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The effects of T-shaped fins on the improvement of phase change materials (PCM) melting
are numerically investigated in vertical triple-tube storage containment. The PCM is held in
the middle pipe of a triple-pipe heat exchanger while the heat transfer fluid flows through
the internal and external pipes. The dimension effects of the T-shaped fins on the melting
process of the PCM are investigated to determine the optimum case. Results indicate that
while using T-shaped fins improves the melting performance of the PCM, the improvement
potential is mainly governed by the fin’s body rather than the head. Hence, the proposed
T-shaped fin did not noticeably improve melting at the bottom of the PCM domain;
additionally, a flat fin is added to the optimal case (Added-Fin case) and compared to the
No-Fin, Uniform-Fin, and Optimum T-shaped Fin cases (no added fin). The analysis shows
that the total heat storage rate of the Added-Fin case increased by 141.7%, 58.8%, and
47.6% compared with the No-Fin, Uniform-Fin, and the Optimum T-shaped Fin cases,
respectively. Furthermore, the total melting time for the Added-Fin case was 1882 s and
decreased by 59.6%, 38.4%, and 33.6% compared with those of the No-Fin, Uniform-Fin,
and the Optimum T-shaped Fin (Optimum) cases, respectively.

Keywords: charging process, counter-current flow, heat transfer enhancement, thermal performance, T-shaped
fins, phase change materials, thermal energy storage

INTRODUCTION

Population growth, economic progress, and rapid industrialization have resulted in increasing
global energy consumption. Unconventional consumption of fossil fuels has emitted trillions of
tons of CO2 into the atmosphere during the past 200 years, resulting in global warming (Ren
et al., 2021; Xin et al., 2021). Furthermore, the world’s future energy demand cannot be
efficiently provided by limited fossil fuel resources (Zhang et al., 2017). Therefore, renewable
energy resources are considered an appropriate alternative to fossil fuels (Said et al., 2022a).
Although solar energy, as the most important renewable energy resource, has great reserves and
is readily accessible to everyone in the world it is also intermittent in time and space (Ejaz et al.,
2021). This causes a mismatch between energy supply and demand (Said et al., 2022b). The gap
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between energy supply and demand can be filled via the
integration of thermal energy storage (TES) into energy
systems (Said et al., 2021).

TES systems store thermal energy at peak irradiance times and
the stored energy can be utilized at night or during periods of low
thermal irradiation (Li et al., 2016; Anqi et al., 2022). Different
TES technologies include thermochemical, sensible, and latent
heat thermal energy storage (Zhang D. et al., 2015). Latent heat
storage (LHS) benefits from certain advantages over other
technologies including applicability for multi-cycles, high
storage density, and the isothermal nature of the storage
method. Although phase change materials (PCM) are applied
for both sensible and latent methods, the thermal conductivity of
PCM (λ < 0.2 W/ m K) used in TES is low, which reduces the heat
transfer efficiency of the system (Li et al., 2017; Abdulateef et al.,
2018; Peng et al., 2018). Researchers have increasingly conducted
studies to improve the heat transfer rate of PCM via various
techniques including applying high-performance fins (Rahimi
et al., 2014; Hosseini et al., 2015; Yang M. et al., 2021), use of the

porous media (Zhou et al., 2021), nano-particles (Zhang et al.,
2015b; Wang et al., 2016; Chamkha et al., 2017; Ju et al., 2021),
multiple-PCM (Gao et al., 2019; Mahdi et al., 2020), enhancing
the convection heat transfer rate (Liu et al., 2020; Wong et al.,
2021a; Wong et al., 2021b), applying high conducting particles
(Zhang et al., 2015a; Yang et al., 2017; Tian et al., 2019; Yan et al.,
2020), and nano-encapsulating PCM (Ghalambaz et al., 2020b;
Ho et al., 2020). Some researchers embedded PCM in the pores of
open metal foams to enhance the thermal conductivity of metal
foam composites and PCM (Ghalambaz and Zhang, 2020). This
technique could improve the effective thermal conductivity of a
storage unit, but the presence of the porous structure could
suppress beneficial natural convection flows.

Several experimental and computational investigations have
been undertaken to determine the effect of including high-
performance fins on the rate of the thermal response in PCM.
Tiari et al. (2015) analyzed the thermal characteristics of finned
heat pipe-assisted latent heat thermal energy storage with a high
melting temperature PCM using a transient two-dimensional

FIGURE 1 | A schematic of the proposed systems under axisymmetric conditions. (A) No-Fin, (B) Uniform-Fin, (C) Optimum Case, (D) Added-Fin.

TABLE 1 | The study cases including the dimensions of various T-shaped fins’ heads and bodies.

