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Abstract: Recently, thermal energy storage has emerged as one of the alternative solutions to increase
energy efficiency. The geometry of a thermal energy storage container holds a significant role in
increasing the heat transmission rates in the container. In this article, we examined the influence of the
inner and outer tube shapes of a shell and tube LHTES on the thermal activity within the system. The
gap between the inner and outer tube is loaded with nano-enhanced phase change material (NePCM);
hot fluid is passed through the inner tube while the outer tube is insulated. COMSOL commercial
software (version 6.2) was used to numerically simulate the NePCM melting process. Mainly, six
different geometries were investigated with inner or outer tubes with trefoil, cinquefoil, and heptafoil
shapes. The influences of nanoparticles volumetric fraction (ϕ = 0–8%) were also discussed. The
findings are displayed and discussed in terms of the average Nusselt number, the average liquid
fraction, the total energy generation, and the average temperature. The findings showed that the
melting process is highly affected by the shape of the inner tube and ϕ, while the outer tube shape
impact is less important. It was noticed that employing an inner tube with a trefoil improved the
melting process by more than 25% while increasing the ϕ from 0 to 8% resulted in reducing the
melting time by up to 20%.

Keywords: LHTES; NePCM; container shape; melting process

MSC: 35Q30; 80A19; 80A22

1. Introduction

There has been a notable shift over the past few years in the worldwide energy
situation, primarily prompted by the growing need for eco-friendly and sustainable en-
ergy alternatives. The shift towards renewable energy generation, namely solar and
wind power, has resulted in an increasing emphasis on the advancement of energy stor-
age systems capable of efficiently handling the sporadic nature of these sources. Phase
change materials (PCMs) are used in several areas, such as thermal energy storage, waste
heat preservation, and solar power utilization [1–3]. The technology has the capacity
to store and release Significant quantities of energy at a moderate expense and with
exceptional effectiveness.

PCMs, on the other hand, don’t conduct heat well, so the thermal performance of
LHTES systems is limited [4,5]. Hence, it is imperative to implement steps to enhance
the heat transfer mechanism between the fluid and PCM. Various techniques to enhance
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the PCM thermal conductivity are utilized, such as introducing fins [6–9], dispersing
nanoparticles [10–12], and inserting porous media [13–15].

Among the abovementioned approaches that improve thermal conductivity, the con-
tainer of LHTES not only keeps the PCM in place but also changes the flow of heat inside
the storage, which in turn changes how well it works [15–17]. We commonly use rectangu-
lar [18,19], cylindrical [20,21], and sphere [22–24].

Zhen Qin et al. [25] examined the melting characteristics of PCM within a LHTES. The
results indicated that the shape of the container has an impact on the way the PCM melts
by altering the free convection. The alteration in container shape has a beneficial effect
on the surface contact area for both the fluid and the PCM, hence improving its rates of
charging and discharging.

In their study, Bingkun Huang et al. [26] improved the container design to address
the issue of very slow melting rates for the residual PCM in the bottom of the container.
The authors suggested novel PCM container designs to improve the rate of melting by
strengthening the convection current.

In a TTHX, Boujelbene et al. [27] investigated the charging process inside a zigzag-
shaped middle tube design. They reported that the zigzag-shaped tube design reduced the
melting time by 82%.

Li et al. [28] did a study on how various tube shapes in a star-shaped shell affect the
solidification of NE PCM. They found that increasing the amplitude of the star profile
resulted in reducing the time needed for complete solidification.

Najafpour and Abidi [29] performed computational modeling to improve the thermal
efficiency of LHTES systems by using perforated stair fins and altering the design of the
enclosure. Parametric tests were performed to evaluate the influence of fin perforations with
varied sizes and variable amounts of holes. They determined that they noted substantial
improvements in the mean Nusselt numbers for parallelogram, trapezoidal, and rectangular
containers, with corresponding increases of 95%, 114%, and 133%. Consequently, the
enhancement in heat transmission has resulted in a reduction in the duration it takes for
the materials to melt by 44.5 min, 47.5 min, and 51.5 min, respectively.

Nematpour Keshteli et al. [30] researched the influence of a lobed inner tube design
on the melting performance of phase change material in a double-pipe energy storage
system. The research performed melting studies on metal foam, nanoparticles, and PCM
composition using different lobe geometry.

