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Abstract

Phase-change materials (PCMs) have a remarkable potential for use as efficient energy storage means. However, their poor response
rates during energy storage and retrieval modes require the use of heat transfer enhancers to combat these limitations. This research
marks the first attempt to explore the potential of dimple-shaped fins for the enhancement of PCM thermal response in a shell-and-
tube casing. Fin arrays with different dimensions and diverse distribution patterns were designed and studied to assess the effect
of modifying the fin geometric parameters and distribution patterns in various spatial zones of the physical domain. The results
indicate that increasing the number of dimple fins in the range of 8–32 results in faster heat storage rates by up to 8.7% faster than
they would be without the dimple fins. Further improvements of approximately 1.4, 1.2, 1.1, and 1.0% can be obtained by optimizing
the position of the first fin section, the spacing between other fin sections, the fin spacing based on the aromatic algorithm, and the use
of the staggered fin distribution. The heat storage rate is improved by almost 12% for the best case compared with that of the no-fin
case.
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Nomenclature
Am: Mushy zone parameter
Cp (J kg−1 K−1): Specific heat capacity
g (m s−2): Gravity
k (W m−1 K−1): Thermal conductivity
Lf (J kg−1): Latent heat of melting
M (kg): Mass
P (Pa): Pressure
Q (kJ): Heat storage
tm (s): Melting/solidification time
T (K): Temperature

S: Source term−→
V (m s−1) : Velocity

Greek symbols:
β (K−1): Thermal expansion coefficient
λ : Liquid fraction
μ (kg m−1 s−1): PCM viscosity
ρ (kg m−3): PCM density
�H (J kg−1): PCM latent heat

1. Introduction
There is no doubt that the continued harsh use of fossil fuels
is the major contributor to global carbon emissions, accounting
for more than 80% in industrialized nations (Ritchie et al., 2020).
All energy transition plans necessarily entail increasing renew-
able energy utilization and end-use energy efficiency (Zhang et al.,
2016; Wang et al., 2018). However, the vulnerability of renewable
energy systems and their high installation costs have been and
will continue to be a challenge for scientists and researchers in
the energy field (Gong et al., 2022; Xu et al., 2022). Thermal energy
storage (TES) is viewed as the major enabler for addressing the
vulnerability of renewable energy and facilitating more efficient
exploitation of it (Wu et al., 2021a, b). It can secure steady power
output from vulnerable energy sources, thus conserving scarce
fossil-fuel resources and reducing the need for costly fossil-fuel
imports (Dincer & Rosen, 2021; Yang et al., 2021). As a result, it
is essential to develop robust designs that precisely match the
proper TES technology to their unique renewable energy appli-
cation (Yang et al., 2022b). TES is basically the process of storing
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Figure 1: Schematic of the proposed heat exchanger equipped with
dimple-shaped fins.

energy thermally for later use. It is categorized into three types
based on the materials utilized: These are sensible, latent, and
thermochemical TES. The latent TES, which uses phase-change
materials (PCMs), is preferred over other types for two reasons.
First, PCM-based TES systems are usually smaller than conven-
tional TES systems when the system size is a design concern. For
example, the storage density of PCM compared to that of rock TES
is about 1–17 (Lane, 1983). Second, the thermophysical nature of
phase transitions in PCMs allows for minimal temperature de-
terioration, allowing for almost constant temperature operation.
PCMs are used in a variety of engineering applications, including
energy management in buildings (Lamrani et al., 2021), load con-
trol in HVAC utilities (Sardari et al., 2019; Dong et al., 2020), and
peak shaving in renewable energy systems (Pelay et al., 2017; Rea
et al., 2018; Saffari et al., 2018).

Heat transfer rate, phase transition temperature, and latent en-
thalpy of melting are among the material thermo-physical pa-
rameters that mainly contribute to the usefulness of PCMs as
heat storage media. While there are significant metallurgical vari-
ances between PCMs today, the most prevalent trait is that they
all have naturally low thermal conductivities, which has a nega-
tive impact on the thermodynamic response to the energy charg-
ing and discharging cycles (Cabeza, 2021). To alleviate this chal-
lenge, researchers tested and suggested a variety of ways for the
thermal response enrichment of TES systems. These ways include
capsulation of PCMs, embedding of porous matrices (Mahdi et al.,
2021a, b; Talebizadehsardari et al., 2021a), adding extended fin sur-
faces (Yang et al., 2020; Mahmoud et al., 2021; Sun et al., 2021;
Guo et al., 2022; Yang et al., 2022a), incorporating nano-additives
(Zhang et al., 2015, 2018), applying multiple-PCMs (Mahdi et al.,
2020, 2021c), and heat pipes (Ali, 2019), as well as employing a
good performing design for PCM confinement. Incorporating fins
to extend the heat exchanging area between the PCM and the in-
charge heat-transfer fluid (HTF), is often recognized as the most
common means for alleviating the low thermal response rates in
TES systems (Mahdi & Nsofor, 2018b; Ghalambaz et al., 2021a). Fin
arrays, when properly structured and applied, have the potential
to provide a high enhancement density while conserving the ma-
terial usage and compactness of the system. Therefore, optimizing
the layout of fins in thermal energy systems, including their size,
placement, and material selection, has become a core concern for
researchers in the field of thermal energy systems (Abdulateef et
al., 2018a; Sadeghianjahromi & Wang, 2021). Gradient-tree shaped
(Yu et al., 2020; Huang et al., 2022) and fractal-tree-shaped fins
(Zhang et al., 2020; Huang & Liu, 2021) are among the recently sug-
gested configurations due to their good enhancement capacity per
the TES unit’s volume. This study is dedicated to evaluating the
potential of dimple-shaped fins as another new configuration for

improving the melting/charging performance of PCM-based stor-
age systems.

