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The present numerical study treats the impact of fin shape design on the thermal
efficiency of phase change material (PCM)-based thermal energy storage (TES) unit,
focusing on the same surface area occupied by fins. Comparing two different finned
TES units equipped with rectangular and triangular fin shapes, respectively, showed
significant enhancements in PCM melting activity. Comparative analysis
demonstrated that triangular fin shape lowers PCM melting time by 12.64% for
equivalent fin numbers, and by 15.38% for equal fin lengths due to the enlargement
of the heat transfer area provided by the triangular shape. Further examination of
fins with triangular shape in terms of spacing and length, under fixed thickness and
size parameters, revealed significant reduction in melting time with increasing fins
length. Notably, 50.75% decrease in melting time was achieved by decreasing the
number of fins to 20 while increasing fin length to 10 mm. Moreover, maintaining a
heat transfer fluid (HTF) temperature 20 K higher than the melting PCM temperature
maximizes TES thermal efficiency. These outcomes emphasize the importance of
optimizing fin shape design for enhancing heat transfer without affecting the energy
storage capacity of TES systems, with potential applications in building thermal
management.

1. Introduction

In the last decades, the use of fossil fuels as a source of energy affects the
environment and creates an imbalance in energy demand. Which has a major
catalyst for hastening the shift towards more sustainable energy sources. Solar
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energy represents a huge and a safe source of energy that can be a good alternative.
Since solar energy is intermittent, energy storage is necessary to ensure the
continuity and provide the energy consumption equilibrium [1]. The latent heat
thermal energy storage (LHTES) is the most used technology by the scientific
community to provide the necessary heat power. This technology for (PCMs)
provides high TES capacity in small volumes at a constant temperature [2], [3].

In fact, PCMs characterized by their poor thermal conductivity, which affects
the LHTES system performance and the power of charge/discharge rates [4]. To
overcome this issue, numerous studies were performed to raise the heat exchange
in LHTES, including the utilization of extended fins[5], [6], [7], [8] porous metals
[9], [10] nanomaterials [11], [12], [13]and expanded graphite [14], [15].

Joshi et al. [16] implemented an experimental and numerical evaluation,
comparing the melting efficiency of PCM infused with fins against another with
metal foam within a rectangular container. Results revealed that with an equal
quantity of PCM, fins demonstrated the highest heat transfer efficacy, resulting in
a 66.67% faster melting time compared to metal foam. Masoumi et al. [17]
examined a LHTES container with and without upstanding fins filled by NePCMs.
They discovered that incorporating fins can lower both melting and solidification
durations by around 54% and 76%, respectively. Nevertheless, it was noted that
the utilization of nanoparticles positively impacts the dissolution rate solely in
scenarios where the system does not feature fins. The study also highlighted the
close relationship between heat flux and both thermal transmission and natural
convection. The presence of nanoparticles leads to a simultaneous rise in both the
heat transmission and viscosity of the PCM, which this latter particularly hinders
the natural convection process.

From the above, the fins are the most widely used technology to enhance heat
transmission. because of its excellent heat transfer improvement, reduced price,
simple design, and ease of manufacturing [14]. Tang et al [ 18]assessed the thermal
efficiency of horizontal TES unit employing various types of fin configurations,
angles, and lengths. The outcomes stated that the heat efficiency of the LHTES
system can be boosted by utilizing a variable fin design with fin lengths lower
than the radius of the shell and placed in a region far from the HTF inlet.
Additionally, during the melting process, Kazemi et al [19]and Mahood et al[20]
evaluated the best fin design angles. They discovered that concentrating the fins
toward the bottom half of the container is more impactful at minimizing the
melting duration when the unit is positioned transversely due to natural
convection. Mudhafar et al[21] numerically assessed the PCM solidification
operation, utilizing three configuration types of heat exchanger: triple tube,
webbed tube, and modified webbed tube. The results revealed that employing the
modified webbed tube one speeds up the PCM solidification rate by 41%. Bouhal
et al [22] performed a numerical assessment of the gallium melting operation
using the enthalpy-porosity approach. Two configurations were assessed: one
featuring cylindrical heating elements and the other incorporating four slender fins
positioned around the circle of heating elements. The inclusion of fins in the multi-
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tube setup improves the thermal transmission efficiency and minimizes the
required melting interval for the PCM to 13,35 minutes, down from 18,35 minutes.