Rehan Qaiser et al. [31] investigated the impact of tubes and shell shapes on the
LTES system’s thermal performance enhancement. They investigated tube geometries of
hexagonal, pentagonal, square, and triangular shapes. The study by Khedher et al. [32]
tried to improve the melting performance of a vertical latent heat two-tube heat exchanger
by changing the design of the container that held the PCM. This investigation illustrates the
inherent capacity for geometric modifications to improve thermal energy storage capacity.
Rabienataj et al. did research [33]. The study demonstrated the melting behavior of a specific
PCM called N-eicosane. The PCM was held in a cylindrical annulus LHTES system that was
positioned horizontally. In their investigation, they analyzed the combined impact of radial
fins, nanoparticles, and geometry adjustment to identify the most effective arrangement.
In order to determine the optimal aspect ratio and orientation of the ellipse, they used
three distinct annulus configurations: two circular cylinders, one elliptical cylinder inside a
circular cylinder, and one cylinder with fins. According to their findings, altering the shape
might enhance the free convection phenomenon occurring at the lower part of the annulus,
which exhibited a slow rate of melting.

The incorporation of nanoparticles into liquids and materials has garnered significant
interest across several disciplines, owing to the distinctive characteristics and possible
advantages that nanoparticles possess [34,35]. Nanoparticles are tiny particles that have
diameters on the nanometer scale, often ranging from 1 to 100 nm. They may be fabricated
using a diverse array of materials, including metals, metal oxides, polymers, and others,
each with distinct features [36,37]. Faraji et al. [38] examined the kinetics of solid-liquid
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phase transition in n-eicosane with the addition of nanoparticles. The study was conducted
in an enclosure specifically constructed for cooling electronic devices. The research analyzed
situations involving one, two, and three electrical components that were sticking out. Their
research showed that the inclusion of SiO2-MWCNT hybrid nanoparticles significantly
extended the time it took for the material to melt, with an increase of roughly 92% in
comparison to the pure PCM sample. Hasnain et al. [39] improved the melting process
of PCM by incorporating branching fins and nanoparticles in a horizontal orientation.
The findings indicate that including nanoparticles in the PCM at volumes of 1%, 5%,
and 10% reduced the total melting time by 11.5%, 19.2%, and 26.8%, respectively. Al-
Jethelah et al. [40] investigated the phase transition of a NePCM in a square container
with a heated left wall and a permeable metal. They discovered that the rate of melting
increases when the Rayleigh and Darcy numbers are larger. Ebrahimi and Dadvand [41]
also investigated a square cavity loaded with a nanofluid containing PCM, where two pairs
of heat sources were present. The researchers determined that a 2% volume concentration
of the nanoparticles resulted in the most rapid melting rate, regardless of the heat source
locations being investigated.

In their investigation, Vednath et al. [42] assessed the effectiveness of a hybrid nano-
material consisting of CuO and MWCNT on paraffin wax. The findings revealed a 6.1%
enhancement in heat conductivity for the NePCM in comparison to pure paraffin wax.
Additionally, there was a significant 66.6% decrease in the time needed for the solid-to-
liquid phase transition. In a comparable investigation, Sheikholeslami and Khalili [43]
studied the effects of using nanoparticles to cool solar panels when a Fresnel lens is present.
Their research included the use of nanomaterials in the two parts of the filtration and
conditioning duct, uncovering encouraging outcomes.

Previous research on the charging process has emphasized the need to minimize the
time of the process as a critical goal for any system. As a result, scientists have investigated
many methods, and the use of nanoparticles has emerged as a particularly successful
way. In this investigation, the previously described approach was utilized to improve the
charging rates. The Cu nano-additives possess either inner or exterior tubes with trefoil
(three waves), cinquefoil (five waves), or heptafoil (seven waves) shapes. The FEM was
utilized to resolve the governing equations. The constantly evolving character of this
occurrence was carefully recorded and displayed in various arrangements. In addition, the
required time periods for each individual step were carefully recorded.

2. Problem Description

The research utilizes undulating walls to accelerate the charging process of a shell-and-
tube latent heat thermal energy storage (LHTES) unit. Figure 1 displays the cross-section
that has been studied, together with its boundary conditions. The container is loaded with
a composite material consisting of paraffin wax reinforced with nanoparticles of copper
(Cu). The copper nanoparticles have a diameter of 50 nm and volumetric fractions of 0%
(pure PCM), 4%, and 8%. The heating liquid flows in the inner tube while the external tube
is insulated.

