly consistent results with a maximum error
of only 0.5% and an average error of 0.38%. The top right image displays the arrangement of temperature sensors in the
experimental setup, and the bottom right diagram illustrates the computational domain used for simulations. Overall, these
comparisons demonstrate the model's high accuracy and reliability in predicting both melting and solidification behavior of PCMs,
supporting its suitability for thermal energy storage applications.

4. Results and Discussion

4.1. Heat and mass transfer

This study investigates the heat transfer and melting dynamics of paraffin in a horizontally oriented annular medium. To
enhance the melting process, fins were incorporated on the inner walls of the system. The research specifically examines how the
melting rate of the PCM (phase change material) is influenced by the type of fin material. Four materials were evaluated: aluminum,
copper, steel, and graphite. The melting of a solid PCM evolves dynamically over time. To frame our findings, we first describe the
key physical mechanisms governing phase-change heat transfer. When a PCM is heated, it absorbs thermal energy, triggering both
conduction and buoyancy-driven convection. As melting begins, the lower-density liquid phase forms, generating density gradients
that drive natural convection currents. This coupled heat and mass transfer significantly accelerates melting compared to
conduction alone. Conversely, in the solid phase, denser hot spots collapse downward due to gravity, a process known as free
convection. In the liquid phase, heat transfer occurs without material movement, referred to as conduction mode. Additionally,
PCMs are characterized by their ability to transition between physical states under the influence of temperature (thermal energy),
with each material having a specific temperature that dictates its phase. The thermal properties of the materials used in this study
are presented in Table 1.

The study initially observes a progressive increase in the liquid fraction over time, particularly near the heated walls, confirming
the gradual transition of the PCM from solid to liquid as it absorbs heat from high-temperature surfaces (Figs. 4 and 5). The inclusion
of fins significantly enhances this process by expanding the effective heat transfer surface area, thereby accelerating thermal
conduction into the PCM. In the absence of fins, the liquid fraction remains relatively low, reaching a maximum of approximately
0.68 at a heat transfer fluid temperature (THTF) of 90°C after 3500 s, indicating a slower melting rate.
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Fig. 5. Comparison of the liquid fractions, temperature and total enthalpy of finned tube for Turr = 100 °C.
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Fig. 6. Distributions of the (a) liquid fraction, (b) temperature and (c) velocity for the computational domains of the PCM
without fins for t = 100s,t=50s, t = 1500 s, t = 3500 s.
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In contrast, systems with aluminum, copper, and carbon fins achieve complete melting in approximately 3200 s, demonstrating
their superior thermal performance. Steel fins, with a lower thermal conductivity (~50 W/m-K), result in slower melting, achieving
full melting only after about 3400 s. This trend is reflected in the average PCM temperature evolution. Without fins, the temperature
rises more gradually, reaching approximately 352 K by the end of the simulation at 90°C. Steel fins provide a moderate
improvement, while aluminum, copper, and carbon fins elevate the PCM temperature to around 367 K, indicating faster heat
penetration and a more efficient phase transition. Similarly, the total enthalpy evolution underscores the energy storage capacity
for each configuration. At THTF = 90°C, systems with aluminum, copper, or carbon fins achieve enthalpy values of approximately
385,000 J/kg, compared to only about 290,000 J/kg for the no-fin case. Steel fins yield intermediate results. This comparative analysis
highlights the pivotal role of fin material in optimizing heat transfer and accelerating the melting process. Aluminum, copper, and
carbon fins consistently outperform, while steel provides moderate improvements. These findings remain consistent across both
tested heat transfer fluid temperatures (90°C and 100°C), confirming the reliability of the simulation and emphasizing the value of
high-conductivity materials in enhancing the efficiency of latent heat thermal storage.

