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A B S T R A C T

The low thermal conductivity of phase change materials limits the charging and discharging rates of latent heat 
thermal energy storage systems, necessitating effective heat transfer enhancement strategies and reliable 
modeling approaches. This study presents a numerical investigation of fin-assisted phase change material ther-
mal storage, with particular emphasis on validating the use of a periodic representative elementary unit for 
modeling vertically extended finned configurations. The phase-change process is simulated using the ent-
halpy–porosity method with buoyancy-driven flow, and the periodic framework is assessed by comparing single-
and multi-unit domains. The results show that the periodic model reproduces the thermal response of the 
extended domains with deviations below 0.1%, supporting its use as a computationally efficient reduced-domain 
modeling approach for the configurations considered. Within this validated framework, the effects of fin number, 
branched fin length, and branch orientation are systematically analyzed. Increasing the number of main fins 
enhances conductive heat spreading, reducing melting time from 134.55 to 69.85 min. In contrast, branch length 
provides only marginal improvement, whereas branch orientation has a more pronounced influence within the 
investigated range, reducing melting time from 125.03 to 66.70 min as the angle increases from 30 ◦ to 75 ◦ . This 
behavior indicates that alignment with buoyancy-driven convection influences thermal performance more 
strongly than geometric extension alone. The same configuration also improves discharge performance, reducing 
solidification time from 539.73 to 120.75 min through enhanced conductive heat extraction. Validation against 
published data yields mean deviations of 0.91% and 6.33% relative to numerical and experimental results, 
respectively.

1. Introduction

Thermal Energy Storage (TES) plays a crucial role in enhancing the 
efficiency, flexibility, and reliability of modern energy systems by 
enabling the temporal decoupling of energy generation and demand 
[1,2]. Among the various TES technologies, Latent Heat Thermal Energy 
Storage Systems (LHTES) based on Phase Change Material (PCM) have 
attracted considerable attention due to its high energy storage density 
and quasi-isothermal operation during phase transition [3–5]. These 
advantages make PCMs particularly attractive for applications ranging

from renewable energy integration and waste heat recovery to thermal 
management and cold energy storage [6–8]. However, despite their 
favorable thermodynamic characteristics, most PCMs suffer from 

inherently low thermal conductivity, which severely limits heat transfer 
rates and leads to prolonged charging and discharging times [9,10]. In 
addition to poor thermal conductivity, practical deployment of PCM-
based LHTES is further constrained by issues such as supercooling, 
phase segregation, volume change, leakage during melting, and material 
compatibility with containment structures [11,12]. These intrinsic 
drawbacks significantly hinder the effective utilization of PCMs in high-
power thermal storage systems and have motivated extensive research
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into heat transfer enhancement strategies and high-performing storage 
configurations [13–15].

To overcome the low thermal conductivity of PCM-based LHTES, 
enhancement strategies can be broadly classified into active or actively 
assisted approaches, material-based passive enhancement, and struc-
tural passive enhancement. Recent studies have shown that heat transfer 
enhancement can be achieved by combining high-conductivity porous 
structures, forced or rotation-assisted motion, encapsulated nano-

enhanced PCMs, and cascaded PCM arrangements to improve heat 
diffusion, melting uniformity, and charging/discharging response 
[16–18]. Although these approaches can improve thermal performance, 
they often require additional material design, more complex storage 
architecture, rotational or flow-control conditions, or careful matching 
of PCM melting ranges. Material-based passive approaches, including 
nano-enhanced PCMs, metal foams, and cascaded PCM arrangements, 
have also been proposed to improve thermal response and temperature

Nomenclature

Greek symbols
α Branched fins angle [ ◦ ]
β Thermal expansion coefficient [K − 1 ]
λ Liquid fraction [1]
μ Dynamic viscosity [Pa s]
ρ Density [kg m − 3 ]
φ Main fins angle [ ◦ ]

Latin symbols
A m Mushy zone Darcy coefficient [Pa s m − 2 ]
C p Specific heat capacity [J kg − 1 K − 1 ]
E internal energy [J]
g Gravitational acceleration [m s − 2 ]
H Enthalpy [J kg − 1 ]
k Thermal conductivity [W m − 1 K − 1 ]
L f Latent heat of fusion [J kg − 1 ]
L Length of branched fin [m]
P Pressure [Pa]
S source term [W m − 3 ]
T Temperature [K]

t Time [s]
t f Fin thickness [mm] 
t m Total melting time [s]
V→ Velocity vector [m s − 1 ]

Subscripts
eff Effective value
e Equilibrium
i Initial
L Latent heat
lq Liquidus
m Momentum
ref Reference
S Solidus

Acronyms
HTF Heat Transfer Fluid
LHTES Latent Heat Thermal Energy Storage
PCM Phase Change Material
REU Representative Elementary Unit
TES Thermal energy storage

Table 1
Literature-supported comparison of representative fin-enhanced PCM/LHTES studies and the gap addressed by the present work.

Study group Configuration Process Reported performance improvement Remaining gap

Straight/twisted fins 
[31]

Conventional and twisted fins 
in tubular storage systems

Melting and 
solidification

Twisted fins increased the heat charging and heat 
recovery rates by approximately 10% and 14%, 
respectively, compared with straight fins. 

Does not isolate branch length and 
branch orientation effects

Sunburst/radial fins 
[32]

Radially distributed fins in 
multi-tube storage systems

Energy storage and 
recovery

Sunburst-distributed radial fins reduced melting time 
by 40.5%, shortened solidification time by 48.1%, 
improved heat recovery by 91.6%, and increased 
overall storage capacity by 21.57% compared with 
conventional fin designs.

Focuses on radial distribution rather 
than branch-angle-controlled 
convection coupling

Staggered/inline fins 
[24,25]

Staggered, inline, and 
extended fin arrangements

Mainly discharge/ 
solidification

Staggered circular fins reduced solidification time by 
about 52% and increased discharge rate by about 30% 

compared with inline fins; extended Y-fin designs 
reduced melting time by about 28% relative to the 
baseline Y-fin case.

Limited separation of topology, 
spacing, orientation, and fin-volume 
effects

Sine-shaped, 
triangular, wavy, 
and optimized fins 
[33–36]

Curved, oriented, wavy, and 
optimization-based fin 
structures

Mainly melting/ 
thermal 
performance

Advanced curved/wavy/optimized fin designs 
substantially improved melting performance; for 
example, wavy-wall/finned multi-shell designs 
increased melting rate by up to 88.5%, while 
orientation-controlled triangular-shell fins showed 
that fin angle can significantly alter melting rate. 

Several geometric parameters are 
changed simultaneously

Tree-like, fractal, Y-
shaped, and bio-
inspired fins 
[38–49]

Branched, hierarchical, 
biomimetic, vascular, and 
alveolar fin concepts

Mainly melting or 
overall thermal 
response

Hierarchical/fractal/bio-inspired fins produced large 
reductions in phase-change time; combined fractal 
fins reduced complete melting time by up to 68% 

compared with traditional fractal fins, and tree-like 
fins have been reported to shorten complete melting/ 
solidification time by about 34.5%.

Independent role of branch 
orientation relative to branch length is 
not clearly quantified

Present study Branched fins with controlled 
main-fin number, branch 
length, and branch orientation

Melting, 
solidification, and 
REU validation

The present branched-fin configuration reduced 
melting time by 48.1% relative to the unfinned case, 
from 134.55 to 69.85 min, and branch orientation 
reduced melting time by 46.7%, from 125.03 to 
66.70 min. During discharge, the selected branched-
fin case reduced solidification time by 77.6%, from 

539.73 to 120.75 min.

Establishes the relative importance of 
geometric parameters and validates 
periodic modeling for branched-fin 
LHTES
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utilization [19]. Nevertheless, their practical implementation can be 
limited by cost, fabrication difficulty, long-term stability, leakage, or 
compatibility issues [20–23]. In contrast, fin-based passive enhance-
ment provides a structurally simple and scalable route for reducing 
conduction length, increasing heat transfer area, and improving thermal 
penetration without external energy input. Fins are therefore among the 
most practical enhancement methods for compact and repeatedly cycled 
LHTES units, where reliability, manufacturability, and low parasitic 
energy consumption are important design requirements [24–27].

The importance of fin-based enhancement becomes more evident 
when both charging and discharging are considered. In practical LHTES 
operation, the thermal performance is governed not only by melting, but 
also by solidification, which determines heat-release rate, recovery time, 
and cyclic usability. Previous studies have shown that solidification is 
often slower than melting because buoyancy-driven convection is 
weakened as the liquid PCM disappears and heat transfer becomes 
increasingly conduction-dominated [28,29]. Inadequate solidification 
can therefore reduce the effective cyclic performance of PCM storage 
systems [30]. For this reason, fin geometry should be evaluated not only 
in terms of melting acceleration, but also in terms of its ability to provide 
conductive heat-extraction pathways during discharge.

