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Abstract. This numerical study investigates the influence of fin geometry
on the melting behavior of PCM (high-density polyethylene, HDPE) within
a shell-and-tube latent heat thermal energy storage (LHTES) unit. The
enthalpy-porosity method was utilized to model the solid-liquid phrase
change process dominated by heat diffusion. A novel tree-shaped fin design
is introduced and compared with conventional fin geometries, including
rectangular, Y-shaped, and V-shaped fins, to enhance the PCM melting
performance. Five heat exchanger configurations, with and without fins,
were analyzed to assess their thermal efficiency. Four of these units were
fitted with eight fins each, with all fins in a given exchanger sharing the
same shape. The results demonstrate that the tree-shaped fins achieve the
greatest reduction in total melting time, with a decrease of 75.7 %,
compared to 52.56 % for the Y-shaped fins and 54.6 % for the V-shaped fins
relative to rectangular fins.

1. Introduction

Phase change materials (PCMs) are widely regarded as an attractive option for thermal energy
storage because they can absorb or release a large amount of energy during melting and
solidification while operating within a relatively narrow temperature range. Owing to this
latent heat storage capability, they are able to store much more energy than many sensible
heat storage materials. In spite of this advantage, their practical use is often restricted by one
major limitation, namely the low thermal conductivity of most PCMs. As a result, the
charging and discharging processes generally remain slow, which can reduce system
performance in many engineering applications [1, 2]. To address this issue, several
enhancement techniques have been explored in the literature. Among the most common
solutions are the incorporation of highly conductive additives or structures, such as metal
foams [3], nanoparticles [4], and metallic fins [5]. In particular, the use of fins remains one
of the most practical and efficient approaches.
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Fins enlarge the heat transfer area between the PCM and the heat transfer fluid (HTF), which
usually accelerates melting and solidification. In addition, they are often preferred because
they are relatively inexpensive, simple to manufacture, and easy to integrate into thermal
storage devices [6]. For shell-and-tube latent heat thermal energy storage (LHTES) systems,
many researchers have examined the role of extended surfaces and optimized fin geometries.
Ao et al. [7], for example, numerically studied V-shaped fins by varying their length, angle,
arrangement, and number. Their results showed that fin geometry strongly affects the melting
behavior of the PCM. Under the optimum conditions, the total melting time was reduced by
61.05%, while the heat storage efficiency became about 2.57 times higher than that of the
case without fins. Sciacovelli et al. [8] investigated Y-shaped fins with one and two
bifurcations during the solidification stage of an LHTES unit. By combining numerical
simulations with a response surface optimization method, they reported that a two-bifurcation
design improved the discharge efficiency by nearly 24% compared with the initial
configuration. They also noted that the most suitable fin geometry depends on the operating
time of the system. Al-Mudhafar et al. [9] analyzed several fin arrangements inside a shell-
and-tube heat exchanger, including longitudinal, T-shaped, and tree-like fins. According to
their findings, the T-shaped design reduced the total melting time by around 33% relative to
conventional longitudinal fins. In another study, Sarafi et al. [10] combined experiments and
simulations to compare straight fins with bifurcated fins in a tube-shell PCM unit. They
observed better thermal behavior with the bifurcated configuration. Their results also
suggested that the optimum placement of fins depends on fin length, with the lower region
of the annulus being more favorable. Tang et al. [11] focused on bifurcation angle and fin
length, and showed that both parameters noticeably influence melting performance. Niketan
et al. [12], meanwhile, introduced an X-shaped fin concept for LHTES systems. They
reported that increasing the number of X-fins, together with an improved layout, led to a
more uniform temperature field and a higher heat transfer rate.

Based on the above findings, it is clear that fin geometry plays a central role in the thermal
response of PCM storage units. In the present work, the enhancement of heat conduction
through fins of different shapes is examined in detail. A new tree-shaped fin configuration is
proposed and compared with rectangular, Y-shaped, and V-shaped fins in terms of PCM
melting performance inside the LHTES unit. To ensure a fair comparison, the total fin volume
is kept identical for all studied configurations.

