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Abstract: The container shape and arrangement of the thermal storage systems (TES) play a vital role
in enhancing thermal performance. In the current investigation, the impact of inner tube dimensions
and arrangements of TES on the thermal performance of a PCM-based triplex-tube latent heat
storage exchanger (TTHX) is numerically analyzed. COMSOL Multiphysics commercial software
was employed to obtain the numerical solution of the governing equations. Eight different cases with
the same volume of PCM and various configurations of the inner tubes were investigated. The results
of the current study were presented in terms of temperature contours, liquid fraction, Bejan number,
average temperature, and average Nusslet number. The shortest melting time was 48 min, which was
achieved by a single inner tube configuration with a quicker melting time of >62% compared to other
cases. While for multi-tubes, the shortest time was 78 min, which was achieved by the configuration
of three tubes (two horizontal and the third placed at the lower section) with an enhancement of
melting time reduction of >12% compared to other cases, except for a single inner tube configuration.
Regarding the entropy generation, the single tube configuration achieved the lower Bejan number.
Therefore, single tube configuration was found to be the best option for maximizing the thermal
performance of the studied TTHX.

Keywords: thermal energy storage; tubes arrangement; melting rate; entropy generation

1. Introduction

Global energy usage growth, coupled with concerns about supply and environmen-
tal impact associated with conventional energy sources, puts the world on the verge of
an energy crisis within the next two or three decades [1,2]. Solar energy is an excellent
option and can be implemented in many parts of the globe. This form of energy is
sustainable and everlasting. It has numerous uses in heating and electrical production.
However, seasons, time of day, clouds, dust, haze, and obstructions all affect solar
energy production. These create an enormous demand for energy storage in solar
energy systems to store energy during periods of high solar irradiance for subsequent
applications whenever there is demand while solar output is insufficient. Solar energy
systems may be more dependable and efficient with energy storage systems related
to reducing the demand–supply imbalance. The various energy storage methods that
have been suggested for building effective and inexpensive energy storage systems
include compressed air energy storage, pumped-storage hydropower, and flywheel
energy storage, among others.
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Thermal energy storage (TES) is one of the most cost-effective techniques for storing
energy [3]. Due to small temperature changes throughout heat transmission and their
high energy storage density, phase change materials (PCM) are the ones that are utilized
most frequently in such systems. The technique enables the storage, transmission, and
application of thermal energy as PCM absorbs and releases considerable amounts of
latent heat storage (LHS) during phase shift. This process occurs when the PCM goes
from one phase to another. Based on material qualities, PCM may be classed as organic,
inorganic, or eutectics. In recent years, various research has been performed on employ-
ing PCMs in LHS systems for applications such as buildings’ thermal comfort, solar
energy [4,5], water heating, and electronic cooling [6,7]. PCMs are selected for such
applications based on the system’s operating temperature. Cunha and Eames [8] investi-
gated various PCMs at different temperatures and found that salt hydrates and organic
compounds were appropriate for temperatures below 100 ◦C, inorganic salt hydrates
were suitable for temperatures between 130 ◦C and 1250 ◦C, and potassium and sodium
were suitable for temperatures greater than 170 ◦C. PCMs are widely recognized for their
poor thermal conduction; this can be improved by adding fins [9,10], nano-enhanced
PCM (NePCM) [11,12], and metal foams [13]. At the moment, adding nanoparticles to
fluids and PCMs is a new idea that has been used in a lot of different industries [14,15].
Nevertheless, implementation remains a major obstacle [16,17].