Studied case H (mm) W (mm) h (mm) w (mm) Added fin
dimension (mm)

H1W1 (h1w1) 0.5 10 1 5 —

H2W2 1 5 1 5 —

H3W3 1.5 3.33 1 5 —

H4W4 2 2.5 1 5 —

H1W1, h2w2 0.5 10 2.5 2 —

H1W1, h3w3 (Optimum case) 0.5 10 7.5 0.66 —

H1W1, h4w4 0.5 10 9 0.55 —

Optimum case with added fin 0.5 10 7.5 0.5 0.5 × 20
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finite volume model. They studied the influences of various
parameters including heat pipe spacing and fin length and
number as well as natural convection effects on the thermal
energy storage unit. Results showed that the performance of the
systemwas not mainly influenced by the number of fins.Mehryan
et al. (2020) utilized mesoporous silica to improve the thermal
conductivity of n-octadecane in shell-and-tube thermal energy
storage. They considered non-Newtonian effects due to the

presence of nanoparticles. Results showed that using
nanoparticles could not improve the general heat transfer rate
or accelerate the melting process. This could be due to the
reduction of natural convection currents because of the
increase in dynamic viscosity of the nano-PCM. Ghalambaz
et al. (2020a) explored the impact of a magnetic source on the
melting rate of PCM in an enclosure. They adopted a novel
deformed mesh technique to model melting at an exact fusion
temperature and reported that the location of a magnetic source
could notably change the melting behavior. Naghavi et al. (2021)
conducted experimental studies on the performance of solar
water heaters equipped with a PCM-based TES system in the
weather conditions of Malaysia. They examined 21 effective
parameters considering technical specifications, structural
design, and economic and health-related issues. They showed
the advantages of latent heat TES systems on the performance of
solar water heaters and found the best configuration for the
retrofit of existing solar systems with a minimal impact on
current installation and costs to the owner. Silakhori et al.
(2014) investigated composite PCM to improve the thermal
performance of the latent heat TES system using palmitic
acid/polypyrrole composites. They fabricated a more form-
stable PCM with a desirable latent heat of 166.3 kJ/kg.
Moreover, the composite block was used in a solar TES
system and showed the capability of the newly generated
system in storing heat.

Fan et al. (2016) conducted an experimental and numerical
investigation on the constrained melting rate of PCM in a
spherical capsule equipped with a circumferentially positioned
fin, and the effect of fin height on the melting time and thermal
performance of the PCM was investigated. Results showed that
the melting duration was reduced by 30% for the highest fin
height. Alizadeh et al. (2019) applied V-shaped fins and
nanoparticles to accelerate the solidification process of PCM in
a triplex-tube latent heat thermal energy storage system. The
geometric parameters of V-shaped fins for the best configuration
were calculated using the response surface method. They reported
that the effects of V-shaped fins on accelerating the solidification
process were higher than those of nanoparticle dispersion. Zhang
et al. (2020) introduced helical-fins as a novel structure to
improve the melting process of PCM in finned thermal energy
storage units. Results showed that the melting process was highly
influenced by the fin structure and orientation. They also deduced
that for vertical latent heat thermal energy storage (LHTES),
PCM with the double-helical fin resulted in the best thermal
performance. Elmaazouzi et al. (2020) numerically studied the
influence of annular fins on the thermal performance of the shell-
and-tube LHTES system and considered four configurations in
their research. Overall, the coaxial system with annular fins had a
major effect on the charging time compared to the case without

FIGURE 2 | The triple-tube heat exchanger along with boundary
conditions and dimensions for the No-Fin case.

TABLE 2 | Thermodynamic properties of the PCM used (Gmbh).

Properties ρl[kg/m3] ρs[kg/m3] Lf [kJ/kg] Cp [kJ/kg.K] K [W/m.K] µ
[N.s/m2]

TL [oC] TS [oC] B
[J/K]

Values 770 860 170 2 0.2 0.023 36 29 0.0006
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fins. Furthermore, the thermal performance of the system
improved as the number of fins increased. Tiari and Hockins
(2021) conducted an experimental study to investigate the effects
of annular and radial fins on the thermal characteristics of an
LHTES system. Four configurations, including cases with no fin
(benchmark), four radial fins, eight radial fins, ten annular fins,
and twenty annular fins, were analyzed in the experiment. The
thermal performance of LHTES was monitored for various
numbers of annular and radial fins during the charging and
discharging process. The configuration with eight radial fins was
the best case for both the charging and discharging processes.
Yang et al. (2021) developed a two-dimensional numerical model
to study the effects of longitudinal fins on the melting thermal
performance in a horizontal finned shell-and-tube thermal
energy storage unit. The fin thickness, interval, and number
were varied to optimize the melting thermal performance
while the ratio of fin volume to PCM was constant. Overall,
the complete melting time was highly affected by the number of
fins. Tang et al. (2021) investigated the effects of various non-
uniform fin arrangements on the thermal performance of a
horizontal thermal energy storage unit. They evaluated liquid
fraction distribution and the velocity and temperature fields
before and after melting to analyze the effects of fin
arrangement, length, and angle on the thermal characteristics
of the melting process. They concluded that thermal energy
resources, such as solar energy, can be efficiently utilized as
non-uniform fins. Sun et al. (2021) proposed circular fins with
inline and staggered arrangements to improve the heat transfer
performance of a triple-tube LHTES. They investigated various
fin dimensions, fin configurations, and different heat transfer
fluid flow boundary conditions via a set of simulation studies.
They concluded that melting time was highly influenced by the
Reynolds number values and inlet temperatures of heat transfer
fluid when circular fins with staggered arrangements were
applied. Guo et al. (2022) proposed a novel design on angled
fins to improve the thermal efficiency of a shell-and-tube thermal
storage unit via increasing the thermal conductivity of PCM. The
authors performed various case studies on both straight and
angled fins with different directions and angles to study the
characteristics of the melting phenomenon. They concluded
that slightly bending the fin up or down (5˚−10˚−15)
considerably improved the vertical melting while radial
melting deteriorated. Shen et al. (2022) accomplished a
numerical study on heat transfer characteristics of finned
shell-and-tube LHTES units in the presence of thermal
radiation. They studied the effects of various fin parameters,
including length, angle, and number of fins, on the melting
phenomenon. They reported that increasing the fin number or
length decreased the effects of thermal radiation on the melting
process of PCM.