The functions of the wavy cylinder surface are [44]

r1(η) = (r + Acos (2πNη))× sin (2πη) (1)

r2(η) = (r + Acos (2πNη))× cos (2πη). (2)

Here, r denotes the radius of the smooth (base) circle, η denotes the angular coordinate,
A and N are the amplitude of the wavy cylinder’s wave and the number of waves. The
properties of the material used are listed in Table 1.
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Figure 1. (a) boundary condition, (b) Case studies of different geometries (inner or outer tube with
trefoil, cinquefoil, and heptafoil shapes).

Table 1. Thermophysical characteristics of the materials [45].

Melting temperature 28–30 ◦C

Density (solid-liquid) 870–760 kg/m3

Kinematics Viscosity 3.42 × 10−3 m2/s

Specific Heat (solid-liquid) 2400–1800 J/kgK

Thermal Conductivity (solid-liquid) 0.24–0.15 W/mK

Latent Heat of Fusion 179 kJ/kg

Thermal Expansion Coefficient 0.0005 K−1
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3. Numerical Model
3.1. Assumptions and Governing Equations

In order to simplify the numerical model, the following assumptions were put forward:

• The liquid PCM exhibits properties of homogeneity, incompressibility, and Newtonian
fluid behavior when flowing under laminar conditions. Moreover, the solid phase
change material (PCM) demonstrates a condition characterized by a homogeneous
composition and uniformity [46].

• The change in volume that occurs during the change from the fluid phase to the solid
phase is negligible.

• The 2D free convection takes place within the liquid phase.
• The density variation is modeled by the Boussinesq approximation.

Given the assumptions provided, it is feasible to deduce the governing equation for
the NePCM melting process as follows: Continuity equation:

∇ ·
→
V = 0 (3)

Momentum equation:

∂
→
V

∂t
+

→
V · ∇

→
V =

1
ρ

(
−∇P + µ∇2

→
V + ρβ

→
g (T − Tref )

)
+

→
S (4)

Energy equation:

∂hsens

∂t
+

∂hlat
∂t

+∇ ·
(→
∇hsens

)
= ∇ ·

(
k

ρcρ
∇hsens

)
(5)

where hsens is the sensible enthalpy, which is given by:

hsens = href +
∫ T

Tref

cP dT = href + cP

∫ T

Tped

dT (6)

The latent enthalpy hlat reads:
hlat = λL (7)

where L is the latent heat of the material, and λ can be defined as: [47]

λ =



hlat
L

= 0 if T < Ts

hlat
L

= 1 if T > Tliq

hlat
L

= T−Ts
Tliq−Ts

if Ts < T < Tliq

(8)

The NePCM density reads [48,49]:

ρnp̄ = (1 − φ)ρp + φρn (9)

The NEPCM heat capacity term reads:(
ρCp

)
np = (1 − φ)

(
ρCp

)
p + φ

(
ρCp

)
n (10)

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

(
ρβ)p + φ(ρβ)n (11)



Mathematics 2024, 12, 3954 6 of 20

The volumetric proportion of nanoparticles is represented by the symbol φ, with sub-
scripts np, s, and p denoting NePCM, solid particle, and PCM, respectively. The Brinkman
equation mathematically represents the effective dynamic viscosity of the NePCM [50]:

µnp =
µp

(1 − φ)2.5 (12)

The thermal conductivity of the immobile NePCM, represented as subscript 0, is
defined by Maxwell’s equation [51]:

k0

kp
=

kn + 2kp − 2φ
(
kp − kn

)
kn + 2kp + φ

(
kp − kn

) (13)

NEPCM’s effective thermal conductivity reads:

knp = k0 + kd (14)

where kd is the thermal conductivity improvement term, it reads:

kd = C
(
ρcp

)
φ

∣∣∣∣→V∣∣∣∣∅du (15)

The value of C is determined based on the investigation done by Wakao and Kaguei [52].
The expression for the latent heat of the NePCM is given by [53]:(

ρL)np = (1 −∅)
(
ρL)p (16)

In order to account for the influence of phase shift on convective heat transfer, a

damping factor designated as
⇀
S and derived from Darcy’s law, is incorporated into the

momentum equation as a source component, referred to as Equation (2). The precise
meaning of this source phrase is given below [54]:

→
S =

(
1 − λ)2

λ3 + 0.001
Amush

→
V (17)

In the present investigation, the constant parameter Amush is commonly given a value
of 106. The mushy zone constant is a significantly large numerical number, often ranging
from 104 to 107 [55,56]. The value of χ is a tiny integer used to avoid division by zero.