The potential of extended fins for improving the thermal re-
sponse of PCMs has been a topic of interest to several experimen-
tal and computational investigations over the past three decades.
Lacroix (1993) reported that the inclusion of circular fins has a
larger impact on the performance of shell-and-tube TES systems
at moderate inlet temperatures (�T ≥ 5 K) and lower HTF flow
rates (m ≤ 0.015 kg s−1). Velraj et al. (1997) showed that employ-
ing V-shaped fins in cylindrical TES systems can save the solidifi-
cation time by about [1/(number of fins)]. Sciacovelli et al. (2015)
revealed that employing Y-shaped fins can boost the solidifica-
tion rate of PCM by 24%, and reported that larger Y-shaped fin
angles are beneficial for short-duration operation while smaller
Y-shaped fin angles are beneficial for long-duration operation. Ab-
dulateef et al. (2018b) showed that using triangular fins results in a
15% quicker melting rate than using longitudinal fins in a triplex-
tube storage unit. Mahdi and Nsofor (2017, 2018b) revealed that
using fins alone in PCM composites outperforms using nanopar-
ticles alone or a fin-nanoparticle combination within the same
volume limitations of the enhancing additives. Ghalambaz et al.
(2021b) reported that applying twisted fins may result in a 36%
faster heat storage rate when compared to using longitudinal fins
within the same PCM mass usage when compared to using longi-
tudinal fins.

A key challenging problem that arises in applying fins is that
their fixed, solid structure imposes too many flow-resistant forces
that impact the beneficial contribution of natural convection dur-
ing the melting phase of the heat-storage process in PCM systems.
The application of non-uniform fin layouts to form better uniform
melting at the different parts of the PCM domain has been pro-
posed as a solution to overcome this problem. An attempt at this
was initiated by Mahdi and Nsofor (2018a) who suggested employ-
ing non-uniform fin lengths at the different parts in the PCM do-
main to balance between the inhibition of natural convection and
the augmentation of heat conduction due to the introduction of
fins. Singh et al. (2019) proposed the use of non-uniform annular
fins with a gradual reduction in the fin height in the vertical direc-
tion to further promote the enhancement potential of annular fins
during the charging mode. Yang et al. (2020) tested various condi-
tions for fin pitch and positions in a non-uniform pattern and re-
veal that proper shifting of fins down with the use of non-uniform
fin lengths can effectively improve the melting homogeneity in
vertical storage systems. Tang et al. (2021) indicated that applying
non-uniform fin designs with fin lengths somewhat less than the
shell radius and fins more concentrated in the bottom area of the
PCM domain may significantly enhance the storage performance
of latent TES systems.

The literature survey above reveals that there have been on-
going efforts to provide effective fin designs for superior perfor-
mance enhancement in PCM-based storage systems. Consistent
with these efforts, more investigations are required to test new fin
configurations along with optimizing their geometric parameters,
such as their fin dimensions, locations, and distributions, toward
better enhancement potentials. In this view, the primary objective
of this study was set to evaluate the capability of dimple-shaped
fins as a new fin configuration to improve the thermal PCM char-
acteristics during the energy charging and discharging modes in a
shell-and-tube containment type. The second objective was to op-
timize the size, arrangement, and placement of dimple fin arrays
over a range of thermal and flow conditions in the PCM contain-
ment design. Dimple-shaped fins are a novel fin shape that has
been rarely discussed in the literature, especially for latent heat
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Table 1: Geometric parameter specifications of different dimple-shaped fin configurations.

Cases Number of fins Number of fins in each section Number of arrays Radius of fins Volume of fins

Case 1 (base case)
Case 2 8 2 4 4 2144.66
Case 3 16 4 4 3.18 2144.66
Case 4 24 6 4 2.77 2144.66
Case 5 32 8 4 2.52 2144.66

Table 2: Thermofluidic property values of RT35 PCM (Rubitherm GmbH, n.d.).

Property
μ

(N s m−2) β (K−1)
Cp

(kJ kg−1 K−1)
k

(W m−1 K−1) ρ (kg m−3)
Lf

(kJ kg−1) TL (◦C) Ts (◦C)

Values 0.023 0.0006 2.0 0.2 815 170 35 29

Table 3: The characteristics of the grids used for mesh indepen-
dence analysis.

Grid number Time-step size Node number (N) Cell number

1 0.2 326 796 1 319 025
2 0.1 583 769 1 972 730
3 0.5 1 393 139 5 832 898

Figure 2: The effect of (a) grid number and (b) time-step size on the
liquid fraction variation for Case 5 with 32 fins.

