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Abstract: Employing phase change materials (PCMs) in a
latent heat storage system is an exceptionally effective strat-
egy for thermal energy storage. However, a significant diffi-
culty is the PCMs restricted thermal conductivity, which limits
its applicability. Different techniques have been devised to
increase the PCM thermal conductivity, such as adding fins,
metal foams, or nanoparticles, to overcome this limitation. In
this investigation, we introduce a novel trapezoidal fin and
nanoparticle-infused phase change material (PCM) to
improve the melting efficiency of the latent heat thermal
energy storage system (LHTESS). Molten salt serves as the
pure phase change material, while alumina and multiwalled
carbon nanotubes function as the included nanoparticles. For
computational analysis, we utilize computational fluid dy-
namics (CFD) in conjunction with a feed-forward artificial
neural network (FF-ANN). Consequently, the nanoparticles
significantly enhance the heat storage and release rates by
shorter melting periods. The results show that, compared to
the regular fin type with pure PCM, the melting time of the
nano-integrated PCM is reduced 39 %-Case 1,41 % -Case 2, 25 %
-Case 3, and 15.9 % for Case 11 when using a modified trape-
zoidal fin. The minimized mean square error (MSE) and a
regression measurement of 1 for the ANN training signified a
robust association between predictions and actual outcomes.
In conclusion, proposed investigation enhances the compre-
hension of nano-enhanced phase change materials (PCMs) for
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thermal energy storage (TES), facilitating the advancement of
energy-efficient and sustainable energy storage solutions.
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Nomenclature

B, Mushy zone constant (kg/m’s)

G specific heat of PCM (//kgK)

m melting

h sensible enthalpy (//kg)

k thermal conductivity (W/mK)

T temperature

AL, 05 aluminum oxide

MWCNTs multiwalled carbon nanotubes

p fluid density (kg/m?)

HTF heat transfer fluid

g gravity (m/sz>

LHTESS latent heat thermal energy storage system
P pressure (Pa)

NEPCM nano enhanced phase change material
H total enthalpy (//kg)

L latent heat fusion (//kg)

v velocity (m/s)

\Y vector differential operator

ref reference

t time (s)

A liquid fraction

S damping element of Darcy law (Pa/m)
S source term of energy (Pa/m)

