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ABSTRACT ARTICLE HISTORY
Strengthening the thermal response of Phase-Change Materials (PCMs) is an essential and active Received 20 June 2023
field of research with promising potential for advanced applications such as solar energy storage, Accepted 30 August 2023
building energy conservation, and thermal management in electronic devices. This article evalu- KEYWORDS

ates the efficacy of a new arc-shaped fin array in shell-and-tube heat storage systems to enhance
the PCM response during the discharge mode. Different fin geometric parameters including the fin
curvature angle, the fin spacing, and the nonuniform angle between fins in the top and bottom
sections of the PCM domain were considered to identify the best-performing layout. The analysis
shows that increasing the curvature of arc-shaped fins between 60° and 180° and increasing the fin
spacing between 5 and 15 mm can significantly reduce solidifying time and improve heat recovery
rates. Moreover, the arc-shaped fins are more efficient than conventional longitudinal (+--shaped)
fins, which are commonly employed in thermal energy storage applications. Arc-shaped fins can also
save discharge time by more than half and improve the rate of heat recovery by almost four times
than that of + -shaped fins. The present findings suggest that arc-shaped fins represent a promising
design for enhancing the heat-recovery aspects in PCM-based energy storage systems.

Computational fluid
dynamics; latent heat
storage; solidification;
enhancement; phase change
materials; fins

1. Introduction Energy Storage (TES), which can effectively preserve sur-

As per a recent report by the International Energy
Agency (IEA, 2023), global energy-related carbon emis-
sions surged to a new peak of over 36.8 Gt in 2022,
indicating a yearly rise of 0.9% or 321 Mt. Around 224 Mt
of this rise can be attributed to coal-fired electricity and
heat generation (Lu et al., 2018). The most reliable path to
limit the resurgence in coal power emissions is through
the expansion of renewable energy generation (IRENA,
2020a). However, the adoption of renewable energy is
hampered by a significant barrier which is the intermit-
tent energy supply (Huang et al., 2020). This intermit-
tency poses challenges in maintaining a reliable power
supply, especially in grid systems designed around con-
stant energy input (Gong et al., 2022; Xu et al.,, 2022).
These challenges can be overcome through improve-
ments in energy storage technologies, such as Thermal

plus energy generated during periods of high production
for use during times of low production (IRENA, 2020b;
Wen et al., 2021). This enables a more stable and reli-
able supply of energy, which is essential for meeting
the growing demand for energy from clean and alter-
native energy resources (Wu, Li, et al., 2021; Wu, Zhao,
et al., 2021). By providing a consistent energy output,
TES reduces the need for costly fossil fuel imports and
mitigates their environmental damaging impact (Rashid
et al.,, 2023; Song et al., 2023). TES systems come in
various forms — thermochemical, latent, and sensible —
which are characterized based on the type of working
material in use (Wang, Fu, et al,, 2023). Among these,
latent TES stands out due to its use of phase-change
materials (PCMs), which offer some significant advan-
tages. For instance, solid-liquid PCMs operate on an
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energy absorption and dissipation cycle, wherein they
absorb energy during the melting phase and dissipate it
upon solidification (Rashid et al., 2023). This means that
they can store thermal energy in the form of latent heat,
which is much more efficient than storing energy in the
form of sensible heat. This property renders PCM-based
TES systems superior in terms of storage density. Com-
pared to rock-based TES systems, those employing PCMs
offer storage densities that are approximately 1-17 times
greater, as elucidated by (Lane, 1983). Another advantage,
the solid-to-liquid transition in PCMs results in minimal
temperature degradation, allowing the storage system to
proceed to work with almost no temperature shifts (Zhao
etal., 2019).

The primary challenge that most PCMs used in heat
storage systems face is their low thermal conductivity.
This affects the response rates during energy charge and
discharge modes, leading to lower energy performance in
practical applications (Wang et al., 2018). To address this
issue, several enhancement materials are used to enhance
thermal conductivity to form well-performing PCM sys-
tems. These materials include nanoparticles (Mahdi &
Nsofor, 2018), micro or nano-encapsulation (Ghalambaz
et al,, 2019), extended fins (Wang, Lei, et al., 2023), and
porous foams (Du et al., 2023). Fins are gaining popu-
larity for application in PCM systems to improve their
energy storage/recovery responsiveness due to their cost
effectiveness, easy installation, and superb performance
boost (Agyenim et al., 2009; Hosseinzadeh et al., 2021).
Fins are thin metal structures that extend from the ther-
mally active wall into the PCM for increasing the surface
area available for heat communication between the PCM
and the heat transfer fluid in use. The increased surface
area allows for improving the heat exchange rate, boost-
ing the heat diffusion through PCM, and homogeniz-
ing the temperature distribution within the PCM zone.
Thus, the introduction of fins expedite the phase transi-
tion of PCM and enhance the overall effectiveness of the
latent TES system (Zhang, Mancin, et al., 2023). There
are numerous types and configurations of fins that can be
used for PCM-based TES, such as rectangular (Rathod
& Banerjee, 2015), annular (Bahlekeh et al., 2022), pin
(Rajabifar et al., 2016), twisted (Mashayekhi et al., 2022),
tree-shaped (Peng et al., 2022), etc. (Khedher et al., 2023;
Khosravi et al., 2023). The design and optimization of
fins depend on several factors, such as the geometry, size,
number, spacing, orientation, material, and shape of the
fins, as well as the properties of the PCM and the heat
transfer fluid (HTF) (Wang et al., 2022).

Several studies were conducted earlier by researchers
to verify the efficacy of fins in enhancing thermal
response and energy storage rate of PCMs. Mahdi and
Nsofor (2018) evaluated three techniques to enhance the

solidification of PCMs: nanoparticles alone, fins alone,
and a combination of both. To quantify volume reduc-
tions on the PCM side, they used specific measures: ¢,
for nanoparticle volume fraction, ¢¢ for fin volume frac-
tion, and ¢ for the volume fraction of the nanoparticle-
fin combination. Their findings indicated that nanoparti-
cles, whether used independently or in conjunction with
fins, significantly accelerated the solidification process.
However, when considering equivalent reductions in the
available PCM volume, the use of fins alone was superior
in enhancing the solidification rate. Mozafari, Hooman,
etal. (2022) demonstrated that a dual-PCM arrangement
reduces the total charging-discharging time by approx-
imately 14% in comparison to the conventional single-
PCM arrangement. Furthermore, their results indicated
that the integration of fins with a low volume concen-
tration (4%) offers superior performance over nanoparti-
cles, assuming the same volume of PCMs in use. Zhang,
Cao, et al. (2023) demonstrated that the dispersion of
nanoparticles at a volumetric concentration of 5% could
enhance discharging performance of paraffin RT-82 by
about 9%. However, a more substantial improvement of
about 85% was achieved when the nanoparticles com-
bined with an array of branch-structured fins.