Generally, the cylindrical PCM containers are classified into three types: pipe models
(with the HTF contained inside the cylinder), cylinder models (with the HTF external to
the cylinder), and shell and tube models (which include many parallel tubes). Besides the
previously stated methods for enhancing PCM thermal conductivity, altering the shape
of PCM containers is an additional useful method for providing a broad range of design
alternatives for improved thermal performance of the TES. Kibria et al. [18] studied the heat
transmission between PCM and HTF using a shell and tube system of varying diameters
and operating circumstances. They discovered that whereas the HTF intake temperature
substantially influenced the PCM liquid percentage, the mass flow rate had little effect.
Additionally, they discovered that as the pipe diameter rose, the melting time dropped,
and the temperature differential between the HTFs increased. Bazai et al. [19] attempted to
optimize heat transmission of circular-elliptical double pipe TES numerically. The authors
explored the effects of various values of various factors values (such as pipes’ diameter
and position). They discovered that for a small aspect ratio such as 1/3, the charging
rate and the efficiency were improved by increases of 61% and 26%, respectively, when
compared to an aspect ratio of 1. Talebzadehsardari et al. [20] investigated the optimal
configuration and positioning of airflow pipe locations during the solidification process of
a PCM inside a porous container. The authors discovered that for a faster discharging rate
with a 0.51 m HTF tube length with a single air channel, the discharging rate improved
by 57%, the exit temperature enhanced by 38%, and the temperature variance between
both ends of the discharging rate improved by 3 times when compared to the unit with the
straight air tube. Ghalambaz et al. [21] employed the Taguchi method to find the optimum
position of the tube bundle for enhancing the thermal performance of TES. The TES system
was a rectangular-shaped shell incorporating tubes carrying the HTF. Depending on the
spaces between the tubes, 16 different cases were numerically investigated. The results
revealed that by changing the tube bundle position, an improvement of 28% could be
achieved at no additional cost. In another study, Ghalambaz et al. [22] also applied the
Taguchi method for optimizing the melting process on NePCM inside a shell and tube
heat exchanger. The tubes were of a petal shape. The authors investigated the influence
of the tubes’ geometric shape on the melting process. They also studied the impact of the
nanoparticles type by using two different nanoparticles: Cu and GO nanoparticles. The
results indicated that the contribution of the petal tube amplitude in the stored energy was
41%, while nanoparticles only contributed 5–6%. The impact of the dual PCM configuration
on the thermal performance of a horizontal shell and tube TES was numerically examined
by Mozafari et al. [23]. TES was divided into equal sections that contained different PCMs,
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left/right sections, lower/upper sections, and annulus-shaped sections. Their findings
indicated that optimizing the section configurations improved the thermal performance
of TES by up to 15%. Yang et al. [24] numerically examined the impact of fin parameters
on the melting duration of PCM inside TES. The thermal performance of the TES when
using uniform fins was compared against the case of using non-uniform fins in terms of
fin position and fin pitch. It was discovered that the melting time might be cut by 62% by
using non-uniform fins, while also improving the melting uniformity by 84%.

The previous assessment of the literature demonstrates that optimizing the geo-
metrical parameters could significantly improve the thermal performance of shell and
tube TES. This article endeavors to improve the thermal performance of a PCM-based
triplex-tube latent heat storage exchanger (TTHX) by investigating the impact of the
configuration of the tubes using a 2D model. The novelty of this paper is exploring
splitting the hot fluid tube into multiple tubes across the PCM region or keeping them
as one larger tube in the middle of the PCM shell to provide the heating required for
PCM to expedite the melting time and increase energy storage. A larger heat transfer
area for the single tube is used, while a multiple tubes scheme is used for more heating
distribution and covering the bottom of the storage unit to improve the buoyancy effect.
Eight different configurations depending on the number of tubes and tube positions
were numerically examined. In addition, the entropy analysis in terms of Bejan number
(as the participation of heat losses to all irreversibility sources) is discussed and analyzed
for the eight different configurations. To isolate the impact of melting rate, the volume
of the PCM in the eight studied was kept constant.

2. Problem Description

The problem under discussion considered a PCM-based triplex-tube latent heat storage
exchanger (TTHX) incorporated in a domestic water heater for energy saving. A domestic
water heater with a heat exchanger and PCM is shown in Figure 1. A number of different
geometries have already been employed in the numerous applications of TES systems.
Because of their distinctive characteristics, cylindrical TES is more commonly employed.
The charging process of PCM happens during the day, whereas the procedure of discharging
is carried out throughout the night.
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Figure 2 illustrates a triplex-tube latent heat storage exchanger (TTHX) unit in the
shape of shell-and tubes. The internal, middle, and external tubes have diameters of 20 mm,
50 mm, and 62.5 mm, respectively. Copper is used for the inner tube. n-octadecane was
utilized as the PCM in this investigation since it has a melting point of 301.2 K. The PCM
is deposited in the middle tube to improve heat transfer and expedite the PCM melting
process from the outer and inner surfaces of the PCM shell. The characteristics of PCM and
copper are provided in Table 1. The initial temperature was deemed 300.2 K, and in each
of the instances, the volume was adjusted so that the total amount of PCM stored in the
system remained the same.
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Table 1. The thermophysical properties of n-octadecane and copper [9].