Figure 3: Comparison of the simulation model’s temperature and
liquid-fraction evolution predictions to those of Mat et al. (2013).

storage and phase change problems. Due to the shape of the dim-
ples, which are hemispherical, the fins do not prevent the circu-
lation of liquid PCM in the domain by natural convection, which
is one of the disadvantages of using fins in the PCM-based ther-
mal storage systems. However, due to the lower height of dimple-
shaped fins compared with that of the conventional form of fins,

Figure 4: Schematic of vertical shell-tube TES system with different
arrangements of dimple fins.

the heat penetration in the PCM domain from the heat source is
lower in the system equipped with dimple-shaped fins. So, this
study aims to study the performance of dimple-shaped fins to find
out how effective dimple-shaped fins can be in the thermal man-
agement of PCM-based systems. Therefore, a numerical model
was developed using the computational-fluid-dynamic package
(ANSYS Fluent) in connection with developing specific codes in
MATLAB for evaluating the involved performance indices such as
liquid-fraction evolution and temperature distribution. A three-
dimensional (3D) computational model based on finite-volume
discretization was developed considering the effects of natural
convection in PCM and the temperature-dependent thermal prop-
erties of PCM. To the best of the authors’ knowledge, no previous
research has discussed the impact of dimple fins on the enhance-
ment of PCM thermal response in latent TES systems. The study
would provide, in this regard, a distinct benchmark for designing
fast-responsive PCM-based storage systems over a range of tem-
perature and flow conditions that are able to suit a wide range of
engineering applications.

2. System Description
In this study, a sequence of 3D simulations was carried out to as-
sess the potential of dimple-shaped fins to facilitate faster en-
ergy storage rates during the melting of PCM in a double-tube
containment system. The double-tube heat exchanger was mod-
eled vertically, and the PCM was located in the outer tube, while
the HTF was passed through the inner tube to melt the PCM and
store the thermal energy. Figure 1 illustrates the schematic of the
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Figure 5: The contours of liquid-fraction evolution for different arrangements of dimple fins at distinct durations of the melting evolution.

system, including the boundary conditions and the dimensions
for the system with 32 dimple fins. The length of the tube is 250
mm, while the diameters of the inner and outer tubes are 20 and
40 mm, respectively. The thickness of the inner tube is also con-
sidered to be 2 mm. These dimensions are chosen based on dif-
ferent studies in the literature (Shahsavar et al., 2020). The inlet
is assigned a uniform temperature and velocity, while the out-
let is assigned a pressure outlet condition. A no-slip boundary
condition is also used for the walls. The outer tube and sides of
the PCM domain are also insulated to prevent heat loss to the
environment.

There are five main scenarios investigated in this research to
reach the optimum fin array: (i) determining the optimum number
of dimple fins to be used, (ii) determining where to locate the first

fin section, (iii) determining the optimum fin spacing for the best
case, (iv) determining the optimum fin spacing based on the aro-
matic algorithm, and (v) employing a staggered fin arrangement
to further improve the melting performance. It should be noted
that the schematics of the proposed cases in different scenarios
are displayed separately in the discussion section in the related
part to better understand the geometry of different cases. Dif-
ferent numbers and diameters are studied for the dimple-shaped
fins. Table 1 shows the dimensions of different sizes of the dimple-
shaped fins. In all scenarios, the total volume of fins is kept con-
stant at 2144.66 mm3 to enable meaningful comparisons of stor-
age performance indices to be made across the board. A total of
three key indicators were selected to assess the overall perfor-
mance of the system. This includes the timewise melting-front
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Figure 6: The contours of isotherm distribution for different arrangements of dimple fins at distinct durations of the melting evolution.

Figure 7: The overall heat storage rates for different arrangements of
dimple fins.

evolution, timewise isotherm distribution, and nominal energy
storage rates.

To ensure that PCM melting begins from a liquid state, it is
assumed that each scenario to achieve complete melting begins
when the PCM at initial temperature (Tint = 15◦C) is lower than
the PCM solidus temperature (Ts = 29◦C). In the meanwhile, the
HTF (water) is circulating at a lower temperature (i.e., 50◦C) to pro-
vide the desired heating demand. This enables the development of
melting layers next to thermally active partitions in the domain so
that the PCM layers closest to the heating wall cause the comple-
tion of melting to occur sooner than the other PCM layers. In this
regard, the incorporation of dimple fins would allow for quicker
melting rates in the wall-nearby PCM layers by higher heat trans-
fer to the PCM domain resulting in an improved overall energy
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Figure 8: Schematic of dimple fins of Case 5 with different spacings for the first fin section.

storage process across the whole TES unit. RT35 was employed as
the PCM inside the dimple-shaped fin double-pipe heat exchanger
in this study and Table 2 shows the properties of the RT35 PCM.

3. Mathematical Modelling
The enthalpy–porosity approach is incorporated to estimate the
thermofluidic behavior of PCM during the phase change process.
The following set of assumptions is adopted to enable the numeri-
cal solution and make the mathematical modeling more straight-
forward (Li et al., 2019):

(i) Buoyancy-driven of liquid PCM flow is laminar, transient,
and Newtonian.