Extensive efforts have been devoted to optimizing fin geometry, 
spacing, and topology in PCM-based LHTES. Comparative studies have 
shown that twisted fins can outperform straight fins in tubular storage 
systems [31], while radially distributed sunburst fins improve energy 
storage and recovery in multi-tube configurations [32]. Other studies 
have examined staggered and inline circular fins for discharge 
enhancement [24], sine-shaped fins [33], triangular-shell fins with 
orientation control [34], multi-shell PCM heat exchangers with wavy 
walls [35], and shell-tube structures optimized using artificial-
intelligence-based methods [36]. More complex concepts, including 
petal-tube bundles embedded in metal foam [37], constructal tree-like 
networks [38], innovative fin topologies [39–42], non-uniform fin ar-
rangements [43,44], Y-shaped fins [45], and biomimetic or vascular/ 
alveolar fin concepts [46–49], have further confirmed that redistribut-
ing high-conductivity material within the PCM can improve phase-
change performance. However, many of these studies modify several 
geometric features simultaneously, such as fin length, spacing, surface 
area, topology, orientation, and fin volume. As a result, the relative 
importance of individual geometric parameters remains difficult to 
identify from the existing literature.

To clarify the position of the present work relative to previous 
studies, Table 1 summarizes representative fin-enhanced PCM/LHTES 
configurations using the references reviewed above. The comparison

indicates that the literature has mainly focused on demonstrating the 
thermal benefit of advanced fin shapes relative to conventional or 
unfinned configurations. However, fewer studies have isolated the in-
dividual effects of branch length and branch orientation, and the validity 
of a periodic reduced-domain model has not been systematically 
assessed for branched-fin PCM storage systems.

LHTES systems are increasingly employed in applications where high 
energy density and fast thermal response are essential. Representative 
examples include solar TES for load shifting and power stabilization 
[50], waste heat recovery in industrial processes [51], thermal man-
agement of electronic devices subjected to transient heat loads [52,53], 
cold energy storage for refrigeration and cold-chain systems [54,55], 
and building energy systems for peak-load reduction and thermal 
comfort enhancement [56]. These applications require internal struc-
tures that can enhance both charging and discharging without excessive 
complexity. As summarized in Table 1, although previous fin-enhanced 
designs have achieved significant improvements, the literature still lacks 
a clear quantitative separation between branch extension and branch 
orientation. This distinction is physically important because branch 
length primarily increases conductive reach, whereas branch orientation 
also controls the alignment between conductive pathways and 
buoyancy-driven circulation in the molten PCM.

Despite extensive research on fin-enhanced PCM-based TES systems, 
several limitations remain. First, many studies evaluate complex fin 
shapes by changing several geometric features simultaneously, 
including fin length, spacing, surface area, topology, orientation, and fin 
volume. Therefore, the relative importance of individual geometric pa-
rameters remains difficult to determine. Second, although branched, 
tree-like, Y-shaped, and bio-inspired fins have been investigated 
[38–49], the independent role of branch orientation relative to branch 
length has not been clearly quantified. Third, many studies emphasize 
melting enhancement, while the corresponding solidification behavior 
receives comparatively less attention, even though discharge perfor-
mance is essential for cyclic LHTES operation [28–30]. Finally, the use 
of periodic representative domains for modeling extended finned sys-
tems has not been rigorously validated for branched geometries, 
creating uncertainty regarding the accuracy of simplified computational 
domains.

The present study addresses these gaps by combining validated pe-
riodic modeling with a mechanism-based analysis of branched-fin ge-
ometries. The novelty of this work lies in four specific aspects. First, the 
effects of main-fin number, branch length, and branch orientation are 
examined separately to identify their relative influence on phase-change 
behavior. Second, the periodic Representative Elementary Unit (REU) is

Fig. 1. Schematic definition of the geometric parameters used for the finned PCM storage unit: (a) main-fin angle φ and (b) branch angle α. Both angles are measured 
with respect to the vertical reference axis shown by the dashed line. The main fins and branched fins are identified, and the definitions are used consistently for all 
configurations listed in Table 2.
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verified against multi-unit domains specifically for branched-fin con-
figurations, providing a basis for computationally efficient modeling of 
vertically repeated LHTES structures. Third, the physical role of branch 
orientation is analyzed in terms of its effect on the coupling between 
conductive heat-spreading pathways and buoyancy-driven convection, 
rather than being treated only as a geometric surface-area modification. 
Fourth, the selected branched-fin configuration is also assessed during 
solidification to examine whether the geometry that enhances charging 
can also support heat extraction during discharge. Through this struc-
ture, the study provides design-oriented insight into branched-fin LHTES 
systems without relying solely on case-by-case geometric comparison.

2. Numerical methodology

2.1. Computational model and geometric configuration

A two-dimensional numerical model of a finned LHTES unit is 
considered to investigate the influence of geometric fin parameters on 
the melting and solidification behavior of the PCM. The storage unit

consists of a central cylindrical pipe carrying the Heat Transfer Fluid 
(HTF), surrounded by a PCM domain equipped with radial main fins and 
secondary branched fins. Copper is used as the material for both the pipe 
and fins, while RT35 is selected as the PCM.

The geometric definitions of the angular parameters are illustrated in 
Fig. 1. The main-fin angle φ defines the inclination of the primary fin 
with respect to the vertical reference axis, while the branch angle α

Table 2
Geometric parameters of the simulated cases, including number of main fins, 
branched fin length, pipe-fine solid cross-sectional area, and orientation.

Cases Number 
of fins

Thicknes
s of fins tf

(mm)

Length of 
Branched fin L 

(mm)

Pipe–fin solid 
cross-sectional 

area (mm²)

(o) α(o)

0 - - - - -

1 3 1.5 - 3669 120 -

2 4 1.8 - 3630 90 -

3 5 1.5 - 3634 72 -

4 6 1 - 3651 60 -

5 6 0.8 4 3671 60 90

6 6 0.7 7 3671 60 90

7 6 0.56 12.5 3661 60 90

8 6 0.56 12.5 3671 60 30

9 6 0.56 12.5 3671 60 45

10 6 0.56 12.5 3671 60 60

11 6 0.56 12.5 3671 60 75

Fig. 2. Geometric configurations of the eleven simulated cases illustrating variations in the number of main fins, branched fin length, and branched fin orientation. 
These configurations define the parametric space used to assess the influence of fin topology on phase-change behavior.

Table 3
Initial and boundary conditions used in the charging and discharging 
simulations.

Region/quantity Charging condition Discharging condition

Initial PCM phase Completely solid PCM Fully liquid PCM 

Initial PCM temperature T 0 = 30 ◦ C T 0 = 40 ◦ C
Initial velocity u = 0
Pipe wall / HTF boundary T h = 60 ◦ C T c = 20 ◦ C
Top and bottom REU boundaries Periodic boundary condition
Solid walls No-slip condition, u = v = 0
PCM–copper interfaces Thermal continuity; perfect thermal contact 
Lateral cut boundaries Symmetry condition: zero normal velocity and 

zero normal gradients of scalar variables

Table 4
Thermophysical properties of RT35 PCM and copper used in the numerical 
simulations, including density, thermal conductivity, specific heat, latent heat, 
and melting temperature range.

Property Copper
[57]

PCM (RT35) 
[58,59]

Unit

Mean density (ρ) 8978 815 kg m − 3

Specific heat capacity (C p ) 381 2000 J kg − 1 K − 1 

Thermal conductivity (k) 387.6 0.2 W m − 1

K − 1

Latent heat of fusion (L f ) – 160,000 J kg − 1

Thermal expansion coefficient
(β)

– 0.0006 K − 1

Dynamic viscosity (μ) – 0.023 Pa s
Melting temperature range – 32–38 ◦ C
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defines the orientation of the secondary branched fins with respect to 
the same reference axis. The Cartesian coordinate system used in the 
simulations is shown. The x-axis denotes the horizontal direction, the y-
axis denotes the vertical direction, and gravity acts downward along the 
negative y-direction. The branch length L and fin thickness t f are also 
used to define the geometric configurations. These definitions are 
applied consistently in Table 2 for all simulated cases.

The periodic REU representation is valid under the assumption that 
the finned structure is vertically repetitive, with uniform spacing,

identical fin geometry, and consistent thermal boundary conditions 
between adjacent units. It also assumes that axial end effects are negli-
gible and that the dominant temperature and flow structures are 
generated locally within each repeated unit rather than by long-range 
vertical communication across the full storage height. Under these 
conditions, the top and bottom boundaries of the REU represent 
equivalent planes in an extended periodic system, allowing the single-
unit model to reproduce the thermal response of the vertically 
extended configuration. This simplification is adopted because the

Fig. 3. Mesh and time-step independence analyses: (a) effect of mesh resolution (20,000–100,000 cells) on the predicted melting behavior, and (b) influence of time-
step size (0.05–0.4 s).

Fig. 4. Validation of the present model against the results of Mat et al. [69] in 
terms of (a) liquid fraction evolution and (b) mean PCM temperature dur-
ing melting.

Table 5
Quantitative comparison between the present predictions and the numerical and experimental results of Mat et al. [69] for mean PCM temperature at selected times.