2. Methods and Materials
2.1 Physical model

A cross section of the shell-and-tube latent heat thermal energy storage (LHTES) unit used
in this study is shown in Fig. 1(a-b), representing the shell-and-tube LHTES unit used in this
work. It is composed of two concentric tubes with d, = 72.1 mm and d; = 20 mm, with an
inner tube thickness of 2.7 mm and an outer tube thickness of 2 mm. The PCM is filled
between the outer and inner tubes, and the heat transfer fluid (HTF) flows into the inner tube.
In the analysis, the charging process was studied and high-density polyethylene (HDPE) is
considered as PCM. The latter is initially solid and at a temperature below the melting point.
The thermo-physical properties of HDPE and aluminum are summarized in Table 1. The
configurations studied (with and without fins) are presented in Fig. 2. They consist of
rectangular fins, Y-shaped fins, V-shaped fins, or tree-shaped fins. The number of fins is the
same in all configurations, with a volume fraction of 4.474 %, in order to isolate the effect of
fin geometry on the melting process of PCM. Fig. 3 shows the different fin shapes used in
this work with their sizes. The branch fin angle and branch fin length were carefully chosen
to maximize the melting rate, as shown in Fig. 3.



EPJ Web of Conferences 371, 02012 (2026) https://doi.org/10.1051/epjcont/202637102012
AMT 2026

Table 1. Thermo-physical properties of HDPE and aluminum [13, 14].

Material Density | Thermal conductivity | Specific heat Phase change Latent heat
(kg/m?) | (W/m-'K) (J/kg-K) temperatures (°C) | (kl/kg)

Solid/Liquid | 928 kso1 =0.26 2460 Tso1 = 130.37 237

HDPE k”q =0.19 Tliq =135.56

Aluminum 2719 2024 871 - -

m=m Shell
Tube
=== Fins
PCM
me= HTF
d;
(@) (®)
Fig. 1. Schematic diagram of the LHTES unit.
Case Configuration Case Configuration
‘Without Fins Y-Fins
Rectangular Fins V-Fins
Tree Fins

Fig. 2. Computational domains for heat exchangers with different fin configurations.
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Fig. 3. (a) Rectangular fin, (b) Y-fin, (¢) V-fin, and (d) Tree fin.

2.2 Assumptions

The governing equations are established based on the following assumptions: (i) the physical
problem is 2D; (ii) volumetric expansion of PCM is negligible; (iii) the materials used are
assumed to be homogeneous and isotropic; and (iv) their properties are considered constant.

2.3 Governing equations

Only the melting process of HDPE governed by heat conduction is considered, since its liquid
phase is inherently immobile due to its extremely high dynamic viscosity, as reported in Ref.
[13]. The enthalpy-porosity method is adopted to model the solid-liquid phase change

S af. . . .
process, which is based on a source term (pL a_];) in the energy conservation equation for our

case where the liquid PCM has a high dynamic viscosity (otherwise, there is another term
that should be added to the momentum conservation equation). Accordingly, the present
problem is described by the energy balance equation, which can be expressed as [2]:

e PCM (HDPE):

O0H
Ppem FY V. [kpcmVTpcm] (D)

where py,c, is the density, kp,cp, the thermal conductivity, and Ty, the temperature.
e Solid (tube/shell):

ATy

(pcp)s = = kVT, )
where (pcp)S denotes the volumetric heat capacity, k, the thermal conductivity, and Ty the
temperature of solid.

The total enthalpy of PCM (H) can be calculated as:

H=h+AH 3)
where h denotes the sensible enthalpy of PCM and AH the latent enthalpy of fusion of PCM.
h can be defined as:

h = Ryes + fTTM ¢, dT 4)

where ¢, denotes the specific heat of PCM, h,..f the reference enthalpy of PCM, and T;..¢ the
reference temperature of PCM.
The latent enthalpy is given by:
AH = f L 5)
where L denotes the latent heat of PCM and f the liquid fraction of PCM.
During the phase transition, the liquid fraction f is defined as follows:
0 if T<Ty

T-T .
f = ?;:lol lf TSOl < T < Tliq (6)

1 if T = Tyq
where Ty, is the solidus temperature of PCM and Ty, the liquidus temperatures of PCM.

2.4 Initial and boundary conditions
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e  The initial temperature of the system is equal to 120 °C.
e The inner tube wall with a diameter of R; is heated with a constant temperature of
140 °C.

e  The outer wall of the outer tube is thermally insulated.

2.5 Numerical method

The energy conservation equations are solved using the finite volume method (FVM)
implemented in ANSY'S Fluent (version 19.2) with double precision. A central differencing
scheme is used for the discretization of the diffusion term in the energy equation. Temporal
discretization is performed using a second-order implicit scheme. The under-relaxation
factors for the liquid fraction and energy are set to 0.9 and 1, respectively. A convergence
criterion of 10°® is imposed on the energy residual.

Grid independence and time-step sensitivity analyses indicate that a mesh consisting of
278,584 cells and a time step of 2.5 s are sufficient for the present numerical simulations.