Properties PCM (n-Octadecane) Copper

ρ
(
Kg/m3) 774 (Liquid phase) 8960

814 (Solid-phase)

CD(J/kg ·K) 2180 (Liquid phase) 385

2150 (Solid-phase)

k(W/m ·K) 0.152 (Liquid phase) 400

0.358 (Solid phase)

L f (KJ/Kg) 189

µ(Pa · s) 0.0085

Tm(K) 301.2

Figure 3 illustrates the produced mesh for the chosen shape. For greater viewing, the
produced mesh has been exhibited for various areas of the TTHX individually.

2.1. Governing Equations

The modeling of PCM behavior in a triplex-pipe has been carried out utilizing the en-
thalpy porosity approach, with the standard tube being split into two, three, and four tubes
within the PCM shell. The simulations were based on the following set of assumptions [6]:

• The flow of liquid PCM is incompressible and laminar;
• We have not taken into account the heat that is lost via the outside shell as it is insulated;
• The viscous dissipation impact is ignored;
• The Boussinesq approximation was used to take into account the impact that density

fluctuations have. As a result, the density of PCM was considered to be averaged for
both solid and liquid forms;
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• The simulation of the phase change process that occurs in a multitube heat exchanger
is accomplished by employing the enthalpy porosity approach models [25,26].
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Based on these assumptions, the governing equations can be expressed as:
Continuity equation:

∇ ·
→
V = 0 (1)

Momentum equation:

∂V
∂t

+
→
V · ∇

→
V =

1
ρ

(
−∇P + µ∇2

→
V + ρ

→
g β(T − Tnof)

)
+
→
S (2)

Energy equation:
∂H
∂t

+∇ ·
(→

VH
)
= ∇

(
k

ρCp
∇h
)

(3)

Enthalpy of the material is as follows:

H = h + ∆H (4)

h denotes PCM sensible enthalpy, and ∆H denotes the latent heat of the material. h
and ∆H are determined using the following formulas:

h = hre f +
∫ T

Tn f f

CρdT (5)

∆H = λL (6)

L denotes the latent heat of the material; therefore, ∆H ranges from 0 (solid) to L
(liquid). The liquid fraction equation read [27]:

λ =


0 if T < Ts

1 if T > TI

T−Tn
TI−Ts

if Ts < T < Tl

(7)

The NEPCM density reads:

ρnp̄ = (1− ϕ)ρp + ϕρn (8)
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The NEPCM heat capacities read:(
ρCp

)
np = (1− ϕ)

(
ρCp

)
p + ϕ

(
ρCp

)
n (9)

The Boussinesq term read:(
ρβ)nρ = (1− ϕ)

(
ρβ)p + ϕ(ρβ)n (10)

The nanoparticles’ volumetric fraction is denoted by ϕ, and subscript np is used for
NEPCM, s for NEPCM, and p for PCM. The effective dynamic viscosity of the NEPCM is
presented by the Brinkman equation [28]:

µnp =
µp

(1− ϕ)2.5 (11)

The thermal conductivity of the solid NEPCM is given by Maxwell [29]:

k0

kp
=

kn + 2kp − 2ϕ
(
kp − kn

)
kn + 2kp + ϕ

(
kp − kn

) (12)

Moreover, the NEPCM’s effective thermal conductivity is as follows:

knp = k0 + kd (13)

where kd, thermal conductivity enhancement term is given by:

kd = C
(
ρcp
)

ϕ

∣∣∣∣→V∣∣∣∣ϕdu (14)

The value of the constant C is determined based on the research carried out by Wakao
and Kaguei [30]. The NEPCM latent heat read [31]:(

ρL)np = (1− ϕ)
(
ρL)p (15)

For including the impacts of phase change in the convective heat transmission,
→
S

Darcy’s law damping term is included in the momentum equation, Equation (2):

→
S =

(
1− λ)2

λ3 + 0.001
Amanh

→
V (16)

In the present paper, Amush is a constant value equal to 106. A mushy zone constant
is a big number ranging from 104 to 107 [32].