Time (s) Present study ( ◦ C) Numerical ( ◦ C) [69] Error vs numerical ( ◦ C / %) [69] Experiment ( ◦ C) [69] Error vs experimental ( ◦ C / %) [69]

300 55.34 56.00 0.66 (1.18) 49.74 5.60 (11.26)
600 64.98 65.60 0.62 (0.95) 67.61 2.63 (3.89)
900 71.00 71.42 0.42 (0.59) 73.84 2.84 (3.85)
Mean error – – 0.57 (0.91%) – 3.69 (6.33%)

Fig. 5. Comparison of the predicted temporal evolution of the mean PCM 

temperature during solidification with the experimental data of Al-Abidi 
et al. [70].
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studied geometry is periodically repeated in the vertical direction and 
the imposed thermal conditions are identical for adjacent units. There-
fore, when end effects and inlet/outlet non-uniformities are absent, the 
dominant local melting-front evolution and buoyancy-driven recircula-
tion can be represented within a single repeated unit.

To assess the combined effects of fin number, branch length, and 
branch orientation, a total of eleven distinct geometric configurations 
are examined, as illustrated in Fig. 2. The corresponding geometric pa-
rameters for each case are summarized in Table 2. The thickness of the 
pipe wall is maintained at 2 mm for all configurations. The geometries 
were designed to maintain comparable PCM and solid volumes as far as

possible; however, the fin volume fraction and effective heat transfer 
surface area are not strictly identical among all configurations because 
of geometric constraints associated with branching and thickness 
adjustment. Therefore, the reported performance differences should be 
interpreted as the combined outcome of fin topology, conductive-path 
redistribution, local surface-area variation, and coupling with 
buoyancy-driven convection. To ensure a fair comparison among the 
simulated configurations, the total solid area associated with the pipe 
and fins was maintained nearly constant across the cases. Because the 
present model is two-dimensional, the reported area corresponds to the 
solid volume per unit depth in the out-of-plane direction. The calculated 
pipe–fin solid area varied only from 3630 to 3671 mm 2 , with an average 
value of approximately 3661 mm 2 and a maximum variation of about 
1.12%. Therefore, the effect of fin material volume on the comparative 
trends is limited. In particular, the branch-orientation cases have the 
same pipe–fin solid area of 3671 mm 2 , ensuring that their differences are 
primarily associated with branch orientation rather than changes in fin 
volume. Because the pipe geometry is identical in all cases, the variation 
in pipe–fin solid area reflects the variation in fin material per unit depth. 

It should be noted that the present parametric design does not isolate 
the effect of surface area alone. Instead, it evaluates how changes in fin 
topology, branch length, and branch orientation modify the internal 
conductive pathways and their interaction with buoyancy-driven con-
vection. For this reason, the performance trends should not be inter-
preted solely as a consequence of fin volume fraction or surface-area 
variation. In particular, the branch-orientation cases have identical 
branch length and thickness, and therefore the same fin volume fraction; 
their performance differences mainly reflect orientation-induced 
changes in heat-spreading direction and convection coupling.

The computational domain represents a two-dimensional REU of a

Table 6
Quantitative comparison between the present model and Al-Abidi et al. [70] 
based on the mean PCM temperature during melting and solidification.

Process Time
(min)

Present 
study ( ◦ C)

Al-Abidi 
et al. ( ◦ C) 
[70]

Absolute 
error ( ◦ C)

Relative 
error (%)

Melting 4.80 56.67 54.70 1.96 3.59
9.92 67.08 67.33 0.25 0.37

15.02 72.78 72.43 0.35 0.48
20.21 76.75 75.11 1.64 2.18
30.28 80.13 78.48 1.66 2.11

Mean error – – – 1.17 1.75
Solidification 5.15 82.25 82.82 0.57 0.69

10.05 80.54 80.30 0.23 0.29
15.27 79.33 78.97 0.36 0.45
20.13 78.39 78.01 0.37 0.48
25.02 77.56 77.18 0.38 0.49
30.18 76.80 76.55 0.25 0.32

Mean error – – – 0.36 0.45

Fig. 6. Liquid fraction contours illustrating the evolution of the melting front for the unfinned configuration (Case 0) and finned configurations with different 
numbers of main fins at selected times (t = 10, 30, and 60 min).
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vertically repeated finned structure, enabling accurate representation of 
the dominant heat transfer and phase-change mechanisms within a 
reduced domain while significantly improving computational efficiency. 

At the start of the charging process, the PCM is assumed to be 
completely solid and at a uniform initial temperature of T 0 = 30 ◦ C, 
which is below the melting range of RT35. The initial velocity in the 
PCM domain is set to zero. During charging, the pipe wall in contact with 
the HTF is maintained at a constant hot-wall temperature of T h = 60 ◦ C,

while the remaining boundaries are treated according to the periodic 
and symmetry conditions of the representative elementary unit. For the 
discharging process, the PCM is initially assumed to be fully liquid at a 
uniform temperature of T 0 = 40 ◦ C, which is above the liquidus tem-
perature of RT35. The same geometric configuration is used, and the 
pipe wall temperature is changed to a constant cold-wall temperature of 
T c = 20 ◦ C, which is below the solidification range of the PCM. The top 
and bottom boundaries of the REU are assigned periodic boundary

Fig. 6. (continued).
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conditions to represent the vertically repeated finned structure, while 
the lateral cut planes are treated as symmetry boundaries with zero 
normal velocity and zero normal gradients of scalar variables. No-slip 
velocity conditions are imposed at solid walls. Thermal continuity is 
applied at the interfaces between the PCM and the copper pipe/fins, and 
perfect thermal contact is assumed. For clarity, the initial and boundary 
conditions used in the charging and discharging simulations are sum-
marized in Table 3.

The material properties of the PCM (RT35) and the solid components 
(copper) are listed in Table 4. The PCM is assumed to be homogeneous 
and isotropic, with phase change occurring over a finite temperature 
range defined by its solidus and liquidus temperatures. The solid com-
ponents are treated as thermally conductive with constant thermo-
physical properties.

RT35 is selected as the PCM due to its melting temperature range of 
approximately 32–38 ◦ C, which is suitable for low- to medium-
temperature TES applications such as solar thermal systems, building 
thermal regulation, and waste heat recovery. In addition, RT35 is widely 
used in the literature and exhibits stable and well-documented ther-
mophysical properties, enabling reliable comparison with previous 
studies.

Copper is chosen as the material for the pipe and fins because of its 
high thermal conductivity, which facilitates rapid heat transfer between 
the HTF and the PCM. The use of copper ensures that the thermal 
resistance within the solid structure is minimized, allowing the analysis 
to focus on the influence of fin geometry and phase-change behavior. 
Moreover, copper is commonly employed in fin-assisted LHTES systems, 
providing a consistent basis for comparison with existing studies.

It is acknowledged that the fin volume fraction is not perfectly

identical across all configurations because of geometric constraints 
associated with fin branching and thickness adjustment. However, the 
geometries were designed to keep the PCM area and the pipe–fin solid 
area nearly constant, as reported in Table 2. The pipe–fin solid area 
varies only from 3630 to 3671 mm 2 , corresponding to a maximum 

variation of approximately 1.12% relative to the average value. There-
fore, the comparative trends are not expected to be governed primarily 
by differences in the amount of solid material. In particular, the branch-
orientation cases have the same pipe–fin solid area, branch length, and 
fin thickness; hence, differences among these cases can be attributed 
mainly to orientation-induced changes in heat-spreading direction and 
coupling with buoyancy-driven convection.

The validity of this assumption is assessed in the present study by 
comparing the thermal response of single-unit and multi-unit domains, 
as discussed in Section 4.1.4. This validation indicates that the periodic 
model captures the dominant heat transfer mechanisms and provides a 
reliable representation of the vertically repeated configuration consid-
ered in this study.

2.2. Governing equations

The unsteady melting and solidification of the PCM are modeled 
using a unified computational domain in which the solid, liquid, and 
mushy phases are treated simultaneously. The phase-change process is 
represented through the enthalpy–porosity approach, whereby the sol-
id–liquid interface is resolved implicitly without explicit interface 
tracking [60,61]. Within this formulation, the liquid fraction, λ, is 
defined in each computational cell, varying from 0 for completely solid 
PCM to 1 for fully liquid PCM.

Fig. 7. Temperature contours during melting for configurations with different numbers of main fins at selected times (t = 10, 30, and 60 min).
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The governing equations are formulated based on the following 
assumptions:

1. The PCM is homogeneous and isotropic, and its thermophysical 
properties are taken as constant within the temperature range 
considered, except for density variation in the buoyancy term.

2. The PCM melt is Newtonian and incompressible, and the flow in 
the liquid region is laminar.

3. Density variation is neglected in all governing equations except in 
the buoyancy force, where the Boussinesq approximation is 
applied.

4. The solid phase of the PCM is assumed to remain stationary 
during phase change.

5. The mushy region is treated as an isotropic porous medium, and 
the flow resistance in this region is modeled using the 
Carman–Kozeny-type damping source term.

Fig. 7. (continued).
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6. Local thermal equilibrium is assumed within each computational 
cell, so a single temperature field is used for the solid, liquid, and 
mushy phases.

7. Phase change occurs over a finite temperature interval between 
the solidus and liquidus temperatures, and the liquid fraction 
varies linearly within this interval.

8. Latent heat absorption and release are incorporated through the 
enthalpy formulation using a volumetric source term, without 
explicit tracking of the solid–liquid interface.

9. Viscous dissipation and radiation heat transfer are neglected 
because their contributions are small compared with conduction,

Fig. 8. Time evolution of (a) liquid fraction and (b) mean PCM temperature for different numbers of main fins during melting.