Based on a review of studies in the literature, improved
charging and discharging processes of PCM via the application
of various types of fins have been widely performed. Although
many papers investigating the effects of various types of fins on
the thermal performance of PCM have been published, the
feasibility of using T-shaped fins to improve the thermal
characteristics of a vertical triple-tube latent heat storage heat
exchanger (LHSHE) has not been studied. In this study, the
effects of adding T-shaped fins are investigated compared with
uniform and No-Fin cases. The presence of T-shaped fins can
provide an extra advantage compared with using a uniform fin
case, such as the higher coverage of the PCM domain with fins,
and this can be achieved by finding the best fin dimensions. For
this purpose, the dimension effects of the T-shaped fin’s head on
the charging process of PCM in a vertical triple-tube heat
exchanger are first studied and analyzed to find an Optimum
case. Second, the dimension effects of the T-shaped fins body on
the thermal behavior of the heat exchanger are investigated while
the head sizes of T-shaped fins are fixed and equal to those of the
best case obtained in the previous step. Furthermore, as
introduced in a previous study by Najim et al. (2022), a flat
fin is added to the bottom of the vertical triple-tube heat
exchanger with Optimum T-shaped Fins to improve the heat
transfer performance at the bottom of the system where the
natural convection effect is weak. To more clearly evaluate the
thermal performance of Optimum T-shaped Fins with a flat fin,
liquid fraction development and temperature distributions,
melting time, and heat storage rate are discussed in detail for
all proposed systems with T-shaped fins and compared with those
of No-Fin and Uniform-Fin with and without an added fin to the
bottom. This study provides guidelines for efficient PCM-based
heat storage systems using T-shaped fins.

SYSTEM DESCRIPTION

In this investigation, LHSHE with circular fins in a vertical
direction is studied and optimized. Five T-shaped fins are
linked to the interior and exterior pipe inside the middle tube,

TABLE 3 | The effect of cell number and time step size on the melting time.

Number of cells 28,500 43,000 81,620

Time step size (s) 0.2 0.1 0.2 0.4 0.2
Melting time 4,644 4,733 4,727 4,701 4,739

FIGURE 3 | The simulation model’s predictions for temperature and the
liquid fraction progress compared to those of Mat et al. (2013)
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which is filled with PCM (for a total of 10 fins).Water, as the heat-
transferring fluid (HTF), is passed through the interior and
exterior tubes. Then, the system with T-shaped fins is
compared with the system with Uniform-Fin and No-Fin
cases. The proposed systems are displayed in Figure 1. In the
system with uniform fins, the dimensions of all fins are similar
and equal to 2 mm × 5 mm (Figure 1B). For the systems with
T-shaped fins, the dimensions of the fins are optimized and the
best values for the height and width of the fins are determined
based on the maximum rate of heat storage. During the
optimization process, dimensions of the fin body are fixed and
equal to 1 mm × 5 mm (named as h and w) and different values of
the dimensions of the head of the T-shaped fins (H and W) are
assessed to determine the best value. Then, the dimensions of the
body of the fins (h and w) are evaluated.

The dimensions of the T-shaped fins are presented in Table 1
for the system with T-shaped fins with and without considering
the added fin. Moreover, in all cases, including T-shaped Fin and
Uniform-Fin cases, the total volume of the fins is considered
constant. Note that for the system with T-shaped fins and added
fins, the thickness of the added fin is equal to the thickness of the
body part of the T-shaped fin.