€ constant

PCM phase change material

CFD computational fluid dynamics

TES thermal energy storage

np nanoparticle

1 Introduction

Fossil fuels, including coal, oil, and natural gas, have been the
primary source of energy for humans and have played a
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crucial role in the advancement of human civilization since
the Industrial Revolution. However, these non-renewable
resources are gradually running out. As a result, there has
been a growing focus on the development of renewable en-
ergy sources. Solar energy, in particular, has gained signifi-
cant attention due to its clean, renewable nature and
widespread availability. One method of harnessing solar en-
ergy is by converting it into thermal energy for various ap-
plications. However, the utilization of solar energy is limited
by factors such as the time of day and weather conditions.
Solar thermal storage [1], photovoltaic-thermal systems [2],
windows and walls [3, 4], air conditioners [5], self-driving
submarines [6], heating and cooling [7], and are only a few
examples of the many applications for this technology. The
earliest research on PCM dates to the 1940s of the previous
centuries [8]. However, it was not until the energy crisis of the
1970s that PCMs were utilized as TES, capable of releasing
sensible heat or latent heat, which increased the significance
of PCMsor energy management [9]. However, one of the
greatest challenges is PCM’s limited thermal conductivity
which limits its applications. Different methods are suggested
by researchers to enhance the thermal conductivity of PCM
[10-15]. Fins are the technique most often employed in engi-
neering applications to increase the heat transfer area since
they are easier to install than other ways and facilitate easier
system maintenance in the future. PCMs are substances that
have the potential to alter physically within a specific tem-
perature range during the phase change process [16]. Various
physical, chemical, and thermal properties apply to these
materials. Although less important characteristics, the den-
sity, thermal conductivity, and viscosity must also be consid-
ered. Among the most important ones are the temperature of
phase change and the latent heat of fusion. Phase transition
materials can be produced artificially or occur naturally in
several ways. However, they can generally be classified as
organic (0), inorganic (I0), or eutectic (E) materials for the
phase transition from solid to liquid. According to the dis-
cussion in [17], we have different classification of these ma-
terials such as organic, inorganic and eutectic. A strategy to
improve PCM phase transition in LHTESS was put up by
Sarani et al. [18] and involved distributing fins alternately in
the absence/presence of nanoparticles. It was discovered that,
in comparison to continuous aluminum and cooper fins,
discontinuous fins may shorten the energy release time by
84% & 89 % respectively. Alizadeh et al. [19]introduced a
novel numerical method to optimize the discharging process
of an LHTESS in the presence of curved fins and nano-
particles. Fin arrangement optimization shortened the total
solidification time of pure PCM by 61.54%. Through fin
structure optimization, Mozafari et al. [20] were able to do a
numerical study that improved the dual-PCM latent heat
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systems phase transition process. PCMs are employed in a
variety of industries, including solar energy (solar power
plants [21], solar water and air heating [22, 23], photovoltaic
panel cooling [24], electronics [25], automotive industry [26],
space heating and domestic hot water systems [27], space
cooling systems [28], spacecraft industry, food industry,
biomedical appliances, and intelligent textiles. The primary
factors promoting the utilization of phase change materials
(PCMs) include the reducing size of electronic appliances, the
variable characteristics of sources of clean energy, and the
desire to create intelligent buildings and materials. To
improve the PCMs heat transfer rate, Wang et al. [29] inves-
tigated the thermal performance of LHS was examined using
aluminium and stainless-steel fins of varying thicknesses in-
side the tube. The study carried out by Shahsavar et al. [30],
the charging and discharging mechanisms of PCM were
shown to be significantly improved by the introduction of
wavy channels. Chen et al. [31] show that convective heat
transfer coefficient increased to 515 W/m’K when the thermal
storage unit was examined utilizing a multichannel flat tube
and rectangular fins. Mostafavi et al. [32] found that adding
fins to a cylindrical thermal energy storage system in both the
longitudinal and transverse axes improved the temperature
distribution and energy storage in an annular PCM. Zhang
et al. [33] presents an innovative PCM-based study, that in-
corporates microchannels, and pin fins with PCM, to improve
transient thermal management. Shahamat and Mehrdoost
[34] conduct a numerical investigation into the improvement
of melting performance of PCM within a LHTES unit, utilizing
an innovative stair-shaped fin and nano-enhanced PCM.
Babapoor et al. [35] stated that adding different kinds of
nanoparticles to the PCM significantly alters its thermal
properties. Sciacovelli et al. [36] investigated the melting
process numerically in a shell and tube LHTES loaded with
nanoparticle enhanced PCM. According to their findings, the
4% nanoparticles shorten the melting time by 15 %.
Numerous researches on fin structure concentrate on fixed
forms of fins [37, 38], however it’s important to remember that
variations in a fins identical geometry can also significantly
affect how well it transfers heat. Jayaparkash et al. [39]
investigated the thermo-physical properties of erythritol and
xylitol by integrating copper, aluminum, and zinc nano-
particles, which were described for their thermal properties.
Metal and metal oxide, carbon nanotubes, graphite, and
graphene are examples of nanoparticles that can be distrib-
uted in PCM [40]. Furthermore, it has been demonstrated that
adjusting the fin configuration [41-43] can effectively boost
the rate of heat transmission. Nanoparticle-enhanced PCM
(NEPCM) is a fascinating technique that is widely used to
increase the thermal conductivity of PCM by scattering
nanoparticles into it. It is noteworthy that the addition of
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nanoparticles will modify the PCM’s latent heat capacity, sub-
cooling, phase change temperature, duration, density, and
viscosity in addition to its thermal conductivity characteristic.
In their experimental investigation, Younis et al. [44] exam-
ined the melting of nano-augmented PCM in a LHTESS. A
nanoparticle level of 6% increases the melting time by
approximately 32%. Mourad et al. [45] develop a nano-
enhanced paraffin wax-based phase change material, whose
transient efficiency of the system was analyzed utilizing the
enthalpy-porosity approach in a shell-and-tube for LHTESS.
To determine which dual-PCM setup was the most optimized,
they examined the entire charging and discharging proced-
ures of the several configurations. They calculated that the
suggested dual-PCM arrangements’ overall solidification and
melting times were 13.6 % faster than those of the traditional
setup using a single-channel PCM. Specifically, phase change
materials (PCMs) incorporated into electronic systems with
high heat flow rates, batteries powered by lithium ion,
renewable energy systems (including photovoltaic and desa-
lination systems), construction materials, and textiles provide
wearable solutions for improved thermal comfort [46].

1.1 Novelty

Phase change materials (PCMs) are extensively utilized
across several sectors, including heat pumps, solar technol-
ogy, and thermal regulation systems in spacecraft. However,
the low thermal conductivity of PCMs presents a major
challenge in the field of thermal energy storage. Several
academics have suggested various augmentation ap-
proaches to enhance the thermal characteristics of a PCM-
based heat exchange system. Limited studies exist demon-
strating that the integration of nanoparticles and fins of
various shapes in PCM boosts heat conductivity. Based on
these shortcomings and presented literature following are
the key objectives of proposed investigation:

— To measure the cumulative effect of a central plate,
trapezoidal fins, and nanoparticles on the charging
(melting) behavior of phase change materials in a rect-
angular enclosure.