Over the past decade, a number of researchers have a
wide range of fin arrangements and evaluated their effi-
cacy in detail. One study by Hosseini et al. (2015) assessed
the improved efficiency of a PCM system utilizing vari-
ous rectangular fin patterns. The study revealed that the
utilization of rectangular fins can notably enhance the
heat diffusion into the PCM, leading to a considerable
improvement in the melting rate, particularly when an
optimal fin height is employed. Another study by Abdula-
teefetal. (2018) conducted on the utilization of triangular
fins in a triplex-tube storage device. The study indicated
a 15% increase in heat charging rate when triangular fins
were employed, compared to rectangular fins. Apart from
rectangular and triangular fins, various other types of fins
have been examined as well. Hassan et al. (2020) tested
the efficiency of a latent storage system with rectangular
and annular fin configurations. The results showed that
the use of annular fins can improve the melting rate by
about 70% in the system with annular fins and 55% in
the system with rectangular fins, as compared to the sys-
tem with no fins. The enhancement of melting in a PCM
with annular fins was also evaluated in a study conducted
by Yang et al. (2017). The research findings indicate that
the integration of annular fins with appropriate geomet-
ric characteristics can enhance the rate of melting by
up to 65% in comparison to the system of no fins. Sci-
acovelli et al. (2015) proposed the implementation of
tree-shaped fins to enhance the low solidification rate of
PCMs. The authors found that expanded angles between



the fin branches were more beneficial for short-term
operations, whereas reduced angles were more advanta-
geous for long-term operations. Bo et al. (2022) suggested
the application of twisted fins as a means of enhancing the
low solidification efficiency of PCM systems. The results
showed that the use of twisted fins for the same amount
of PCM material can increase the heat recovery rate by
55% as compared to the rectangular fins.

Although employing fins in PCM systems is useful,
there are several challenges that need addressing. The
optimal design, orientation, and arrangement of the fins
are among the challenges that must be addressed. The fins
must be designed, arranged, and oriented in a manner
that optimizes the surface area in contact with PCM while
minimizing the impact on the buoyancy-driven flow of
the liquid PCM (Mahdi et al., 2019). Due to their rigid
structure, fins impose high flow-resistant forces, which
alters the positive role of natural convection. This can
be a complex process that requires rigorous analysis of
trade-offs between system requirements and limitations.
One remedy is to use non-uniform fin arrangements to
provide more homogeneous heat dispersion across the
different PCM zones. A pioneer study by Mahdi et al.
(2018) showed that the use of nonuniform lengths and
numbers of rectangular fins between the top and bot-
tom sections of the PCM domain can secure a com-
promise between the suppression of natural convection
by the solid fin structure and the augmentation of ther-
mal conduction due to the added heat-transfer area by
the fin addition. A study by Wu et al. (2022) confirmed
that the use of fins can improve the heat storage rate
by about 104% for non-uniform fin length and distri-
bution, and 61% for uniform fin length and distribution
as compared to the system of no fins. Tang et al. (2021)
showed that the heat storage time of horizontal shell-and-
tube TES systems could be greatly improved by employ-
ing non-uniform fin layouts, with fin heights a bit less
than the radii of outer pipe with more fins localized in
the lower region of the PCM domain. Ao et al. (2023)
showed that applying non-uniform distribution of annu-
lar fins to shell-and-tube storage unit with 70°-inclination
improved the heat transfer and the heat storage time by
about 53% and 21% compared to the case of uniform fin
distribution.

Inspired by the ongoing efforts to develop efficient
enhancement additives for overcoming the slow response
times and low efficiency of latent TES systems, this study
intends to explore the improved discharging rates in the
shell-and-tube type of PCM-based storage systems by
employing new arc-shaped fins. To determine the most
effective fin layout and distribution for different ther-
mofluidic conditions of the PCM in use, several para-
metric investigations were conducted using the same
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volume for the fin sections. The goal was to optimize
the dimensions, orientation, and arrangement of the arc-
shaped fins to achieve optimal results in heat removal
and energy discharging in latent TES systems. From a
design perspective, the strategy of augmenting the dis-
charging rate of PCMs by incorporating enhancers, par-
ticularly fins, holds critical importance. This importance
arises from the observation that heat transfer rate dur-
ing the solidification of PCM is typically slower than
during melting, largely due to the less effective role of
natural convection during solidification (Cabeza, 2021;
Tao et al,, 2017). As such, a computational fluid mechan-
ics (CFD) based simulation model was developed and
validated considering the convective flow conditions and
the temperature dependent properties of PCM. The study
mainly explored the effects of arc-shaped fin geometric
parameters including the fin curvature angle, the spac-
ing of fin base, and the nonuniform angle between fins
in the top and bottom regions of the PCM domain. The
best-performing fin layout was determined by analyzing
various performance indicators such as the solidifying
time, temperature distribution, and heat recovery rates.
The study would provide valuable insights for designing
efficient storage systems that can meet the needs of var-
ious engineering applications under different operating
conditions.

2. Physical model and methodology

The primary aim of this work is to optimize the solidifi-
cation behavior of PCM within a horizontal latent heat
shell-and-tube heat exchanger. This has been achieved
by introducing a novel design of arc-shaped fins, fabri-
cated from copper, which are attached to the inner tube.
The arc-shaped fins are basically sectors of a circle with
varying angles. The inner tube is considered to have a
radius of 19 mm and a thickness of 1 mm, while the outer
shell has a radius of 40 mm. The annular space between
the inner tube and outer shell is filled with the PCM,
while the working fluid flows through the inner tube. To
maintain a nearly constant temperature within the tube,
the working fluid is circulated inside the tube with an
appropriate flow rate. Due to the symmetry along the
vertical direction, the computational domain for numer-
ical simulation is limited to a specific section of the heat
exchanger. Figure 1 depicts the geometries of the cases
under investigation. The cases are as follows:

a) Without arc-shaped fins

b) With a single arc-shaped fin
¢) With three arc-shaped fins
d) With four arc-shaped fins
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Figure 1. The shematic of the studied gemetries including the cases with a) no fin, b) one arc-shaped fin, c) three arc-shaped fins and d)

four arc-shaped fins.

It is important to note that in Figure 1c, the configu-
ration with two fins is achieved by connecting the fins at
the top of the heat exchanger.

