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A B S T R A C T

Hot cylinders within the cavity can find diverse thermal applications, ranging from electronic de-
vices and heat exchangers to solar systems, nuclear reactors, and the thermal design of passive
cooling systems. Consequently, considering the use of phase change materials (PCM) close to hot
cylinders emerges as a viable method for both cooling and storing thermal energy. In this work,
two hot cylinders are arranged vertically and horizontally in the nano-enhanced phase change
material (NePCM) trapezoidal enclosure with varying angles. The novelty of the current study
lies in the fact that no prior research has explored the impact of hot cylinders arrangement on the
melting process of a NePCM within a trapezoidal cavity, considering various inclination angles.
The fixed grid, adaptive mesh refinement, and enthalpy-porosity method are used to model the
melting flow. The numerical results indicate that the trapezoidal enclosure with vertically
arranged hot cylinders exhibits better thermal performance than the other configuration. It is also
found that the full melting time for both arrangements is minimum when the angle of the trape-
zoidal enclosure is γ = + 40°. The reduction in full melting times for the vertical and horizontal
arrangements of this angle are 25.3% and 29.6%, respectively, compared to the trapezoidal en-
closure with γ = 0.0°. Moreover, the NePCM with the graphite nanoplatelets (GNPs) of φ = 1.0%
has the shortest melting time for 0.0% ≤ φ ≤ 3.0%. As future research, further exploration into
the complexities of non-Newtonian NePCM flow can be pursued. Additionally, there is potential
to explore modifying the cylinders' geometry into elliptical forms, encompassing a range of aspect
ratios.
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Nomenclature

Latin symbols
Am Constant mushy parameter
a(T) Step function
Cp Sensible heat capacity (J.Kg−1.K−1)
fbi Gravity-buoyancy force (N.m−3)
fmi Sink term of momentum equation (N.m−3)
g Gravity acceleration (m.s−2)
H Height of the trapezoidal cavity (m)
k Thermal conductivity (W · m−1 · K−1)
PFP(T) phase-field parameter
p Pressure (Pa)
R Radius of hot cylinders (m)
T Temperature (K)
t Time (s)
u x-velocity component (m.s−1)
v y-velocity component (m.s−1)
x,y Cartesian coordinates (m)
Greek symbols
β Thermal expansion coefficient (K−1)
γ Trapezoidal cavity angle (°)
ΔTf Melting temperature window (K)
ϵ Numerical constant
μ Dynamic viscosity (Pa.s)
ρ Density (kg.m−3)
φ Mass fraction of nanoparticles
Subscripts
f Fusion temperature
h Hot wall
LNePCM Liquid nano-enhanced phase change material
NePCM Nano-enhanced phase change material
SNePCM Solid nano-enhanced phase change material

1. Introduction
Enhancing the efficiency of heat dissipation in electronic devices [1], air conditioning and refrigeration systems [2], automotive

technologies [3], solar collector setups [4], and heat sinks [5] is increasingly imperative to ensure effective thermal regulation. Fur-
thermore, the heat transfer process plays a crucial role in influencing the overall quality of the investigated processes. Phase change
materials (PCMs) have captured the attention of scientists and engineers as a promising solution to address this challenge [6]. Due to
their exceptional thermal properties and the capacity to store and release thermal energy during phase transitions, PCMs are attract-
ing significant interest across a broad spectrum of applications. These applications include solar thermal collectors [7], solar cells [8],
passive building conditioning [9], and electronic systems [10], all benefiting from the remarkable potential of PCMs. While phase
PCMs offer various advantages, a fundamental drawback associated with these materials is their relatively low thermal conductivity.
This limitation diminishes the efficiency of heat transfer during both the melting and solidification phases. To overcome this con-
straint of PCMs, numerous methods to enhance heat transfer have been devised. These approaches include the use of fins [11], metal/
graphite matrices [12], heat pipes [13], loadings high-conductivity nanoparticles in the PCM [14], and nano/micro-encapsulation of
PCM [15].

Based on the findings of the literature review, it is observed that PCMs are primarily contained within sealed enclosure modules.
Consequently, investigating the melting behavior of PCMs within enclosure has emerged as a highly intriguing research topic, garner-
ing growing interest from researchers. Especially, when hybrid enhancement techniques like fins [16], metal porous foam [12] and
nanoparticles dispersion [14] are used. Kamkari et al. [17] extensively addressed both experimental and computational investiga-
tions concerning the phase change behavior of a PCM within a rectangular cavity. A number of recent studies have directed their at-
tention towards the dynamic process of melting, taking into account the influence of heat transfer through advection.