The entropy created owing to flow irreversibility caused by the friction factor is
expressed as:

S f =
µnp

T

{
2

[(
∂u
∂x

)2
+

(
∂v
∂y

)2
]
+

(
∂u
∂x

+
∂v
∂y

)2
}

(18)

The produced entropy due to the heat transmission reads;

Sht =
knp

T2

[(
∂T
∂x

)2

+

(
∂T
∂y

)2]
(19)

Stot = Sht + S f (20)

3.2. Boundary and Initial Conditions

The initial temperature of the PCM T0 was set to 24 ◦C, and TH = 40 ◦C. The external
surface of the shell is thermally insulated.

Figure 2 presents the flowchart illustrating the computational method used in the
present investigation.
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Figure 2. The flowchart for numerical calculation.

3.3. Grid and Validation Study

Figure 3a illustrates the average liquid flow as a function of time for a variety of cell
numbers. The different studied grids are given in Table 2. In this investigation, we have
selected S2 with 18,263 elements, which is an extra-fine optimum size that requires less
time than S3 for no discernible reason.

Computational methods are employed in the subsequent phase to ascertain the results.
A Galerkin Finite Element method is employed to address the previously mentioned
PDEs (3)–(5), encompassing the flow and heat transfer processes along with the additional
boundary conditions. The weak forms of the governing equations are established, and a
non-uniform mesh separation is implemented. Figure 3b presents a comprehensive account
of the process, illustrating the validation of the algorithm through Darzi’s [45] numerical
model. This model employs RT27 as a phase change material, with its physical properties
outlined in Table 1. We compare the solution for phase charging distribution in a square
cavity with the computational results presented by Darzi et al. [45]. Figure 3b demonstrates
this contrast. The observed findings align closely with previously published material,
thereby confirming the fundamental validity of the computational model.



Mathematics 2024, 12, 3954 8 of 20Mathematics 2024, 12, x FOR PEER REVIEW 8 of 20

0 20 40 60 80 100 120
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

β A
vg

Time(min)

 S1
 S2
 S3

0 2 4 6 8 10 12

0.0

0.2

0.4

0.6

0.8

1.0

Li
qu

id
 F

ra
ct

io
n 

β A
vg

Time(min)

 Present model
 Darzi et al. [45]

(a) (b) 

Figure 3. (a) Evolution of liquid fraction with three schemes of mesh elements, and (b) validation 
against the reported results of Darzi.A.(2015) 

Table 2. Mesh independence study.

Grid S1 S2 S3 
Element size 6378 18,263 20,796 

4. Results and Discussion
The different geometries shown in Figure 1 are analyzed for the NEPCM melting 

process. The geometries have either inner or external tubes with trefoil (three waves), 
cinquefoil (five waves), or heptafoil (seven waves) shapes. The annular region is filled with 
copper nanoparticle-enhanced n-octadecane paraffin PCM. The heating liquid flows in the 
inner tube while the external tube is insulated. The results are represented by temperature,
liquid fraction, and liquid phase speed contours, as well as temporal profiles of average
temperature, average liquid fraction, average Nusselt number, and average entropy (total: 
thermal and flow friction). The impact of the inner tube’s shape, the external tube’s shape, 
and the concentration of nanoparticles are discussed in detail. 

4.1. Impact of the Inner Tube Shape 
The effect of the inner tube shape is investigated in terms of the number of waves (N), 

which is 3 for trefoil, 5 for cinquefoil, and 7 for heptafoil. Figure 4 shows the temperature,
melting process, and liquid phase speed contours at a melting time of 25 min. The higher 
temperature values exist at the top of the thermal storage unit, affected by the buoyancy 
effect of the melted PCM. The process starts with a conduction heat transfer from the inner 
tube wall to the neighbor PCM until the melting process starts. After that, the convection 
heat transfer occurs in the melted region as the hot regions experience low-dense PCM, 
rising up. This is the explanation of why the top regions are hot. The bottom regions are 
still at low temperatures due to the low amount of heat transfer by conduction, while 
convection has not reached this region yet after 25 min. 

Analyzing the temperature and liquid fraction contours provides a comprehensive 
understanding of how varying the number of waves (N = 3, 5, and 7) influences heat trans-
fer and the melting process, particularly in the lower region of the system. At the specific 
time investigated (25 min), it is observed that heat transfer to the lower segment predom-
inantly occurs through conduction. This is primarily due to the minimal influence of con-
vective effects in this region, which is characteristic of the conditions examined. The con-
duction process is marked by a radial outward propagation of heat from the inner tube, 
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Table 2. Mesh independence study.