Table 7
Summary of melting performance for configurations with different numbers of 
main fins, including melting time and average charging power.

Cases Melting time (min) Average charging power (W)

Case 0 (fin = 0) 134.55 288.26
Case 1 (fin = 3) 75.21 505.22
Case 2 (fin = 4) 79.87 479.60
Case 3 (fin = 5) 76.88 499.28
Case 4 (fin = 6) 69.85 536.36

Fig. 9. Liquid fraction contours during melting for different branched fin lengths (L = 0–12.5 mm) at selected times (t = 10, 30, and 60 min).
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convection, and latent heat effects under the present operating 
conditions.

10. Heat transfer in the pipe and fins is modeled by conduction, and 
perfect thermal contact is assumed at the interfaces between the 
solid components and the PCM.

Based on these assumptions, the governing equations for mass, mo-
mentum, and energy conservation are written as follows.

The continuity equation for the incompressible PCM is written as Eq. 
(1):

∇. V→= 0 (1)

where V→ represents the velocity vector of the liquid phase of the PCM. 
The transport of momentum in the molten region is governed by Eq. (2) 
[62]:

∂V →

∂t + V → 
. 
(
∇ V →

) 
=

1 
ρ

[ 

− ∇P + μ 
(
∇ 2 V →

) 
− ρβ 

( 
T − T ref 

)
g → 
− S →m 

] 

(2)

In this formulation, ρ denotes the density of the PCM, P is the pres-
sure, and μ represents the dynamic viscosity. Buoyancy effects are 
incorporated using the Boussinesq approximation, in which β is the 
coefficient of thermal expansion, T is the local temperature, and T ref is a
reference temperature. The term S→ 

m accounts for the momentum sink in 
the mushy region and progressively reduces the velocity as the phase 
change proceeds toward solidification [63,64].

The resistance force is expressed Eq. (3) as:

S→m = 
A m

λ 3 + δ 
(1 − λ) 2 V→ (3) 

where A m denotes the Darcy coefficient associated with the mushy re-
gion, λ is the liquid fraction, and δ=10 − 5 is a small numerical constant 
introduced to avoid numerical singularity. This treatment enforces a 
gradual attenuation of fluid velocity as the PCM undergoes solidifica-
tion. Consistent with commonly reported values in previous studies, the 
Darcy term for the mushy zone was specified using A m = 10 5 Pa s m − 2 

[65].
The thermal response of the PCM throughout the melting and so-

lidification processes is described by the energy balance equation (Eq. 
(4)), which incorporates both conductive heat transfer and energy 
advection resulting from liquid-phase motion. The formulation is writ-
ten in terms of enthalpy so that sensible and latent heat contributions are 
combined within a single governing equation. Accordingly, the temporal 
variation of enthalpy is linked to convective transport induced by the 
molten PCM, whereas thermal diffusion is modeled using an effective 
thermal conductivity [66].

ρC p 
(

∂T
∂t + V. →

∇T 
) 

= ∇.(k∇T) − S L (4)

where T denotes the temperature, C p is the specific heat capacity, k 
represents the thermal conductivity, and S L is the volumetric latent heat 
source term associated with phase-change energy transfer. In the ent-
halpy–porosity formulation, phase-change effects are incorporated into 
the governing equations by means of supplementary source terms added 
to the conservation laws. In particular, the energy equation includes a 
volumetric latent heat source term S L (presented in Eq. (5)) to represent 
the heat absorbed or released during melting and solidification, thereby 
establishing a direct coupling between the thermal field and the phase-
change process. This approach allows the solid–liquid transition to be 
resolved on a fixed computational grid without requiring explicit 
interface tracking, while preserving the thermodynamic consistency

Fig. 9. (continued).
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inherent to the enthalpy–porosity method [67].

S L = ρL f 
(

∂λ
∂t + ∇. 

(
V→λ 

) ) 

(5)

where L f is the latent heat of fusion and λ is the liquid fraction, evaluated 
according to the PCM temperature relative to the solidus and liquidus 
temperatures by Eq. (6) as:

λ =
ΔH
L f

= 

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 if T < T s
1 if T > T lq

T − T S
T lq − TS 

if T S < T < T lq

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(6)

where T s and T lq correspond to the solidus and liquidus temperatures, 
respectively. This segmented formulation enables a smooth variation of 
the liquid fraction within the mushy zone, which enhances numerical 
robustness and provides a more accurate representation of the phase-
transition behavior [68]. The total thermal energy stored in the PCM 

during the charging stage is determined from the variation of internal 
energy as:

E stored = E e − E i (7)

where E i and E e are the initial and final internal energies of the PCM, 
respectively.

In the present study, this stored energy is not reported directly; 
instead, it is used to define the average charging power, which serves as 
a performance indicator. Accordingly, the average charging power is 
calculated by Eq. (8):

ĖT = 
E stored
t m

(8)

where t m is the total melting time. Similarly, during the solidification 
process, the average discharging power is defined based on the total 
released energy over the corresponding solidification time. In the pre-
sent study, the stored or released energy is not reported as a separate 
cumulative energy curve; instead, it is used to define the average 
charging and discharging power. These average values are adopted as 
integral performance indicators because they provide a consistent basis 
for comparing different fin configurations using the total energy stored 
or released over the corresponding melting or solidification time. This

Fig. 10. Temperature contours during melting for different branched fin lengths at selected times (t = 10, 30, and 60 min).
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choice is appropriate for the present objective, which is to rank the

relative effectiveness of different geometries rather than to optimize 
time-dependent system control. However, average power does not 
capture the instantaneous evolution of heat transfer rate during the 
phase-change process. In particular, it cannot distinguish between 
configurations that have similar total melting times but different early-
stage heating rates, peak heat transfer rates, or late-stage thermal re-
covery behavior. Instantaneous power or cumulative energy curves 
would therefore be more informative for applications involving dynamic 
load matching, intermittent heat supply, cyclic operation, or time-
dependent thermal management. These transient performance in-
dicators are not included in the present work to keep the analysis

Fig. 10. (continued).

Fig. 11. Time variation of (A) liquid fraction and (B) mean PCM temperature for different branched-fin lengths. Magnified local regions are included in both panels 
to clarify the relatively small differences among the branch-length cases.

Table 8
Effect of branched fin length on melting performance, including melting time 
and average charging power for different branch lengths.

Cases Melting time (min) Average charging power (W)

Case 4 (L = 0 mm) 69.85 536.36
Case 5 (L = 4 mm) 69.67 541.72
Case 6 (L = 7 mm) 69.13 546.97
Case 7 (L = 12.5 mm) 67.62 555.69
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focused on geometry-driven phase-change enhancement, but they are 
identified as an important direction for future study.

It should be noted that the enthalpy–porosity method assumes the 
solid phase remains stationary and models the mushy region as a porous 
medium with high flow resistance. In reality, additional effects such as 
local detachment of solid fragments or density-driven motion of 
partially melted regions may occur, which can influence heat transfer 
and melting behavior. These effects are not captured in the present 
formulation, and therefore the model represents an approximation of the 
physical process. Nevertheless, the enthalpy–porosity approach is 
widely used and has been shown to provide reasonable accuracy for 
engineering-scale analysis of PCM systems.

3. Numerical implementation and validation

3.1. Numerical solution strategy

The numerical simulations were performed using ANSYS Fluent to 
model heat transfer coupled with phase-change phenomena. Thermal 
diffusion within the solid PCM and buoyancy-driven flow in the molten 
region were solved in a fully coupled manner, enabling the simultaneous

representation of conductive and convective heat transfer during 
melting. For the incompressible flow regime, the pressure–velocity 
linkage was treated using the SIMPLE procedure to ensure continuity 
satisfaction and numerical stability. A periodic boundary condition was 
imposed on the top and bottom boundaries of the computational 
domain, such that identical thermal and flow fields were enforced across 
these boundaries. This approach allowed the modeling of a repeating 
finned structure using a single representative unit, thereby significantly 
reducing computational cost. The validity of the periodic assumption 
was verified by comparing the results with simulations performed on 
domains composed of three and five repeated geometrical units.

The governing equations were discretized on an unstructured, cell-
centered grid. Spatial gradients were evaluated using the Green–Gauss 
cell-based method to accurately capture variations in temperature and 
velocity fields. The advection terms in the momentum and energy 
equations were approximated using the QUICK scheme in order to limit 
numerical diffusion and enhance the resolution of steep thermal gradi-
ents near the phase-change interface. Pressure interpolation was per-
formed with the PRESTO! scheme, which is well suited for buoyancy-
dominated flows. Convergence of the numerical solution was ensured 
by imposing residual tolerances of 10 − 4 for the continuity and

Fig. 12. Liquid fraction contours during melting for different branched fin orientations (α = 30 ◦ –90 ◦ ) at selected times (t = 10, 30, and 60 min).
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momentum equations and 10 − 6 for the energy equation, guaranteeing 
both numerical stability and physical consistency of the results.