In fact, some researchers studied more complicated fin shape addition to the
simplest ones. Zheng et al [23] conducted numerical study on various tree fin
designs, ranging from two to four levels of branching. In comparison to a TES
system featuring standard straight fins, the four-level tree-shaped fins enhance
efficiency by 53% and facilitate a quicker and more consistent solidification
process. Zhao et al [24] numerically examined six variations of the energy storage
tank based on various fin designs. The optimized fin design improved heat transfer
and decreased melting and solidification periods by 70% and 81%, respectively.
Based on the optimization approach, the configuration of fins offered an important
advantage, such as metal savings through fewer fins and less weight. Sciacovelli
et al [5] utilized a computational model to examine the impact of single and double
Y-shaped fin bifurcation on TES efficiency. According to the findings, the used
fins can significantly rise the TES effectiveness. Moreover, the smaller angle of
the Y-shaped fins is required for long operating times. Pizzolato et al [25], [26]
presented topology optimization of fin designs for LHTES units. The outcomes
concluded that the novel fins configuration could significantly enhance the
thermal transmission effectiveness. Tian et al [27] established a computational
model to optimize the bionic topology using fins, which is identical to the leaf
structure. The results showed that the employed asymmetrical fins boosted the
melting rate and provided a temperature uniformity. Borhani et al [28] conducted
a comprehensive study to analyze the impact of helical fins, tilt angle, and fin
thickness on PCM melting interval. The findings revealed that rising the spiral fin
inclination decreases the full PCM melting time. However, increasing the
thickness of the spiral fin adversely affects the system's performance. Zhang et al
[29] compared the melting properties of PCM in both the transversal and
longitudinal axes for LHTES with several types of fins: annular, helical,
longitudinal, and quadruple helical. It was found that various fin structures
correspond to various orientations. The vertical position of the annular fin and the
helical fin achieves better performance and less melting time, unlike the
longitudinal fin system and the quadruple fin system, which produce the best
performance in the horizontal direction. Ghalambaz et al [30] studied a three-tube
LHTES system with twisted fins and compared it with LHS cases with and
without longitudinal fins. The PCM is occupied the annular region of the heat
exchanger, and the water is circulated in the opposite direction. The results
revealed that using four twisted fins decreased melting time by 18% and 25%
compared to a unit with a same number of longitudinal fins and another without
fins. Huang et al[31] conducted a computational investigation on the solidification
efficacy of paraffin in a triple tube using longitudinal triangular fins with varied
distributions. The solidification duration was lowered by 30.98% when the
triangular longitudinal fins were used instead of traditional rectangular fins.
Additionally, incorporating all fins on the external surface minimizes the
discharge duration by 13.61% evaluated against to the connected fins in the inner
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tube. Abdulateef et al [32] examined the impact of two types of fins: longitudinal
and triangular inside a horizontal triplex tube. They discovered that the triangular
fins accelerate the PCM melting 15% faster than the longitudinal fins.

Several studies [33], [34] have shown that adding fin arrays in a radial pattern
(annular) along the circumference of the heat exchanger tube is a proven efficient
way to improve thermal transmission in LHTES unit. Hassan et al [35] performed
an experimental examination of the fin shape influence on the PCM discharging
process inside a TES system. Three fin designs were tested (annular, longitudinal
and without fin). The results stated that, utilizing annular fins enhances thermal
performance when compared to other system designs. Furthermore, the findings
show that using ring-shaped fins reduces melting time by more than 69%. It is
also found that annular fins increase storage capacity by 52% compared with
longitudinal fins. An experimental and numerical examination was performed by
Kalabala et al [36] on an annular fin unit. It was found that the horizontal double
tube LHTES with five annular fins takes 85.63% greater melting time compared
to the vertical disposition. Yang et al [37] evaluated the influence of the effect of
fin arrangement and spacing in TES unit. The results demonstrated that when non-
uniformly distributed annular fins were used instead of evenly distributed ones,
melting time and the average PCM temperature were reduced by 62.8% and
34.4%, respectively. Whereas, moving the fins down can lead to a uniform melting
process. Furthermore, Elmaazouzi et al [38] focused on a similar problem treated
the annular fin in TES system. They tested several fins geometrical configurations
including length, thickness, number, and step. The outcomes revealed that the
optimum fins addition decreased both melting and solidification duration by
65.04% and 58.36%, respectively. Tiari et al [39] conducted a computational
study on the effect of annular fins with different lengths on PCM melting and
solidification phases. They tested a different fins' lengths and thicknesses by
maintaining a constant volume occupied by the fins. As a result, using 20 multi-
length fins while keeping the longer ones at the bottom half part of the tube
minimizes charging period by 73.7%. While 20 fins of similar length answer the
optimal design for the solidification process, which means about 79.2% of time
reduction.