Grid S1 S2 S3

Element size 6378 18,263 20,796

4. Results and Discussion

The different geometries shown in Figure 1 are analyzed for the NEPCM melting
process. The geometries have either inner or external tubes with trefoil (three waves),
cinquefoil (five waves), or heptafoil (seven waves) shapes. The annular region is filled with
copper nanoparticle-enhanced n-octadecane paraffin PCM. The heating liquid flows in the
inner tube while the external tube is insulated. The results are represented by temperature,
liquid fraction, and liquid phase speed contours, as well as temporal profiles of average
temperature, average liquid fraction, average Nusselt number, and average entropy (total:
thermal and flow friction). The impact of the inner tube’s shape, the external tube’s shape,
and the concentration of nanoparticles are discussed in detail.

4.1. Impact of the Inner Tube Shape

The effect of the inner tube shape is investigated in terms of the number of waves (N),
which is 3 for trefoil, 5 for cinquefoil, and 7 for heptafoil. Figure 4 shows the temperature,
melting process, and liquid phase speed contours at a melting time of 25 min. The higher
temperature values exist at the top of the thermal storage unit, affected by the buoyancy
effect of the melted PCM. The process starts with a conduction heat transfer from the inner
tube wall to the neighbor PCM until the melting process starts. After that, the convection
heat transfer occurs in the melted region as the hot regions experience low-dense PCM,
rising up. This is the explanation of why the top regions are hot. The bottom regions
are still at low temperatures due to the low amount of heat transfer by conduction, while
convection has not reached this region yet after 25 min.

Analyzing the temperature and liquid fraction contours provides a comprehensive
understanding of how varying the number of waves (N = 3, 5, and 7) influences heat
transfer and the melting process, particularly in the lower region of the system. At the
specific time investigated (25 min), it is observed that heat transfer to the lower segment
predominantly occurs through conduction. This is primarily due to the minimal influence
of convective effects in this region, which is characteristic of the conditions examined. The
conduction process is marked by a radial outward propagation of heat from the inner
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tube, accompanied by a gradual downward movement that reflects the thermal gradient
established by the heating fluid.
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The design of the inner tube is pivotal in reducing thermal resistance. By minimizing
the distance between the inner and outer tubes, this configuration enables more effective
heat transfer, thus accelerating the melting of the phase change material (PCM).

In the case of the N = 3 configuration, the longer, curved surface of the trefoil geometry
provides a more extensive contact area that effectively reaches into the bottom region. This
results in a heightened conduction effect, allowing for more efficient heat delivery, which
significantly enhances the melting process in that area. In contrast, the configurations with
N = 5 and N = 7 introduce a greater number of waves, which shortens the wavelengths to
maintain adequate flow area for the heating fluid. Although this design feature is beneficial
for maintaining fluid dynamics, it inadvertently increases the distance between the PCM
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and the heat source. This extended distance diminishes the efficiency of heat transfer
through conduction, ultimately prolonging the melting process in these configurations.

Additionally, the buoyancy effect plays a crucial role in the melting dynamics observed
within the system. In regions adjacent to the inner tube, where temperatures are elevated,
buoyancy causes the establishment of natural convection currents. This phenomenon facili-
tates the upward and outward propagation of heat, effectively distributing thermal energy
more uniformly. The velocity contours measured in these regions exhibit significantly
higher values, particularly near the inner tube’s corners, where the interplay between heat
and fluid dynamics is most pronounced.

In the N = 3 configuration, enhanced velocities are detected at the top left and right
regions, promoting improved circulation of the fluid flow. This increased flow veloc-
ity contributes to a more effective distribution of heat, which synergistically improves
the melting process. The enhanced convective heat transfer here acts as a complement
to the conduction-driven heat transfer taking place at the bottom, rendering the N = 3
configuration particularly efficient.

Moreover, the strategic downward positioning of a wave in the N = 3 design directly
targets the lower region, optimizing both conduction and buoyancy-enhanced heat transfer
mechanisms. This deliberate design choice positions the N = 3 configuration as the most
effective in achieving efficient melting, integrating the benefits of both heat transfer modes
to maximize the overall melting efficiency.