Mesh and time-step independence were verified by monitoring the 
evolution of the liquid fraction. Four mesh sizes (approximately 20,000, 
30,000, 45,000, and 100,000 cells) and four-time steps (0.05, 0.1, 0.2, 
and 0.4 s) were examined (Fig. 3). The results showed negligible vari-
ation in the predicted melting behavior for all tested spatial and tem-
poral resolutions, indicating that the solution is independent of both

mesh size and time step within the investigated ranges. Accordingly, a 
mesh with 20,000 cells and a time step of 0.4 s were adopted for all 
simulations to achieve an optimal compromise between numerical ac-
curacy and computational cost. These tests confirm that the subsequent 
results are governed by physical phenomena rather than numerical 
discretization effects.

Fig. 12. (continued).
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3.2. Validation

The validation strategy was designed to assess both the governing 
phase-change physics and the applicability of the model to fin-assisted 
LHTES configurations. The numerical model is validated against the 
experimental study of Mat et al. [69], which investigates the melting 
behavior of a PCM in a two-dimensional rectangular enclosure. The 
validation case consists of a vertical rectangular cavity filled with PCM, 
where one vertical wall is maintained at a constant temperature above 
the melting point, while the remaining walls are thermally insulated. 
Specifically, the left wall is subjected to a constant temperature 
boundary condition, and the top, bottom, and right walls are considered 
adiabatic. The PCM is initially in a solid state at a uniform temperature 
below its melting point.

Natural convection is induced due to buoyancy effects arising from 

temperature gradients within the liquid phase, with gravity acting in the 
vertical direction. The melting process begins with conduction-
dominated heat transfer near the heated wall, followed by convection-
driven flow as the liquid region expands. The thermophysical proper-
ties of the PCM used in the validation case correspond to those reported 
in the reference study.

Fig. 4 presents the comparison between the present predictions and 
the numerical and experimental results of Mat et al. [69]. The close 
agreement between the present predictions and the reference data 
confirms that the numerical model can capture the coupled con-
duction–convection heat transfer behavior and phase-change evolution

during PCM melting. The predicted melting trend follows the same 
temporal evolution reported in the reference study, indicating that the 
present model correctly captures the coupled conduction–convection 
mechanisms governing PCM melting. Minor deviations can be attributed 
primarily to differences in geometric configuration and flow develop-
ment between the present periodic finned structure and the triplex-tube 
geometry adopted in Ref. [69].

A quantitative comparison of the mean PCM temperature at selected 
time instants is provided in Table 5. The average relative deviation be-
tween the present results and the numerical data of Mat et al. [69] is 
approximately 0.9%, while the deviation with respect to the experi-
mental measurements remains below 6.5%. These discrepancies are 
considered acceptable for phase-change simulations involving natural 
convection and complex melting fronts. Overall, the agreement confirms 
the accuracy and robustness of the present numerical framework for 
predicting melting behavior in fin-enhanced PCM systems.

Although the geometry and boundary conditions of the validation 
case differ from those of the present branched fin configuration, this 
benchmark problem is widely used for validating numerical models 
based on the enthalpy–porosity method. Therefore, agreement with this 
case confirms the ability of the present model to accurately capture the 
coupled heat transfer and phase-change phenomena.

A second validation is conducted against the experimental study of 
A. Al-Abidi et al. [70], which investigates the melting and solidification 
behavior of a PCM in a triplex-tube heat exchanger (TTHX) equipped 
with internal and external fins. The system consists of three concentric

Fig. 13. Temperature contours during melting for different branched fin orientations at selected times (t = 10, 30, and 60 min).
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tubes, where the PCM is located in the annular region between the inner 
and outer tubes, and HTF flows through the inner and outer channels. 
During the charging process, hot water is circulated through the heat 
transfer channels at a constant inlet temperature (typically in the range 
of 85–100 ◦ C), while during discharging, cooling water at a lower 
temperature is supplied.

The PCM is initially at a uniform temperature close to ambient 
conditions, below its melting point, and the melting process is initiated 
by the imposed HTF temperature. Heat transfer occurs through both 
conduction and natural convection within the liquid PCM, while the

presence of internal and external fins enhances thermal diffusion and 
accelerates phase change. The system includes thermocouples distrib-
uted along radial and angular positions to capture temperature evolu-
tion during both charging and discharging processes.

To provide a quantitative assessment of the second validation, the 
temperature values in Fig. 5 reported by Al-Abidi et al. [70], and the 
corresponding deviations are summarized in Table 6. The mean absolute 
error is approximately 1.17 ◦ C for melting and 0.36 ◦ C for solidification, 
corresponding to mean relative errors of 1.75% and 0.45%, respectively. 
Considering both processes together, the overall mean absolute error is 
approximately 0.73 ◦ C, with an average relative deviation of 1.04%. 
These small deviations confirm that the present model reproduces the 
temperature evolution of the fin-assisted triplex-tube LHTES validation 
case with acceptable accuracy.

Although the geometrical configurations and boundary conditions of 
the validation cases are not identical to those of the present branched-fin 
REU, the selected benchmarks are appropriate because they validate the 
governing physical and numerical components required in the present 
model. The rectangular-cavity benchmark of Mat et al. [69] is used as a 
fundamental phase-change validation case because it directly tests the

Fig. 13. (continued).

Table 9
Effect of branched fin orientation on melting performance, showing variations in 
melting time and average charging power for different branch angles.

Cases Melting time (min) Average charging power (W)

Case 8 (30 ◦ ) 125.03 326.83
Case 9 (45 ◦ ) 68.39 552.83
Case 10 (60 ◦ ) 67.13 558.48
Case 11 (75 ◦ ) 66.70 560.06
Case 7 (90 ◦ ) 67.62 555.69
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Fig. 14. Liquid fraction contours during melting for periodic models with different numbers of vertically repeated units (single-unit, three-unit, and five-unit 
configurations).
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enthalpy–porosity formulation, liquid-fraction evolution, melting-front 
propagation, and buoyancy-driven natural convection in a two-
dimensional PCM domain. These are the core mechanisms governing 
the present simulations. However, this benchmark is not intended to 
validate the branched-fin geometry itself. For this reason, a second 
validation is included using the finned triplex-tube LHTES experiment of 
Al-Abidi et al. [70], which involves conductive heat transfer through 
fins, melting and solidification of PCM, and temperature evolution in a 
fin-assisted thermal storage configuration. Therefore, the two external 
benchmarks provide complementary validation: Mat et al. [69] verifies 
the phase-change and natural-convection physics, while Al-Abidi et al. 
[70] verifies the model performance for a fin-assisted LHTES system. In 
addition, the geometry-specific validity of the present periodic

branched-fin representation is examined separately by comparing the 
REU model with three- and five-unit branched-fin domains. Thus, the 
validation strategy does not rely solely on a simple rectangular cavity; 
rather, it combines physics-level validation, finned-LHTES validation, 
and configuration-specific REU verification.

The importance of buoyancy-driven convection during melting was
evaluated using the Rayleigh number, defined as Ra = gβΔTL c3/(ναt),
where g = 9.81 m s − 2 , β = 6.0 × 10 − 4 K − 1 , ΔT = Th − T0 = 60–30 = 30 
K, ν = μ/ρ, and αt = k/(ρC p ). Using the RT35 properties listed in Table 4,
ρ = 815 kg m − 3 , μ = 0.023 Pa s, k = 0.2 W m − 1 K − 1 , and C p = 2000 J 
kg − 1 K − 1 , the kinematic viscosity and thermal diffusivity are ν = 2.82 × 

10 − 5 m 2 s − 1 and αt = 1.23 × 10 − 7 m 2 s − 1 , respectively. The character-
istic length L c was taken as the representative vertical dimension of the

Fig. 15. Temperature contours during melting for periodic models with different numbers of vertically repeated units.
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liquid PCM region between adjacent conducting boundaries. Because 
this length varies locally with the fin arrangement, L c was estimated to 
be approximately 15–27 mm for the present configurations. This gives 
Ra ≈ 1.7 × 10 5 –1.0 × 10 6 . Therefore, although the exact Rayleigh 
number is not identical for all fin configurations, all cases fall within a 
range where buoyancy-driven flow can significantly influence melting 
once a continuous liquid region is formed. Accordingly, melting is 
conduction-dominated at early times and becomes governed by coupled 
conduction and natural convection at later times.

4. Overview of melting and solidification behavior

The thermal behavior observed in this study is governed by the 
relative dominance of conduction and buoyancy-driven convection, 
which evolves during the phase-change process. At early times, heat 
transfer is limited by conduction through the solid PCM, whereas at later 
stages the formation of a continuous liquid region enables buoyancy-
driven convection to contribute substantially to heat redistribution. 
Consequently, the effectiveness of each geometric parameter depends on 
how it modifies either conductive heat penetration or the structure of 
the convective flow field.

The results demonstrate that internal fin geometry plays a critical 
role in overcoming the low thermal conductivity of the PCM and 
improving both melting and solidification behavior. Increasing the 
number of fins enhances conductive heat spreading, while branched 
extensions improve spatial distribution of thermal energy within the 
PCM domain. In addition, branch orientation significantly influences 
heat transport pathways, with intermediate-to-high angles providing 
more effective coupling between conduction and natural convection. 
The periodic boundary approach is also validated, confirming that a 
single representative unit accurately captures the thermal response of 
vertically extended systems. These findings highlight the strong sensi-
tivity of phase-change behavior to fin geometry and provide guidance 
for the design of fin-assisted LHTES systems.