(ii) PCM has constant thermofluidic properties except for den-
sity.

(iii) Boussinesq model is employed to predict density variation.
(iv) Volume change of PCM during phase transition is ignorable.
(v) Viscous dissipation is neglected due to the law velocities of

liquid PCM.

Considering the above assumptions, the standard governing
equations of mass, momentum, and energy are formulated as fol-
lows (Talebizadehsardari et al., 2021b):

∂ρ

∂t
+ ∇.ρ

−→
V = 0, (1)

ρ
∂

→
V

∂t
+ ρ

(→
V .∇

) →
V = −∇P + μ

(
∇2 →

V
)

− Am
(1 − λ)2

λ3 + 0.001

→
V

− ρrefβ (T − Tref )
→
g, (2)

ρCp∂T
∂t

+ ∇ (
ρCp�VT

) = −
[

∂ρλL f

∂t
+ ∇ (

ρ�VλL f
)] + ∇ (k∇T ) . (3)

The momentum sink for the phase change in the mushy zone is
represented as the third term on the right-hand side of Equation

(2). The volume expansion due to change in the PCM from solid
to liquid state is neglected in this research, and Am was consid-
ered 10−5 (Pan et al., 2018; Fadl & Eames, 2019). For the water flow
simulation in the inner tube, similar governing equations are em-
ployed, ignoring the body forces and phase change equation. λ is
introduced as (Brent et al., 1988):

λ = �H
L f

=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0 i fT < TS
(T − TS)
(TL − TS)

i fTS < T < TL

1 i fT > TL

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

. (4)

A detailed description of the mathematical model can be found
in the authors’ previous work (Mahmoud et al., 2021; Sun et al.,
2021). The total enthalpy (H) is achieved as:

H = �H + h, (5)

where

h =
∫ T

Tref

CpdT + href . (6)

The heat charging rate Q̇ is introduced as:

Q̇ = Q
tm

= m
(∫

S CpdT+Lf + ∫
L CpdT

)
tm

, (7)

where tm is the melting time and m is the mass of PCM.

4. Numerical Modelling and Validation
The simulation is performed in ANSYS Fluent software employ-
ing the QUICK scheme for the diffusion fluxes and convection and
PRESTO scheme for the pressure correction equation. The conver-
gence criteria of 10−6 is also assumed. Different mesh elements
and time-step sizes are evaluated so that the results are uncondi-
tional to grid density and time-step.
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Figure 9: The contours of liquid-fraction evolution for Case 5 with different spacings of the first fin section at distinct melting durations.

4.1 Mesh independence analysis
Mesh with node number of N = 326 796, 583 769, and 1 393 139
are generated for the mesh independence analysis for Case 5
with 32 dimple-shaped fins with uniform distribution. The mesh
with the node number of 583 769 is selected since the results
are almost identical to those of 1 393 139 nodes. The size of the
mesh and the cell numbers for different grids are listed in
Table 3.

For the selected mesh, three different time-step sizes of 0.1, 0.2,
and 0.5 s are investigated and the results are illustrated in Fig. 2a.
The results show that the variations of liquid fraction for the time-
step sizes of 0.1, 0.2, and 0.5 s are almost similar in Fig. 2b, and thus
the time-step size of 0.2 s is selected for further analysis. It should

be noted that Case 5 with 32 dimple fins which is introduced later
in the discussion section is used for the mesh independence and
time-step size analysis.

4.2 Model validation
To verify the accuracy of the numerical scheme applied in the
present study, the numerical results of the present research are
validated against those of Mat et al. (2013). The same boundary
conditions and performance parameters of the reference system
are applied in the present model. Mat et al. (2013) conducted a set
of numerical and experimental investigations to explore the melt-
ing performance of a PCM (RT82) in a double-tube TES system. The
objective of their research was to evaluate the impacts of adding
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Figure 10: The contours of isotherm distribution for Case 5 with different spacings of the first fin section at distinct melting durations.

Figure 11: The overall heat storage rates for Case 5 with different
spacings of the first fin section.

staggered fins to the exterior and interior walls of the PCM shell.
At the beginning of tests, all PCM was at solid phase so that the
temperature was initially set to 27ºC. During the tests, the temper-
ature of HTF was kept at 90ºC so as to the internally finned tubes
maintain a constant temperature (Twall = 90ºC) as the boundary
condition. The data for the average PCM temperature and liquid
fraction from the present study are compared to the numerical
and experimental findings reported by Mat et al. (2013) as shown in
Fig. 3. The statistical comparison gave a maximum percentage er-
ror of 1.4%. Thus, the present model can be adopted for exploring
the thermal characteristics of the PCM-based system for further
analysis.
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Figure 12: Schematic of dimple fins of Case 5 with 5 mm spacing of the
first fin section and different spacings of other fin sections.

5. Results and Discussion
5.1 Impact of applying different numbers of

dimple fins
A parametric study was carried out using data from the simula-
tion cases under the consideration to assess the thermal perfor-
mance of various arrays of dimple fins with different numbers of
0, 8, 16, 24, and 32 fins as shown in Fig. 4 during the PCM melting
mode.