As shown in the literature for a shell-and-tube heat
exchanger with no-fins, the appropriate distribution of
fins within the PCM domain hinges on the predomi-
nant mode of heat transfer. For In melting mode, natural
convection plays a more prominent role, and melting
occurs more swiftly in the upper half due to the signif-
icant effect of local natural convection, then an increase
in the volume fraction of fins in the lower half is rec-
ommended (Mahdi et al., 2018, 2019). This strategy pro-
motes a more uniform propagation of melting across
the entire PCM domain. Conversely, in solidification

mode, natural convection is less effective, and solidi-
fication proceeds more rapidly in the lower half due
to the substantial effect of local conduction, then an
increase of the fin volume fraction in the upper half
is recommended to facilitate a more uniform propaga-
tion of solidification throughout the entire PCM domain.
Therefore, the configuration and number of the fins
were changed to find the optimum case toward the best
solidification performance. A systematic analysis of var-
ious parameters related to the optimization of fin design
used in the system was performed. The design variables
considered are the radial angle of the fins, the num-
ber of fins, and the length of the fin’s base (the dis-
tance from the inner tube to the curved part of the



fins). The following steps were followed to examine these
variables:

e Step 1: Radial angles of the fins are studied by consid-
ering three angles: 60°, 120°, and 180°.

e Step 2: The length of the fin’s base is studied to deter-
mine the optimal value based on the best case identi-
fied in the previous step.

e Step 3: The radial angle between the fins placed at the
bottom of the inner pipe was studied. This analysis
considered three fins with equal volume.

e Step 4: Similarly, the radial angle between the fins
placed at the top of the inner pipe is studied, this time
with four fins having the same volume.

The optimal position and geometry of the fins are
obtained by performing the above procedure. For the
sake of a meaningful comparison, all the cases studied are
designed to maintain a constant volume for the fin sec-
tions. Figure 2 illustrates the parameters evaluated during
the optimization process, and Table 1 provides the corre-
sponding values for the different cases shown in Figure 2.
It is worth mentioning that, in the case where the number
of fins is 3 and & = 0, the fins at the bottom are merged,
effectively reducing the number of fins to 2. The selected
values highlighted in red represent the best choices for
each part of the analysis. A more comprehensive discus-
sion and detailed results can be found in the results and
discussion section.

RT35 is used as the PCM inside the heat storage unit
to store heat which has a melting point suitable for solar

Figure 2. The geometrical parameters assessed in this study.
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Table 1. The proposed values for different studied parameters in
this study.

Number of fins 8 Sa B y
Scenario 1 1 10 60120 180 0 0
Scenario 2 1 51015 180 0 0
Scenario 3 3 15 180 03060 0
Scenario 4 4 15 180 30 3060120

Table 2. Thermal characteristics of the PCM, as sourced from the
manufacture (GmbH).

Properties Values

0 [kg/m3] 770 in solid state / 860 in liquid state

L¢ [kJ/kg] 160

Cp /kg°C] 2000

K [W/m°C] 0.2

i [N.s/m?] 0.023

Tm [°A 36 (liquidus temperature)/29 (Solidus temperature)
BICN 0.06

energy applications integrated with building. Table 2 is a
list of RT35’s characteristics, as provided by its manufac-
turer, Rubitherm (GmbH).

3. Numerical model
3.1. Governing equations

For incompressible liquid PCM, the continuity equation
can be given as:

V.V =0 (1)

The Boussinesq simplification that is often used in nat-
ural convection problems, where the fluid density is
assumed to be constant everywhere, except in the gravity
term of the momentum equation, where it is proportional
to the temperature difference from a reference value. This
way, the fluid can be treated as incompressible, but still
accounts for the buoyancy effects that drive the convec-
tion. Using this approximation, the momentum equation
for fluid flow of PCM is formulated as (Li et al., 2023):

v L.
/OE + p(V.V)V

= —VP+ pu(V2V) — pB(T — Tref)3
J— 2 -
-1 5

—- = 2
" 13 +0.001 @

The third and fourth terms of Equation 2 are related to
the buoyancy effect and phase change process. The buoy-
ancy term accounts for the density difference between the
fluid and the solid due to temperature and concentration
gradients. The phase change term represents the momen-
tum source or sink caused by the latent heat release at
the solid-liquid interface. Based on the enthalpy-porosity
method, the phase change term is calculated considering
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mushy zone factor Ay, of 10° which is determined based
on the validation with literature (Al-Abidi et al., 2014).

In the momentum equation, the melt fraction (1) can
be calculated based on the temperature of PCM as follows
(Brent et al., 1988):

0 if T < Ts
AH T—T
A=22 o S i Ts<T<TLy ()
Lf T, — T
1 lfT>TL

To determine the temperature of the PCM, the energy
balance equations is given as (Mozafari, Lee, et al., 2022):

,OCPB

+ pCpV(VT)

— kV(VT) — f oLV (VA ()
The storage level of PCM is the sum of its sensible heat
storage (MCpdT) and latent heat storage (ML¢). This is
used to calculate the heat storage rates, both instanta-
neous and average, as follows:

. B —E
Be=—g ®)
. E..i — Eini
Emean = y (6)
m

where dt and t,, is the time step size and melting time,
respectively, and E is the total energy of the PCM.

3.2. Initial and boundary conditions

The problem of latent heat storage in a horizontal shell-
and-tube casing design can be modeled by the above set
of partial differential equations (PDEs) that describe the
temperature distribution in the fluid and solid domains.
To solve these PDEs, it is required to specify the initial
and boundary conditions for the temperature variable.
The initial condition is that the whole system has a uni-
form temperature of Tjp; = 50°Catt = 0. The boundary
conditions are that the inner tube has a constant surface
temperature of T,, = 20°C, and that the outer shell is
fully insulated, meaning that there is no heat flux across
its surface. It is also assumed that the fluid flow rate is
high enough to keep the inner pipe temperature constant,
so the problem can be simplified to a 2D domain. More-
over, the effect of gravity on the fluid density is assumed
downward and perpendicular to the bottom surface of
the inner tube.

3.3. Numerical scheme

CFD modeling and simulation is a reliable methodol-
ogy to evaluate the performance of a proposed system

design prior to manufacturing, facilitating the confirma-
tion or dismissal of any design modifications (Amano
& Sundén, 2011). The emergence of CFD codes like
ANSYS FLUENT has broadened the scope for identi-
fying intricate attributes of flow and heat transfer in a
wide variety of complex heat exchanger designs (Karar
et al., 2021; Menni et al., 2021; Zandie et al., 2022) and
heat transfer enhancement techniques (Darbari et al.,
2020; Keshmiri et al., 2015; Mashayekhi et al., 2020;
Shamsabadi et al., 2020). The ANSYS FLUENT solver,
utilizing the SIMPLE scheme for pressure-velocity cou-
pling, was employed to conduct the simulation runs in
this study. The pressure correction equation was solved
using the PRESTO scheme, while the momentum and
energy equations were solved using the QUICK scheme.
The convergence criteria for the continuity equations and
velocity components were set at 10~%, indicating that the
iterations continued until the relative differences in these
quantities reached a magnitude of 10~%. For the energy
equation, a more stringent convergence criterion of 10~°
was applied, ensuring a higher level of accuracy in the
calculations.