4.1. Melting behavior and thermal performance

4.1.1. Role of main fin number in melting enhancement
As shown in Figs. 6–8, the effect of increasing the number of main 

fins is governed by two competing mechanisms: enhancement of 
conductive heat spreading and progressive restriction of the liquid flow 

space. When only a few fins are present, heat transfer from the pipe to 
the PCM remains highly localized, and melting proceeds slowly because 
a large fraction of the domain must still be heated through the low-
conductivity PCM. Increasing the number of fins introduces additional 
conductive pathways that distribute thermal energy more uniformly 
into the PCM, thereby reducing the characteristic conduction distance 
and accelerating the formation of molten regions away from the pipe 
wall. This promotes earlier development of buoyancy-driven flow and 
shortens the conduction-dominated stage of melting.

The nonlinear trend observed with fin number indicates that the 
benefit of adding fins is not unlimited. At low fin counts, each additional 
fin significantly improves thermal penetration because it opens a new 

route for heat diffusion into previously poorly heated regions. However, 
as the PCM domain becomes increasingly partitioned, the available 
space for convective circulation between neighboring fins is reduced. 
Under these conditions, the gain from further increasing fin number 
becomes smaller because the conductive advantage of more fins begins 
to compete with the weakening of natural-convection transport. The six-
fin configuration therefore performs best within the studied range 
because it provides strong conductive coverage without yet suppressing 
the buoyancy-driven motion to the extent that the net benefit is lost. 

These qualitative observations are confirmed by the quantitative 
results in Fig. 8 and Table 7. The melting time decreases from 134.55 
min for the no-fin case to 69.85 min for the six-fin configuration, while 
the average charging power increases from 288.26 W to 536.36 W. 
However, the improvement is nonlinear with respect to fin number: the 
performance gain obtained when increasing the fin count from three to 
four is larger than that obtained when increasing it from five to six. This 
behavior suggests that once the PCM domain becomes sufficiently par-
titioned by fins, further subdivision yields diminishing enhancement 
because convective transport becomes constrained by reduced flow 

space. This indicates that fin number should be selected to achieve 
effective thermal spreading without excessively obstructing natural 
convection pathways.

4.1.2. Geometric influence of branched fin length on melting performance 
As illustrated in Figs. 9–11 and summarized in Table 8, the influence 

of branch length is primarily associated with how deeply the solid 
conductive network penetrates into the PCM domain. As the branch 
length increases, thermal energy is delivered more directly to regions 
that would otherwise be reached only through conduction across the

Fig. 16. Comparison of (A) liquid fraction and (B) mean PCM temperature histories for different periodic model sizes.

Table 10
Comparison of periodic model configurations with different numbers of verti-
cally repeated units, including melting time and average charging power, used to 
assess the validity of the periodic assumption.

Cases Melting time (min) Average charging power (W)

Single periodic unit 66.70000 560.05
Three-unit model 66.76667 559.49
Five-unit model 66.76667 559.53
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PCM. This reduces the thermal resistance between the heated pipe and 
the colder outer PCM regions and promotes a more distributed melting 
front. In physical terms, longer branches act as internal thermal bridges 
that expand the effective heated perimeter and shift heat delivery away 
from the pipe vicinity toward the bulk PCM.

Despite this beneficial role, the improvement associated with 
increasing branch length remains relatively modest because the gov-
erning bottleneck changes during melting. Once the branches become 
sufficiently long to reduce the dominant conduction distance, further 
extension does not produce a proportional reduction in melting time. At 
that stage, the limiting resistance is no longer primarily the delivery of 
heat through the solid network, but rather the redistribution of thermal 
energy within the molten PCM by convection. This explains why the 
reduction in melting time from 69.85 to 67.62 min is much smaller than 
the variation caused by branch angle. In other words, branch length 
improves geometric reach, but it does not strongly control the alignment 
between heat transfer and the buoyancy-driven transport mechanism. 

The weak sensitivity to branch length also indicates that geometric 
extension alone is not sufficient to produce major enhancement once a 
minimum conductive coverage has been established. While longer 
branches increase the contact area between fin and PCM, the present

results suggest that simply enlarging this contact is less influential than 
controlling where and in which direction the thermal pathways are 
introduced. This distinction is important because it shows that surface-
area increase and thermal effectiveness are not equivalent in branched 
fin configurations.

The quantitative results indicate that the effect of branch length is 
marginal rather than dominant. Increasing the branch length from 0 to 
12.5 mm reduces the melting time from 69.85 to 67.62 min, corre-
sponding to a reduction of only 3.19%, while the average charging 
power increases from 536.36 to 555.69 W, corresponding to an increase 
of 3.60%. Therefore, this difference should not be interpreted as a strong 
enhancement comparable to the effect of branch orientation. Instead, it 
indicates a weak but consistent trend: longer branches slightly extend 
the conductive heat transfer pathways and improve heat delivery to 
regions farther from the pipe. However, once the dominant conduction 
distance has been reduced, further branch extension provides dimin-
ishing returns because the later melting stage is increasingly controlled 
by thermal redistribution in the liquid PCM and by buoyancy-driven 
convection. The monotonic variation in both melting time and 
charging power suggests that the trend is physically consistent, but its 
small magnitude confirms that branch length is a secondary design

Fig. 17. Liquid fraction contours during solidification for the branched fin configuration (Case 11) and the unfinned reference case (Case 0) at selected times (t = 10, 
30, and 60 min).
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parameter compared with branch orientation.

Fig. 18. Temperature contours during solidification for the branched fin configuration and the unfinned case.

Fig. 19. Comparison of solidification histories in terms of (A) liquid fraction and (B) mean PCM temperature for the branched fin configuration (Case 11) and the 
unfinned case (Case 0).
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4.1.3. Angular dependence of branched fins on melting performance
As observed in Figs. 12 and 13 and Table 9, branch orientation has 

the strongest influence on melting because it directly controls the 
interaction between fin-assisted conduction and buoyancy-driven con-
vection. During melting, thermal energy absorbed near the pipe and fin 
surfaces is transported upward by the lighter, warmer liquid PCM. When 
the branches are oriented at larger angles, they extend in directions that 
are more favorably aligned with this upward transport, allowing the 
conductive heat pathways to support rather than oppose the dominant 
convective motion. As a result, the combined heat transfer process be-
comes more effective, and thermal energy penetrates the PCM domain 
more rapidly.

The poor performance of the 30 ◦ case can be interpreted as a 
consequence of unfavorable geometric alignment. At this shallow angle, 
the branches extend primarily in the lateral direction, whereas the 
dominant convective redistribution of heat occurs upward. This 
mismatch reduces the effectiveness of thermal penetration into the 
upper PCM region and delays the growth of a fully connected molten 
zone. The contour plots are consistent with this interpretation, as they 
show persistent unmelted regions in the upper part of the domain for the 
30 ◦ configuration. Thus, the substantially longer melting time at low 

angles is not simply a geometric effect, but a consequence of weaker 
coupling between the conductive network and the natural-convection 
pathway.

The quantitative influence of branch angle is summarized in Table 9. 
The melting time decreases markedly from 125.03 min at 30 ◦ to 66.70 
min at 75 ◦ , while the average charging power increases from 326.84 W 

to 560.06 W. These results demonstrate that angular orientation exerts a 
stronger influence on melting kinetics than branch length alone. Among 
the tested configurations, the 75 ◦ case achieves the shortest melting time 
and the highest average charging power, indicating that a near-vertical 
arrangement offers the most efficient heat transfer pathway for the 
present geometry.

The pronounced influence of branch orientation on melting perfor-
mance can be explained by the interaction between fin-assisted con-
duction and buoyancy-driven natural convection in the molten PCM. 
During melting, the warm liquid PCM rises, and the effectiveness of the 
branched fins depends not only on their ability to conduct heat away 
from the pipe, but also on how well their orientation aligns with the
dominant convective flow direction. At low branch angles, such as 30 ◦, 
the branches extend mainly in the lateral direction, transferring heat 
into regions where natural convection is relatively weak. Under these 
conditions, the upper parts of the PCM domain remain less effectively 
heated and melting continues primarily through conduction. As the 
branch angle increases, the fins become more aligned with the upward 
convective motion, allowing the heat conducted through the fins to be 
delivered more directly into the path of the rising warm liquid. This 
improves the conduction–convection coupling and accelerates thermal 
redistribution throughout the PCM domain. Consequently, the melting
time decreases markedly as the branch angle increases from 30 ◦ to 75 ◦ .
For the near-vertical configuration, the convective alignment remains 
favorable, but the reduction in lateral heat spreading may slightly limit 
further improvement.

The superior performance at 75 ◦ suggests that there exists a favor-
able angular range in which the conductive branches support upward 
thermal transport without excessively sacrificing lateral heat distribu-
tion. At lower angles, the geometry underutilizes buoyancy-driven mo-
tion; at very steep orientations, the branches become more vertically 
aligned, which may slightly reduce their ability to spread heat laterally 
between neighboring sectors. The small difference between 75 ◦ and 90 ◦ 

indicates that once alignment with the convective direction becomes 
sufficiently strong, further increases in angle yield only marginal 
benefit. This explains why branch orientation produces a much larger 
performance variation than branch length: it controls not only where 
heat is conducted, but also how effectively that conducted heat couples 
with the dominant fluid motion.