Figure 5 depicts the liquid-fraction contours, as well as the
melting fronts (in light green), for the dimple fin arrays consid-
ered in this study throughout five melting durations: 300, 600,
1200, 1800, and 3600 s. The melting fronts (in light green) are
shown for the five cases considered in this section. Early dura-
tions (i.e., 300–1200 s) witness the formation of light-green melt-
ing fronts as characterized by the appearance of homogenous cir-
cles, which are comparable in the vertical direction between the
different cases of dimple fins. It can be observed from the figure
that employing a larger number of dimple fins, particularly at high
numbers such as 24 and 32 fins, causes an increase in the size of
melting layers (red regions) between and around the fin zones as
a result of the introduction of dimple fins. This is due to the fact
that only thin liquid layers are capable of forming during this time,
and as a result, the melting fronts are seldom seen to be moving
apart during this period. The forms of melting fronts get progres-
sively distorted as the time approaches the halfway time point
(t = 1800s). This is especially observable in cases where there are
a higher number of fins such as that in Cases 4 and 5. The reason
would be the faster heat storage rates at the heating walls, which
continue to increase as time goes on. When looking at the same
contour maps, it can be seen that the size of the melting layers
(red zones) seems to be increasing gradually toward the bottom
during the course of the 3600s ultimate duration. Due to the fact
that convection is more important in the upper parts of the do-
main than it is in the lower parts would be the explanation for
such a behavior of liquid PCM. While dimple fins are advantageous
in that they allow greater heat dispersion to PCM portions that
are located far away from thermally active walls, they also benefit
from the fact that they cause the melting layers to increase in size
more rapidly throughout the latter duration of the process (i.e.,
t = 3600s). Natural convection has a higher role in the presence
of dimple fins since the distortion of the melting front increases
as a result of the increased distortion during final melting dura-
tions. This is due to the fact that dimple fins have their unique
flow-aiding structure, which makes them more advantageous in
terms of encouraging heat transfer through natural convection.

Figure 6 depicts the isotherm evolution for the five cases ex-
plored in this section of 0, 8, 16, 24, and 32 dimple fins during the
melting periods of 300, 600, 1200, 1800, and 3600s. The radiuses
of the fins are 4, 3.18, 2.77, and 2.52 mm, respectively, for the sys-
tem with the fins’ numbers of 8, 16, 24, and 32. An initial insight at
the isotherm maps indicates that the high-temperature isotherms
at 35ºC (the red areas) are the leading band in all studied cases
at early durations. This may be ascribed to the fact that the ma-
jority of PCM remains in the solid-state during these periods. As
can be seen from the figure, melting has limited influence on the
isotherm distribution during this duration, and the isotherms be-
tween and within a short distance of the fin neighborhood seem
to be almost similar in terms of their behavior and appearance.
During the later durations, the isotherms with higher tempera-
tures above 35ºC (turquoise areas) begin to progressively reduce
across the domain, particularly in the cases with a larger num-
ber of fins. This is notably true in the cases with fins at times
(t = 1200–1800s). Because of the increased heating effect of the
HTF on PCM melting behavior during this period, the melting layer
grows in size and finally occupies the whole domain. Aside from
that, the presence of dimple fins helps to improve the effective-
ness of heat transfer from the PCM to the HTF by allowing for
more effective communication between the PCM layers that are
further away from thermally active walls and the HTF in charge.
In comparison to the base case of no fins, there is a stronger discol-
oration of isotherms at high temperatures in the cases with fins
throughout the final period of the testing (i.e., t = 3600s) when
moving down in the domain. As compared to the role of conduc-
tion, convection heat transfer has a more noticeable role in the
cases of fins, particularly in the upper portion of the domain. The
isotherms seem to have become more uniform in their shape and
behavior during the course of the final periods. Due to the good
role played by convection in certain localities, the melting process
is finished much quicker in the upper parts than it would be in
other locations. By virtue of their spherical configuration, the pres-
ence of dimple fins leads to a more dominant role in heat convec-
tion during melting. This would reinforce the evasiveness of natu-
ral convection and substantially assists the overall heat transfer
process.

The values of the overall heat storage rate for all cases investi-
gated in this section, i.e., Cases 1, 2, 3, 4, and 5, with dimple fins of
0, 8, 16, 24, and 32 correspondingly, are summarized in Fig. 7. The
data from the figure indicate that heat storage rates were recorded
at 10.23, 11.00, 11.12, 11.14, and 11.18 W for Cases 1–5, respec-
tively. These results imply that increasing the number of dimple
fins from 0 to 8, 16, 20, and 24 fins would result in heat storage
rates by about 7.1, 8.4, 8.4, and 8.7% faster than they would be
otherwise.

5.2 Impact of varying the spacing of the first fin
section

Following the determination of the optimal case of fin number
(i.e., Case 5), this part examines the influence of fin placement to
determine where to locate the first fin section for the better melt-
ing performance of PCM. As shown in Fig. 8, six different spacings
(5, 10, 20, 30, 40, and 50 mm) for the first fin section with a con-
stant spacing for the other fin sections were tested by studying the
contour lines of liquid fraction and PCM temperature in addition
to the heat storage rates.