As Figure 4 shows the results qualitatively, the proper comparison between the three
cases can quantitatively be evaluated by temporal curves for the results, as exhibited in
Figure 5. It is shown that keeping heating the NEPCM results in an increase of average
temperature and liquid fraction of the PCM until reach equilibrium values. For N = 3,
the maximum temperature (312 K) and complete melting process (liquid fraction = 1) are
obtained at the time of 75 min, while cases of N = 5 and 7 have the same values at the
time of 100 min (giving a slight advantage of N = 5). That is because the case of N = 3
has an inner tube with one curved corner that covers the bottom region and improves
the heat transfer, expediting the melting process. The average Nu values show the heat
transfer from the inner tube to the PCM. A significant drop happens at the beginning
of the heating process due to the sharp reduction in the temperature difference between
the surface of the inner tube and PCM. That keeps dropping steadily due to the melting
process, in which some regions maintain the same temperature during the melting while
the melted PCM (liquid phase) gets a higher temperature. Once all PCM gets melted,
the temperature difference between PCM and the inner tube surface is almost zero, so
the temperature and liquid fraction values are flattened. During the melting process, the
total enthalpy values are higher for the trefoil case due to the high-temperature difference
and the associated particle bond separation, while after the melting process, the thermal
entropy almost diminished, and the liquid phase flow friction takes place to generate some
frictional entropy. Comparing the three cases proves that the trefoil case enhances the
melting process by at least 25% compared to the others.

As illustrated in Figure 4, the qualitative results present a visual representation of
the variations among the different configurations, allowing for an initial understanding
of their performance. However, a more comprehensive and quantitative analysis can be
derived from the temporal curves depicted in Figure 5. These time-dependent curves
meticulously illustrate the progression of both the average temperature and the liquid
fraction of the phase change material (PCM) as they evolve during the heating process,
ultimately converging on equilibrium values.

Focusing on the N = 3 configuration, we observe that a peak temperature of 312 K is
attained, along with a complete phase transition to the liquid state (liquid fraction = 1),
within a span of just 75 min. In stark contrast, the configurations with N = 5 and N = 7 reach
similar thermal states at the 100-min mark, with the N = 5 configuration demonstrating a
slight performance edge over N = 7. The expedited melting process observed in the N = 3
case can be attributed to its innovative trefoil geometry design, which features a single,



Mathematics 2024, 12, 3954 11 of 20

effectively curved corner that enhances surface contact with the PCM and minimizes the
PCM thickness at the bottom with reduced thermal resistance. This design significantly
improves heat transfer to the lower regions of the PCM, subsequently facilitating a quicker
melting process.
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Figure 5. Influence of wave number on (a) average temperature, (b) average liquid fraction, (c) average
Nusselt number, and (d) total entropy generation.

To quantitatively assess the heat transfer capabilities from the inner tube to the PCM, it
is worth considering the average Nu values. Initially, an observable and significant drop in
Nu is noted, a phenomenon occurring due to the rapid decrease in the temperature gradient
between the surface of the inner tube and the PCM. As the melting process advances, the
Nusselt number continues to decline steadily over time. This reduction is influenced
by the complex dynamics inherent in the phase change process: certain segments of the
PCM maintain a constant temperature while undergoing melting, whereas the regions
that have transitioned to the liquid phase actively absorb heat, subsequently raising their
temperatures. As the heating continues and once the PCM achieves total melting, the
temperature differential between the PCM and the inner tube surface diminishes to near-
zero levels, resulting in the flattening of both temperature and liquid fraction curves.

Throughout the melting phase, total enthalpy values remain highest in the configu-
ration featuring the trefoil geometry (N = 3). This is primarily a result of the pronounced
temperature difference across the PCM and the associated disruption of particle bonds as
the material shifts to a liquid state. Following the complete phase transition, we observe a
marked decrease in thermal entropy, while frictional entropy stemming from the flow of the
liquid phase becomes increasingly significant in contributing to overall system dynamics.
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Upon conducting a quantitative comparison of the three configurations, it becomes
evident that the trefoil geometry (N = 3) yields at least a 25% improvement in the melting
process relative to both the N = 5 and N = 7 designs. This substantial efficiency enhancement
underscores the superiority of the trefoil design in optimizing heat transfer processes and
accelerating phase change phenomena, ultimately highlighting its potential applications in
thermal energy storage systems.