It is noted that all branched fin configurations with varying orien-
tation (Cases 8–11) have identical fin volume fractions, as only the 
branch angle is changed while keeping branch length and thickness 
constant. Therefore, the substantial performance variation observed 
across these cases (melting time ranging from 125.03 to 66.70 min) is 
primarily attributable to orientation effects, not to differences in fin 
material volume. This provides strong evidence that branch orientation 
influences phase-change performance independently of fin volume 
fraction.

These results indicate that branch orientation is the most influential 
geometric parameter for melting performance within the investigated

Table 11
Comparison of solidification performance between the branched fin configura-
tion (Case 11) and the unfinned baseline case, including solidification time and 
average discharging power.

Cases Solidification time 
(min)

Average discharging 
power (W)

Case 11 (shortest melting time 
among simulated cases) 

120.75 320.92

Case 0 (No Fin) 539.73 71.58

Table 12
Literature-supported qualitative comparison of representative fin configurations and the present branched-fin structure. The characteristics of previously reported 
straight, topology-optimized/optimized, tree-like/constructal, dendritic/fractal, bifurcated/Y-shaped, and leaf-vein/bionic fins are summarized from the literature, 
while the interpretation of the present configuration is supported by the numerical results of this study.

Fin type Key characteristic Heat transfer mechanism Advantages Limitations

Straight fins [31] Uniform radial extension Mainly conduction-dominated heat 
spreading

Simple design, low cost, easy fabrication Limited thermal penetration and 
weak geometric adaptability 

Topology-optimized / 
optimized fins 
[36,39–42] 

Algorithmically or 
numerically optimized 
material distribution 

Redistribution of conductive 
pathways according to thermal 
objective function

High thermal effectiveness and design 
flexibility

Geometry can be complex; 
fabrication and generalization 
may be difficult

Tree-like / 
constructal fins 
[38]

Hierarchical trunk–branch 
structure

Multi-level conduction pathway and 
distributed thermal penetration

Efficient heat spreading over different 
length scales

Complex branching network; 
difficult to isolate individual 
geometric effects

Dendritic / fractal fins 
[40,41]

Multi-scale recursive 
branching

Enhanced conduction and 
distributed heat diffusion

High surface area and improved spatial heat 
distribution

Increased geometric complexity 
and manufacturing cost

Bifurcated / Y-shaped 
fins [45]

Split or bifurcated branches 
from primary fins

Extended conduction paths with 
improved local thermal distribution

Better penetration than simple straight fins; 
moderate complexity

Coupled effects of branch length, 
angle, and surface area are 
difficult to separate

Leaf-vein / bionic fins 
[46]

Network-like bio-inspired 
distributed structure 

Distributed heat transfer pathways 
similar to vascular networks 

Efficient thermal spreading and improved 
coverage of PCM domain

Difficult to manufacture and may 
require complex optimization 

Present branched fins Single-level controlled 
branching

Coupled conduction and buoyancy-
driven convection through 
adjustable branch orientation

Adjustable geometry; independent control 
of fin number, branch length, and branch 
orientation; directional heat spreading

Limited hierarchical distribution 
compared with fractal or 
biomimetic networks
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range, whereas branch length plays a secondary role. This distinction 
suggests that effective thermal enhancement depends more strongly on 
the directional alignment of conductive pathways with buoyancy-driven 
flow than on geometric extension alone.

4.1.4. Assessment of periodic boundary modeling
As shown in Figs. 14–16 and Table 10, the applicability of the peri-

odic representation can be explained by the local nature of the heat 
transfer processes governing melting in the present geometry. Heat en-
ters the system through the pipe wall and is redistributed within each 
repeated unit through a combination of fin-assisted conduction and 
confined buoyancy-driven convection. Because the fin arrangement 
partitions the PCM into repeating thermal sectors, the characteristic 
flow and temperature structures tend to develop within each unit rather 
than across multiple stacked units. Consequently, increasing the 
modeled vertical extent produces negligible changes in the thermal 
response of the central unit under the present boundary conditions. 

The small difference between the single-unit, three-unit, and five-
unit models indicates that thermal and hydrodynamic interactions 
across the periodic interfaces are weak for the investigated configura-
tion. This suggests that the characteristic convection cells are largely 
confined within the representative unit and do not strongly depend on 
long-range vertical communication between adjacent units. In practical 
terms, the periodic model is appropriate here because the dominant 
length scale of the melting dynamics is set primarily by the local fin 
geometry and pipe-to-PCM heat transfer structure, rather than by the 
total modeled height. The close overlap of liquid fraction and mean 
temperature histories therefore provides physical and numerical support 
for treating a single repeated unit as representative of the vertically 
extended system.

However, this conclusion is specific to geometries and operating 
conditions in which the repeated units are identical and the vertical 
boundary conditions remain periodic. The REU approximation may 
become less accurate for non-uniform fin spacing, axially varying HTF 
temperature, finite-length storage units with strong inlet/outlet effects, 
asymmetric heating/cooling, or configurations in which large-scale 
convection cells extend across multiple repeated units.

Physically, this behavior indicates that buoyancy-driven convection 
remains confined within each repeated unit because the fin structure 
suppresses the formation of large-scale vertical circulation. The flow 

cells generated during melting close locally within each unit and do not 
extend across the periodic interfaces. As a result, thermal and hydro-
dynamic coupling between stacked units is negligible, and increasing 
the number of repeated units does not introduce additional heat transfer 
resistance or enhancement beyond that already captured within a single 
unit.

A quantitative comparison further supports this conclusion. As 
shown in Fig. 16 and summarized in Table 10, the time evolution of 
liquid fraction and mean PCM temperature for the single-unit, three-
unit, and five-unit configurations overlap closely. The resulting differ-
ences in melting time and average charging power are below 0.1%, 
which is within the numerical uncertainty of the discretization scheme 
and confirms convergence of the periodic representation. Such agree-
ment demonstrates that the periodic boundary condition accurately 
reproduces the thermal behavior of a vertically repeated finned 
structure.

These results establish that a single periodic unit constitutes REU for 
the present LHTES configuration, capturing the essential heat transfer 
and phase-change physics of a vertically extended system. Therefore, the 
use of periodic boundary conditions provides a physically valid and 
computationally efficient means of modeling the melting process in 
vertically extended systems without compromising accuracy.

The validity of using a single periodic REU to represent vertically 
extended finned systems is assessed by comparing the melting behavior 
of single-unit, three-unit, and five-unit domains. As shown in Fig. 16, the 
liquid fraction and mean temperature histories for all three models

overlap nearly identically. Quantitatively, the maximum deviation in 
melting time and average charging power between the single-unit and 
multi-unit models is below 0.1% (Table 10). This negligible difference 
confirms that thermal and hydrodynamic interactions across periodic 
interfaces are insignificant, the characteristic convection cells close 
within each repeated unit and do not depend on the total modeled 
height. Physically, this occurs because the fin arrangement partitions the 
PCM into repeating thermal sectors, and buoyancy-driven circulation 
remains confined within each unit. Therefore, a single REU constitutes a 
physically consistent and computationally efficient representation of the 
vertically extended system.

The nearly identical results obtained for the single periodic unit, 
three-unit model, and five-unit model confirm the validity of the 
periodic-domain assumption. The melting time changes only from 

66.70 min for the single periodic unit to 66.77 min for the three- and 
five-unit domains, corresponding to a deviation of less than 0.1%. 
Similarly, the average charging power varies only from 560.05 W to 
approximately 559.5 W. These negligible differences indicate that the 
imposed periodic/symmetry conditions do not artificially alter the 
thermal response of the system. Instead, they show that the dominant 
conduction pathways, melting-front development, and buoyancy-driven 
flow structures are generated locally within each repeated unit. There-
fore, the single REU is sufficient to represent the vertically repeated 
branched-fin configuration while substantially reducing computational 
cost.

4.2. Analysis of solidification and discharge enhancement

The strong reduction in solidification time produced by the 
branched-fin configuration arises from a shift in the dominant heat 
transfer mechanism relative to melting, as shown in Figs. 17–19 and 
Table 11. During solidification, convective transport rapidly weakens as 
the liquid fraction decreases and the mushy region expands. Under these 
conditions, heat removal is governed mainly by conduction from the 
remaining liquid PCM toward the cold pipe and fin surfaces. The fins 
therefore act as an internal conductive network that shortens the dis-
tance over which latent heat must be transported before it can be 
extracted. This effect is significantly more pronounced than in the 
unfinned case, where large regions of PCM remain thermally remote 
from the pipe wall and can solidify only slowly through conduction 
across the low-conductivity medium.

The branched structure further improves this process by distributing 
the cold conductive network deeper into the PCM domain. Rather than 
allowing solidification to proceed primarily as a single inward-moving 
front from the pipe wall, the branches create multiple locations at 
which heat can be removed simultaneously. This leads to a more 
spatially distributed freezing process, reduces the persistence of isolated 
liquid pockets, and promotes a more uniform temperature decline 
throughout the domain. The resulting improvement in solidification 
time is therefore a direct consequence of geometric redistribution of the 
conductive paths, not of any enhancement in convective transport. 