Figure 9 shows the liquid-fraction contours as well as the melt-
ing fronts (in light green) for the dimple fin arrays considered in
this section across five melting times: 300, 600, 1200, 1800, and
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Figure 13: The timewise contours of liquid-fraction evolution for Case 5 with 5 mm spacing for the first fin section and different spacings for other fin
sections.

3600 s. The figure shows that employing lower spacings for the
first fin section, especially at smaller values like 5 and 10 mm,
serves for larger melting layers (red areas) between and around
the fin zones to produce during the course of the 3600s. The con-
tour maps in Fig. 9 show that the size of the melting layers (red
zones) seems to be decreasing steadily toward the bottom, espe-
cially during the final duration. This behavior of liquid PCM might
be explained by the fact that convection is more prominent in the
regions between the fins. By reducing the spacing of the initial fin
section, more room is made available for natural convective cur-
rents to pass through, allowing for higher heat transmission for
PCM parts located near the HTF entrance. As a result, lowering
the spacing of the first fin section provides a better flow-aiding
structure for dimple fin arrays, making them more beneficial in
terms of boosting enhanced heat transfer via natural convection.

Figure 10 depicts the isotherm evolution for the six cases ex-
plored in this section of a fins’ spacing of 5, 10, 20, 30, 40, and
50 mm for the first fin section during the melting periods of
300, 600, 1200, 1800, and 3600s. An initial insight at the isotherm
maps reveals that isotherms with higher temperatures over 35ºC
(turquoise patches) begin to steadily decline throughout the do-
main, especially when smaller spacings of 5 and 10 mm are used.
The melting layer expands in size and eventually covers the whole
domain because of the increasing heating influence on PCM melt-
ing behavior during the later period (t > 1800 s). This would be
attributable to the fact that decreasing the distance between the
entrance and the first fin section improves the efficacy of natural
convection heat transfer by allowing for more efficient buoyancy-
driven flows to be generated between the fin zones. Throughout
the final period (i.e., t = 3600 s), there is a greater discoloration of
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Figure 14: The timewise isotherm distribution for Case 5 with 5 mm spacing for the first fin section and different spacings for other fin sections.

Figure 15: The overall heat storage rates for Case 5 with 5 mm spacing
for the first fin section and different spacings for other fin sections.

isotherms in cases with wider spacings of the first fin section, such
as that in the base case of 50 mm. This isotherm discoloration in-
dicates that convection contribution is more visible than that by
conduction at lower fin spacings, especially in the top region of
the domain. Therefore, isotherms seem to have grown more uni-
form in shape and behavior over the final periods, in particular, at
lower spacings of the first fin section owing to the good role played
by convection in these localities.

The values of the overall heat storage rate for all cases explored
in this section, i.e., Case 5 with a spacing of (5, 10, 20, 30, 40, and 50
mm) for the first fin section, are summarized in Fig. 11. According
to the obtained data, heat storage rates were 11.39, 11.33, 11.28,
11.21, and 11.16 W for 5–50 mm spacings of the first fin section,
respectively. These results imply that reducing the spacing for the
first fin section from 50 mm to 40, 30, 20, 10, and 5 mm would
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Figure 16: Schematic of dimple fins of Case 5 with fin spacings being
optimized based on the aromatic algorithm.

result in faster heat storage rates by about 0.5, 1.0, 8.4, and 1.4,
2.0% than they would be otherwise.

5.3 Impact of varying the spacing between the
different fin sections

After identifying the best spacing for the first fin section (i.e., Case
5 first-5 mm), this part investigates the influence of fin placement
to determine where the fin sections other than the first fin sec-
tion should be located for better enhancement rates of melting.
As shown in Fig. 12, five various spacings (10, 20, 30, 40, and 50
mm) for the different fin sections were evaluated in terms of the
contour lines of liquid fraction and temperature, as well as heat
storage rates.

Figure 13 illustrates that increasing the spacing between the fin
sections from 10 to 40 mm allows for greater melting layers (red
zones) to form between and around the fin sections during the
course of melting when using higher spacings. The figure shows
that the size of the melting layers (red zones) appears to be re-
ducing steadily toward the bottom of the domain, particularly
throughout the final durations of the test. This behavior of liq-
uid PCM may be explained by the fact that convection is more
prominent in areas where fin spacings are larger. When the spac-
ings between fin sections are increased, more space is made avail-
able for natural convective currents to pass through, resulting in
higher heat diffusions across the PCM layers involved. Increasing
the spacing between dimple fin sections, as a result, drives a bet-
ter flow-aiding structure for dimple fin arrays, making them more
advantageous in terms of enhancing the heat transfer rates via
natural convection.