The dimensions of the triplex tube heat exchanger are
selected based on the literature, which can be used in
practical applications such as solar collectors and multiple
tube heat storage systems (Sun et al., 2021; Najim et al.,
2022). The dimensions proposed can also be considered as
the whole or a section of a triple-tube heat storage unit.
Accordingly, the heat exchanger length is 250 mm and the
diameters of the interior, middle, and exterior pipes are 20,
40, and 60 mm, respectively. The pipe wall materials are cooper
and pipe walls are equally fixed as 1 mm wide. HTF passes
through the inner pipe in the opposite direction of gravity while
HTF inside the outer pipe is circulated in the direction of
gravity. The thermal performance of the proposed
configuration is better than that of co-current directions for
the fluid flow as discussed in previous studies. Therefore, the
flow of HTF through the PCM casing is selected to be in a
counter-current direction. The velocity and temperature of the
HTF at the inlet section is constant while the boundary
conditions for the HTF at the outlet section are selected to
be at an outflow with constant velocity and temperature. A 3D
view of the PCM heat exchanger case without a fin, the
associated boundary conditions, and the dimensions of

FIGURE 4 | The liquid fraction development for various dimensions of the T-shaped fins heads at various times (the sizes of the fin’s body are the same).
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constituent pipes are illustrated in Figure 2. The inlet
temperature and Reynolds number values for the HTF flow
that are used to determine the optimal fin arrangement are 50 °C
and 1,000, respectively. Furthermore, the initial temperature of
the PCM during the heat charging mode is 15 °C.

The thermophysical characteristics of the PCM (paraffin RT-
35) used in this study are shown in Table 2.

NUMERICAL MODELING

The enthalpy-porosity method proposed by Brent et al. (1988)
was applied to numerically simulate the phase transition of PCM.
Based on this approach, the porosity and liquid fraction were
comparable within all computational domain’s cells. The
following assumptions were considered to derive the governing
equations:

• Variations of the density and buoyant force are determined
using the Boussinesq approximation.

• The flow of PCM in the liquid phase is axisymmetric,
incompressible, transient, and laminar.

• The direction of gravity acceleration is taken along the
negative y-axis.

• The exterior boundaries are completely insulated, and as a
result, the heat losses to the surroundings are neglected.

• The no velocity-slip boundary condition is considered at the
solid boundaries.

The Navier-Stokes conservation equations for continuity,
momentum, and energy can be written as follows (Wang
et al., 2015):

zρ

zt
+ .ρ �V � 0 (1)

ρ
z �V

zt
+ ρ( �V.) �V � −P + μ(2 �V) − ρβ(T − Tref) �g − �S (2)

ρCpzT

zt
+ (ρCp

�VT) � (kT) − SL (3)

FIGURE 5 | The temperature distribution for various dimensions of the T-shaped fins heads at various times (the sizes of the fin’s body are the same).

Frontiers in Energy Research | www.frontiersin.org August 2022 | Volume 10 | Article 9473916

Ebrahimnataj Tiji et al. T-Shaped Fins in Latent Heat Storage

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


The impact of phase transition defined as the velocity damping
of the Darcy law is considered in Eq. 2 via the application of the
term ( �S) (Esapour et al., 2016).

�S � Am
(1 − λ)2
λ3 + 0.001

�V (4)

Based on the previous publications (Ye et al., 2011; Mahdi and
Nsofor, 2017), the value of the mushy zoneAm is 105 in Eq. 4. The
liquid fraction of PCM (λ) is defined to assess the phase change
process and can be calculated using Eq. 5 (Mat et al., 2013).

λ � ΔH
Lf

�
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

0 if T<TS

1 if T>TL

T − TS

TL − TS
if TS <T<TL

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭
(5)

The density fluctuations due to temperature swings during the
PCM’s phase transition course can be computed using the
Boussinesq approximation. Using this approximation, fluid
density is considered a temperature-dependent variable only in
the gravity term of the momentum equation while it is constant
for other sections:

ρ � ρref(1 − β(T − Tref)) (6a)
The following equation can be applied to estimate the source

term (SL) in the third conservation equation:

SL � ρzλLf

zt
+ ρ( �VλLf) (6b)

Eq. 8 is developed to calculate the rate of energy stored during
the melting phase period:

FIGURE 6 | (A) Heat storage rate; (B) melting time for various
dimensions of the T-shaped fins head (the sizes of the fins body are the same).

FIGURE 7 | (A) Liquid fraction development; (B) temperature profile for
various dimensions of the T-shaped fin’s head (the sizes of the fin’s body are
the same).

TABLE 4 | The total heat storage rates and the melting times for various
dimensions of the T-shaped fin’s head (the sizes of the fin’s body are the
same).

Studied model Heat
storage rate (W)

Melting time (s)

H1, W1 56.8 2,962
H2, W2 56 3,004
H3, W3 55.8 3,017
H4, W4 55 3,064
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_ET � Eend − Eini

tm
(7)

where the total values of heat storage of the PCM upon starting
and ending the phase transition course are denoted by Ei and
Ee., respectively. The melting time is denoted by tm and E
stands for the summation of latent heat (MLf) and sensible
heat (MCpdT) of the PCM. Of note, the HTF flow regime is
laminar in this study.