— Optimize the volume fraction and placement of trape-
zoidal fins to mitigate gravity-induced melt stratification,
thus optimizing the charging rate. It is because the upper
half portion melts quickly compared to the lower half
portion, which melts slowly due to the gravitational effect.

— The present study demonstrates how the incorporation
of nanoparticles and branched fin structures improves
the melting process.
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— Moreover, leveraging the conventional CFD with FF-
ANN is novel approach for computational analysis.

To make comparisons easier, multiple cases are examined in
detail. A comparison is made between the liquid fraction and
PCM mean temperature contours of the different cases,
which includes no fins, placing fins at different places and
the case with the center plate at a different location to assess
the effects of the addition of the fin and central plate to the
PCM enclosure on the PCM charging process.

2 Numerical and physical model
2.1 Description of physical model

Recent years have seen a significant increase in demand for
the use of phase change materials in heat exchangers due to
their ability to store and release large amounts of thermal
energy during phase transitions. A pipe heat exchanger with
phase change material is a promising technology for efficient
heat transfer applications. The use of these materials allows
for high heat storage capacity and controlled temperature
during phase transitions, resulting in compact and light-
weight heat exchangers. A wide range of pipe heat
exchanger designs, including double-, triple, and multiple-
pipe designs, are commonly used for heat exchange in power
plants and industries. In solar parabolic power plants, pipe
heat exchangers can be used to transport solar energy to a
supplementary fire. In a PCM-based heat exchange unit, one
side of the pipe is filled with PCM, and the other pipes carry
the heat transfer fluid (HTF), which recovers and stores heat
from the PCM. Finding the ideal situation with the best
melting performance is the main objective of this investi-
gation. Therefore, the current study examines 11 different
cases. The trapezoidal-shaped fin (10 and 20 fins) and no-fin
modes’ melting performances are compared to the charging
mode of the scenario with the central plate inserted, both
with and without the addition of nanoparticles. Additionally,
the impacts of the central plate placement on the discharging
technique of the vertical latent heat pipe system are thor-
oughly analyzed. Then, by comparing various temperature
and liquid fraction contours, the significance of adding a
branch-structured fin to the inner and outer walls, as well as
the central plate, including nanoparticles, is comprehen-
sively investigated.

The remaining fins are evenly spaced throughout the
PCM-based unit. Since no variations in circumferential flow
are seen for the proposed scenarios, it is presumed that the
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flow is axisymmetric. Herein, Figure 1 show the 11 different
scenarios. Case-1 is the simplest one with no central plate
and fins. In Case-4, Case-5 and Case-6 we only placed central
plate at different locations. In Case-2 placed 10 fins within
inner boundary of outer wall, Case-3 placed 20 fins within
inner boundary of outer wall, Case-7 placed 10 fins were
placed within inner boundary of outer wall whereas central
plate is also placed. For Case-8 placed 20 fins at inner
boundary of outer wall with plate being placed at center. In
Case-9 place 10 fins on the central plate, while in Case-10
placed 20 fins at central plate. In the Final case, Case-11, we
placed 10 fins at inner boundary of outer wall and 10 fins at
central wall. First, by comparing the numerical results of all
the aforementioned cases, the efficacy of adding a central
plate and fins to the PCM enclosure is investigated. The case
with the best thermal performance is then determined, and
nanoparticles are added to enhance the thermal character-
istics of the latent heat thermal storage system. Finally, a
comprehensive investigation is carried out into the effects of
fin arrays, placement of the central plate, and nanoparticles
on the heat storage unit’s charging method.

Table 2 depict the thermophysical properties of used
nanoparticles and PCM. Table 1 provides additional infor-
mation on the dimensions of the assessed states.

2.2 Assumptions and governing equations

The PCM hox has been estimated to be fully loaded with PCM.
Since there isn’t an air void during the phase shift procedure,
the PCM volume should be fixed [47, 48]. The governing equa-
tions are formulated using the following conditions [49, 50].
i. It is assumed that the fluid flow is axisymmetric,
laminar, transient, Newtonian and incompressible.
ii. Owing to lower velocities, viscous dissipations are
neglected.
iii. Boussinesq approximation is used to determine density
and buoyant force.
iv. No heat is lost to the environment because the heat
storage units’ exterior is well-insulated.
v. The walls non-slip properties are considered.
vi. Gravity acceleration is measured along the negative
y-axis (downward).
vii. For the PCM, no volume expansion is considered [51,
52].
The aforementioned assumptions can be used to
formulate the following equations [53]

Viii.

ap

E + VIDV = 0, (1)
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Here, T stands for temperature, and H for the nano-PCMs
total enthalpy, which considers both latent heat in the liquid
phase and sensible heat in the solid phase. The density of the
nano-PCM is represented by pnepem, and keg defines the
nano-PCM’s effective thermal conductivity. In this case, the
operating temperature determines the specific heat (Cp),
latent heat, and liquid fraction. The damping element of
Darcy law (S) is added to the equation of momentum in
order to account for the effects of phase change occurrences.
The formula below can be used to determine the term S,