Figure 14 displays the isotherm development for the five cases
investigated in this section with spacings of (10, 20, 30, 40, and 50
mm) throughout the melting periods of 300, 600, 1200, 1800, and
3600 s. According to the isotherm maps of Fig. 14, the higher tem-
perature isotherms (turquoise patches) continue to slowly fade
away across the domain, especially when bigger spacings of 40
mm are employed. This would be due to the fact that increased
distance between fin sections enhances the efficacy of natural
convection by allowing for more efficient buoyancy-driven flows
to be formed between the fin sections. Also, there is more dis-
coloration of isotherms can be observed during the last melting
periods in cases with larger spacings of fin sections, such as the

Table 4: The nominal distance values for fin sections in different
cases based on the aromatic algorithm.

Cases
1st section
position

2nd section
position

3rd section
position

4th section
position

Case A1 5 20 45 80
Case A2 5 25 60 110
Case A3 5 30 75 140
Case A4 5 35 90 170

basic case with 40 mm between fin sections. This isotherm dis-
coloration indicates that the contribution of convection is more
noticeable than the contribution of conduction at larger fin spac-
ings, which is particularly true in the top portion of the domain.
As a result, the isotherms at wider fin spacings become more con-
sistent in shape and behavior throughout the course of the last
periods, owing to the important role played by convection in these
locations.

The corresponding values of the heat storage rate for all cases
explored in this section are summarized in Fig. 15. The obtained
data shows that heat storage rates were 11.33, 11.41, 11.43, 11.45,
and 11.38 W for 10, 20, 30, 40, and 50 mm spacings of the fin sec-
tions, respectively. This implies that increasing the spacing be-
tween fin sections from 10 mm to 20, 30, 40, and 50 mm would
result in faster heat storage rates of about 0.7, 0.9, 1.2, and 0.5%
than they would have been if the spacing is kept constant at 10
mm.

5.4 Impact of varying the fin spacing based on
the aromatic algorithm

The effects of modifying the fin spacing between the various fin
sections using the aromatic method are examined considering the
optimal spacing for the first fin section (i.e., 5 mm), see Fig. 16.
Table 4 lists the nominal distance values from the bottom for the
four fin sections evaluated in each of the four Cases A1, A2, A3,
and A4 considered in this section.

Figure 17 depicts the liquid-fraction evolution contours for the
four cases explored in this section during the melting periods of
the 300, 600, 1200, 1800, and 3600 s. Comparing the different cases
in the figure shows that increasing the fin spacings according to
the distances stated in Case A2 enables larger melting layers (red
zones) to form between and around the fin sections. This behav-
ior would be attributed to the fact that increasing the spacings
between fin sections creates more area for natural convective cur-
rents to move through, resulting in larger heat diffusions across
the PCM layers involved. Meanwhile, increasing the lengths be-
tween fin sections allows more PCM to settle between the fin sec-
tions, causing the melting to take longer in these zones to com-
plete. As a result, there is a tradeoff between speeding the melting
speed through natural convection and limiting the melting spread
potential through the increased amount of PCM involved when
bigger spacings between the fin sections are used. As shown in
Fig. 17, the particular fin spacings of Case A2 drive the best flow-
aiding structure for dimple fin arrays to provide the best melting
enhancement via natural convection.

Figure 18 compares the isotherm distributions for the four
Cases A1, A2, A3, and A4 examined in this section across melting
intervals of 300, 600, 1200, 1800, and 3600 s. The top sections of
the PCM domain constantly exhibit a remarkable isothermal dis-
coloration in all cases tested, indicating a more dominating role
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Figure 17: The timewise liquid-fraction evolution for Case 5 with fin spacings being optimized based on the aromatic algorithm.

of convection over that of conduction in these parts. Meanwhile,
conduction dominates the bottom part of the domain, resulting in
slight isothermal discoloration as can be seen during the final pe-
riods of melting. However, the optimal spacing of the fin sections
according to the aromatic algorithm would further support the
efficiency of natural convection by allowing for the formation of
warmer PCM layers (red zones) throughout the melting duration.
This is because the region contained between any two subsequent
sections of dimple fins is typically impacted by the thermal im-
pact of both fins. Thus, PCM regions with closer fins contribute
more conduction but less convection. Figure 19 depicts a sum-
mary of the heat storage rate for all of the cases investigated in
this section. The retrieved data reveals that the heat storage rates
for Cases A1, A2, A3, and A4 are 11.45, 11.48, 11.41, and 11.36 W,
respectively. As a result, varying the spacing between fin sections
from that in Case A4 would result in faster heat storage rates of
around 0.8, 1.1, and 0.4% in Cases A1, A2, and A3, respectively. In
conclusion, the spacings between the dimple-fin sections should
be optimized in accordance with the thermal performance indica-
tors (i.e., liquid-fraction evolution, temperature distribution, and
heat storage rate) to effectively boost the melting enhancement
potential of dimple fins.

5.5 Impact of applying the staggered distribution
of fins

As yet, the effect of dimple fins with an inline fin distribution on
the thermofluidic behavior of PCM during melting mode was in-
vestigated. This section is to examine the effect of employing a
staggered fin distribution on the liquid fraction and temperature
fields, as well as overall heat storage rates. Three distinct fin con-
figurations of inline and staggered arrangements are studied in
this regard as shown in Fig. 20. The best-case considering the op-
timal fin spacing based on the aromatic method (Case A2) was
considered as the reference case. Inline fin arrangement is con-
sidered in Case A2 while staggered arrangement is considered in
Cases A2.1 and A2.2.