The generated entropy as a result of the flow irreversibility (due to friction factor) is
given by the following equation

Sf =
µnp

T

{
2

[(
∂u
∂x

)2

+

(
∂v
∂y

)2
]
+

(
∂u
∂x

+
∂v
∂y

)2
}

(17)

The generated entropy as a result of the heat transfer is given by the following equation

St =
knp

T
2

(∂T
∂x

)2

+

(
∂T
∂y

)2
 (18)
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Considering the heat transfer originated form of entropy generation, the entropy
generation ratio by the heat transfer to total entropy generation rate is denoted by Be
number and is determined using the following equation

Be =
Sht

Sht + S f
(19)

2.2. Grid Independency and Method Validation

The result obtained for phase melting progression in a square cavity was compared
to the numerical results provided by Arasu et al. [33] in Figure 4A in order to verify the
implementation of the mathematical modeling of melting and the solution procedure
described. The present findings are in great agreement with those reported in the literature,
confirming the fundamental validity of the numerical model.
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The geometry representing the system was created in 2D using COMSOL Multiphysics.
In Figure 4B, a mesh dependency analysis was conducted to find the optimal element size
to employ; in order to provide a solution that is independent of the accurate mesh and to
reduce the amount of time spent on the overall computation, the average liquid percentage
parameter was selected to be explored.

All simulation studies in this work were carried out using grid G2, which was chosen
on the basis of the mesh dependency study results (shown in Figure 4B). The mesh depen-
dency analysis is made possible by comparing the average liquid fraction over time for the
various grid sizes shown in Table 2.

Table 2. Results of grid dependency test.

Grid G1 G2 G3

Number of Element 29,674 57,252 127,602

3. Results and Discussion

TES unit in the shape of shell-and tubes filled with PCM (n-octadecane) is investigated
in this study to help store more thermal energy for different applications, including a solar
collector to be used upon need during less irradiation or night. The typical tube is divided
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into two, three, and four tubes inside the PCM shell to improve the melting process. The
number and distribution of the tubes are investigated.

3.1. Temperature Distribution and Heat Transfer Behavior

The PCM temperature distribution of eight designs of shell-and-tube storage units is
presented in Figure 5 for a constant volume of PCM. Heat transfer takes place by conduction.
Once the melting process propagates from the hot surfaces to the neighboring regions,
the convection heat transfer is dominant in these regions. Moreover, the melted and
hot regions are available above the tubes because of the buoyancy effect. The first look
at Figure 5 shows that the enhanced heat transfer and high-temperature values are not
related to the number of tubes; rather, the heat transmission area and the existence of hot
surfaces at the bottom of shell regions are the most important factors. The first factor (heat
transfer area) is shown in configuration 1 (C1) as one big tube with a higher surface area
that transfers more heat to the PCM, expediting the melting process and increasing the
temperature values quickly. Configurations C2 and C3 have lower tube areas than C1 but
with different distributions inside the PCM shell. C3 performs better than C2 due to the
vertical arrangement of tubes. In such a way, the lower tube covers large regions at the
bottom and exploits the buoyancy effect and free convection heat transfer, so the melted
portions of PCM with higher temperatures rise up. C5, C6, and C7 show three tubes with
different arrangements. Since the three configurations have the same heat transfer areas,
the enhancement of temperature values for C7 is higher due to the presence of two tubes in
the middle and, importantly, one tube at the lower part of the shell, so the buoyancy effect
works efficiently to cover the majority of the shell regions. Thus, C7 could be considered a
good design. Furthermore, to split a tube into four tubes and attribute it on all sides (up,
down, right, and left), as shown for C4, the hot temperature values progress quickly. It
could be shown that case C4 comes third after cases C1 and C7.

It is also noticed that case C1 needs a round 45 min to have a higher temperature in
the entire shell (~308 K) with a small difference from the bottom (~306 K). However, the
other good cases, such as C4 and C7, achieve that for a higher time.

A more explicit illustration of the impact of time on the temperature and heat transfer
(in terms of Nusselt number) is depicted in Figure 6. Figure 6a shows that the average
temperature reaches 307.5 K for case C1 in 45 min while about 72 and 69 min are needed for
reaching the same temperature for cases C4 and C7, respectively. Figure 6b depicts the low
values of the average Nusselt number for C1 due to reaching a high temperature closer to
the value of the heating temperature. Thus, the temperature difference is small, resulting in
minimizing the needed heat transfer. This behavior is preferable for saving energy quickly
by changing to the liquid phase of PCM. All cases get almost Nu = 0 at time = 110 min due
to reaching the heating temperature in the entire PCM shell (∆T = 0).