In [18], the natural convection of molten PCM in a rectangular container may contribute to cool photovoltaic (PV) panels. After
melting, the heat transmission capability of the PCM container's fins is assessed. When the same type of enclosure is evaluated, the av-
erage Nusselt number is larger with higher aspect ratios. According to the findings of this investigation, although fins shorten the PCM
melting period, they may slow down natural convection heat transfer in molten PCM. Thus, in systems like PV/PCM, careful study is
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required to maximize natural convection benefits. Ahmed et al. [19] investigated experimentally and numerically the phase change of
paraffin wax inside a trapezoidal aluminum enclosure. They showed that using fins allows a time saving of 28% compared to pure
PCM in unfinned latent heat thermal energy storage systems.

Cesaro Oliveski et al. [20] investigated the phase change flow of lauric acid inside a finned rectangular enclosure while maintain-
ing the total area of fin and mass of the PCM constant, hence modifying just the fin aspect ratio. A parametric investigation of 78 alter-
native fin designs was used to perform the investigation. The fin dimensions were modified within a predetermined range of area frac-
tion and width combinations. The evaluated fins were a mix of 9 fin aspect ratios and 9 fin-to-cavity area fractions. They discovered
that increasing the fin length and, as a result, lowering the fin aspect ratio reduces the overall duration of the melting process in all in-
vestigated scenarios.

Adding nanoparticles to fluids and materials is a process that has gained a lot of attention in various fields due to the unique prop-
erties and potential benefits that nanoparticles can offer [21–23]. Nanoparticles are particles with dimensions in the nanometer scale,
typically ranging from 1 to 100 nm. They can be engineered from a wide range of materials, such as metals, metal oxides, polymers,
and more, each with its own specific properties [24–26]. Dhaidan et al. [27] reviewed numerical and experimental research on the so-
lidification of nano-enhanced PCM (NePCM) in various typical cavities. Mehryan et al. [28] studied the influence of using a porous
medium layer and NePCM on the heat transmission enhancement in an enclosure. They found that a porous layer might significantly
improve the heat transmission and thermal behavior of NePCM.

Geometries and orientations of PCM containers highly affect heat transmission in PCM rectangular cavities [29]. According to the
literature, there are numerous approaches for enhancing the thermal conductivity of the PCM. However, there have been fewer stud-
ies on the impact of enclosure shape and orientation on PCM thermal performance. Meng et al. [30] studied the influence of inclina-
tion angle on the thermal behavior of PCM in a cavity filled with copper foam fins. For the thermal storage unit, twelve inclinations
ranging from 0° to 360° were investigated. The liquid fraction, temperature response rate, and average heat flow were used as assess-
ment metrics.

Sathe and Dhoble [31] investigated the melting flow of a PCM inside a rectangular finned enclosure with a heated top and a fin at
the bottom. The goal of the research was to increase melting time and reduce solidification time. The enclosure was tilted at several
angles with different fin numbers and PCM thicknesses. To investigate the melting rate, the enclosure was tilted at π/6, π/4, π/3, and
π/2 with PCM thicknesses of 2, 3, and 4 cm, respectively. Korti et al. [32] conducted an experiment to investigate the influence of tilt
on the thermal behavior of PCM melting in a square cavity.

The existence of hot cylinders inside the cavity might have a variety of thermal applications, including electronic devices, heat ex-
changers, solar systems, nuclear reactors, and thermal design of passive cooling systems and others. Recently, Selimefendigil et al.
[33] studied numerically the mixed convection in a PCM-filled cavity with an adiabatic rotating cylinder. It was discovered that the
cylinder's angular rotating speed, vertical placement, and size might be utilized to regulate the heat transmission and melting process
in the cavity. Furthermore, they found that the average Nusselt number increases with the angular speed.