Numerical Modelling
To examine the thermofluidic features of the PCM during the
heat charging process, the SIMPLE approach for the pressure-
velocity coupling was integrated with a Green-Gauss cell-
based meshing method in a modified ANSYS-FLUENT solver.
Momentum and energy equations were then solved using the
QUICK differencing method while the PRESTO approach was
applied to solve the pressure correction equations. The values
of under-relaxation parameters applied for velocity
components, pressure correction, the energy equation, and
liquid fraction were selected as 0.3, 0.3, 1.0, and 0.5,
respectively, based on a comprehensive pre-selection
process. The convergence requirements to stop the iterative

solutions of the continuity, momentum, and energy equations
at each time step were 10−4, 10−4, and 10−6, respectively.

Spatial and Temporal Discretization
Various cell numbers of 28,500, 43,000, and 81,620 with a
timestep size of 0.2 s were considered in this study to conduct
the grid and time step size independence tests for the straight
triple-pipe casing of the PCM. Results of the grid and time step
size independency tests are illustrated in Table 3. Based on
Table 3, the values of melting time for grid sizes of
43,000 and 81,620 are approximately the same. Thus, the grid
size of the mesh was selected as 43,000 in this study. Furthermore,
the melting time values for various time step sizes are also
illustrated in Table 3. Based on Table 3, the melting time for
time step sizes of 0.1, 0.2, and 0.4 s are approximately the same.
Therefore, the time step size was set to 0.2 s for the next analysis.

Model Validation
The simulation model accuracy was evaluated by comparing
the numerical results with those of Mat et al. (2013), where the
thermal characteristics of RT58 as the PCM in a double-tube
casing unit were both numerically and experimentally studied.
Their research examined the effects of attaching fins to the

FIGURE 8 | The liquid fraction development for various dimensions of the T-shaped fin’s body at various times [with the same size of the fin’s head (H1, W1)].
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interior and exterior tubes of the PCM shell in a staggered
configuration while the inner tube was subjected to a constant
temperature. The numerical values, including the overall
temperature of the PCM and the transient development of
the liquid fraction obtained from this simulation model, are
compared with those of Mat et al. (2013) in Figure 3. As
shown from Figure 3, the numerical results of this model
agree well with both the numerical and experimental results of
Mat et al. (2013). The statistical validation provides a
maximum percentage error of 1.4%. Thus, this model can
be adopted to explore the thermal characteristics of the PCM-
based triple-tube system in the presence of fins. Of note, the
experimental uncertainty in the study of Mat et al. (2013) is ±
0.15 °C (approximately 0.2%) for the temperature
measurement.

RESULTS AND DISCUSSION

In this section, the effects of shape and size of T-shaped fins on
the charging process of the PCM in a vertical triple-pipe heat

exchanger are investigated. The PCM was included in the
middle channel while the HTF flow of water passed through
the internal and external channels to transfer heat to the PCM.
The unit was axisymmetric (Figure 1) because of the
uniformity of the circumferential flow. Five fins were
positioned at the inner and outer walls of the middle
channel (10 fins in total) to improve the heat transfer rate
to the PCM. The HTF flowed in the opposite direction in the
inner (opposite the direction of gravity) and outer channels
(in the direction of gravity). For the different cases studied,
the mass of the PCM was kept the same to create an accurate
comparison. The first part of this study investigated the
influences of four different dimensions of the head of the
T-shaped fins (the thickness of the head (H) and width of the
head (W) (0.5 mm × 10 mm), (1 mm × 5 mm), (1.5 mm ×
3.33 mm), and (2 mm × 2.5 mm)) with a fixed dimension of
the fin’s body. In the second part, the effects of the different
body dimensions of the T-shaped fins (length and the width of
the body (w and h) (5 mm × 1 mm), (2 mm × 2.5 mm),
(0.66 mm × 7.5 mm), and (0.55 mm × 9 mm)) were
combined with the best dimension of the head fin that was

FIGURE 9 | The temperature distribution for various dimensions of the T-shaped fin’s body at various times [with the same size of the fin’s head (H1, W1)].
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found in the first part as illustrated in Figure 1A and Table 1.
Then, the efficiency of the best-optimized unit was compared
with the case of the best T-shaped fin integrated with a flat fin
at the bottom of the channel (Figure 1D), the Uniform-Fin
case (Figure 1B,) and the No-Fin case (Figure 1A). The major
emphasis of this work was to investigate the pertinence of
T-shaped fins to offer the best saving function in PCM-based
systems. Furthermore, many studies on the double and triple-
tube storage system with and without circular or longitudinal
fins have been extensively completed to enhance the efficiency
of such a unit. This article develops an additional aspect to the
other studies in the literature regarding the competent finned
triple-tube energy storage unit using T-shaped fins. Table 1
shows the cases and dimensions considered in this study.