I 2
S:V( A+1)

-~~~ B. 4
0.001 + A®° @

The value of the mushy zone (Bm) is 10° in current study
based on the studies that have been published in the litera-
ture [49, 53, 54]. Sy is added to the energy equation to account
for the effects of latent heat and the phase transition process.
Its value is defined as

S, = v(p?/LfA) +LiAp,. 5)

In the abovementioned equation, the liquid fraction of the
PCM is denoted by A and is computed as follows

A= (L)

T- TSolidus .
- lf TSolidus < T < TLiquidus
_TSo]idus + TLiquidus

AH . . (6
1 lf T > TLiquidus ( )

0 lf T< TSolidus
The A value determines the PCM phase. When A equals 0 the

PCM is completely solid, and the liquid phase is represented
by the liquid fraction value of 1.

P = (1=B(-Tret + T))Press 0
H=AH +h,
T
h= | CpDt+ Ry ®)

Tret

The present study uses the Boussinesq approach to
determine the density changes of PCM caused by tempera-
ture variations. This process involves computing the density
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Figure 1: Schematic representing the scenarios examined in the current study. (a): Case1-4. (b): Case 5-8. (c): Case 9-11. (d): Dimension details of plate

and branch-structured fin for the current study (Case 7).
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Table 1: Computational domain’s geometrical dimensions.

m/mm n/mm my/mm my/mm ty/mm to/mm ts/mm Ihi/mm I,/mm d/mm
Case 1 64 127 _ _ 1 _ _ _ .
Case 2 64 127 _ _ _ 1 2 6 4 2
Case 3 64 127 - - - 1 2 6 4 1
Case 4 64 127 20 20 2 1 _ _ _ _
Case 5 64 127 15 25 2 1 - _ _
Case 6 64 127 25 15 2 1 - - - -
Case7 64 127 20 20 2 1 2 6 4 2
Case 8 64 127 20 20 2 1 2 6 4 1
Case 9 64 127 20 20 2 1 2 6 4 2
Case 10 64 127 20 20 2 1 2 6 4 1
Case 11 64 127 20 20 2 1 2 6 4 1

Table 2: PCM and nanoparticles thermophysical properties.

Physical properties Molten salt (pure PCM) AlLO;  MWCNT
Density 1,980  3970.0 1,600
Specific heat 1,575  0765.0 796
Viscosity 0.00461
Thermal conductivity 0.59  0040.0 3000
Solidus temperature 495.9
Liquidus temperature 519

as a temperature-dependent variable by applying Eq. (7).
Whereas Eq. (8) can be used to calculate the h and total
enthalpy (H).

{Lf+ | cdT+ | deT+}m

solid liquid

Q=¢ 0= 0 ©)

=(Le+ Cp(-Ts+ T1) + (-To + Ts)Cp)mé
Using the aforementioned formula, which is the ratio of
the heat release value to the melting time, one may find the
value of the heat release rate. It should be noticed that ¢,
represents the melting time and Q represents the heat re-
covery capacity. The following expressions have been used
to hypothesize thermophysical characteristics that have a
substantial impact on the melting process. The volume
fraction expresses the percentage that the nanoparticles
occupy within the total volume of the nanofluid. The volume
fraction represented as a percentage is

Wip
Prp

=t (10
b (m 4 VL)
Prp Ppem

2.3 Initial and boundary conditions

The constraints on the boundaries of the LHTESS can be
expressed as follows, initially, the PCM was assumed to be in
a solid state, and the temperature was 303 K, in contrast, the
HTF temperature was accompanied by the constant tem-
perature of the tube wall, which was 520 K. It applies the
adiabatic boundary condition to the outer walls. For every
solid surface that comes into contact with the PCM, the non-
slip boundary condition is applied. In conclusion, gravity is
considered as a force acting on the body in a downward,
vertical orientation.

2.4 Method of simulation

The charging phenomena are investigated in this work using
the technique of the enthalpy porosity approach. Each
computational cell in the current methodology is expected to
have a similar porosity and liquid fraction. The phase change
process of the PCM is simulated using ANSYS-FLUENT soft-
ware, the pressure-velocity coupling is handled by SIMPLE
methodology, and the gradients of the variables are calculated
using the Green—Gauss cell-based approach. Additionally, the
PRESTO scheme is applied to solve the pressure correction
equations while the Finite volume technique is used to solve
the momentum and energy equations. Under-relaxation
parameter values for velocity components, pressure correc-
tion, liquid percent, and energy equation are taken to be 0.30,
0.30, 0.50 and 1.00. Additionally, the convergence criteria of
107,107, & 10°° are used to solve the continuity, momentum,
and energy equations, respectively. Figure 2 disclosed the
mesh development of current investigation. For the numeri-
cal simulation, a mesh size of elements 104,883 with nodes
107,968 is used. Once the mesh is built, the effects of the time
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Figure 2: Graphical illustration of mesh for physical domain.

step values on the numerical results are analyzed. Eventually,
it is assumed that the value of the time step size is 0.2s.