Figure 6 depicts the mass fraction, temperature distribution, and velocity streamlines at 100, 500, 1500, and 3500 seconds for
configurations without fins, providing insight into the phase-change material (PCM) melting process. At the initial stage (100
seconds), melting is concentrated near the walls, where the material appears dense and red, indicating peak melting with
temperatures between 350 K and 373 K, corresponding to a fully liquefied state. Blue regions represent solid paraffin below its
melting point, a consequence of its low thermal conductivity. By 1500 seconds, melting remains relatively uniform, with a higher
concentration of molten material near the walls, where liquid velocity reaches approximately 0.007 m/s before gradually decreasing
to zero, leaving some material solid. Gravity’s influence becomes evident by 3500 seconds, with buoyancy effects causing irregular
melting patterns. The upper half of the domain shows increased molten PCM density, driven by natural convection currents that
enhance phase change. Temperature distribution becomes uneven, with the upper region reaching ~373 K, while the lower, solid-
dominated region remains below 340 K. Fluid velocity within the reactor core increases due to intensified buoyant forces. In
contrast, Fig. 6 also analyzes the finned configuration, revealing distinct fluid fraction and temperature evolution within the heat
exchanger. The presence of fins results in a significantly faster and more uniform melting process compared to the finless case,
primarily due to increased surface area and enhanced thermal conductivity. At 1500 seconds, fins that rapidly heat up facilitate
more effective heat transfer, though thermal conductivity is not the only factor. The density and specific heat capacity of the fin
material also play critical roles. While metals may exhibit similar thermal conductivities, cost-effectiveness varies. For instance,
copper fins demonstrated superior thermal performance at 1500 seconds, with the liquid phase forming and dispersing evenly,
driven by enhanced heat transfer into the paraffin via the fins and hot boundary walls. However, the upper fins’ temperature does
not always immediately match the heating fluid’s temperature, due to the metal’s physical properties affecting heat absorption
and conduction rates. Fins enhance both thermal conduction and natural convection in the PCM. In the liquid phase, paraffin
achieves a velocity of ~0.005 m/s. Notably, in finned configurations, buoyant forces have a reduced impact, as molten material
distributes more uniformly across fin surfaces. This suggests that fins significantly improve heat transfer efficiency and reduce
overall melting time. Without fins, the liquid phase acts as a barrier, slowing heat transfer to the remaining solid PCM, underscoring
the importance of thermal conductivity. Additionally, alternatives like metallic foams or nanoparticles could further enhance the
system’s heat transfer performance.
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Fig. 7. Distributions of the (a) liquid fraction, (b) temperature and (c) velocity for the computational domains of the PCM with fins for t = 1500 s.
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Figure 7 illustrates the liquid fraction distributions within the PCM at t = 1500 s for different fin materials: carbon, aluminum,
copper, and steel, revealing distinct melting patterns. Aluminum fins produce a significantly larger molten region, reflecting
enhanced heat transfer and accelerated PCM melting, likely due to aluminum’s high thermal conductivity (202.4 W/m-K), which
facilitates efficient heat dissipation into the PCM. In contrast, copper, carbon, and steel fins exhibit progressively smaller molten
areas, indicating slower melting rates. Despite copper’s strong thermal conductivity (350-401 W/m-K), its performance appears
limited by factors such as fin geometry or interfacial contact resistance. Carbon and steel, with lower thermal conductivities (5-50
W/m-K), show even more constrained melting zones. These results highlight the critical influence of fin material on optimizing
PCM melting. However, a deeper analysis incorporating temperature and velocity distributions over time is needed to fully
understand the underlying mechanisms and quantify performance differences among the materials.

Figure 7(b) presents detailed temperature profiles within the PCM at t = 1500 s for aluminum, copper, carbon, and steel fins,
revealing distinct thermal behaviors. Aluminum fins achieve a relatively uniform temperature distribution, indicative of efficient
heat conduction and dissipation, which aligns with their observed rapid melting rate. This homogeneity reflects optimal heat
transfer from the fins to the PCM. Copper fins, despite their high thermal conductivity, display a noticeable temperature gradient,
with higher temperatures near the fins suggesting impeded heat transfer, possibly due to interfacial thermal resistance. This
contributes to copper’s slower melting rate. Carbon and steel fins, with their lower thermal conductivities, exhibit even steeper
temperature gradients, with elevated temperatures concentrated near the fins, indicating significant thermal resistance that limits
heat transfer to the PCM and results in the slowest melting rates. The temperature contours in Fig. 7(b) underscore the pivotal role
of fin material in the thermal performance of PCM systems. Aluminum emerges as the optimal material, leveraging its high
conductivity to achieve uniform temperature distribution and accelerate melting by 28.4% compared to unfinned cases. Carbon
and steel, constrained by lower conductivities, generate localized thermal gradients that hinder heat transfer and prolong melting
times. Copper shows intermediate performance, suggesting that optimizing fin geometry or improving interfacial contact could
enhance its effectiveness. These findings offer valuable guidance for designing high-efficiency thermal storage systems.