While extended surfaces provide a valuable advantage in enhancing heat
transfer rates, they are accompanied by a lot of disadvantages such as increasing
weight, size, and cost. The challenge is therefore to improve heat transfer rate
without significantly increasing cited characteristics. Addressing this challenge
requires strategic thinking to develop innovative and effective solutions that strike
a careful balance between heat transfer performance, economics, and design
considerations.

Previous studies [34], [40], [41] mainly focused on studying the impact of
rectangular fin parameters in terms of length, thickness, spacing, inclination
angles, and number to increase heat transfer within the PCM medium. In fact, fins
not only improve heat transfer but also reduce the heat storage capacity of the TES
unit, where a quantity from the PCM designated for storing thermal energy is
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replaced with fins, and this point has not received many investigations. Thus, in
the current research, we try to study how to minimize the fins impact on the heat
storage capacity without compromising the heat transfer activity.

In this paper, a two-dimensional numerical simulation was carried out to
explore the melting process of a vertically oriented LHTES heat exchanger with
two types of fin shapes (rectangular and triangular) that occupied the same volume
ratio to the PCM region. Firstly, the triangular and rectangular fin shapes are
analyzed to examine their influence on the thermal efficiency of LHS. Afterwards,
the effect of triangular fin spacing and height on the PCM melting process is
investigated. Finally, we discussed the influence of the HTF inlet temperature on
the PCM melting rate.

2. Numerical simulation

2.1. Physical design and computational domain

Fig.1(a) and (b) show the 3D model of the annular finned tube heat exchanger
unit and the cross-section along the heat transfer fluid (HTF) direction,
respectively. The setup comprises two coaxial tubes with a length of L=400 mm.
The inner tube is composed of stainless steel, possessing a diameter of D.=15 mm
and a thickness of =2.5 mm. The outer tube, made of Perspex, has a diameter of
D=44 mm. Aluminum fins in a ring shape are connected to the exterior of the
central tube. The variables 1, t, and p represent the length, thickness, and spacing
between the fins, respectively. Water maintained at a constant temperature, serves
as the HTF, flowing through the inner tube at a steady velocity of 0.01 m/s from
top to bottom. For this investigation, Paraffin RT35 was chosen as the PCM, with
a melting point of 308 K. The properties of the PCM, water, and aluminum are
detailed in Table 1.

Five fin structures with the same volume ratio were numerically examined and
details of their dimensions are given in Table 2. The case 1 has ten rectangular
fins, which are transformed into ten triangular fins in case 2. Case 3 has five
rectangular fins equivalent to ten triangular ones in case 4. The same thing is
repeated in case 5 and case 6, where the number of ten rectangular fins doubles to
twenty triangular ones. It should be noted that the length, thickness, and number
of fins change in each case while maintaining the same size ratio of the fin as
shown in Fig. 2 and Fig. 3. Owing to the rotational symmetry, the physical setup
is reduced to 2D axisymmetric domain, considering the impact of gravity and
natural convection.