3 Result and discussion

One common technique for evaluating the melting process
and studying the thermal behavior of PCM is numerical
simulation [51, 55]. Numerous numerical simulations are
performed for the TES system under examination, and the
outcomes which include isotherms, the distribution of the
solid-liquid border, and the transient liquid fraction are
shown. In the present study, the PCM starts out completely
solid and gradually melts into a liquid. In this investigation,
the impacts on the charging performance of a vertical latent
heat thermal storage system of adding a central plate,
trapezoidal fins, and nanoparticles to the PCM enclosure are
evaluated numerically. Finding the optimal situation with
the quickest rate of heat release and the lowest melting time
is the main objective of this investigation.

3.1 Liquid-fraction contours at t = 900s

Figure 3 illustrates the contours of the PCM liquid fraction
without the addition of nanoparticles, with fins positioned at
various locations and a center plate inserted at different
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positions throughout the PCM melting process after a 900 s.
Figure 3(a) (Case-1) clearly demonstrates that after a dura-
tion 0f 900 s, the PCM solely melts in proximity to the interior
of the outer walls due to boundary temperature. Numerical
results indicate that just a 6.6 % quantity was melted at this
moment. While Figure 3(a) (Case-2 and Case 3) depicts that
PCM start to melt nearby the placed fins. 15.13 % of PCM were
melted after 900 s in Case 2. In Figure 3(a) (Case-4), PCM melt
more rapidly as compared to previous three cases due to the
placement of central plate. 52.8 % of PCM melted during this
time which is higher than previous results. Buoyancy causes
the solid-liquid interface to warp and some liquid to start
transforming along the area where the central plate sepa-
rates it. This convective movement accelerates the melting
rate close to the area nearby central plate. The temperature
of the upper portion is higher than the lower part, as the
image illustrates. This is due to the PCM’s preference for
absorbing heat from the HTF inlet. A detailed investigation
of the impact of central plate placement on the melting mode
of the vertical latent heat thermal system is done in
Figure 3(b) (Case-5 — Case 7). In Cases 5 to 8, the central plate
is moved towards the PCM-based wall. Because some PCM is
still solid in the middle, it is possible to see a decrease in the
PCM melting rate in the outer enclosure when the central
plate of the PCM-based thermal system is moved in the di-
rection of the inner wall. Numerical outcomes agreed with
this because the PCM was melted in this instance, which is
less than the case of the tube when it was placed in the
center. The outlines of the PCM liquid fraction during the
PCM melting process, with trapezoidal-shaped fins and a
central plate, are shown in Figure 3(c) (Cases 9 to 11). After
900 s an average of 71.4 %, 70 % and 68.4 % of PCM melted for
Case 9, Case 10, and Case 11 respectively. When the phase
change material (PCM) reaches a temperature of 519K, it
commences melting. As the PCM begins to melt, heat con-
duction becomes the predominant mode of heat transfer,
resulting in a thin, flat layer of liquid PCM enveloping the
center tube and fins. Figure 4 illustrates the contours for
each scenario, demonstrating the liquid fraction of phase
change material over time throughout the melting process
with nanoparticles present.

Early in the melting process, the PCM phase change begins
at the container walls and proceeds via heat conduction to the
central plate walls and fins. It is evident from the produced
graphical outcomes that incorporating nanoparticles with PCM
significantly improves the melting rate of PCM, which is clearly
visible in all cases, especially in Figure 4 (Case 1 to Case 11).
Natural convection becomes the primary heat-transfer mech-
anism over time, causing circulation within the PCM. Adding
nanoparticles enhances this mechanism, improving the
melting phenomenon of the PCM. Because of this circulation,
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Case 11

Figure 3: Evaluation of the liquid fraction contours after completing 900 s without incorporating nanoparticles. (a): Case 1-4. (b): Case 5-8. (c): Case 9-11.

the cooler PCM falls because of its higher density, while the
hotter PCM rises because of its lower density. Interestingly, the
interior of the container’s outer wall and fins are exposed
prominently to PCM, which means that this PCM region ex-
periences more natural convection and conduction heat
transfer than the other region. In case of nanoparticles, after
900 s, 9 %, 22 %, 65.7 %, 61 %, 82.8 %, 81.6 %, 82.8 %, 81.6 % and
80 % of nano-PCM melted for Case 1, Case 2, Case 4, Case 6, Case
7, Case 8, Case 9, Case 10, and Case 11, respectively.