Figure 7(c) provides velocity vectors that reveal fluid flow patterns within the PCM. Aluminum fins generate a robust and
organized velocity field with distinct recirculation zones, promoting effective fluid mixing and circulation critical for efficient heat
transfer throughout the PCM. In contrast, copper fins exhibit a less pronounced velocity field with weaker recirculation, indicating
reduced fluid mixing compared to aluminum. Carbon and steel fins show even weaker velocity fields with minimal recirculation,
suggesting limited fluid motion that hampers heat transfer and slows the melting process. The velocity profiles in Fig. 7(c) align
closely with the thermal performance observed in Fig. 7(b). The strong velocity field of aluminum fins supports their uniform
temperature distribution and accelerated melting rate, while the weaker fields of copper, carbon, and steel fins correspond to less
efficient heat transfer and slower melting. These results emphasize the critical role of fluid dynamics in enhancing heat transfer
and melting in PCM systems, with aluminum fins offering significant advantages due to their ability to induce robust fluid motion.

4.2. Melting time

Figure 8 presents the total melting time for tow value of temperature and several fins material, providing insight into the
influence of both parameters on the melting behavior of PCM. in both cases (T = 90°C and 100°C), the melting time is highest for
without fins case, followed by stainless steel fins, followed by elites in copper, aluminum and carbon as presented in Fig. 8.
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Fig. 8. Effect of different fin materials (Al, Cu, C, and ST) on the melting time of PCM in a triplex tube heat exchanger under two boundary
temperatures (90°C and 100°C).

Figure 8 provides a comparative analysis of PCM melting times at two heating temperatures (90°C and 100°C) across various fin
configurations. The data clearly demonstrate that fins significantly enhance melting performance by reducing total melting time
compared to the baseline case without fins. At 90°C, the finless configuration exhibited the longest melting time of 5552.13 s.
Incorporating aluminum and copper fins reduced this to 3705.07 s, a 33.27% improvement over the finless case. Carbon fins
achieved a moderate reduction to 4234.79 s (23.73% improvement), while stainless steel fins lowered the melting time to 4621.8 s,
a 16.76% enhancement. At 100°C, melting times decreased across all configurations due to the higher boundary temperature. The
finless setup improved to 4960 s, a 12% reduction. Copper fins recorded the fastest melting time at 3093.86 s, closely followed by
aluminum and carbon fins at approximately 3100 s each, reflecting reductions of 37.5-37.6% compared to the finless baseline.
Stainless steel fins achieved a 24.3% reduction, with a melting time of 3754.7 s. These results highlight two key insights: (1) the
thermal conductivity of fin materials significantly impacts melting rates, with copper and aluminum outperforming others due to
their superior heat conduction, and (2) while higher heating temperatures enhance melting efficiency across all configurations, the
use of high-conductivity fins provides a more substantial improvement than temperature increases alone.

5. Conclusion

This study examined the melting behavior of a phase change material (PCM) within a toroidal space fitted with fins on its inner
surfaces, focusing on the impact of fin material and presence on the melting process. The key findings are as follows:
Fins significantly accelerate the melting process compared to a finless configuration by enhancing heat transfer.

— The choice of fin material plays a critical role in determining the melting rate, with aluminum, copper, and carbon fins
outperforming steel.

— Aluminum fins exhibited the best performance, driven not only by their high thermal conductivity but also by their ability
to induce stronger natural convection in the molten PCM. This led to a more uniform temperature distribution and improved
heat transfer, achieving complete melting in approximately 1320 seconds, compared to over 2200 seconds for the no-fin
case.

— Temperature contour analysis confirmed that aluminum fins promoted a more uniform heat distribution across the PCM,
minimizing thermal gradients.

— Velocity vector plots indicated enhanced fluid circulation near the fin surfaces in the aluminum configuration, further
facilitating efficient energy absorption and phase transition.

— Steel fins, limited by their lower thermal conductivity, showed a modest performance improvement, reducing melting time
by approximately 26%, with sharper temperature gradients and weaker induced flow.

- Copper and carbon fins also performed effectively, with melting times within 4% of aluminum fins, highlighting their
comparable thermal behavior under the tested conditions.

These results underscore the potential of fin-enhanced PCM systems for thermal energy storage applications. Further research

is needed to optimize fin geometry, spacing, and material selection tailored to specific operating conditions and PCM properties.
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