According to a literature review, the study of trapezoidal cavities englobing NePCM and heated cylinders is still a promising field
for further research. The novelty of the present work is that no study has investigated the effect of the arrangement of hot cylinders on
the melting process of a NePCM inside a trapezoidal cavity with different inclination angles. Broadly speaking, this study aims to ad-
dress the following inquiries.
• What impact does the configuration of the heated cylinders have on the melting rate, heat transfer rate, temperature distribution,

and velocity patterns in the NePCM trapezoidal enclosure?
• How does the angle of the trapezoidal cavity affect melting characteristics, including melting rate, heat transfer rate, temperature

distribution, and velocity field?
• What impact does the dispersion of graphite nanoplates within the PCM have on heat transfer and melting rates, as well as the

governing fields?

2. Problem description
Fig. 1 illustrates two different configurations of closed trapezoidal mediums, both of which are initially filled with a solid PCM.

The hot cylinders are maintained at a high temperature of Th, which is higher than the melting temperature of the PCM. The outer
walls are well insulated. In both configurations, the angle of the trapezoid, denoted as γ, varies from − 40° to + 40°. For this study, 1-
Tetradecanol serves as the base PCM, while graphite nanoplatelets (GNPs) act as the dispersed nano-sized particles. The thermophysi-
cal characteristics of the NePCM for different mass fractions of nanoplates, obtained experimentally [34], are tabulated in Table 1.
The volume of NePCM is considered as a constraint. When γ = 0.0°, the width and height of the enclosure are H = 50mm. The radius
of the hot cylinders is R = 0.1H.

3. Mathematical formulation
To capture the phase change flow of the NePCM, the enthalpy-porosity technique is applied, and a fixed grid with adaptive mesh

refinement (AMR) is provided for the computational domain. The enthalpy-porosity method has found extensive application in study-
ing solidification-melting phenomena within containers, especially when natural convection plays a significant role. This method
boasts two primary advantages: rapid convergence and high accuracy. Based on the enthalpy-porosity method, the NePCM domain is
divided into three distinct zones: fluid, solid, and the intermediate region known as the mushy zone. Also, these three sub-domains
are distinguished by the temperature of melting, i.e., Tf, and the melting temperature window, i.e., ΔTf. The mushy zone, character-
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Fig. 1. Schematic view of the two studied configurations.

Table 1
Thermophysical properties of the NePCM at different mass fractions of GNPs [34].

Properties 0.0 wt% 0.50 wt% 1.0 wt% 3.0 wt%

Density (solid) 891.4 894.1 896.9 907.9
Density (liquid) 821.6 824.3 826.9 837.6
Dynamic viscosity 13.23 23.45 59.5 194.01
Specific heat capacity (solid) 2040 2020 1990 1910
Specific heat capacity (Liquid) 2360 2330 2300 2190
Melting point 37 37 37 37
Latent heat 227.8 219.5 212.2 183.5
Thermal expansion coefficient 0.001018 0.001018 0.001008 0.000987
Thermal conductivity (solid) 0.252 0.350 0.451 0.540
Thermal conductivity (liquid) 0.159 0.180 0.260 0.320

ized by its porous structure containing both liquid and solid phases, exhibits a velocity field with significant gradients. The enthalpy-
porosity method can integrate the concept of AMR to enhance computational efficiency and solution accuracy. AMR constitutes a dy-
namic mesh adjustment strategy, wherein the grid resolution is selectively refined based on the evolving characteristics of the solu-
tion. In the context of the enthalpy-porosity method, which addresses processes involving solid-liquid phase changes, AMR proves in-
strumental in optimizing computational resources. Throughout the simulation, specific regions of interest may undergo substantial
variations in temperature, phase transitions, or other relevant parameters. The adaptive refinement feature of AMR facilitates an in-
tensified grid resolution in these critical zones while maintaining a coarser mesh in less dynamically active regions.

The AMR strategy serves as a judicious allocation of computational resources, directing heightened attention to areas of the simu-
lation where intricate changes unfold. By dynamically refining the mesh in response to evolving solution features, AMR significantly
contributes to both the precision and computational efficiency of the enthalpy-porosity method. This tailored refinement approach
ensures a focused utilization of computational resources, thereby elevating the method's efficacy in capturing the intricacies inherent
in solidification-melting processes.

To comprehensively address the presented problem, the following assumptions are being considered: 1) During the phase change
flow, the volume change of the NePCM is ignorable [17]; 2) The flow of melted liquid is laminar, incompressible, and Newtonian; 3)
The dispersion of GNPs within the PCM is uniform, and there is no tendency for the GNPs to settle; 4) The Boussinesq approximation,
applied in the current work, simplifies the mathematical description of fluid flows by allowing researchers to neglect density varia-
tions in most parts of the equations, focusing only on buoyancy-driven effects caused by temperature differences [29]. Considering
the assumptions mentioned above, the continuity, momentum, and energy equations of the domain containing NePCM can be formu-
lated as.
I) Continuity [35].