3.2 Spatial distribution of average
temperature at t =900 s

Figure 5 illustrates the temperature contours for every case
examined after a time interval of 900s, to evaluate the
impact of the implanted central wall variable location, fin

configurations, and the incorporation of nanoparticles on
the melting behavior of the PCM. Initially, a significant rise
in temperature is observed at the inner part of the outer wall
in Case-1 (Figure 5(a) and (d)), both with and without nano-
particles. However, it is clearly visible from Figure 5(a) and
(d) that nanoparticle incorporation enhances the melting
process. Moreover, the melting process at the bottom is
slower than on the upper side. The reason for this phe-
nomenon is the impact of gravity at the lower portion is
much higher than on the upward section. Additionally, with
their superior thermal conductivity, the PCM having nano-
particles (Figure 5(d) and (f)) shows a far more noticeable
temperature rise over time than the case without nano-
particles (Figure 5(a) and (c)). The increased heat trans-
mission made possible by the middle plate, the placement of
fins, and the addition of nanoparticles is responsible for this
elevated temperature rise. In Figure 5(f) maximum
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Figure 4: Evaluation of the liquid fraction contours after completing 900 s with nanoparticles. (a): Case 1-4. (b): Case 5-8. (c): Case 9-11.

temperature is observed. In conclusion, nanoparticles
enhance the efficiency of the melting process.

3.3 Velocity-field comparison

Figure 6 illustrates the velocity distribution contours of
molten salt (PCM) for various scenarios, with nanoparticles
depicted on the right and without nanoparticles on the left.
The addition of nanoparticles increases the viscosity and
thermal conductivity of PCM. The entrapment of PCM mole-
cules and the obstruction of their passage by the nanoparticle
network is especially pronounced at elevated nanoparticle

concentrations. The viscosity and thermal conductivity of a
PCM can be altered by adding nanoparticles, placement of
central tube and trapezoidal-type fins. Furthermore, fins and
nanoparticles can slow down the PCM particle’s rate of settle-
out and improve the stability of the PCM dispersion. The
findings demonstrate that adding fins, a central plate, and
nanoparticles can increase the PCM velocity concentration.
This is because nanoparticles can act as a nucleation site for
the formation of PCM crystals, which in turn promotes the
creation of smaller, more uniform crystals. This accelerates
the pace at which crystals grow and increases the PCM con-
tent. The velocity profile increases with increasing time scale
for all cases (Case-1 to Case-11). The consequences of molten
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Case 1 Case 2 Case 3 Case 4

Case 10 Case 11

®

Figure 5: Comparing the temperature contours of different cases, with nanoparticle (right column) and without nanoparticles (left column). (a): Case 1-4
(without nanoparticles). (b): Case 5-8 (without nanoparticles). (c): Case 9-11 (without nanoparticles). (d): Case 1-4 (with nanoparticles). (e): Case 5-8 (with
nanoparticles). (f): Case 9-11 (with nanoparticles).
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Figure 7: Velocity contours at different time instances. (a): Case 1-4. (b): Case 4-6.

salt PCM material for different cases, on the velocity distri-
butions, at various time conditions (300, 600, 900, & 1,200 s)
are illustrated in Figure 7. The figure shows that there have
been changes in velocity in the areas where melting has taken
place. Four distinct time steps for 11 different cases have been
found to have different velocity distributions. The PCM ma-
terial’s velocity is determined to be higher for the higher time
conditions than for the other scenarios. Consequently, the
velocity distribution is highest for 1,200 s(case-10) and lowest
for 300 s (Case-1).

3.4 Transient evolution of temperature and
liquid-fraction contours for pure PCM
and nano PCM

Figures 8 and 9, respectively, show the contours of the PCM
liquid fraction over time with various scenarios (positioning
of fins and central plate) during the PCM melting process in
the absence and presence of nanoparticles. HTFs inlet

direction is from top to bottom. A flat, thin layer of liquid
PCM forms surrounding the fin and inner plate at the start of
melting, with heat conduction accounting for the majority of
PCM heat transfer (Figures 8 and 9 300 s).

Furthermore, at low temperatures, the liquid layer’s
thickness is lower, and at high temperatures, it becomes
more significant. The PCM near the fins and central plate
eventually melts completely (Figures 8 and 9 600s), and
substantial natural convection is caused by the PCM’s vari-
able temperature specific densities. But this process is more
rapid for the case having nanoparticles incorporated
(Figure 9). Consequently, at this point in the melting of PCM,
convective heat transport is dominant. By the final phase,
natural convection had minimal impact because the major-
ity of the PCM had melted (Figures 8 and 9 1,200 s). PCM
melted at a slower pace without addition of nanoparticles
throughout this operation and faster for the case in which
nanoparticles are considered. It is important to note that the
solid-liquid interface alterations in this work during PCM
melting are similar to those in several published papers [56].
Furthermore, trapezoidal fins with varying positions
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Figure 8: Evaluation of the temperature and liquid fraction contours at different time interval without incorporating nanoparticles. (a): Case 1-4 (without
nanoparticles). (b): Case 4-6 (without nanoparticles). (c): Case 4, 7-11 (without nanoparticles).