3.2. Liquid Friction Distribution

Figures 7 and 8 show the contours and temporal profiles of the liquid fraction as a
direct indication of the melting process for the eight designs of the PCM shell-and-tube
storage unit. With a heating process from the inner tubes and outer shell surface, the melting
process is expected to be fast in all cases. However, because of the heat transmission area
and buoyancy effect described in the previous figures, the shell-and-tube C1 shows the best
design for obtaining a quick melting process. Design C7 also shows an expedited melting
process. The contours demonstrate the melting process starts closer to the hot surfaces, and
then once there is a sufficient liquid of PCM, the buoyancy effect has a significant impact
on flow circulation and the better melting process at the top regions. For more than 90 min,
all configurations have PCM in the liquid phase. The distinct hot and cold regions appear
at a time of 45 min. At this time, the higher surface area case (C1) shows the best melting
process among others. With less surface area, C7 also shows good melting behavior by
having one tube at the bottom and two at the middle sides.
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Figure 8 emphasizes the fact that case C1, followed by C7, is the best over the melting
time. For example, C1 reaches complete melting at 47 min, while 76 and 98 min are needed
for C7 and C8, respectively. Compared to C8, configurations C1 and C7 show a faster
melting process by about 2.1 and 1.3 times, respectively. Thus, one large tube is preferred
for the inner tubes; C1 has no competitor, while when many tubes are required, C7 could
be recommended. Another important factor that stands for C1 is the low-pressure drop
of the flow inside higher-diameter tubes. Therefore, C1 is strongly recommended by this
study for shell-and-tube thermal storage units.

3.3. Bejan Number and Entropy Generation

As the melting process is associated with latent energy consumption and heat losses
besides the flow resistance of free convection, the entropy generation analysis could be
helpful in highlighting the wasted energy, which could be avoided by a proper design.
Bejan number is used as a dimensionless factor to represent the dominance of heat loss
over the flow friction. Thus, Figures 9 and 10 are devoted to this important parameter.

The contours of the Bejan number for the investigated eight storage units are displayed
in Figure 9. The hot (red, higher Be values) regions show the supremacy of thermal entropy
generation, while the blue regions are for the significant influence of the flow friction. Since
the melting process consumes more energy than the sensible one, the phase change process
has more thermal entropy generation. For this fact, one could argue that the hot regions are
those showing progress in the melting process. Once the melting process ends at a region,
the buoyancy effect takes place, and the circulated flow has more flow resistance, then blue
regions appear (flow resistance regions). In this regard, the configurations that have a more
blue color mean the melting process has almost been accomplished. It is clear for C1, C4,
and C7 at 30 min that the Bejan number has lower values in the majority of the PCM shell,
while other cases have more red color due to the presence of the melting process.
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As time passes, the melting process is still taking place in the bottom regions of all
storage units due to the smaller buoyancy effect which enhances the heat transfer to provide
sufficient latent heat for the phase change process. Thus, the bottom regions delay the
melting process. The designs C1, C7, and C4 could be used to avoid this. Moreover, fins
would be recommended to be added to the bottom of the shell or between the bottom
surface of the shell and the inner tubes.

Figure 10 repeats the same behavior of the contours that C1 has lower Be values,
followed by C4 and C7 due to the expedited melting process and reduced heat losses.
Configuration C1 has a distinctly quicker melting process than others from the start of the
melting process, with the lowest thermal entropy generation values, while C4 and C7 show
themselves after 55 min. The tube distribution cases (except C1) have a melting process at
the top regions over the early time (<55 min), so it is difficult to select one of them as the
best PCM shell. Thus, the melting process at the shell bottom is the key factor that shows
which configuration has a quicker melting process for a time > 50 min.

For lower entropy generation due to heat losses, increased heat transfer area and good
tube distribution should be considered. Fins could be suggested to be added to the bottom
regions of the PCM shell.

4. Conclusions

This study conducted a thermal and entropy analysis of a TES unit in the shape of a
shell-and-tube filled with PCM n-octadecane. Eight configurations of the shell-and-tube
unit are compared. The basic design considers one big tube in the middle of the PCM shell
with a higher heat transfer area, while the other cases have two, three, and four tubes inside
the PCM to enhance the melting process. The results are presented in terms of temperature
contours, Nusselt number profiles, liquid fraction contours and profiles, and Bejan number
contours and profiles. The findings of this study highlight that the temperature values, heat
transfer rates, and melting process are better when the heat transfer area is bigger, such as in
configuration 1 (C1). When the tubes are more than two, the existence of one tube (at least
one) at the shell bottom could significantly improve the heat transmission rates and melting
process. For example, C1, with a higher surface area, shows a better melting process by
more than 62% compared to other cases, and the good tube distributions, such as C7 and
C4, show a >12% quicker melting process than the rest of the configurations (except C1).
Furthermore, C1 has the lowest heat transfer losses and thermal entropy generation (lowest
Bejan values). C3 and C7 display lower Be values after 55 min of the melting process, while
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other cases have higher values. The trade-off between the larger heat transfer area of a
single tube improving the heat transfer by buoyancy effect in the bottom region by putting
a smaller tube (for the multiple tubes scheme) showed that the larger heat transfer area is
coming first before the buoyancy effect.