Effect of the Head Part of the T-Shaped Fin
Integrating fins into the thermal energy storage system
enhances the efficiency of the unit for the following
reasons: 1) it increases the average thermal conductivity of
the entire system due to the high thermal conductivity of the
fins material compared to the PCM; 2) it enlarges the heat

exchange surface area and increases the heat transfer rate
from the fins to the PCM; 3) it transfers heat to other regions
of the PCM zone and helps the solid PCM become molten at
those regions; and 4) the molten phase (caused by the fins)
improves the free convection process. Four different
dimensions of the fin’s head (as shown in Table 1) are
examined in this section with a fixed dimension of the fin’s
body (h is 1 mm and w is 5 mm). The Optimum case was
selected by analyzing the contours of the liquid fraction and

FIGURE 10 | (A) Heat storage rate; (B) melting time for various
dimensions of the T-shaped fin’s body [with the same size of the fin’s head
(H1W1)].

FIGURE 11 | (A) Liquid fraction development; (B) temperature profile for
various dimensions of the T-shaped fin’s body [with the same size of the fin’s
head (H1W1)].

TABLE 5 | The total heat storage rate and melting time for various dimensions of
the T-shaped fins body [with a similar size to the fin’s head (H1W1)].

Studied model Heat
storage rate (W)

Melting time (s)

H1W1, h1w1 56.8 2,962
H1W1, h2w2 54 3,117
H1W1, h3w3 59.3 2,836
H1W1, h4w4 58.8 2,861
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the temperature, heat storage rate, melting time, and the
development of the average temperature.

Figure 4 shows the liquid fraction development at different
times for various dimensions of the T-shaped fin’s head (with
a similar size to the fins body). The behavior of the melting
process is nearly similar in all cases presented in Figure 4
while the only difference is the dimension of the T-shaped fins
head. The reason for the minor effect of the T-shaped fin’s
head on the melting process returns to the vertical orientation
of those parts on the one hand, and the small connection area
of the body to the fin head on the other hand, which limits the
heat transfer rate from the fin body to the fin head. Initially,
the adjoined PCM to the walls and the fins are molten as
shown from the liquid fraction contour at 600 s. The molten
area expands, and the solid area between the two inline fins
confines and separates. Within the 1800 s, the only solid states
that remain are small portions at the center of the regions
between fins, and these portions become smaller by moving up
from the region between the fins and then disappear at the top
region. This is because of the circulation of the liquid phase
due to free convection, which collects the liquid state at the

top of the system. In all cases, the entire system melts within
2,400 s except the bottom part of the heat exchanger channel
due to the Boussinesq effect.

Figure 5 shows the temperature contours of the system for
different cases of the fin’s head. As previously discussed, the
behavior of the temperature distribution are approximately
the same for all cases. The temperature of the HTF is red and
shows the highest temperature value in the system. The
temperature increases in the regions adjacent to the walls
and around the fins. The area at the top of each region between
the fins reaches a thermal equilibrium state with the HTF
channel first, and at 2,400 s the entire system reaches thermal
equilibrium except for the bottom part of the channel, which
needs more time to melt.

Figure 6A shows the heat storage rate and total melting
time for all dimensions of the fin head. Figure 6A shows that
the heat storage rates are nearly the same (55–56.8 W) for all
cases. Although the total melting times for all cases are
approximately similar based on Figure 6B, case H1W1 had
the lowest total melting time. The highest total melting was
recorded for the case of H4W4 among the other cases. This

FIGURE 12 | The liquid fraction development for various cases of No-Fin, Uniform-Fin, Optimum, and Added-Fin cases at various times.
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indicates that the melting process of the PCM is not
dependent on the head dimension of the T-shaped fins.
The vertical orientation of the head fin, with a small
connection area to the body of the fin transferring heat
from the fin body to the fin head, are the main reasons for
minor differences between cases.

Figure 7 shows variations of the liquid fraction and the
average temperature versus time. The melting times for all
cases investigated are approximately the same while case
H1W1 benefits from a small advantage over the other
cases. The temperature also shows similar behavior to
reach thermal equilibrium (Figure 7B). After 1800 s, there
is a change in the slope or path of the curves caused by the free
convection that results from the melting process of the solid
PCM (Figure 7B).

Table 4 shows heat storage rates and melting times for the
study cases. The heat storage rate of case H1W1 was the highest.
In addition, the heat storage rate of case H1W1 increased by 1.4%,
1.8%, and 3.3% compared to those of cases H2W2, H3W3, and
H4W4, respectively. The total melting time of case
H1W1 decreased by 1.4%, 1.8%, and 3.3% compared to those

of cases H2W2, H3W3, and H4W4, respectively. Although these
differences between the cases are negligible, case H1W1 was
selected for further analyses due to its relatively better
performance.

Effect of the Body Part of the T-Shaped Fin
Effects of the different sizes of the fin’s body are studied in this
section for case H1W1 and shows the best performance. The
different dimensions of the fin’s body are considered in this
work [(5 mm × 1 mm), (2 mm × 2.5 mm), (0.66 mm ×
7.5 mm), and (0.55 mm × 9 mm)]. Figure 8 shows the
liquid fraction of the PCM at different times for various
dimensions of the fin’s body. Based on Figure 8, the
melting process starts in the regions besides the wall and
around the fins. The solid state of the PCM remains in the
regions confined between the inline fins at the early time of the
melting process, but the solid part gradually melted. The
melting process was affected by the length of the fin’s
body; the longer the body, the faster the melting period
due to the higher surface area of longer fins. In case h4w4
(the case with the longest fin body), the gap between the two

FIGURE 13 | Temperature distribution for various cases of No-Fin, Uniform-Fin, Optimum, and Added-Fin cases at various times.
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inline fins is too tiny, which causes a negative impact on the
overall melting process. Therefore, case h3w3 shows a better
performance in this regard.