This article has been accepted for publication in a future issue of AME, but has not been fully edited.
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Fig. 1. Coaxial system featuring annular fins: (a) 3-D representation of triangular fin;
(b) 2-D axisymmetric representation of triangular fin.
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Table 1. Thermo-physical properties of PCM; aluminum and HTF [43]

Properties PCMRT3S) | Alu;li‘:mm) HTE I((T)z 323
Melting Temperature, Tm (K) 308.15 B B
Latent heat L (kJ-kg™") 157 _ B
Density, p (kg-m™) 880(s)/760(1) 2719 998.2
Specific heat capacity, cp (J-kg1-K) 2400(s)/1800(1) 871 4182
Thermal conductivity, A (W-m™-K'") 0.2 202.4 0.6
Dynamic viscosity, p (kgm'-s") 0.0029 B 0.001003
Thermal expansion coefficient, B (K) 0.001

Table 2. Fins dimensions of the studied cases includin,

length, thickness, and numbers

Fin volume Fin length (1) Thickness (t) Fin number

ratio (Vr) (mm) (mm) ™)
Casel(rectangular fin) 5 2 10
Case?2 (triangular fins) 10 2 10
Case3 (rectangular fin) 2% 10 2 5
Case4 (triangular fins) 10 2 10
Case5 (rectangular fin) 10 1 10
Case6 (triangular fins) 10 1 20

This article has been accepted for publication in a future issue of AME, but has not been fully edited.
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Fig. 2. Schematic of the TES unit with annular fins: Case 1 rectangular fin; Case 2
triangular fin.
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Fig.3. Schematic of the TES unit with annular fins: (a) rectangular fins; (b) triangular fins
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2.2. Governing equations

These assumptions were considered in the current numerical model:

e The model is bi-dimensional (2D) and axisymmetric.

e The HTF flow is laminar, Newtonian, and incompressible.

e Except for the PCM density and the specific heat capacity, all the
thermophysical properties of the PCM are considered constant.

o The thermal expansion coefficient related to the phase change has been
considered.
The transient phase change heat transfer with local natural convection are

governed by the following equations:

Continuity equation

V-u=0 )]
Momentum equation
29 1 p@@- V)il = ~Vp + uV2T +5, +S 2)
Energy equation
pCyon+ pCyill - VT = V- (AVT) — pL.Z 3)

The phase transition process is simulated employing the enthalpy-porosity
method [42], where the solid-liquid interface is conceptualized as a porous
medium. This method allows for a continuous change in the liquid fraction across
the ‘mushy zone,” with porosity values ranging from 0 in the solid phase to 1 in
the liquid phase. The momentum source term is presented as:

2
=Sl 4)

The parameter C denotes a constant that characterizes the shape of the melting
interface within the mushy region. It is recommended to constrain its value within
the range of (10*to 107). Additionally, to prevent the occurrence of dividing by
zero, a small value of 6 = 0.001 is employed. Here, u; represents the liquid phase’s
flow velocity in the PCM.

As the PCM temperature changes between solidus and liquidus phases, v refers
to the liquid fraction varying between 0 and 1 and is defined as:

0 T <T,
T-T
v={777 T, <T <T, (5)
1 T>T

Boussinesq approximation was adopted to calculate the change in PCM density
as a function of temperature in the liquid density given by:

Sp = prefg.B(T - Tp) (6)
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Where prr is the reference density of the liquid PCM at melting temperature
Tm, B thermal expansion coefficient.

For the HTF, the fluid flow and convective heat transfer are governed by the
following equations:

V-u=0 (7)
0_> — — —
pHTFa_L; + purr(@ - V)U = —Vp + pyppV2i ®)
oT N
purr Courr 9t + purr Coprp " VT =V - (AprrVT) )

Conjugate heat transfer is considered at the interface between HTF and tube
wall:

_ OTHTF _ OT tube
THTF - Ttube; AHTF on - Atube an (10)

Here, purr, cpurr and Autr are separately the density, specific heat and thermal
conductivity; T is temperature; t denotes time; subscripts HTF and tube stand for
HTF and heat transfer tube, in respective.