𝜕uj

𝜕xj

= 0 (1)

II) Momentum conservation [36,37].

𝜌LNePCM

(
𝜕ui

𝜕t
+ uj

𝜕ui

𝜕xj

)
= −

𝜕p

𝜕xi

+ 𝜇LNePCM

𝜕2ui

𝜕xjxj

+ fbi
+ fmi

(2)

where x1 = x, x2 = y, u1 = u, and u2 = v. The sink term of the momentum equation (fmi), demonstrating zero value of velocity within
the solid region of the NePCM can be written as the following [36]:
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fmi
= −

Am(1 − a (T))2

a3 (T) + 𝜖

ui (3)

In Eq. (3), Am is a constant value of Am = 5×105kgm−3s, that is large to make the velocity vector of zero for the solid region of the
PCM. Another parameter, ϵ, is set to a very small fixed value (ϵ = 0.001) to prevent the denominator from being zero. In Eq. (3), a(T)
is a ramp function, expressed by:

a (T) =

⎧
⎪
⎪
⎨
⎪
⎪
⎩

0 T ≤ Tf − ΔT f ∕2

T − Tf

ΔT f

+
1

2
Tf − ΔT f ∕2 < T < Tf + ΔT f ∕2

1 T ≥ Tf + ΔT f ∕2

(4)

The buoyancy term of the momentum equation by applying the Boussinesq approximation is:

fbi
= −𝜌LNePCM𝛽LNePCMgi = −𝜌LNePCM𝛽LNePCM

{
0 i = 1

g i = 2
(5)

III) Energy conservation [36,37].

𝜌NePCMCp,NePCM
𝜕T

𝜕t
+ 𝜌LNePCMCp,LNePCMuj

𝜕T

𝜕xj

=
𝜕

𝜕xj

(
kNePCM

𝜕T

𝜕xj

)
− 𝜌NePCMLNePCM

𝜕a (T)

𝜕t
(6)

in which,

kNePCM = kSNePCM + a (T)
(
kLNePCM − kSNePCM

)
(7)

𝜌NePCM = 𝜌SNePCM + a (T)
(
𝜌LNePCM − 𝜌SNePCM

)
(8)

𝜌NePCMCp,NePCM = 𝜌SNePCMCp,SNePCM + a (T)
(
𝜌LNePCMCp,LNePCM − 𝜌SNePCMCp,SNePCM

)
(9)

4. Numerical approach, grid sensitivity analysis, and code verification
4.1. Numerical approach

To numerical modeling, the enthalpy-porosity accompanied by an adaptive refinement grid has been employed for the present
study. As mentioned before, a sink term, i.e. fmi = − a3(T )+ϵ

Am(1−a(T ))2 ui, is established within the momentum equation to ensure a velocity of
zero in the solid region of the NePCM. In the equation that keeps track of energy conservation, we include a heat sink term, i.e.
−ρNePCMLNePCM ∂t

∂a(T ) . This term measures how much energy is used up when melting happens in a certain amount of space. To capture
and analyze the steep changes in variables within the mushy zone, the method of adaptive mesh refinement is employed to generate a
high-quality grid. To discretize the nonlinear differential equations and implement user-defined codes, COMSOL Multiphysics soft-
ware has been utilized. In this regard, Galerkin finite element method was employed to solve the governing equations [38]. A first-
order interpolation function has been employed for the main parameters of vi, p, T, among the points.