3.4. Mesh and time step analysis

In order to analyze the mesh independence of a case
involving three fins with a curvature angle («) of 60°,
three distinct cell sizes: 0.25, 0.5, and 1 mm were selected.
Additionally, three different time step sizes were consid-
ered: 0.1, 0.2, and 0.4 s. The objective was to determine
the optimal grid size that ensures grid-independent solu-
tion by comparing the heat recovery rates for each case.
The calculations were performed for the whole solidifica-
tion process. The results, presented in Figure 3(a), indi-
cate that the liquid-fraction evolution curves for mesh
sizes of 0.25 and 0.5 mm are very similar. Consequently,
a mesh size of 0.5 mm was chosen. It should be noted
that the time step size used for the mesh size study was
0.2 s. Upon analyzing the time step size, it was observed
that the results were highly comparable, as shown in
Figure 3(b). The liquid-fraction evolution curves for time
step sizes of 0.1 and 0.2 s were found to be identical.
Therefore, a time step size of 0.1 s was selected for further
investigations.

3.5. Model validation

The experimental validation of the present model is
performed via the work of Al-Abidi et al. (2014), who
investigated the temperature distribution of PCM during
solidification in a triple-pipe heat exchanger with longi-
tudinal fins. They used fifteen thermocouples at different
radial and angular positions to cover all the regions of
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Figure 4. Code verification during the solidification mode using
the experimental findings of Al-Abidi et al. (2014).

the PCM domain and compared them with the numerical
simulations. The present study and the work of Al-Abidi
et al. (2014) show a good agreement, as illustrated in
Figure 4, which shows the average temperature gradient.
The maximum deviation in the average temperature of
PCM between the two works is less than 1.5 °C. This
implies that the present model can accurately predict
the discharging process compared to the experimental
results.

4. Results and discussion
4.1. Effect of varying the fin curvature angle

The introduction of arc-shaped fins induces fluid behav-
ior and improves heat transport rate during the energy

discharge mode (i.e. solidification), and hence positively
affects the solidifying front evolution and temperature
distribution. Figure 5 compares the phase evolution con-
tours on the left and temperature contours on the right
for the case of a single arc-shaped fin with a curvature
angle ranging from 60° to 180° over discharge durations
of 300, 1800, 5400, and 9000 s. The solidified part of PCM
is observed to gradually witness the growth of solidifying
fronts, which are distinguished by almost homogeneous,
light-green semicircles. These semicircles have similari-
ties in the upright direction among the studied cases of
arc-shaped fins. It is clear from analyzing the figure that
by employing a larger curvature angle, the arc-shaped
fins motivate bigger solidifying layers (blue areas) to form
in the interstices between and around the fin ligaments.
However, during the early duration (t = 300 s), the rela-
tionship between the varying curvature angle and the
increase in the solidifying layers is still not noticeable at
this point. The reason for this observation pertains to the
fact that during this earlier time stage, only thin layers
of solidification are able to form. As time passes further
and closer to the point where it reaches (+ = 1800 s), the
shapes of the solidifying fronts begin to distort increas-
ingly, and larger solidifying layers become able to form.
This is especially obvious when cases with smaller curva-
ture angles of fins, such as those in the case of (@ = 60°),
are compared to those with larger curvature angles of
fins, such as in the cases of (o = 120° or 180°). The
slower heat recovery rates at the cooling walls are likely to
blame for this phenomenon as decreasing the curvature
angle results in reducing the area for heat communica-
tion with the cooling walls. When examining the same
contour maps, it is possible to recognize that the area of
solidifying strata (blue zones) appears to be progressively
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Figure 5. Contour maps for solidifying front evolution (left side) and temperature distribution (right side) for fin curvature angles

(¢ = 60, 120 and 180°) during the solidification mode.

increasing toward the bottom over the course of the 5400s
timeframe. This can be recognized to take place in a
downward direction. The reason for such a phenomenon
would be the point that convection mode of the heat
transfer process plays a more significant role in the upper-
most sections of the domain than it does in the lowermost
sections of the domain (Darzi et al., 2016), (Mahdi et al.,

2018), and (Nie et al., 2020). This also justifies why arc-
shaped fins with higher curvature angles (@ = 120 and
180°) have the benefit of allowing for larger heat disper-
sion from PCM layers that be away from cooling walls.
Such fin arrays also have the advantage of promoting
faster expansion of the solidifying layers during the sub-
sequent duration of solidification (i.e. t = 9000 s). This is



the major advantage associated with arc-shaped fins with
higher curvature angles. In fact, more heat is conducted
by the fin ligaments to the PCM layers, since more of the
fin’s surface area is exposed as the curvature increases to
180°. Meanwhile, the presence of such a long fin curva-
ture limits the contribution of natural convection in the
top section of the PCM domain due to the higher flow
resistance produced as the curvature angle increases. This
can be observed when comparing the isotherm distribu-
tion in the top section of the domain when the curva-
ture angle increases from 60° to 180°. The presence of
lower-curvature arc-shaped fins enhances the impact of
natural convection as the temperature distribution con-
tours become more nonuniform, which is an evidence
for a stronger role of natural convection, particularly in
the later stages of solidification. Therefore, increasing the
fin curvature has a detrimental impact on the natural
convection that occurs in the upper zones of the PCM
domain, but it has a beneficial impact on the thermal con-
duction that predominates the other zones of the domain.
This can be attributed to the unique flow-aiding configu-
ration that arc-shaped fins have, which makes them supe-
rior to other configurations when it comes to promoting
heat transfer through conduction.