2.3. Initial and boundary conditions

The initial inlet HTF velocity (¢) and the temperature (To) of the whole studied
domain are given by the equation (10).
t=0,T=Ty,u=0,v=0 (11)

The initial HTF temperature and velocity at the tube inlet were defined as
follows:

Ty = 325k, u = 0.01ms L, v =0 (12)
The conditions at the coordinate x = 0 mm
ou oT
x—O,v—O,g—O,a—O (13)

The upper and lower walls are thermally insulated:
oT
3 = 0 (14)

The temperature difference between the erspex wall and the surrounding
temperature still results heat loss, even though the thermal conductivity of the
erspex walls is low. The natural convection heat transfer coefficient can be

computed by:
= Ml

h=" (15)

Where A and Nu represent the thermal conductivity of air and the Nusselt
number, respectively, and D represents the length of the LHTES.

The boundary condition of the Perspex wall is:
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—22 = h(T — Ty)
Where, Ty is the ambient temperature.

(16)

3. Numerical procedure and validation

3.1. Numerical procedure

The phenomena under investigation are addressed using Ansys Fluent, where
the equations controlling these phenomena are solved. For the coupling of
pressure and velocity, the SIMPLE algorithm is employed [44], while the
convection terms are discretized using the QUICK scheme, and the PRESTO
scheme is applied to get the pressure correction. Buoyancy forces resulting from
temperature gradients during phase transition are accounted for using the
Boussinesq approximation. Finally, the convergence criteria for the governing
equations are set at 10°® for energy and 10 for momentum and continuity.

3.2. Grid and time step independence study.

In general, the numerical simulation of any physical phenomenon is influenced
by the grid’s structures and the time step size.

Fig. 4(a) presents the variation of the melting fraction versus different cell
numbers considered to examine the independence of the grid. Three various mesh
numbers (4900, 19600 and 39200 grids) were investigated. It can be observed that
the differences in results between the cases of 19600 and 39200 grids are small
and negligible; thus, the cell number of 19600 was adopted the whole numerical
calculations.

The findings of the transient simulation regarding the solid-liquid phase

1.0 4

Liquid fraction
°
®

I
N
N

0.0

e
£
L

o
S
M

— — 4900 cell
= = =19600 cell

— 39200 cell

EEE

\.
~

[~ = 2900 cel
(= - -19600 cel
|——39200 cell

X

50
Time (s)

150

BT

0

T T
1000 2000

(a) grid cell number

T
3000

40‘00
Time (s)

T
5000

T
6000

7000

Liquid fraction

1.0 4

0.8

o
o
1

e
a
L

o
[
1

0.0

——time step, 0.1 s
— - —time step, 0.5 s
— — timestep, 1s

0

T
1000

T
2000

T T T T
3000 4000 5000 6000

Time (s)

(b) time step

Fig.4. Time step and mesh size independency tests

transition process exhibit a high degree of sensitivity to the selected time step size.
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To ensure the robustness of the results independent of the time step size, we
compared three different time step sizes: 0.1s, 0.5s, and 1s. As illustrated in Fig.
4(b), we found that the relative deflection is very small. Consequently, for all
subsequent simulations, we adopted a cell count of 19,600 grids and a time step
size of 0.1s. This selection not only conserves computational resources but also
validates the accuracy of the results.

3.3. Validation

We validated the present model by comparing it with the experimental and
numerical findings of Martin et al [43].

This validation is performed in a 2-D simulation of a vertical LHTES unit,
considering the same initial and boundary conditions, including material
properties, operation conditions, and geometry parameters as Martin et al [43].
The temperature evolution was recorded at two fixed points (section D) as shown
if Fig 5 (a) during charging with top HTF injection. According to Fig 5(b), the
good agreement achieved by our model confirms its precision.