The temperature distributions for the cases of various fin
bodies are illustrated in Figure 9. The temperature of the HTF
is fixed at 50 °C and the temperature of the PCM gradually
increases in the regions adjacent to the walls and around the
fins. The average temperature of the PCM increases rapidly
within the first 600 s due to the thermal conductivity of the
PCM. The warm regions are focused at the top of each region
between the inline fins. Within 2,400 s, the average
temperature reached 48 °C for case h1w1 and it reached
more than 49 °C for the other cases.

Figure 10 shows heat storage rates and melting times for all
cases studied. Figure 10A shows that case h3w3 had a slightly
better performance than the other cases. The heat storage rate
ranged between (56–59W). Case h3w3 also had the lowest
melting time among the other cases (2836 s). However, the
highest melting time was recorded for case h2w2 based on
Figure 10B. The difference in the melting time originated
from the length of the fin’s body as longer fins provided a
higher surface area and consequently faster melting.

Figure 11 shows the liquid fraction and average temperature
development for different cases of the fin’s body dimensions.
Figure 11A shows variations of liquid fraction development
versus time during the melting process. For all cases, the
melting process sharply increased because of the thermal
conductivity and high heat transfer rate due to the fin’s
presence. Longer fins provide a larger surface area, and
consequently, a faster charging process. Case h2w2 showed a
slower phase change process. Figure 11B shows the mean
temperature variations versus time for all cases of the fin’s
body. Figure 11B shows that the temperature increased
sharply at the beginning of the process due to the thermal

FIGURE 14 | (A) Heat storage rate; (B)melting time for various cases of
No-Fin, Uniform-Fin, Optimum, and Added-Fin cases.

FIGURE 15 | (A) Liquid fraction development; (B) temperature profile for
various cases of No-Fin, Uniform-Fin, Optimum, and Added-Fin cases.

TABLE 6 | The total heat storage rate andmelting time for various cases of No-Fin,
Uniform-Fin, Optimum case, and Added-Fin.

Studied model Heat storage rate Melting time

No-Fin 36.2 4,654
Uniform-Fin 55.1 3,056
Optimum case 59.3 2,836
Added-Fin 87.5 1882
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conductivity effect of the PCM. The rising rate of the temperature
is reduced due to the molten phase, which enhances the impact of
free convection compared to that of conduction heat transfer.

Table 5 shows that the best body length of the T-shaped fins
was h3w3 (0.66 mm × 7.5 mm) in regard to the heat storage rate
(59.3 W) and melting time (2,836 s). The heat storage rate of case
h3w3 increased by 4.4%, 9.8%, and 0.9% compared with that of
cases h1w1, h2w2, and h4w4, respectively. Likewise, the melting
time of case h3w3 was the shortest among the other cases and the
total melting time of case h3w3 decreased by 4.3%, 9%, and 0.9%
compared with those of cases h1w1, h2w2, and h4w4,
respectively.

The best case study of the T-shaped fin’s system regarding
the heat storage rate and melting time was H1W1, h3w3. For
further investigations, this case was compared with the No-
Fin case, Uniform-Fin case, and the Optimized case integrated
with a flat fin at the bottom of the PCM container
(Added-Fin).

Effect of the Flat Fin at the Bottom of the
Phase Change Material Container
In this section, the T-shaped fin case H1W1, h3w3 (Optimum
case) is compared with the cases of the No-Fin, Uniform-Fin,
and Added-Fin cases since the fin at the bottom of the PCM
container accelerates the melting process. Figure 12 shows the
development of the liquid fraction for all of the previously
mentioned cases. Regarding the No-Fin case, the region
adjacent to the wall melted first. The molten phase
gradually expanded and the liquid phase was collected at
the top of the system at t = 1,200 s. The molten phase
reached 80% within 2,400 s. Overall, utilizing fins changed
the behavior of the melting process; as the fins increased the
thermal conductivity of the system and transferred heat to the
PCM more uniformly, the phase change process occurred
faster. The melting process began in the regions adjacent to
the wall and around the fins at initial times for the Uniform-
Fin case, and the liquid phase expanded and accumulated at
the top regions between the inline fins. Within 2,400 s, the
molten ratio was 97%. As previously explained, the T-shaped
fins accelerated the melting process. Although the surface area
of the T-shaped fin was higher than that of the Uniform-Fin
case, the vertical orientation of the head part and the small
connection area between the body and the head of the fin
slightly improved the phase change process, especially at the
bottom region of the system where the phase change process
hardly occurred. To treat this issue, a flat fin was added to the
bottom of the PCM container to completely melt the PCM
within 2,400 s.