The timewise progression of the solid PCM fraction
and the average temperature profiles were also investi-
gated to provide more insight into the potential of arc-
shaped fins for energy discharge intensification of PCM
in the shell-and-tube confinement system. The variation
in the solid fraction over time is depicted in Figure 6 for
three different cases of fin curvature angle (¢ = 60, 120,
and 180°). It is clear that the rates of solidification in the
early period are almost the same across all three cases. As
the process of solidification continues, the fin structure
that has a greater curvature angle has better performing
solidifying behavior. So, employing arc-shaped fins with
a higher curvature angle improves heat transport, which
ultimately results in a higher solidification rate through-
out the system. According to this figure, the PCM with
the greatest fin curvature solidifies entirely in about 180
min, which is a significant amount of time less than the
other instances. This is because arc-shaped fins with a
curvature angle of 180° hold a larger heat-exchanging
area, which helps in the earlier solidification completion
throughout the PCM unit. In light of this, the case with
arc-shaped fins of a large curvature angle of 180° is found
to have the best potential for solidification improve-
ment as compared to the other cases of lower curvature
angle (o« = 60° and 120°). Figure 7 illustrates the varia-
tion in the mean temperature profile encountered by the
PCM during the solidification phase for the three dis-
tinct angles of arc-shaped fins that are being examined.
The figure illustrates that the PCM attains its minimum
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Figure 6. Timewise variation of liquid fraction for fin curvature
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Figure 7. Timewise variation of average PCM temperature for fin
curvature angles (¢ = 60, 120 and 180°) during the solidification
mode.

temperature in a comparatively shorter duration when
the curvature angle is configured to 180° in contrast to
the other two curvature angles. Predictions show that
using arc-shaped fins with wider angles of curvature can
drastically shorten the time it takes to reach the maxi-
mum solidification temperature. So, the implementation
of such fins of wider curvature can remarkably expedite
the heat transfer process from the thermally active walls
toward the adjacent PCM layers. This, in turn, results in
an accelerated solidifying rate of the PCM. The degree of
curvature angle has been found to have a direct impact
on the rate of solidification, with an increase in the cur-
vature angle from 60° to 180° leading to earlier com-
pletion of the PCM solidification process, as alluded to
earlier in this section. The data pertaining to the solid-
itying time and heat recovery rate for all cases exam-
ined in this section have been consolidated in Figure 8
which show that the solidifying times were recorded at
225.4,202.2,and 175.6 min. The heat recovery rates were
recorded at 21.5, 24.3, and 28.4 Watts for cases with fins
of curvature angles 60, 120, and 180°, respectively. The
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mode.

findings suggest that augmenting the curvature of arc-
shaped fins from 60 to 120 and 180° would yield solidify-
ing time savings of about 10.3% and 22.1%, respectively,
while also improving the heat recovery rates by about
12.9% and 32.0%.

4.2. Effect of varying the spacing of fin base

After identifying the ideal case for fin curvature angle
(i.e. ¢ = 180°), this section examines the impact of vary-
ing the placement of arc-shaped fin from the active wall
to find the best fin spacing for enhanced solidifying per-
formance. Figure 9 compares the contour lines of liquid
fraction (left) and PCM temperature (right) for discharge
periods of 300, 1800, 5400, and 9000 s for three differ-
ent lengths of fin base (§ = 5, 10, and 15 mm). The maps
for liquid-fraction evolution show that employing lower
lengths for the fin base, larger solidifying layers (blue
regions) are developed between and around the fin zones
during the timeframes of 1800 and 5400 s. This is particu-
larly true for smaller values like § = 5 or 10 mm. During
the last time period (¢ = 9000 s), as shown by the contour
maps in Figure 9, the size of the solidifying layers (blue
zones) seems to be slowly diminishing toward the bot-
tom. One possible explanation for this behavior of solid
PCM is that convection, which provides an extra sink of
heat removal from PCM, is more prevalent at the higher
areas of the domain. So, the length of fin base can be
decreased to improve the capability of natural convection
currents to remove further heat from PCM components
near the thermally active wall. Therefore, arc-shaped fin
arrays are more favorable in terms of improving the heat
removal rates during the solidification phase if the base
spacing increases. A quick glance at the isotherm maps
signifies that the size of the isotherm layer with tem-
peratures below 25 °C (shown as blue patches) gradually
increases throughout the domain, notably at the larger

spacings of § = 10 and 15 mm. In the later discharge
periods (¢t > 5400s), the cooling impact on PCM solid-
ifying behavior increases, causing the solidifying layer
to grow in size and finally cover the whole domain.
This is because more buoyancy-driven flows could be
formed between the fin ligaments if the base length of
arc-shaped fins increases, leading to more efficient nat-
ural convection heat transfer. Meanwhile, a longer fin
base means more surface area of fins is involved in the
heat communication with PCM components, allowing
the fin ligaments to curry more heat from these layers.
This justifies why there is a stronger nonuniformity of
isotherm distributions in cases with longer fin base, such
as the case of § = 15 mm, over the final period (i.e.
t = 9000s). At smaller spacings of fin base, and notably
in the domain’s upper sections, the isotherm’s discol-
oration suggests that convection contributes more than
conduction. Because of the effective involvement of con-
vection in these regions, it seems that isotherms gradually
became more regular in shape and behavior through-
out the last periods, especially at lower spacings of the
fin base. In conclusion, the natural convection in the
top zones of the PCM domain is positively affected by
increasing the spacing of the fin base, while thermal con-
duction continues to be the predominating mode in the
other zones.

Figure 10 shows the progression of liquid-fraction
profile over time for three distinct cases of the spacing
of fin base (§ = 5, 10, and 15 mm). It is evident that the
solidifying rates in all three cases do not show signifi-
cant differences during the early stages of solidification.
However, the fin structure with a larger spacing has bet-
ter performing solidifying behavior as the solidification
process progresses. As a consequence, using arc-shaped
fins with a larger spacing from the active wall enhances
heat transfer, which eventually increases the PCM’s solid-
ification rate. The performance curves in Figure 10 show
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Figure 9. Contour maps for solidifying front evolution (left side) and temperature distribution (right side) for the spacing of fin base

(8 = 5,10and 15 mm) during the solidification mode.

that the PCM with the largest fin spacing (6§ = 15 mm)
solidifies completely in roughly 165 min, which is much
less time than the other cases. This is due to the big-
ger heat-exchanging area held by arc-shaped fins with
a 15-mm fin spacing, which aids in the PCM quicker
solidification completion. This means that, when com-
pared to the two cases with lesser fin spacings (§ = 5
and 10 mm), the case with arc-shaped fins of a high
spacing from the active wall has the most potential for
improving solidification. Figure 11 depicts the progres-
sion of the average temperature profile that the PCM
experienced during the solidification phase for the three

different arc-shaped fin spacings that are being investi-
gated. The figure shows that, in comparison to the other
two spacings, the PCM reaches its lowest temperature in a
considerably shorter amount of time when the fin spacing
is adjusted to (§ = 15 mm). The time it takes to achieve
the minimum solidification temperature (T = 25°C) is
significantly sped up by implementing arc-shaped fins
with greater spacings from the active wall. Therefore,
using fins with larger spacing can significantly speed up
the removal of heat from neighboring PCM layers to the
thermally active walls. The nearby PCM layers then begin
to solidify more quickly as a consequence of this. This
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Figure 11. Timewise variation of average PCM temperature for
the spacing of fin base (§ = 5, 10 and 15 mm) during the solid-
ification mode.

implies that the rate of solidification is directly affected
by varying the fin spacing from the active wall, with an
increase in fin spacing from 5 to 15 mm resulting in
an earlier completion of the PCM solidification process.
Figure 12 provides the data on the heat recovery rate

35

and solidifying time for each of the three cases consid-
ered in this section. The data collected shows that for
cases with fins at 5, 10, and 15 mm of spacing from
the active wall, the solidification periods were recorded
at 193.1, 175.6, and 165.1 min, while the heat recov-
ery rates were recorded at 24.96, 28.37, and 30.17 Watts,
respectively. According to these numbers, increasing the
spacing of arc-shaped fin from 5 to 10 or 15 mm will
result in solidifying time reductions of around 9.1% and
14.5%, respectively, while simultaneously increasing heat
recovery rates by about 13.7% and 20.9%.