The present study focused on the use of one large tube or the splitting of it into
multiple tubes. However, fins could be attached between tubes to improve the melting
process. Thus, it is recommended to investigate the effect of fins on tube distribution and
melting process. Moreover, different PCM materials with different input conditions could
be investigated. A three-dimensional storage unit could be modeled for a vertical position
to have a greater buoyancy effect since the current study is concerned with the horizontal
storage unit (for which the 2D model is sufficient).
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Nomenclature

cp Specific heat capacity at constant pressure (J/kg·K)
g Gravity (m/s2)
h Specific enthalpy (J/kg)
H Total enthalpy (J)
k Thermal conductivity (W/m·K)
L Latent specific heat (J/kg)
r Radius (mm)
→
S Source term
Ste Stefan number
T Temperature (K)
→
V Velocity vector (m/s)
Greek symbols
β Expansion coefficient (1/K)
µ Dynamic viscosity (Pa·s)
ϕ Volume fraction of nanoparticle
λ Liquid fraction
ρ Density (kg/m3)
Subscripts
mush Mushy zone
m Melting
c Cold water
s Solid
p PCM
np NEPCM
p Nanoparticle
l Liquid



Energies 2023, 16, 3663 15 of 16

References
1. Qazi, A.; Hussain, F.; Rahim, N.A.; Hardaker, G.; Alghazzawi, D.; Shaban, K.; Haruna, K. Towards Sustainable Energy: A Systematic

Review of Renewable Energy Sources, Technologies, and Public Opinions. IEEE Access 2019, 7, 63837–63851. [CrossRef]
2. Ahmad, T.; Zhang, D. A critical review of comparative global historical energy consumption and future demand: The story told

so far. Energy Rep. 2020, 6, 1973–1991. [CrossRef]
3. Dincer, I. Thermal Energy Storage. In Reference Module in Earth Systems and Environmental Sciences; Elsevier: Amsterdam,

The Netherlands, 2013. [CrossRef]
4. Ma, T.; Li, Z.; Zhao, J. Photovoltaic panel integrated with phase change materials (PV-PCM): Technology overview and materials

selection. Renew. Sustain. Energy Rev. 2019, 116, 109406. [CrossRef]
5. Pandey, A.; Hossain, M.; Tyagi, V.; Rahim, N.A.; Selvaraj, J.A.; Sari, A. Novel approaches and recent developments on potential

applications of phase change materials in solar energy. Renew. Sustain. Energy Rev. 2018, 82, 281–323. [CrossRef]
6. Vogel, J.; Thess, A. Validation of a numerical model with a benchmark experiment for melting governed by natural convection in

latent thermal energy storage. Appl. Therm. Eng. 2019, 148, 147–159. [CrossRef]
7. Behi, H.; Ghanbarpour, M.; Behi, M. Investigation of PCM-assisted heat pipe for electronic cooling. Appl. Therm. Eng. 2017,

127, 1132–1142. [CrossRef]
8. da Cunha, J.P.; Eames, P. Thermal energy storage for low and medium temperature applications using phase change materials—A

review. Appl. Energy 2016, 177, 227–238. [CrossRef]
9. Mourad, A.; Qasem, N.A.; Abderrahmane, A.; Marzouki, R.; Guedri, K.; Younis, O.; Shah, N.A.; Botmart, T. Numerical study on

n-octadecane PCM melting process inside a pear-shaped finned container. Case Stud. Therm. Eng. 2022, 38, 102328. [CrossRef]
10. Abderrahmane, A.; Qasem, N.A.A.; Mourad, A.; Al-Khaleel, M.; Said, Z.; Guedri, K.; Younis, O.; Marzouki, R. Enhancing

the Melting Process of Shell-and-Tube PCM Thermal Energy Storage Unit Using Modified Tube Design. Nanomaterials 2022,
12, 3078. [CrossRef]