(location) exhibit different solid-liquid interface, and a 3.5 Variation in quuid fraction and average
variable PCM melting rate, the different locations of the fins, temperature

the diverse the PCM melting rates. This suggests that the

placement of trapezoidal fins with nanoparticles is impor-  The PCM’s liquid fraction and average temperature fluctuate
tant, and can alter the original PCM’s overall melting law. over time, as seen in Figures 10 and 11, respectively. Notably,
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nanoparticles). (b): Case 4-6 (with nanoparticles). (c): Case 4, 7-11 (with nanoparticles).

the liquid fraction exhibits comparable trends in every sce- of PCM increases rapidly compared to the other three cases,
nario. Initially, the PCM was in a solid state; with the passage i.e., Case-1to Case-3. This implies that in Case-4, PCM changes
of time, it starts to melt. However, from Figure 12(a), itis clear its form from solid to liquid more rapidly. Graphical illus-
that in Case-4, incorporating nanoparticles, the liquid fraction  trations depict that adding nanoparticles improve the liquid
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Figure 10: Variations in liquid fractions (a): Case 1-4, (b): Case 4-6, and (c): Case 4, 7-11 with respect to time.

fraction significantly. From Figure 10(b) and (c), it is evident
that placing fins and a central plate with the addition of
nanoparticles, the liquid fraction time for PCM is reduced.
This can be helpful in future studies and the design of PCM.
The different configuration and placement of the central plate
and fins could affect convective flows, flow patterns, and heat
transfer efficiency, which could change how quickly PCM
turns from solid to liquid.

This study’s analysis of different scenarios led to the
conclusion that the configuration known as Case-10 has su-
perior melting process performance. In comparison to the

other cases studied, this specific design shows the fastest
melting rate and reaches the maximum temperature in the
least amount of time. The mean temperature variations for
the fins, nanoparticles, and central plate over time, at
different amplitudes for different examples, are shown in
Figure 11.

The findings show that all situations converge over time
to a particular temperature value. From Figure 11(a) and (b),
Case-4 with nanoparticles show most promising mean tem-
perature as compared to other three cases present there.
And from Figure 11(c), case 10 incorporating nanoparticles
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Figure 11: Variations in mean temperature of PCM with respect to time. (a): Case 1-4. (b): Case 4-6. (c): Case 4, 7-11.

shows the best results among others. Conclusively, Cases 10
and 11 with nanoparticles show the quickest melting periods
in accordance with the provided contours. Case 10, in
contrast to the other cases, displays a greater mean tem-
perature during the melting process.

4 ANN modelling and simulation

Artificial intelligence (Al) is a branch of computer science
dedicated to developing solutions, making choices, and

networking. It is used in various domains, including ro-
botics, computer vision, and natural language processing.
The artificial neural network (ANN), a widely employed
method, emulates neural processes to operate similar to the
human brain [57]. It proves crucial in addressing several
complex physical engineering challenges. Consequently, it is
applied in several mechanical systems, such as combustion
engines, refrigeration units, and thermal apparatuses. Jose
and Hotta [58] established an algorithm utilizing an ANN to
comprehend the intricate thermal dynamics of NEPCM-
based heat pipes and to enhance the prediction of their
thermal characteristics. In this investigation, we applied the
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FF-ANN and the Levenberg—Marquardt algorithm (LMA). Of
the complete dataset including 25,000 observations, 80 %
(17,500) was allocated for training, 10 % (3,750) for validation,
and testing the model’s estimations. The neural network
(NN) architecture is depicted in Figure 12. NN include one
input layer, two hidden layers and one output layer. The
First hidden layer contains the 10 neurons, whereas, second
hidden layer consists of 12 neurons. In Figure 13, weights,
bias and activation function details for proposed NN training
are presented. Figures 14-17 display the training parameters
(MSE, gradient, Mu, error histogram, function fit, and
regression) associated with NN training. NN training is car-
ried out for four different parameters to illustrate its
effectiveness.