Figure 21 compares the influence of the inline and staggered
fin configuration on the PCM liquid-fraction evolution contours
exactly 1 hour after the melting initiation. Comparing the differ-
ent cases in the figure shows that employing staggered distribu-
tion on four of the fin sections in Case A2 enables larger melt-
ing layers (red zones) to form between and around the fin sec-
tions. This behavior would be attributed to the fact that adjust-
ing fin arrangement along the circumferential direction produces
better space for natural convective currents to move through, re-
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Figure 18: The timewise isotherm distribution for Case 5 with fin spacings being optimized based on the aromatic algorithm.

Figure 19: The overall heat storage rates for Case 5 with fin spacings
being optimized based on the aromatic algorithm.

sulting in larger heat diffusions across the PCM layers involved.
As shown in Fig. 21, the particular fin arrangement of Case
A2.2 drives the best liquid-fraction evolution during the melting
mode.

The isotherm distributions for the three Cases A2, A2.1, and
A2.2 explored in this section are shown in Fig. 22 for six melting
intervals ranging from 300 to 3600 s. The isotherms overall melt-
ing intervals demonstrate that using the staggered arrangement
on four fin sections in Case A2.2 results in greater heat diffusion
across the PCM domain compared to using the staggered arrange-

ment on only three fin sections in Case A2.1. As a result, warmer
PCM layers (red zones) would emerge throughout the melting du-
ration in the cases with staggered arrangements as compared to
the inline arrangement in the reference Case A2.

Figure 23 summarizes the heat storage rate for each example
examined in this section. The obtained data indicate that the heat
storage rates for Cases A2, A2.1, and A2.2 are, respectively, 11.44,
11.48, and 11.49 W. That implies that applying the staggered ar-
rangement to four and three fin sections results in heat storage
rates of approximately 0.5 and 1.0% faster in Cases A2.1 and A2.2,
respectively.

6. Conclusions
Dimple-shaped fins were numerically examined in this work as
innovative fin configurations to look at how well the melting be-
havior of PCM can be improved in a shell and tube containment.
The goal was to test different fin configurations while optimizing
their geometric parameters such as fin dimensions, positions, and
distributions to facilitate faster heat storage rates. There were five
scenarios investigated to reach the optimum array of dimple fins
while keeping the total volume of fins constant in all scenarios
to enable meaningful performance comparisons. These scenarios
were: (i) determining the optimal number of dimple fins to utilize;
(ii) finding the best position for the first fin section; (iii) seeking
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Figure 20: Schematic of dimple fins of Case 5 with inline and staggered fin arrangements.

Figure 21: The timewise liquid-fraction evolution for Case 5 with inline and staggered arrangements of dimple fins.

the optimal fin spacing; (iv) determining the optimal fin spacing
using the aromatic algorithm; and (v) employing staggered fin ar-
rangement to optimize the enhancement potential. The key find-
ings can be summarized as follows:

(i) Employing a larger number of dimple fins, particularly at
high numbers such as 24 and 32 fins, offers an increase
in the size of melting layers and faster heat storage rates.
The results imply that increasing the number of dimple fins
from 0 to 8, 16, 20, and 24 fins would result in heat storage
rates of about 7.1, 8.4, and 8.7% faster than they would be
otherwise.

(ii) Making the spacing of the first fin section smaller for values
like 5 and 10 mm can make dimple fin arrays more effective
at boosting heat transfer rates through natural convection.
This makes them more useful for this purpose. reveal that
reducing the spacing for the first fin section from 50 mm to
40, 30, 20, 10, and 5 mm would result in faster heat storage
rates by about 0.5, 1.0, 1.4, and 2.0%.

(iii) Other than the first fin section, the spacing between fin sec-
tions should be optimized for better melting enhancement
rates. The results show that increasing the spacing between
fin sections to 20, 30, 40, and 50 mm results in heat storage
rates that are 0.7, 0.9, 1.2, and 0.5% faster than if the spac-
ing was kept constant at 10 mm.

(iv) Optimizing the fin spacings to different values based on the
aromatic algorithm can further support the enhancement
potential of dimple fins by improving the efficiency of local
natural convection. For example, applying spacings such as
5, 25, 60, and 110 mm for the first, second, third, and fourth
fin sections can improve the heat storage rate by 1.1% more
than it would be if the spacing between the fin sections is
kept constant at 10 mm.

(v) Employing the staggered fin distribution with the optimal
fin spacing based on the aromatic method can further im-
prove the melting enhancement. Compared to the inline
arrangement, the results indicate that applying the stag-
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Figure 22: The timewise isotherm distribution for Case 5 with inline and staggered arrangements of dimple fins.

Figure 23: The overall heat storage rates for Case 5 with inline and
staggered arrangements of dimple fins.

gered arrangement to three fin sections results in higher
heat storage rates by about 1.0%. The heat storage rate im-
proves by almost 12% for the best case compared with that
of the no-fin case.
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