11. Tariq, S.L.; Ali, H.M.; Akram, M.A.; Janjua, M.M.; Ahmadlouydarab, M. Nanoparticles enhanced phase change materials
(NePCMs)-A recent review. Appl. Therm. Eng. 2020, 176, 115305. [CrossRef]

12. Saeed, A.M.; Abderrahmane, A.; Qasem, N.A.; Mourad, A.; Alhazmi, M.; Ahmed, S.E.; Guedri, K. A numerical investigation of
a heat transfer augmentation finned pear-shaped thermal energy storage system with nano-enhanced phase change materials.
J. Energy Storage 2022, 53, 105172. [CrossRef]

13. Qasem, N.A.; Abderrahmane, A.; Ahmed, S.; Younis, O.; Guedri, K.; Said, Z.; Mourad, A. Effect of a rotating cylinder on
convective flow, heat and entropy production of a 3D wavy enclosure filled by a phase change material. Appl. Therm. Eng. 2022,
214, 118818. [CrossRef]

14. Ghorabaee, H.; Emami, M.R.S.; Moosakazemi, F.; Karimi, N.; Cheraghian, G.; Afrand, M. The use of nanofluids in thermosyphon
heat pipe: A comprehensive review. Powder Technol. 2021, 394, 250–269. [CrossRef]

15. Abderrahmane, A.; Al-Khaleel, M.; Mourad, A.; Laidoudi, H.; Driss, Z.; Younis, O.; Guedri, K.; Marzouki, R. Natural Convection
within Inversed T-Shaped Enclosure Filled by Nano-Enhanced Phase Change Material: Numerical Investigation. Nanomaterials
2022, 12, 2917. [CrossRef] [PubMed]

16. Rostami, S.; Aghakhani, S.; Pordanjani, A.H.; Afrand, M.; Cheraghian, G.; Oztop, H.F.; Shadloo, M.S. A Review on the Control
Parameters of Natural Convection in Different Shaped Cavities with and without Nanofluid. Processes 2020, 8, 1011. [CrossRef]

17. Pordanjani, A.H.; Aghakhani, S.; Afrand, M.; Sharifpur, M.; Meyer, J.P.; Xu, H.; Ali, H.M.; Karimi, N.; Cheraghian, G. Nanofluids:
Physical phenomena, applications in thermal systems and the environment effects- a critical review. J. Clean. Prod. 2021,
320, 128573. [CrossRef]

18. Kibria, M.; Anisur, M.; Mahfuz, M.; Saidur, R.; Metselaar, I. Numerical and experimental investigation of heat transfer in a shell
and tube thermal energy storage system. Int. Commun. Heat Mass Transf. 2014, 53, 71–78. [CrossRef]

19. Bazai, H.; Moghimi, M.A.; Mohammed, H.I.; Babaei-Mahani, R.; Talebizadehsardari, P. Numerical study of circular-elliptical
double-pipe thermal energy storage systems. J. Energy Storage 2020, 30, 101440. [CrossRef]

20. Talebizadehsardari, P.; Mohammed, H.I.; Mahdi, J.M.; Gillott, M.; Walker, G.S.; Grant, D.; Giddings, D. Effect of airflow channel
arrangement on the discharge of a composite metal foam-phase change material heat exchanger. Int. J. Energy Res. 2021,
45, 2593–2609. [CrossRef]

21. Ghalambaz, M.; Eisapour, A.H.; Mohammed, H.I.; Islam, M.S.; Younis, O.; Sardari, P.T.; Yaïci, W. Impact of Tube Bundle Placement
on the Thermal Charging of a Latent Heat Storage Unit. Energies 2021, 14, 1289. [CrossRef]

22. Ghalambaz, M.; Mehryan, S.; Veismoradi, A.; Mahdavi, M.; Zahmatkesh, I.; Kazemi, Z.; Younis, O.; Ghalambaz, M.; Chamkha,
A.J. Melting process of the nano-enhanced phase change material (NePCM) in an optimized design of shell and tube thermal
energy storage (TES): Taguchi optimization approach. Appl. Therm. Eng. 2021, 193, 116945. [CrossRef]

23. Mozafari, M.; Lee, A.; Cheng, S. Simulation Study of Solidification in the Shell-And-Tube Energy Storage System with a Novel
Dual-PCM Configuration. Energies 2022, 15, 832. [CrossRef]