4.3. Effect of varying the joining angle between top
fins

Figure 13 compares the contour lines for PCM liquid
fraction (left) and average PCM temperature (right) for
arc-shaped fins with joining angles of (8 = 0°, 30°, and
60°) between the upper fins throughout the discharge
periods of 300, 1800, 5400, and 9000 s. The figure illus-
trates that increasing the angle between the upper fins
from 0 to 60° allows for bigger solidifying layers (blue
areas) to form in the interstices around the fin liga-
ments during the course of solidification. This is owing
to the fact that the PCM’s ability to release is boosted
by the integration of arc-shaped fins with an appropri-
ate connecting angle. Over the course of the first 1800
s, the region occupied by the solidifying layers (the blue
zones) progressively expands inside the top half of the
PCM domain. When the joining angle is expanded to
60°, the solidifying front moves more quickly near the
fin ligaments. This can be attributed to the substantial
enhancement of heat release towards the thermally active
walls. Notably, the increase in space between the side
fins, due to a larger joining angle, leads to a quicker
buoyancy-driven flow of the liquid PCM. This in turn
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Figure 12. Total solidifying times and average recovery rates for the spacing of fin base (5 = 5, 10 and 15 mm) during the solidification

mode.
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Figure 13. Contour maps for solidifying front evolution (left side) and temperature distribution (right side) for the joining angle between

upper fins (8 = 0, 30 and 60°) during the solidification mode.

helps the solidifying front gains stronger potential to
move when the joining angle of arc-shaped fins expands
from 30° to 60° during the later durations of 5400s and
9000s. This enables the solidification to invade the whole
upper half of the PCM domain. This, in turn, brings
positive impact to the contribution of convection to the
overall solidification process. This justifies why there is
more discoloration of isotherms in cases with wider join-
ing angle, such as the case of B = 60°, throughout the

prefinal period of 5400 s. The discoloration of isotherms
implies that natural convection plays a more significant
role in cases of wider fin angles, especially in the upper
half of the domain. However, isotherms gradually move
from discoloration to became more regular in shape in
major part of the PCM domain during the last period
of 9000 s, indicating that thermal conduction contin-
ues to be the predominating mode in almost the whole
PCM domain.
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The average liquid-fraction variation over time is
shown in Figure 14 for the three cases of the fin joining
angle (8 = 0, 30, and 60°). The solidification rates across
all three cases exhibit not much significant difference
throughout the entire solidification period. Nevertheless,
the fin structure with a larger joining angle between the
upper fins has better performing solidification behav-
ior during the whole process. It can be observed from
Figure 14 that the PCM with larger degree of the upper
finjoining angle (8 = 60°) attains complete solidification
in about 100 min, which is considerably shorter than the
solidifying time for the other cases. This phenomenon
can be attributed to the fact that any increase in the angle
between upper fin ligaments will cause a corresponding
increase in the available space for convective currents to
move in the upper half of the PCM domain. This, in
turn, results in a higher rate of heat removal across the
involved PCM layers. In this regard, the results signify
that augmenting the angle between the upper fin seg-
ments results in an improved flow-assisting environment
for arc-shaped fin arrays, thereby rendering them more
beneficial for intensifying the heat transfer rates through
natural convection. The variations in mean temperature
experienced by the PCM during solidification for the
three cases of the angle joining the upper arc-shaped fins
are illustrated in Figure 15. The presented figure indi-
cates that the PCM attains its minimum temperature at a
significantly faster rate when the upper fin joining angle
is set to its highest value (8 = 60°), as opposed to the
other two joining angles. The time it takes to reach the
minimal solidifying temperature (T = 25 °C) is substan-
tially less when a greater joining angle between upper
fins is applied. So, employing arc-shaped fins that fea-
ture a greater joining angle can expedite the dissipation
of heat from the involved PCM layers towards the ther-
mally active walls. The solidification rate is impacted by
alterations in the fin joining angle, whereby an increase
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Figure 14. Timewise variation of liquid fraction for the joining
angle between upper fins (8 = 0, 30 and 60°) during the solidi-
fication mode.
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Figure 15. Timewise variation of average PCM temperature for
the joining angle between upper fins (8 = 0, 30 and 60°) during
the solidification mode.

in the angle from 0 to 60° leads to an earlier completion
of PCM solidification. The data pertaining to the heat
recovery rate and solidifying time for each of the three
cases discussed in this section is presented in Figure 16.
The collected data indicates that the solidification peri-
ods and heat recovery rates were measured for cases with
joining angles of 0, 30, and 60° between the upper fins.
The solidification periods were found to be 134, 113.4,
and 99.3 min, respectively, while the corresponding heat
recovery rates were recorded at 37.33, 44.27, and 50.30
Watts. Based on the data presented, it can be inferred
that augmenting the joining angle between the upper
arc-shaped fins from 0° to 30° or 60° would lead to a
decrease in solidifying time by approximately 15.4% and
25.9%, respectively. Additionally, this alteration would
result in an increase in heat recovery rates by roughly
18.6% and 34.7%.

4.4. Effect of varying the joining angle between
bottom fins

After identifying the best values for fin curvature angle,
spacing of fin base, and the angle between top fins, this
section explores the effect of varying the angle between
bottom fins to identify where the arc-shaped fins should
be installed for greater enhancement rates of solidifica-
tion. It is worthy to mention that the selection of the angle
between the bottom fins as a design parameter is pri-
marily driven by its direct impact on local heat release
within the PCM domain. The lower sections of PCM
domain, which predominated by conduction for heat
removal, can substantially benefit from modifications in
the fin angle. Therefore, adjusting the angle between
the bottom fins can serve to optimize the fin configura-
tion, thereby enhancing the rate of heat removal across
the entire PCM domain. Conversely, the upper sections
of the domain, where natural convection is effective,
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necessitate adjustments in the angle between the top fins.
Such alterations can similarly optimize the distribution of
fins and, as a result, promote the heat release across the
PCM domain.