The temperature distributions of various cases, including
No-Fin, Uniform-Fin, Optimum case [T-shaped fin (H1W1-
h3w3)], and Added-Fin (Optimum T-shaped Fin integrated
with a flat fin at the bottom of the PCM container), are
illustrated in Figure 13. The temperature of the PCM
increased rapidly due to the effect of heat transfer based on
Figure 13. The rate of increase is reduced as a layer of the
liquid is created beside the walls and generates a thermal

convection process. The temperature reached 39.5 °C within
2,400 s. The average temperature increased to 48.5 °C within a
similar period in the presence of the uniform fins. Thermal
equilibrium was observed in all parts except for the bottom of
the system. Using the T-shaped fins increased the average
temperature of the PCM to 49.5 °C since a part of the PCM at
the base of the system did not reach the thermal equilibrium.
Adding a flat fin to the bottom part of the unit helped the PCM
to become entirely molten, and subsequently, the temperature
reached the thermal equilibrium within 2,400 s.

Although the Optimum case showed a better performance
than the Uniform-Fin and the No-Fin cases regarding the
heat storage rate and the melting time, the thermal
performance of the Optimum case was lower than that of
the Added-Fin case as shown in Figure 14. Adding a flat fin to
the bottom of the system considerably affected the thermal
performance. The performance improvement was maximized
if the storage rate of the Added-Fin case was compared with
that of the No-Fin case, whereas the increase of the heat
storage rate was 141.7%.

Figure 15A shows the liquid fraction profile for the No-Fin,
Uniform-Fin, Optimum and Added-Fin cases. The No-Fin case
showed a logarithmic behavior but did not reach the total melting
level even at 3,600 s. The Added-Fin case showed an advantage
over the other cases, and the temperature increased in all cases
sharply due to the conduction process. When the molten phase
increased in the system, the slope of all curves changed due to the
convection effect. Rising the temperature was the highest for the
Added-Fin case and the lowest for the No-Fin case (As shown in
Figure 15B).

Table 6 shows the values of the heat storage rate and melting
time for the last four cases. The heat storage rate was the highest
for the Added-Fin case and increased by 141.7%, 58.8%, and
47.6% compared with that of the No-Fin, Uniform-Fin, and the
Optimum cases, respectively. The total melting time of the
Added-Fin case was 1882 s and decreased by 59.6%, 38.4%,
and 33.6% compared with those of the No-Fin, Uniform-Fin,
and Optimum cases, respectively.

CONCLUSION

In this study, T-shaped fins were proposed to improve the
melting process of PCM in a vertical triple-tube heat
exchanger. First, the dimension effects of the T-shaped fins
head on the liquid fraction development, temperature
distribution, melting time, and heat storage rate of the
PCM were evaluated to find the Optimum case. Second, the
dimension effects of the T-shaped fin’s body on the liquid
fraction development, temperature distribution, melting time,
and heat storage rate of the PCM were also studied while the
dimension of the T-shaped fin head was constant and equal to
that of the Optimum case determined in the previous
step. Furthermore, a flat fin was added at the bottom of the
PCM container to improve the phase change phenomenon of
PCM in a vertical triple-tube heat exchanger. Finally, the
following conclusions were drawn:
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• Although the dimension effects of the T-shaped fin head on
the thermal performance of PCM were minor, the body
dimensions of the T-shaped fin on the thermal
characteristics of the system were major.

• Adding a flat fin to the bottom of the system considerably
affected the thermal performance and resulted in a lower
melting time.

• The heat storage rate of the best T-shaped configurationwith an
Added-Fin to the bottom increased by 141.7%, 58.8%, and
47.6% compared with those of the No-Fin, Uniform-Fin, and
Optimum T-shaped Fin cases, respectively.

• The total melting time of the best T-shaped configuration
with an Added-Fin to the bottom was 1882 s, and decreased
by 59.6%, 38.4%, and 33.6% compared with those of the No-
Fin, Uniform-Fin, and Optimum T-shaped Fin cases,
respectively.
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NOMENCLATURE

Am Mushy zone constant

Cp (Jkg−1K−1) Specific heat

E (J) Heat storage

g (ms−2) Gravity

k (Wm−1K−1) Effective thermal conductivity

t (s) Time

T (°C) Temperature

Tf (°C) Air temperature

Ts (°C) Solid temperature

TLiquidus (°C) Liquidus temperature

TSolidus (°C)

Solidus temperature

�V (m/s) Velocity

Abbreviation
TES Thermal energy storage

PCM Phase change materials

LHS Latent heat storage

HTF Heat transfer fluid

LHTES Latent heat thermal energy storage

TTHX Triple-tube heat exchanger

Greek symbols
ρ (kgm−3) PCM Density

ΔH (Jkg−1) PCM Latent heat

Lf (Jkg
−1) Latent heat of fusion
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