4.2. Effect of the External Tube Shape

The previous figures show that the inner tube shape may greatly improve the melting
process by over 25%. Therefore, the impact of the external tube shape is also studied by
keeping the inner tube in a circle shape, as shown in Figure 6.
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A notable observation arises from the investigation of the influence of wave configura-
tions on the external tube. Interestingly, the effect of varying the number of waves in the
external tube exhibits a behavior that is contrary to that noted for the inner tube. Specifically,
an increase in the number of waves within the external tube appears to restrict the flow
of the PCM predominantly to the lower region of the tube, which mirrors the behavior
witnessed in the trefoil-shaped inner tube design. However, in the case of the configuration
with N = 7 waves, the extended curved corners result in increased thermal resistance. This
is primarily due to the thicker regions along the external tube’s surface, which impede the
rate of heat transfer by slowing the propagation of thermal energy. Despite this increased
resistance, the N = 7 configuration is identified as the most effective in terms of thermal
performance compared to other external tube designs.

The examination of temperature distributions and melting process contours reveals
that free convection plays a significant role in the upper sections of all external tube con-
figurations. This phenomenon is predominantly driven by the buoyancy effect, wherein
warmer fluid rises due to lower density, thereby enhancing circulation patterns and fa-
cilitating more efficient heat transfer. Furthermore, it is observed that velocity values in
the upper regions are markedly higher, where a minimal distance between the inner and
external tubes exists. This can be attributed to the elevated temperatures of the flow, which
promotes a robust circulation pattern, consequently accelerating the melting process within
these critical areas.

Additionally, a comparative analysis of the wavy designs of both the external and
inner tubes brings to light a significant discrepancy in their respective influences on heat
transfer efficiency. The inner tube is shown to exert a much more profound effect on the
heat transfer process due to its function as the primary heating source within the system.
This design increases the surface area available for heat transmission, thereby intensifying
the overall heat transfer rate. Conversely, the external tube acts primarily as a heat sink,
with its geometric configuration mainly determining the redistribution of the PCM rather
than directly impacting the rate at which heat is delivered to the material.

These comprehensive findings emphasize that although the design of the external tube
does exert a measurable influence on the system’s thermal performance, it is ultimately
the geometry of the inner tube that emerges as the critical determinant in optimizing heat
transfer efficiency and enhancing the melting process of phase change materials. This
insight prompts further investigation into the optimal design parameters for both tube
configurations to maximize overall system effectiveness.

Figure 7 shows the quantitative results for the average temperature, average melting
fraction, average Nusselt number, and total entropy generation. It is shown that the storage
unit temperature approaches the heating source temperature after 135 min for cases N = 5
and 7, at which the PCM liquid fills the storage unit. For N = 3 cases, the time of 200 min is
still insufficient to melt PCM fully. More than 45% of the melting process is enhanced for
N = 5 and 7 compared to the case of N = 3.

To compare these values with the impact of the inner tube, the inner tube with N = 3
can melt all PCM within only half time (70 min). The enhancement of the use of the waved
surface for the inner tube compared to that of the external one is 92.7% for the case of
N = 3. Therefore, the waved inner tube is more important than the external one, especially
when the inner tube is the heating surface. Keeping the external tube circular is better
for reducing the thick regions and the thermal resistance. Then, Figure 7 emphasizes that
there is no need for any wavy walls for the external tubes. Also, as explained before, the
Nusselt number values show a drop trend due to the reduction in temperature difference
between the heating surface and the PCM and external wall. The significant melting time
is 25–100 min, which shows the units of N = 5 and 7 are better than that of the N = 3 case
(which takes longer to have lower Nu values) due to better heat transfer and better heating
of the PCM. Thus, the entropy generation values are higher at this time for N = 7, followed
by N = 5 case as the melting process participates significantly in the thermal entropy
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generation. After t = 100 min, the participation of entropy generation comes primarily from
the PCM liquid flow friction.
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4.3. Effect of Nanoparticle Concentration

Adding nanoparticles to PCM proves its efficacy in reducing the thermal resistance
(by improving the effective thermal conductivity), thus expediting the melting process. The
concentration of copper nanoparticles is investigated for 0, 3, and 8 vol%. It is important to
mention that adding more nanoparticles reduces the amount of PCM and then reduces the
thermal energy stored. Thus, this study considers only up to 8% of nanoparticles. Also,
as this study focuses on melting process enhancement, thermal conductivity is the main
thermal property highlighted.

Figure 8 illustrates the temperature and melting contours of different cases, revealing
that while the temperature profiles show only slight variations, the velocity contours
demonstrate significant differences. Specifically, as the concentration of nanoparticles in the
NePCM is increased, there is a corresponding rise in the effective density of the material.
This increase in density is associated with a noticeable decrease in the velocity of the fluid,
impacting the heat transfer dynamics. However, it is important to note that the contours
themselves do not give a comprehensive picture of the enhancement of the melting process.
For a more accurate assessment, the temporal profiles presented in Figure 9 are crucial as
they provide deeper insights into the percentage of enhancement achieved through varying
nanoparticle concentrations.
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velocity in t = 25 min.