Figure 17 illustrates the contour lines for liquid frac-
tion (on the left) and PCM temperature (on the right)
for arc-shaped fins with joining angles of (y = 30°, 60°,
and 120°) between the bottom fins during the discharge
durations of 300, 1800, 5400, and 9000 s. The illustration
shows that increasing the angle between the bottom fins
from 30° to 120° has a detrimental effect on the size of
the solidifying layers (blue zones) that grow between and
around the fin sections as the solidification process goes
on. During the first 1800 s of the process, the size of PCM
layer that is solidifying (the blue zones) gradually extends
upward toward the upper half of the domain. However,
the presence of fins with wider angles at the bottom will
negatively affect the good role played by convection in
the lower half of the domain. The reason behind is that
the space available for the move of convective currents
decreases as the bottom fins with wider angle are applied.
In light of this, the capability for the PCM to solidify
becomes lower when the connecting angle of the arc-
shaped fins grows from 30° to 120° in the late durations
of 5400 and 9000 s. Because of this, the solidification may
now invade the whole of the bottom half of the PCM
domain in cases of y = 30 and 60°. Meanwhile, increas-
ing the bottom fin angle to y = 120° will result in a lower
flow of liquid PCM that is propelled upward by buoyancy
due to the increased flow suppression by wider-angle
fins. Because of this, the contribution that convection
makes to the overall heat removal process will now have a
detrimental influence. This explains why there is a lower
degree of discoloration of isotherms in cases that include
abroader joining angle, such as the case of y = 120°, over
the whole of the prefinal phase that lasts for 5400 s. This
less discoloration of the isotherm demonstrates that the

contribution of convection is less obvious with broader
fin angles, which is especially true in the lower half of
the domain. Isotherms, on the other hand, migrate pro-
gressively from discoloration to becoming more regular
in form throughout the majority of the PCM domain over
the final period of 9000 s, which indicates that heat con-
duction continues to be the predominating mode in the
entire PCM domain.

The impact of varying the average liquid-fraction over
time on the solidification behavior of PCM is shown in
Figure 18 for the three cases of the bottom fin joining
angle (y = 30, 60, and 120°). The results show that the
solidification rates across all three cases (y = 30, 60, and
120°) exhibit not much significant difference throughout
the entire solidification period. However, the fin struc-
ture with small joining angle between the bottom fins (i.e.
y = 30 and 60°) have better performing solidification
behavior during the whole process. This is due to the fact
that a severe increase in the angle between bottom fin lig-
aments will pose higher resistance for convective currents
moving in the bottom half of the PCM domain, resulting
in a lower rate of heat removal across the involved PCM
layers. The results from Figure 19 show that the PCM
attains its minimum temperature at a significantly faster
rate when the bottom fin joining angle is set to its low-
est value (y = 30°), compared to the other two joining
angles. The time it takes to reach the minimal solidifying
temperature (T = 25 °C) is significantly smaller when a
lower value for the joining angle between bottom fins is
applied. Therefore, employing arc-shaped fins that fea-
ture a lower joining angle can expedite the dissipation of
heat from the involved PCM layers towards the thermally
active walls. The data pertaining to the heat recovery rate
and solidifying time for each of the three cases discussed
in this section is presented in Figure 20. The collected
data indicates that reducing the joining angle between
the bottom arc-shaped fins from 120° to 60° and 30°
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Figure 17. Contour maps for solidifying front evolution (left side) and temperature distribution (right side) for the bottom joining fin

angle (y = 30°,60° and 120°) during the solidification mode.

will reduce the solidifying time from 116.1 min to 79.8,
and 82.2 min, respectively, while the corresponding heat
recovery rates will increase from 43.5 Watts to 62.6, and
60.9 Watts. Therefore, reducing the joining angle between
the bottom arc-shaped fins from 120° to 60° or 30° would
lead to a decrease in solidifying time by approximately
31.3% and 29.2%, respectively. Additionally, this alter-
ation would result in an increase in heat recovery rates
by roughly 44.1% and 40.1%, respectively. In conclusion,
the results suggest that augmenting the angle between the
bottom fin segments results in a negative flow-assisting
environment for arc-shaped fin arrays, thereby rendering

them less beneficial for intensifying the heat transfer
rates through natural convection. Therefore, choosing a
proper joining angle between the bottom fins can signif-
icantly improve the solidification behavior of PCM and
enhance heat recovery rates.

4.5. Comparison of the optimum case with the case
without fins, as well as conventional longitudinal
fins

The preceding analysis investigated multiple compar-
isons to identify the optimum configuration for
arc-shaped fins, employing various design parameters.
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Figure 19. Timewise variation of average PCM temperature for
the joining angle between bottom fins (y = 30, 60 and 120°)
during the solidification mode.

The optimal parameters that were determined so far:
the curvature angle of the fins (¢ = 180°), the base-
spacing of the fins (§ = 15 mm), the angle of conjunction
for the upper fins (8 = 30°), and the joining angle for

70
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the bottom fins (y = 60 °). This section presents addi-
tional comparisons to further confirm the outperforming
potential of arc-shaped fins for solidification enhance-
ment. The comparison of liquid-fraction contours and
temperature distribution for three distinct fin configu-
rations, namely arc-shaped fins, no fins, and 4 -shaped
fins, is presented in Figure 21. For a meaningful compari-
son, the cases studied are designed to maintain a constant
volume for the fin sections. The time variation of liquid-
fraction contours is depicted on the right, while the tem-
perature distribution is shown on the left. The analysis
of the solidifying front, as illustrated by the light green
line, reveals a discernible augmentation in the size of the
solidifying layer (blue zone) over time, which is sugges-
tive of accelerated solidification with arc-shaped fins. The
observed phenomenon can be ascribed to the advanta-
geous impact of conduction, particularly in the lower
portion of the PCM system. In this region, arc-shaped
fins exhibit a superior solidification rate compared to
their counterparts, thereby promoting an accelerated
solidification mechanism. Moreover, the flow-enhancing
structure of arc-shaped fins amplifies the role of convec-
tion in the heat removal process, outperforming alter-
native fin configurations. +shaped fins exhibit increased
flow resistance as a result of their structural composi-
tion, thereby limiting the overall impact of convection
on the solidification progression. Therefore, arc-shaped
fins offer significant advantages over other configura-
tions in terms of improving solidifying front movement
and liquid-fraction evolution. Figure 22 also reveals that
as time progresses from 1800 to 9000 s, the isotherms
become more deformed, particularly in the case of arc-
shaped fins when compared to other configurations. The
observed phenomenon can be ascribed to the advanta-
geous role of natural convection as an additional source
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Figure 22. Average variation of PCM temperature for different fin
configurations.

for heat removal, which is made possible by the con-
figuration of arc-shaped fins. So, arc-shaped fins facili-
tate improved heat removal process more efficiently than
other fin configurations, leading to accelerated solidifica-
tion in the PCM domain.