55 L L L L L
"
50 -
E 4
£ c 45
A "
§ 40 4
o
D 2 35
£
@
2
304 g = Expa(3mm)
D 7 « Expb (6mm)
25 Num a (3mm)
— — Num b (6mm)
20 . : T T T
0 1000 2000 3000 4000 5000 6000
S~— Time (s)
(a) Thermocouple position (b) Temperature variation

Fig. 5. Comparison of the experimental results and numerical solution

4. Results and discussion

4.1. Effect of fin shape design on melting process

As depicted in Fig. 2, case 1 involves 10 rectangular fins with a dimension of
2x5 mm (base thickness x length). In case 2, rectangular fins are transformed into
triangular ones, increasing their length to 10 mm while preserving the total area
occupied by the fins as a constant (2% from the whole PCM region). (see Table
2).
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The comparative analysis in Fig.6 shows that the PCM melting process is faster
in case 2 compared to case 1. This is mainly because the rectangular fins are
unable to easily access the solid PCM located between the straight fins and the
outer wall. Consequently, the melting process takes significantly longer due to the
strong PCM thermal resistance. By changing the shape of the fins to triangular
(Case 2) with the same volume ratio, their surface area and length increase, where
the first parameter accelerates the heat transfer rate, while the second allows heat
to be transferred deeper into the PCM. Thus, it reduces the PCM melting time by
12.64% compared to rectangular fins. It should therefore be noted that for the
same size as fins, the triangular shape is more efficient than the rectangular one
for the same base thickness because it allows primarily an enlargement of the heat
transfer surface area, as shown in Fig. 3, which speeds up the PCM melting
process, and secondly gives the fin a longer shape that enables it to reach deeper
regions inside the PCM.

10 -
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i !
0.8 i '__l__'
. | [350;
i . .
B 1
§ 06 13800] |
w - !
g 1 |
E . .
S04 b
| |
[
024 | I
—=— Case1 (Rectangular fins)| | |
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00 ; . T —_
0 1000 2000 3000 4000 5000
Time (s)
Fig. 6. Variation of liquid fraction versus time

4.2. Effect of fin design parameters

Utilizing rectangular fins represents a prominent strategy to enhance the
thermal efficiency of LHTES unit used in thermal engineering. However, based
on the outcomes of the previous section (4.1), and the above reference [38] the
significance of fin length becomes evident. For the best understanding of other
parameters, we extended our investigation to the fin base thickness linked to the
inner tube. By fixing the fin length to 10 mm, and its base thickness of 1 to 2 mm,
we obtain four different TES units, where the number of triangular fins is doubled
compared to the rectangular ones for each thickness (as mentioned in Table 2).

The melting fraction (My) serves as a very important parameter for effectively
illustrating the impact of various fin designs on the PCM melting operation. Fig.7
represents the contours of liquid fraction and streamlines throughout the melting
process for the cases under examination.
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Fig. 7. Velocity (left) and liquid fraction (right) contours using triangular or rectangular fins
at h =10mm.

At the beginning of this process, all the cases almost show the same behavior:
the liquid portion of the PCM expands with the heat transmission wall and shape
of the fin due to direct contact between them. But as the time elapsed, the PCM
liquid phase layer becomes large and forms small eddies between the fins, as
appeared in Fig. 7 at 1500 s. With the passage of time, particularly at t =2000s and
t =2500s, the small eddies progressively recombined to form a large vortex
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between the fins and the inner surface of the Perspex, due to the natural
convection.

Essentially, the transfer of thermal energy occurs because of the density
gradient, meaning that the fluid with higher density moves towards the bottom
while the fluid with lower density moves towards the top. According to the
melting contours, the LHTES cavity with a triangular fin design (Case6) shows a
larger area of melted PCM compared to the rest configurations. This is attributed
to the large number of fins in the container, which consequently extends the heat
exchange area. Also, it is worthy of mention that the addition of triangular fins not
only subdivides the PCM into smaller regions but also enhances both conduction
and convection heat transmission rates.

In addition, Figure 8 shows the complete melting time of PCM for all cases.
The results showed that a TES unit without fins needed 6600 seconds to complete
a full charging cycle. Whereas it takes 4350 s, 3800s, 3750s, and 3250s for Case3,
Case4, Case5, and Case6, respectively. These configurations reduced the total
melting time by 34.09%, 42.42%, 43.18%, and 50.75%, respectively, compared
to the case without fins.