The temporal analysis reveals that while pure PCM takes a total of 75 min to reach
complete melting, the introduction of an 8 vol% nanoparticle concentration effectively
reduces the melting duration to just 60 min. This results in an impressive improvement
of approximately 20%. The underlying cause of this improvement lies in the enhanced
thermal conductivity of the NePCM, which allows it to absorb heat much more rapidly.
Consequently, the temperature of the PCM rises more effectively, leading to a decrease in
the temperature difference between the inner wall and the NePCM, thus optimizing the
heat transfer process.

Further insights can be gathered from the Nu values associated with the 8 vol%
concentration case. These values underscore a significant improvement in heat transfer
performance. The lowest Nu values are registered during this scenario, indicating a more
efficient heat transfer process that elevates the PCM’s temperature more swiftly compared
to the other experimental cases examined.
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The entropy generation profiles provide additional valuable information regarding
the melting dynamics. In the initial 30 min, which encompasses the majority of the melting
phase, the 8 vol% concentration demonstrates a marked increase in entropy generation.
This increase is largely a consequence of the phase change process, wherein the absorption
of thermal energy disrupts the solid particle bonds, thereby facilitating the transition from
solid to liquid.
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Once 30 min have elapsed, and as the melting process nears completion, a noticeable
reduction in the temperature difference between the liquid PCM and the inner wall occurs.
This diminishing temperature gradient results in a slowdown of the heat transfer rate and
a subsequent decrease in thermal entropy generation. After this time threshold (t > 30 min),
the contributions to entropy are predominantly due to the friction associated with the flow
of liquid PCM, which remains relatively minor when compared to the thermal entropy
generated during the phase change.

In summary, the entropy profiles strongly support the assertion that the 8 vol% con-
centration not only significantly augments heat transfer efficiency but also promotes a more
uniform and effective melting process, rendering it the most advantageous configuration
among those studied. This detailed analysis illustrates the critical interplay among con-
centration, heat transfer dynamics, and entropy generation, highlighting the benefits of
incorporating nanoparticles into PCM systems.
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5. Conclusions

Enhancing thermal storage units is essential for improving the efficiency of thermal and
energy systems. This study presents valuable insights into how modifying the geometries
of the inner and outer tubes, along with the incorporation of copper nanoparticles, can
significantly enhance heat transfer and accelerate the melting process in shell-and-tube
thermal storage units. The analysis focused on various wavy inner tube configurations—
specifically, 3 wavy numbers (trefoil shape), 5 (cinquefoil shape), and 7 (heptafoil shape).
Additionally, n-octadecane paraffin phase change material (PCM) was enriched with copper
nanoparticles at volumetric concentrations of 0%, 4%, and 8%. Simulations of the melting
process and PCM flow dynamics were conducted using COMSOL Multiphysics, with the
inner tube maintained at a temperature of 308 K and the external tube being adiabatic. The
key findings reveal several important aspects:

1. The trefoil-shaped inner tube (N = 3) demonstrated remarkable results, reducing
melting by over 25% compared to the cinquefoil and heptafoil shapes, with complete
melting achieved in approximately 75 min.

2. The wavy geometry of the inner tube plays a crucial role in heat transfer and the
melting process significantly, outperforming the effects of the external tube geometry
by about 92.7%. A circular external tube was found to be highly effective compared to
wavy surfaces in minimizing thermal resistance within the PCM.

3. The addition of 8 vol% copper nanoparticles to the PCM resulted in a substantial
20% reduction in melting time compared to pure PCM, thereby further improving the
thermal performance of the system.

Given these findings, the study recommends the use of a trefoil inner tube (N = 3)
combined with 8 vol% copper nanoparticles in PCM for optimal performance. The trefoil
geometry not only enhances heat transfer through an increased surface area but also
effectively accelerates the melting process by targeting the bottom region of the PCM with
one of its corners. Advances in modern manufacturing techniques make the creation of
such geometries both feasible and cost-effective.

Looking ahead, future research can broaden the scope by evaluating alternative PCMs
with higher melting points to widen the range of applications. Additionally, a comprehen-
sive economic analysis for both geometries and nanoparticle additions would be beneficial
to assess the feasibility and scalability of these innovative designs within practical en-
ergy systems.
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