Solidification analysis is presented for the branched-fin configura-
tion that produced the shortest melting time among the simulated cases 
(Case 11) and the unfinned baseline configuration (Case 0). The purpose 
of this comparison is to evaluate whether the selected shortest-melting 
configuration also provides a discharge benefit relative to the lower-
bound no-fin case. A full solidification parametric study over all fin 
numbers, branch lengths, and branch angles would provide additional 
information, but it is beyond the intended scope of the present work, 
which focuses primarily on identifying the dominant geometric mech-
anisms during melting and then verifying the discharge capability of the 
selected design. This reduced comparison is physically motivated by the 
fact that solidification becomes increasingly conduction-dominated as 
the liquid fraction decreases and buoyancy-driven motion is suppressed. 
Therefore, the discharge behavior is mainly governed by the presence 
and spatial distribution of conductive heat-extraction pathways. The
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Case 11–Case 0 comparison quantifies the discharge enhancement 
achieved by the selected branched-fin design, while a complete 
solidification-based parametric assessment of all geometric parameters 
is identified as a direction for future work [24,25].

The comparison between melting and solidification shows that the 
same geometry can improve both processes, but through different 
mechanisms. During melting, the branches are effective because they 
support the coupling between conduction and buoyancy-driven con-
vection. During solidification, their role is different: they primarily 
reduce conduction distances and increase the number of heat-extraction 
routes available to the remaining liquid PCM. This distinction is 
important because it shows that the effectiveness of the present 
branched fin design is not limited to one phase-change mode. Instead, 
the same geometric configuration is beneficial under both charging and 
discharging conditions, even though the physical reasons for the 
improvement are not the same.

From a system-level perspective, the enhanced solidification per-
formance directly translates into higher discharge power and shorter 
recovery times between successive operating cycles. These improve-
ments are particularly important for applications involving frequent 
charging and discharging, such as solar thermal storage and waste heat 
recovery. The present results therefore indicate that fin-design assess-
ment should not be guided solely by melting enhancement, but should 
also account for the solidification stage to achieve balanced cyclic per-
formance. The improved discharge behavior observed for the selected 
branched-fin configuration suggests that geometric tailoring of fins can 
enhance both charging and discharging performance, although a com-
plete solidification-based parametric assessment would be required to 
confirm whether the same hierarchy applies to all geometric parameters.

5. Comparison with existing branched and bio-inspired fin 
structures

The branched fin structure considered in the present study can be 
interpreted within the broader class of multi-branch heat transfer 
enhancement strategies, including dendritic, bifurcated/fractal, and bio-
inspired (leaf-vein) fin configurations reported in the literature.

The main physical distinction between the present geometry and 
multi-scale dendritic or bio-inspired structures lies in how thermal 
transport is distributed. Fractal and leaf-vein-type networks rely on hi-
erarchical branching to spread heat across multiple spatial scales, often 
emphasizing surface-area increase and distributed conduction. The 
present geometry, by contrast, does not attempt to replicate such hier-
archy. Instead, it isolates a simpler branching architecture in which the 
principal geometric variables can be varied independently. This allows 
the role of branch length and branch orientation to be separated more 
clearly than in more complex recursive structures, where several geo-
metric effects are coupled.

In contrast, the present branched fin configuration adopts a simpler, 
non-recursive branching structure, where the number, length, and 
orientation of branches are independently controlled. This allows sys-
tematic investigation of geometric parameters without introducing the 
additional complexity associated with fully fractal or biomimetic de-
signs. While the present structure does not replicate hierarchical 
branching across multiple scales, it retains the key advantage of 
extending thermal pathways into the PCM domain and modifying the 
local heat transfer patterns.

An important outcome of the present comparison is that thermal 
effectiveness is shown to depend not only on how much branching is 
introduced, but also on how that branching is oriented relative to the 
dominant transport mechanism. In many branched or fractal geome-
tries, the discussion focuses primarily on increased surface area and 
distributed conduction. The present results suggest that, for melting in 
fin-assisted PCM systems, directional alignment with buoyancy-driven 
heat transport may be more influential than geometric complexity 
alone. This is why branch orientation produces a much stronger

response than branch length in the present study. The value of the 
proposed configuration therefore lies not in mimicking a fully hierar-
chical network, but in revealing that directional control of heat transfer 
pathways can be a dominant design feature.

As indicated in Table 12, the present branched fin configuration 
differs from multi-scale and bio-inspired designs by allowing indepen-
dent control of geometric parameters, particularly branch orientation. 

Table 12 provides a literature-supported qualitative comparison 
rather than a direct quantitative ranking, because the reported fin 
configurations differ in geometry, PCM type, boundary conditions, 
operating temperature range, and storage-unit scale. The comparison 
includes conventional straight fins, topology-optimized/optimized fins, 
tree-like/constructal fins, dendritic/fractal fins, bifurcated/Y-shaped 
fins, leaf-vein/bionic fins, and the present branched-fin configuration. 
The literature-based entries summarize the dominant geometric char-
acteristics, heat transfer mechanisms, advantages, and limitations re-
ported for each fin category. In contrast, the interpretation of the present 
branched-fin configuration is based on the numerical results of this 
study. Specifically, the results show that increasing branch length pro-
duces only a limited reduction in melting time, from 69.85 to 67.62 min, 
whereas changing the branch orientation reduces the melting time from 

125.03 to 66.70 min and increases the average charging power from 

326.84 to 560.06 W. Therefore, the purpose of the comparison is not to 
claim that the present design is universally superior to all advanced fin 
types, but to clarify its distinct contribution: a controlled branched ge-
ometry that separates the effects of fin number, branch length, and 
branch orientation and highlights the importance of aligning conductive 
pathways with buoyancy-driven convection.

As summarized in Table 12, the present branched-fin configuration is 
positioned as a controlled single-level branching design that enables 
separate assessment of fin number, branch length, and branch orienta-
tion, rather than as a universally superior alternative to more complex 
hierarchical or biomimetic fin structures.

6. Conclusion

This study numerically investigated branched-fin configurations in 
PCM-based latent heat thermal energy storage systems, with emphasis 
on validating a periodic REU for vertically extended finned geometries 
and identifying the dominant geometric parameters governing phase-
change performance. The main conclusions are summarized as follows:

• The periodic REU modeling approach was validated against multi-
unit domains, with deviations in melting time and average 
charging power below 0.1%. This confirms that a single represen-
tative unit can accurately reproduce the thermal behavior of verti-
cally extended branched-fin systems while substantially reducing 
computational cost.

• Branch orientation was identified as the dominant geometric 
parameter. Increasing the branch angle from 30 ◦ to 75 ◦ reduced the 
melting time by 47% from 125.03 to 66.70 min and increased the 
average charging power from 326.84 to 560.06 W. In contrast, 
increasing branch length from 0 to 12.5 mm produced only a limited 
improvement from 69.85 to 67.62 min. This demonstrates that 
orientation-controlled coupling between conductive fin pathways 
and buoyancy-driven convection is more influential than branch 
extension alone.

• Increasing the number of main fins from 0 to 6 reduced the melting 
time from 134.55 to 69.85 min and increased the average charging 
power from 288.26 to 536.36 W. However, the improvement became 
less pronounced at higher fin counts because additional fins restrict 
the available space for natural-convection circulation.

• The selected branched-fin configuration also enhanced discharge 
performance relative to the unfinned baseline. The solidification 
time decreased from 539.73 to 120.75 min. At the same time, the 
average discharging power increased from 71.58 to 320.92 W. This
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indicates that the proposed fin arrangement improves both charging 
and discharging. However, the dominant mechanisms differ: melting 
is governed by conduction–convection coupling, whereas solidifi-
cation is primarily controlled by conductive heat-extraction 
pathways.

The present study indicates that directional alignment of branched 
fins with buoyancy-driven flow is more influential than geometric 
extension or surface area increase alone, providing a physically groun-
ded design guideline: prioritize orientation control over branch length 
extension, and select fin count to balance conductive spreading with 
convective space.

6.1. Scope and limitations of the present study

The present study is limited to RT35 PCM and copper fins; therefore, 
the quantitative melting and solidification times may vary for materials 
with different latent heat, viscosity, density, or thermal conductivity. 
The simulations are also based on a two-dimensional periodic REU, 
which was validated against multi-unit domains but assumes uniform 

vertical repetition and consistent thermal conditions between adjacent 
units; therefore, it does not resolve possible three-dimensional effects 
near fin tips, axial ends, inlet/outlet regions, or non-periodic geometries. 
In addition, the enthalpy–porosity model assumes a stationary solid 
phase and does not capture effects such as solid detachment, fragmen-
tation, shrinkage-induced motion, or density-driven displacement of 
partially melted regions. Finally, the comparison is based mainly on 
total phase-change time and average charging/discharging power. 
While these integral metrics are suitable for ranking geometric config-
urations, they do not capture transient heat transfer behavior, such as 
peak power, early-stage response, or cyclic load-matching capability. 
Future work should therefore include instantaneous power analysis, 
cumulative energy curves, cyclic operation, three-dimensional simula-
tions, and experimental validation. In addition, the solidification anal-
ysis is limited to the selected best-performing branched-fin 
configuration among the simulated cases and the unfinned baseline; 
future work should extend the parametric analysis of branch length, 
branch orientation, and fin number to the discharge process.
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