A phase-field parameter, denoted as PFP(T), is introduced to establish bounds for the mesh adaptation domain. Regarding the tem-
perature gradient, the adaptive mesh employs a temperature window equal to 1.5ΔTf, whereas this window is ΔTf for the mushy zone.
The temperature window of the adaptive mesh facilitates the generation of a finer mesh in the region that is slightly thicker than the
mushy strip, while a coarser mesh is created in the remaining parts of the computational domain. PFP(T) is expressed as follows:

PFP (T) =

⎧
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎩

0 T ≤ Tf −
3ΔTf

2

1 Tf −
3ΔTf

2
< T < Tf +

3ΔTf

2

0 T ≥ Tf +
3ΔTf

2

(10)

A free step Backward Differentiation Formula and a floating time step are used to regulate the time increment, with a maximum
value set at 0.2 s. Ensuring the stability of the provided code by shorter time steps, specifically during the primary times, can be
achieved by considering changeable time steps. The minimum time step used by the solver in this study is around 10−4 s. To solve the
residual equations, PARallel DIrect SOlver has been employed with a Newtonian damping factor of 0.8 [39,40], and the iterations
continues to satisfy the residual error of O (10−6).
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4.2. Grid sensitivity analysis
Fig. 2 (a) shows the adaptive mesh in three different time steps for the cylinders' horizontal and vertical arrangements. It can be

seen a smooth transition of grids from the first time step (t = 2000s) towards the last one (t = 8000s) for both horizontal and vertical
arrangements.

A quality grid needs to be provided to achieve precise numerical outcomes. So, in the case of grid independency, four grids of dif-
ferent sizes of 5004, 16,805, 23,099, and 30,852 have been provided (Fig. 2 (b)). The triangular type of grids is used to discretize the
equations inside NePCM domain study. The melted volume fraction (MVF) is the variable chosen for the comparison among different
grids. No considerable difference between the chosen grids can be seen, especially grid cases 2, 3, and 4. Therefore, the second grid
containing 16,805 elements has been selected for the simulations to reduce the computational cost and times.

Fig. 2 (a). Adaptive mesh history for the horizontal and vertical arrangements of the hot cylinders.

Fig. 2 (b). Dependency of the MVF on the mesh size.
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4.3. Code verification
Previous numerical and experimental research has been examined as validation cases to check the accuracy and correctness of the

results. The numerical and experimental study conducted by Kamkari et al. [17], which investigated the melting process of the PCM
within a rectangular cavity, has been selected for the validation case. The results of this research and those of Ref. [17] are shown in
Fig. 3 (a). The validating phase change fields are shown at two times: 30 min, and 60 min with Ra = 8.3×108. A good agreement is
evident among the results, confirming the accuracy of the present study.

As the second verification, the average Nusselt numbers of the study conducted by Kim et al. [41] and those obtained by the cur-
rent work are compared in Fig. 3 (b). Kim et al. [41] analyzed the natural convection flow of air in a square cavity having a hot cylin-
der. The δ parameter is the deviation of the cylinder from the center of the cavity.

5. Results and discussion
Fig. 4 (a) depicts the streamlines, melted PCM fields, and the velocity magnitude contours over time for three angles of the

trapezoidal enclosure with the horizontal arrangements of the hot cylinders for different time steps. The volume of PCM in the up-
per portion of the cylinders within the cavities varies for different configurations. This variation can significantly affect the melting
rate at various angles. For instance, at an angle of γ = + 30°, where the most PCM is located above the cylinders compared to
γ = 0° and γ = − 30°, we observe the fastest melting time for the entire PCM due to the tendency of the hot melted PCM to move
upward. At the primary time steps (t = 2000s) when the conductive heat transfer method is dominant, a thin melted layer of PCM is
seen around the hot cylinders. At this time, small vorticities of the melted PCM are formed around the cylinders. Gathering of these
small vorticities by improving the primary movements due to the natural convection enhancements during the time, the melting
area and fluid PCM increase especially towards the upper part of the trapezoidal cavity. This is expected because of the buoyancy ef-
fects on the melted PCMs. At the following time snap (t = 5000s), the velocity contour shows a higher range of magnitude than the
other times due to the dominancy of natural convection and movements of fluid, correspondingly. Afterwards (t = 8000s and

Fig. 3 (a). Comparison between the melting fields of the study conducted by Kamkari et al. [17] and the current study; A: experimental results of Ref. [17], B: numerical
results of Ref. [17], and C: present work.
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Fig. 3 (b). Average Nusselt number at the cylinder shell in comparison with numerical data of Kim et al. [41] for Pr = 0.7:

Fig. 4 (a). Dependency of the melting field, streamline patterns, and velocity magnitude field on the angle of trapezoidal enclosure with the horizontal arrangement of
hot cylinders.