24. Yang, X.; Guo, J.; Yang, B.; Cheng, H.; Wei, P.; He, Y.-L. Design of non-uniformly distributed annular fins for a shell-and-tube
thermal energy storage unit. Appl. Energy 2020, 279, 115772. [CrossRef]

25. Brent, A.D.; Voller, V.R.; Reid, K.J. Enthalpy-Porosity technique for modeling convection-diffusion phase change: Application to
the melting of a pure metal. Numer. Heat Transf. 1988, 13, 297–318. [CrossRef]

https://doi.org/10.1109/ACCESS.2019.2906402
https://doi.org/10.1016/j.egyr.2020.07.020
https://doi.org/10.1016/b978-0-12-409548-9.01064-2
https://doi.org/10.1016/j.rser.2019.109406
https://doi.org/10.1016/j.rser.2017.09.043
https://doi.org/10.1016/j.applthermaleng.2018.11.032
https://doi.org/10.1016/j.applthermaleng.2017.08.109
https://doi.org/10.1016/j.apenergy.2016.05.097
https://doi.org/10.1016/j.csite.2022.102328
https://doi.org/10.3390/nano12173078
https://doi.org/10.1016/j.applthermaleng.2020.115305
https://doi.org/10.1016/j.est.2022.105172
https://doi.org/10.1016/j.applthermaleng.2022.118818
https://doi.org/10.1016/j.powtec.2021.08.045
https://doi.org/10.3390/nano12172917
https://www.ncbi.nlm.nih.gov/pubmed/36079952
https://doi.org/10.3390/pr8091011
https://doi.org/10.1016/j.jclepro.2021.128573
https://doi.org/10.1016/j.icheatmasstransfer.2014.02.023
https://doi.org/10.1016/j.est.2020.101440
https://doi.org/10.1002/er.5949
https://doi.org/10.3390/en14051289
https://doi.org/10.1016/j.applthermaleng.2021.116945
https://doi.org/10.3390/en15030832
https://doi.org/10.1016/j.apenergy.2020.115772
https://doi.org/10.1080/10407788808913615


Energies 2023, 16, 3663 16 of 16

26. Gong, Z.-X.; Devahastin, S.; Mujumdar, A.S. Enhanced heat transfer in free convection-dominated melting in a rectangular cavity
with an isothermal vertical wall. Appl. Therm. Eng. 1999, 19, 1237–1251. [CrossRef]

27. Voller, V.R.; Prakash, C. A fixed grid numerical modelling methodology for convection-diffusion mushy region phase-change
problems. Int. J. Heat Mass Transf. 1987, 30, 1709–1719. [CrossRef]

28. Brinkman, H.C. The Viscosity of Concentrated Suspensions and Solutions. J. Chem. Phys. 1952, 20, 571. [CrossRef]
29. Maxwell, J. A Treatise on Electricity and Magnetism; Oxford University Press: Cambridge, UK, 1904.
30. Wakao, N.; Kaguei, S. Heat and Mass Transfer in Packed Beds; Gordon and Breach Science Publishers: New York, NY, USA, 1982.
31. Khodadadi, J.; Zhang, Y. Effects of buoyancy-driven convection on melting within spherical containers. Int. J. Heat Mass Transf.

2001, 44, 1605–1618. [CrossRef]
32. Ye, W.-B.; Zhu, D.-S.; Wang, N. Numerical simulation on phase-change thermal storage/release in a plate-fin unit. Appl. Therm.

Eng. 2011, 31, 3871–3884. [CrossRef]
33. Arasu, A.V.; Mujumdar, A.S. Numerical study on melting of paraffin wax with Al2O3 in a square enclosure. Int. Commun. Heat

Mass Transf. 2012, 39, 8–16. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S1359-4311(99)00003-4
https://doi.org/10.1016/0017-9310(87)90317-6
https://doi.org/10.1063/1.1700493
https://doi.org/10.1016/S0017-9310(00)00192-7
https://doi.org/10.1016/j.applthermaleng.2011.07.035
https://doi.org/10.1016/j.icheatmasstransfer.2011.09.013

	Introduction 
	Problem Description 
	Governing Equations 
	Grid Independency and Method Validation 

	Results and Discussion 
	Temperature Distribution and Heat Transfer Behavior 
	Liquid Friction Distribution 
	Bejan Number and Entropy Generation 

	Conclusions 
	References