2.6 Validation

Fig. 4 presents a qualitative comparison between the numerical results of the present study
and the experimental data reported by Kamkari et al. [15]. It can be seen that the present
model is able to capture, in a satisfactory manner, the evolution of the phase change interface
during the melting process. Overall, a good agreement is obtained between our numerical
predictions and experimental observations, especially with regard to the progression of the
interface. Based on these results, the reliability of the present numerical model can be
considered sufficient for the present configuration, since the deviation in the total melting
time remains quite low and does not exceed 1.64%, as also shown in Table 2.

Al A

10 min 20 min 40 min 60 min

Fig. 4. Comparison of the numerical results of this study (left) with the experimental results of
Kamkari et al. [15] (right).

Table 2. Comparison of the total melting time between the present numerical results and the
experimental data reported by Kamkari et al. [15].

Numerical Kamkari et al. [15] Deviation
Total melting time (min) 191.7 194.9 1.64 %

3. Results and Discussion

Fig. 5(a) shows the impact of fin shape on the melting behavior of PCM. It can be clearly
noticed that inserting fins inside the shell-and-tube LHTES unit strongly improves the
melting rate of PCM. In addition, the fin geometry plays a crucial role in the evolution of the
liquid fraction, since each shape changes both the available heat transfer area and the heat
conduction path inside the PCM. A closer look at the results indicates that the highest melting
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rate is achieved with the tree-shaped fins, followed by the V-shaped fins, Y-shaped fins, and
rectangular fins, respectively, when compared with the PCM-only case. This can be explained
by the fact that increasing the fin surface area and extending the fins deeper into the PCM
help distribute heat more uniformly and reduce the conduction distance. As a result, heat
spreads more effectively through the PCM, which accelerates the melting process.

The variation of the total melting time (t,,,) for all cases is presented in Fig. 5(b). It is observed
that the melting time decreases as the contact surface area between the fins and PCM
increases. The shortest melting time of 36.75 min is obtained for the tree-shaped fins, whereas
values of 68.66 min, 71.75 min, and 151.25 min are recorded for the V-shaped, Y-shaped,
and rectangular fins, respectively. Compared with the rectangular fins, the reduction in total
melting time reaches 75.7% for the tree-shaped fins, 54.6% for the V-shaped fins, and 52.56%
for the Y-shaped fins. These results suggest that increasing the fin surface area improves heat
transfer from the fin base toward the surrounding PCM regions, which leads to faster melting.
A qualitative comparison of the melting process for the different fin configurations is
provided in Fig. 6. The contours of the liquid fraction are shown at different times: 700 s,
1400 s, 2100 s, 2800 s, 3500 s, and 4200 s. It is evident that the fin shape has a noticeable
impact on the melting front development. In particular, the V-shaped, Y-shaped, and tree-
shaped fins all perform better than the rectangular fins because their geometries provide a
larger heat transfer area. Among all tested cases, the tree-shaped fins remain the most
effective design and ensure the fastest melting process.

It can be concluded from Figs. 5 and 6 that the best melting performance is achieved when
the tree-shaped fins are employed. This behavior is mainly attributed to the more effective
heat distribution within the PCM domain.
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Fig. 5. Effect of shape fin on the melting process: (a) liquid fraction and (b) total melting

time.
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Fig. 6. Comparison of the liquid fraction contours at various times for different fin shapes.
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4. Conclusion

In this numerical work, the melting behavior of a PCM, namely high-density polyethylene
(HDPE), has been studied within a shell-and-tube latent heat thermal energy storage
(LHTES) unit. The enthalpy-porosity approach was used to describe the melting process
dominated by heat conduction. All simulations were carried out using ANSYS Fluent 19.2.
The main findings of this study can be summarized as follows:

e Among all the configurations tested, the tree-shaped fins show the highest melting rate
compared to the other geometries. A clear reduction in the total melting time is also
observed, reaching about 75.7% for the tree-shaped fins, 54.6% for the V-shaped fins,
and 52.56% for the Y-shaped fins, all relative to the rectangular fin case.

e The improvement observed with tree-shaped fins is mainly related to their extended heat
transfer surface. This helps to distribute heat more evenly inside the PCM and limits the
local heat accumulation in the melted region of HDPE close to the fins, compared with
the other designs.

e Overall, using tree-shaped fins in thermal energy storage systems appears to be a good
option to enhance thermal performance. Their geometry promotes faster heat transfer
and shortens both charging and discharging durations. In addition, the branched structure
supports a more uniform temperature field, which reduces thermal congestion inside the
liquid PCM region.
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