Case Studies in Thermal Engineering 57 (2024) 104280

9

N. Ben Khedher et al.

t = 11000s), as the whole of the PCM located in the upper zone has been melted and the temperature of this area increases, the
strength of natural convection decreases, leading to the reduction of velocity magnitude. As PCM melts in the upper part of the
cylinders, the heat from the cylinders further warms the melted liquid. Consequently, the temperature difference between the cylin-
ders and the melted PCM decreases, resulting in a reduced flow velocity of the melted PCM. Larger vorticities are seen in streamline
contours at these times (t = 8000s and t = 11000s) because of more melted PCM created. There are two big vorticities formed
above and beyond the cylinders for this configuration at the final time step (t = 11000s). In the case of velocity magnitude, both
cavities of γ = − 30° and γ = + 30° have higher values compared to the case γ = 0.0°. This is the result of inclined side walls that
helps the variations in the direction of the melted flow movement and higher velocity magnitude. Between two cavities with in-
clined side walls, γ = − 30° and γ = + 30°, the later one shows higher velocity magnitude in all times steps except the first one,
when there is no considerable melted PCM. This is because in the cavity with a γ = + 30°, the wider area of melted PCM along with
the side walls facilitate the movement of the molten liquid.

Fig. 4 (b) illustrates the dependency of the temperature field on the orientation of the cavity for three different angles of
γ = − 30°, γ = 0.0° , and γ = − 30° for horizontal arrangements of the hot cylinders at various time shots. When the PCM close to hot
cylinders reaches its melting point, 310 K, it starts melting. As said before, due to the dominancy of the natural convection in compari-
son to conductive term at the following times and the tendency of the fluid PCM to move upward in the cavity, the upper zone of
cylinders experiences higher temperature within the cavity. After the temperature equivalency of the hot cylinders and their upper
zone, at the final time snaps, it is seen higher temperature range for the bottom part of the cylinders as the PCM of that area starts
melting by the hot cylinders and fluid above PCM. At the first time snap (t = 2000s), the cavity of the angle γ = − 30° experiences the
widest range of temperature variations from 306 K − 320 K, while the configuration of γ = 0.0° has the temperature range of
309 K − 318 K. Indeed, it can be stated that the temperature uniformity is greater in the trapezoidal cavity with a γ = 0.0°. In the cav-
ity with γ = − 30°, a smaller amount of PCM is located above the cylinders, leading to a faster melting process in this area. Subse-
quently, the heat from the cylinders is utilized to further raise the temperature of the liquid PCM. Conversely, a larger amount of PCM
is situated in the lower region of this cavity, where the heat from the cylinders is stored as latent energy within the PCM, resulting in a
lower temperature range. These conditions contribute to greater temperature non-uniformity within this cavity. At the final time shot,
when most of the PCM has melted and the temperature equivalency happens between hot cylinders and the melted PCM, there is no
significant difference in the temperature range within the cavity among all configurations.

Fig. 5 (a) shows the streamlines, melted PCM fields, and the velocity magnitude contours for three angles of the trapezoidal en-
closure with the vertical arrangement of the hot cylinders in different time steps. Same as the horizontal arrangement of the cylin-
ders, there is a small melting zone around the cylinders at the primary time steps. As time passes (t = 5000s), the melted area
around both cylinders attaches together and forms large vorticity between the cylinders. The velocity experiences its maximum at
the centerline of the cylinders at this time. In the vertical arrangement of cylinders, the maximum velocity is seen for γ = + 30°

Fig. 4 (b). Dependency of the temperature fields on the angle of trapezoidal enclosure with the horizontal arrangement of hot cylinders.
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Fig. 5 (a). Dependency of the melting field, streamline patterns, and velocity magnitude field on the angle of trapezoidal enclosure with the vertical arrangement of hot
cylinders.

same as the horizontal one, due to the wider area for melted PCM movements. At the final timestep (t = 11000s), the case
γ = + 30° shows the maximum rate of melted PCM among the three cases. As previously mentioned, within the cavity with
γ = + 30°, a substantial volume of PCM resides in the upper portion of the cavity. The upward motion of the hot fluid assists in
melting this considerable volume of PCM. All three configurations of the trapezoidal cavity have two main vorticities formed next
to the cylinders, and the bottom one is bigger. Also, the PCM flow velocity is higher next to the bottom cylinder as the melting phe-
nomena around the upper one had been finished, and it is continuing toward the downer zone of the cavity. This can be attributed
to the smaller temperature difference between the lower cylinder and the surrounding area.