1.0

Liquid fraction
o o
[=:] [=-]

o
=
1

0.2 lem Case 3 (Rectangular Fins) |

|===Case 5 (Rectangular Fin) | ;
= Case & (Triangular Fins) |;

!
1
1
I
[ Case 4 (Triangular Fins} || i
I
y I
[==No fins ;

O'D T T T T T T .
0 1000 2000 3000 4000 5000 6000 7000

Time(s)
Fig. 8. The average melting fraction using triangular or rectangular fins at 1 =10mm

Comparing the results, we find that using 20 triangular fins instead of 10
rectangular ones of the same length (10 mm), thickness (1 mm), and occupied area
(2%) can lower the entire required period for PCM melting by 15.38%. Hence,
opting for triangular fins over conventional rectangular ones represents an
efficient approach that maximize the heat transmission region between the fins
and the PCM. Therefore, the subsequent sections focus on analyzing various
physical parameters of the triangular fins.
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4.3. Effect of fin spacing and length

The outcomes of the space between fins and its length on the PCM melting
phase were evaluated in this part, The most relevant studies on this subject are
those of Pu et al [45]. Enhancing the heat transfer region promotes the dynamic
heat transmission from the fin to the PCM. However, a higher number of fins also
results in increased thermal conduction resistance in the fin area, consequently
raising the cost and weight of the TES unit without significant improvement in
heat transfer performance. To ensure a reliable comparison, we considered that
the whole area equipped by fins represents 2% from the entire volume of PCM,
with a constant fin thickness of Imm. Therefore, six units with fin lengths of 0
mm, 5 mm, 5.7143 mm, 6.6667 mm, 8§ mm, and 10 mm are proposed. The more
the fin length increases from 5 to 10, the more the fin number decreases from 40
to 20, while the fin spacing increases from 10 to 20 mm. The structural parameters
of different fin lengths are recapitulated in Table 3. Fig. 9 presents the temperature
and liquid fraction distributions for various fin lengths at different stages.

Table 3. Finned TES unit parameters for a fin volume ratio (2%) and fin thickness (1 mm).

Fin volume Thickness (t) Fin length (1) Fin number (N) Fin spacing (p)
ratio (Vr) (mm) (mm) (mm)
2% 1 5 40 10
5.7143 35 11.4286
6.6667 30 13.3333
8 25 16
10 20 20

In the initial phase (t=500 s), the PCM in the whole studied cases initiates to
melt, resulting in the formation of a thin layer along the adjacent heated wall and
fin surfaces primarily due to predominant heat conduction. Besides as mentioned
in Fig. 9 a difference in thickness of the molten PCM is evident between the upper
and lower sections of the tube. In fact, the reason behind is the significant gradient
in HTF temperature between the top and the bottom due to the heat transmission
along the flow direction. Over the time, the solid to the liquid PCM transition
decelerates gradually in the presence of small fins. This is attributed to the fins
length which is small to cover most of the PCM's region, leading to a significant
increment in the thermal resistance between the hot water and the PCM. As the
fin length increases, despite the spacing between the fins expands, the melting rate
of the PCM increases. This is occurring due to the high thermal conductivity of
the fin material, which enables even distribution of heat across most of the phase
change area.
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different fin spacing and length
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The time required for the full melting of PCM varies with the fin spacing and
length, as shown in Fig.10 and Fig.11. For the cases with fins’ length of 5, 5.7143,
6.6667, 8, and 10 mm, the full PCM melting time takes 3950 s, 3750 s, 3600 s,
3400 s and 3250 s, respectively. which saves time by 40.15%, 43.18%, 45.45%,
48.48% and 50.75%, respectively, comparing to the case without fins. Therefore,
it is obvious that the longer the fins, the shorter the full melting time.

During the PCM phase transition, the length of the fins is more important than
the spacing between them because it directly affects the surface area in contact
with the phase change zone, effectively accelerating the transfer of heat
throughout the entire region.
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Fig. 10. Effect of fin spacing and length on liquid fraction
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4.4. Temperature history curve

The PCM axial temperature curve along the HTF flow direction was
investigated. The entire system was divided into 5 axial sections with similar
dimensions (80 mm each). Measurement lines (A to D) are placed between fins at
the locations shown in Fig.12(b). In fact, the LHTES unit without fins takes more
time for the full PCM’s melting, especially at the bottom because the HTF loses a
lot of its thermal energy in the upper regions. The use of fins can overcome this
problem. It is apparent that the PCM in the line D region requires more time to
melt about 4500 s comparing with the same position in the unit with fins which is
reduced by 2500 s as shown in Fig.12(a). This due to the large temperature
gradient within the PCM, which is reducing by using fins.
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Fig. 12. Temperature distributions of different selected lines: (a) Temperature measurement
locations; (b) Temperature change at the selected locations.