Figures 22 and 23 depict the average liquid-fraction
profile and PCM temperature behavior over time for the
three cases of arc-shaped fins, no fins, and + -shaped fins.

The profile of liquid fraction denotes the proportion of
PCM that remains in a liquid state at a specific time and
position. The average temperature is determined by cal-
culating the arithmetic mean of the temperatures at vari-
ous points within the PCM domain. The results depicted
in Figure 22 indicate that the PCM with arc-shaped fins
attains complete solidification within approximately 80
min, exhibiting a significantly quicker solidification rate
than the other fin configuration. This is due to the fact
that the curved structure of arc-shaped fins follows the
direction of the fluid flow of PCM and reduces the flow
resistance as compared to the other fin configuration.
The data from Figure 23 indicates that the arc-shaped
fins case results in a comparatively shorter time for the
PCM to attain its minimum temperature, as compared
to the other two cases. The minimum temperature refers
to the lowest temperature achievable by the PCM during
the process of solidification. It can be inferred that the
utilization of an arc-shaped fin possessing optimal geo-
metrical parameters, including fin height, fin curvature,
and angle connecting two fins, can lead to a noteworthy
reduction in the duration needed to attain the minimum
solidification temperature.
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Figure 23. Average variation of PCM temperature for different fin
configurations.

Figure 24 summarizes the data for the variation of heat
recovery rate and solidifying time for three cases of arc-
shaped fin arrays with different fin configuration. The
data indicates that the application of arc-shaped fins has
a significant impact on the solidification performance of
PCM. With the use of + -shaped fins and arc-shaped fins,
the solidifying time of PCM decreases from 228.6 min
to 149.9 and 79.8 min, respectively. This means that the
PCM can release more thermal energy in a shorter time
span by about 34.4% in case of 4 -shaped fins, and by
about 65.1% in case of arc-shaped fins compared to the
case of no fins. Similarly, the heat recovery rate increases
from 21.6 Watts to 32.7 and 62.6 Watts, respectively. This
means that the arc-shaped fin arrays can release faster rate
of thermal energy to the HTF by 190.5% compared to the
case of no fins.

Based on the present findings, selecting an optimized
configuration of arc-shaped fins can lead to noteworthy
improvements in the solidifying time and heat recov-
ery rates in PCM systems. In the pursuit of a sustainable
future, thermal energy storage with PCMs is deemed to
play a critical role as the future of TES technologies is

intrinsically tied to the ongoing evolution and increased
penetration of renewable energy solutions. TES systems
can serve to bridge the gap between renewable energy
supply and demand, accommodating the intermittent
nature of sources such as solar by storing excess energy
during periods of high production and releasing it when
needed. Furthermore, advances in materials science and
engineering are anticipated to lead to the development
of more efficient, reliable, and cost-effective TES systems.
Novel PCMs and advanced system designs are likely to
enhance the energy storage density, further increasing
their viability for various applications.

In summary, the findings of this study suggest that
adopting an optimal configuration of arc-shaped fins
contributes significantly to the enhancement of solidify-
ing behavior and heat recovery rates in PCM systems.
With the growing focus on sustainable energy solutions at
a global level, TES systems with PCMs are anticipated to
have a significant impact. This is due to the inherent con-
nection between the advancement of TES technologies
and the wider adoption of renewable energy solutions.
Hence, these technologies are effectively positioned to
mitigate the mismatch between renewable energy sup-
ply and demand. Moreover, it is expected that progress
in the field of materials science and engineering will
result in advanced TES systems that are characterized by
enhanced efficiency, reliability, and cost-effectiveness. In
this context, novel PCMs and advanced system designs
are likely to enhance the energy storage density, fur-
ther increasing their viability for broader landscape of
sustainable energy storage.

5. Conclusions

This article discusses the potential of arc-shaped fins to
address the thermal response limitations of PCMs during
the discharging phase in the horizontal shell-and-tube
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Figure 24. Total solidifying times and average recovery rates for different fin configurations.



20 (&) M.BOUJELBENEETAL.

storage system. A series of computational studies are con-
ducted to explore the effects of several arc-shaped fin
geometric parameters, including the fin curvature angle,
the spacing of the fin base, and the nonuniform angle
between fins in the top and bottom regions of the PCM
domain. The main findings of this study are as follows:

(1) Employing arc-shaped fins with a higher curvature
angle improves heat release rates, which ultimately
results in a higher solidification rate throughout the
system. The results suggest that augmenting the cur-
vature of arc-shaped fins from 60° to 120° and 180°
will bring solidifying time savings of about 10.3%
and 22.1%, respectively, while also improving the
heat recovery rates by about 12.9% and 32.0%.

(2) Increasing the spacing of the fin base from 5 to 10 or
15 mm will result in solidifying time savings of 9.1%
and 14.5% while increasing the heat recovery rates
by about 13.7% and 20.9%, respectively. The data for
augmenting the joining angle between the upper arc-
shaped fins from 0° to 30° or 60° return a reduction
in solidifying time of about 15.4% and 25.9%, respec-
tively. This alteration stimulates faster heat recovery
rates of roughly 18.6% to 34.7%, respectively.

(3) Augmenting the angle between the bottom fin seg-
ments results in a negative flow-assisting environ-
ment for arc-shaped fin arrays, thereby render-
ing them less beneficial for intensifying the heat
removal rates through natural convection. The data
for reducing the joining angle between the bottom
arc-shaped fins from 120° to 60° or 30° indicates a
reduction in solidifying time of approximately 31.3%
and 29.2%, respectively. This alteration would also
result in an increase in heat recovery rates of roughly
44.1% and 40.1%, respectively. Therefore, choosing
a suitable joining angle between the top and bot-
tom fins can significantly improve the solidification
behavior of PCMs and can enhance their heat recov-
ery rates.

(4) Selecting an optimized array of arc-shaped fins can
achieve significant improvements compared to +- -
shaped fins, which are commonly used in ther-
mal energy storage applications. Under the con-
dition that a constant volume is maintained for
the fins in both cases, the case of arc-shaped fins
reveals potential to reduce the solidifying time by
65.1% and increase the heat storage rate by 190.5%,
while 4 -shaped fins can only achieve 34.4% and
51.8% improvements, respectively. This superior
performance of arc-shaped fins can be attributed to
their flow-enhancing structure, which significantly
improves the role of convection in expediting the
heat removal process.

These findings indicate that arc-shaped fins are a
promising design for enhancing the discharge perfor-
mance of PCM-based energy storage systems.
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