Figures 14(a)-17(a) illustrate training advancement
chart for ANN, displaying the mean squared error (MSE)
throughout 862, 1,000, 454 and 1,000 epochs. The ANN
model attained its optimal validation performance of
MSE = 2.2381e-09, 3.8981e-05, 6.8041¢-09 and 2.3625¢-05 for
862, 1,000, 454 and 1,000 epochs. The training procedure
effectively decreased the MSE for all datasets, achieving a
stable state. The graph illustrates an algorithm that has
been effectively trained, showcasing excellent results on
both familiar (training) and unfamiliar (validation and
test) datasets. This analysis indicates that the ANN model
demonstrates robustness, exhibiting minimal risk of
overfitting, and achieves outstanding performance as
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measured by the MSE metric. Three plots pertaining to the
training method for developing a neural network are
presented, specifically illustrating the gradient, the vari-
able mu, and the validation checks over 5862, 1,000, 454 and
1,000 epochs, as depicted in Figures 14(b)-17(b). The
gradient chart indicates that the algorithm is successfully
converging, as evidenced by the gradient stabilizing at
lower levels towards the conclusion of the training pro-
cess. Consequently, the algorithm has reached a stable
state that exhibits little overfitting, as evidenced by the
validation examines conducted towards the conclusion of
the training. The histogram indicates that the machine
learning model demonstrates a high level of accuracy, with
the majority of errors concentrated near zero. The findings
are further substantiated by the analysis of error graphs
presented in Figures 14(c)-17(c). The regression charts in
Figures 14(e)-17(e) demonstrate the model’s outstanding
performance throughout all datasets, with R-values
approaching 1, signifying nearly perfect correlation. The
function fit curves align closely with Output = Target,
exhibiting minimal bias and confirming high accuracy
along with robust generalization. Table 3 presents sum-
mary of statistical metrics to depict the evaluation of
proposed ANN training.

The current numerical forecasts in Figure 18 align with
the average temperature published by Mat et al. [56], thereby
affirming the model credibility.
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Figure 13: Neural network weights, biases and activation functions distribution details.

Table 3: Summary of statistical metrics for ANN training.

DE GRUYTER

Epoch MSE Gradient Mu Regression
Melting case 5 868 2.2381e-09 2.3384e-07 1e-08 1.00
Temperature case 5 1,000 3.8981e-05 0.019399 0.0001 1.00
Melting case 1 454 2.2381e-09 2.3384e-07 1e-08 1.00
Temperature case 1 1,000 2.3625e-05 0.002687 0.0001 1.00
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Best Validation Performance is 2.2381e-09 at epoch 862
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Figure 15: ANN training parameters for temperature Case 5. (a): MSE. (b): Training. (c): Error histogram. (d): Function fit. (e): Regression.
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Figure 16: ANN training parameters for melting Case 1. (a): MSE. (b): Training. (c): Error histogram. (d): Function fit. (e): Regression.
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Figure 17: ANN training parameters for temperature Case 1. (a): MSE. (b): Training. (c): Error histogram. (d): Function fit. (e): Regression.
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5 Conclusions

PCM can store and release huge amounts of energy during
phase transitions like melting and solidification. One issue with
most PCMs is their low thermal conductivity, which slows
response time and heat transmission. To get around this
problem, some techniques have been devised to increase PCMs
heat conductivity, like adding fins, metal foams, or nano-
particles. In the current study, the effects on a LHTESS melting
enhancement by adding a central plate, nanoparticles, and fins
(trapezoidal shaped) at different locations to a PCM enclosure
are studied numerically. Various design characteristics, such as
fin length, fin number, fin thickness, central plate placement
and location of placement, the addition of nanoparticles and
PCM unit geometry, were analyzed as heat transfer enhance-
ment approaches. There are particularly encouraging findings
to ascertain how, the central plate, placement of fins at
different location and addition of nanoparticles contributes to
improving the PCM melting process. The obtained numerical
results led to the following conclusions:

— The melting process is significantly improved through
the utilization of nanoparticles, an inner plate, and
trapezoidal fins,

— A regression score of 1 demonstrates an exceptional
connection between CFD data and FF-ANN predictions,

— In contrast to the conventional PCM, nano-PCM with
central tube and trapezoidal shaped fins, the melting time
will be shortened by 39 % for Case 1, and 41 % for Case 2,

— By the placement of the trapezoidal-shaped fins, central
plate, and nanoparticles, the melting time of the system
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reduces by 25 % for Case 2, 21. 1% for Case 9 and 15.9 %
for Case 11, while the proportion of fins and plate
in the cross-section remains constant (with different
placement),

— Central plate and fins Increased average temperatures
of PCM regions, enhanced heat exchange surface area,
and increased insulation, resulting in reduced heat loss
to the environment and augmented PCM storage of heat,

— Projected outcomes indicate that the positioning of fins
and the central plate is crucial, yielding varying results
in the melting process based on their locations. For
example, when the central tube was positioned in the
middle 25 % (Case 4) of the average short melting time,
and when the tube’s placement was altered from the
center to the side walls, a 17 % (Case 6) reduction in
average short melting time was observed,

— An elevated HTF temperature accelerates the PCM
melting rate.
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