Regarding the full PCM melting time, the whole PCM temperature curve can
be divided into three regions: the cold sensible region (Region I), the latent region
(Region II), and the hot sensible region (Region III). In the first region, the
temperature gradient between the hot water and PCM rises significantly, which
causes the temperature to increase slightly faster in the early stages until it
approaches the PCM melting point. At the same time, we observe a negligible
variance in temperatures among different locations. The next zone represents the
most significant area for the LHTES system. The PCM temperature with fins rises
rapidly at the phase change point within the range of 1550-3100 s and then slowly
decreases to the final stage of the melting process. Likewise, the duration of the
mushy zone shortens with increasing fin length, which shows that increasing the
length of the fins along the radial direction greatly increases the heat transmission
rate and provides perfect temperature uniformity inside the TES system. When the
fin length is increased from h =0 mm to h = 10 mm, the full PCM melting time at
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line (D) is reduced by approximately 6800 and 3500 s, respectively. Thus,
increasing the fin length improves the full heat transmission mechanisms within
the LHTES system.

4.5. Effect of HTF temperature

Fig. 13 (a)-(b) shows the liquid fraction curves and the total PCM melting
durations at various inlet HTF temperatures. Specifically, Fig 13 (a) demonstrates
that higher inlet water temperatures create a more pronounced temperature
gradient between the PCM and water, which leads to reduce the melting duration.
Furthermore, as seen in Fig. 13 (b), the time difference decreases as HTF
temperature increases. Thus, the timeframe for achieving complete melting in the
triangular fin design unit (case 6) displayed variability across different water
temperatures. For example, with an increase in HTF temperature from 325.15 K
to 345.15 K, the melting interval sharply decreases from 3250 s to 1750 s,
resulting in a reduction of 46.16%. While the melting time decreases by 17.14%
when the HTF temperature increases to 355.15 K. The reason behind is the large
amount of heat transmitted to the PCM. This means that after a certain temperature
difference, the melting time stabilized.
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Fig. 13. Effect of temperature difference HTF and PCM on melting behaviour: a) Melting
fraction b) setting time required.

5. Conclusions

Thermal efficiency improvement of a LHTES container with ring shaped fins
was numerically examined. In fact, fins are the most suitable and powerful
technology for improving thermal performance in an LHTES systems. However,
the effectiveness of the fins depends on various design parameters, such as their
shape, thickness, spacing, and length. In this study, we examined two types of fin
shape, rectangular, and triangular that occupied the same surface area to the PCM.
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After finding the best case, the combined influence of fins spacing and length on
the PCM melting behavior was evaluated. Besides, the influence of various HTF
inlet temperatures is also discussed. The outcomes of the present investigation are
stated as follows:

e The current study showed that replacing rectangular fins with triangular
ones of the same length, base thickness, and occupied area doubles their
number. Thus, it increases the heat transfer surface area without
compromising the heat storage capacity of the TES unit.

e Using an equal number of rectangular and triangular fins occupying
1dentical surface area enables to increase both, the heat transfer area and the
length of triangular fins compared to rectangular fins which reduced the
PCM melting time by 12,65%.

o The best results achieved by the triangular shape compared to a rectangular
shown that small changes in design leads to a great performance
improvement.

e Whatever the number of fins, the longest has the best effect on PCM
melting rate, which speeds it up by improving heat transfer away from the
hot inner tube.

o For the same whole surface area of fins; the length has the greatest
significant effect compared to the spacing, which means that a LHTES unit
with 20 tall fins provides better thermal performance than another with 40
small fins.

e The performance of LHTES heat storage can be effectively enhanced by
rising the inlet temperature of HTF. Thus, it is suitable to select a HTF
temperature greater than 20 K from the PCM melting point.
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