Fig. 5 (b) indicates the temperature field for the vertical arrangement of the cylinders at different angles of the trapezoidal
cavity in four time shots. Based on the conduction heat transfer by the hot cylinders at the primary time steps, the temperature of
PCMs in the zone close to the cylinders increases. Subsequently, the PCM temperature reaches its melting point, initiating the for-
mation of a natural convection flow. The upper part of the cavity experiences more increase in temperature compared to other re-
gions. This is because the convective flow causes the hot PCM near the cylinders to rise and mix with the cooler PCM in the upper
part of the cavity. As a result, the upper part heats up sooner. At different angles of the cavity, γ = 30° shows the lowest tempera-
ture range inside the cavity, as it has a larger volume of PCM at the upper part of cavity leading to longer heat transfer time
around the whole of it by the convective term.

Fig. 6 (a) shows variations of the total Nusselt number versus time for different angles of trapezoidal cavity for both lower and
upper cylinders in their vertical arrangement. Based on this figure, the heat transfer rate of the hot cylinders to the PCM inside the
cavity can be evaluated. Before the melting start, the temperature difference between the hot cylinders and the PCM is significant,
contributing to the high value of the Nusselt number at the primary time. This temperature difference reduces over time as the PCM
around the cylinder reaches higher temperatures, so the Nusselt number starts falling. This trend is seen for both bottom and upper
cylinders. As shown, for the lower cylinder when t ≥ 25mins, the Nusselt number increases, demonstrating the beginning of the nat-
ural convection heat transfer (Fig. 6 (a) (A)). Through the convective dominant time, the Nusselt number shows a relatively constant
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Fig. 5 (b). Dependency of the temperature fields on the angle of trapezoidal enclosure with the vertical arrangement of hot cylinders.

Fig. 6 (a). The effect of angle of the trapezoidal enclosure on the Nusselt numbers of the vertical arrangement of the hot cylinders; (A) lower cylinder, and (B) upper
cylinder.

trend for the upper cylinder. After this time, the Nusselt number of the lower cylinder in all angles has downward trend. For the lower
cylinder (Fig. 6 (a) (A)), all the graphs of positive angles of the cavity indicate approximately the same values, while the negative ones
experience some variations. The same behavior of the Nusselt number is seen for the upper cylinder. There is a considerable differ-
ence in the Nusselt number trend for the negative angle configurations between upper and lower cylinders.

For the lower cylinder, after terminating of the positive effect of the convective heat transfer and relative temperature equiva-
lency, by the start of decreasing in the Nusselt number, cavities with more negative inclined angles shows higher rate of the Nusselt
number, while this is reversed for the upper cylinder; so that more negative inclination leads to the sharper decrease in the Nusselt
number. For example, in Fig. 6 (a) (B), the cavity of γ = − 40° has a small period of the constant Nusselt number and a sharp decrease
afterwards. While at the same figure, γ = − 10° experiences a more constant trend of the Nusselt number. Finally, at the end of the
melting process, all liquid PCMs reach thermal equilibrium with the temperature of the hot cylinders leading to the final fall of the
Nusselt number. The thermal equilibrium between the upper cylinder and the fluid PCM around it happens sooner when the melting
process finishes at the upper part of the cavity as it was shown in Fig. 5 (a). The variation in the total Nusselt number of the different
angles of trapezoidal cavity for both horizontal and vertical arrangement of hot cylinders is depicted in Fig. 6 (b). In the vertical case,
Fig. 6 (b) (B), the positive angle configurations have a constant rate of the Nusselt number after the dominancy of the convection. Af-
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Fig. 6 (b). The effect of angle of the trapezoidal enclosure on the total Nusselt number; (A) horizontal arrangement of the hot cylinders, and (B) vertical arrangement of
the hot cylinders.

terwards and due to the thermal equivalency of the melted hot PCM and the cylinders, the Nusselt number has a sharp fall. However,
for Fig. 6 (a) (A), during the period of transition from the conductive term to the convective, a slightly increasing trend is seen for the
Nusselt number. These changes in the slop of the Nusselt number lead to the final fall based on the thermal equilibrium. The vertical
arrangement of the cylinders demonstrates an earlier time of complete melting of the PCM, and the negative angle configurations of
trapezoidal cavity have a longer time of melting as expected because of the higher volume of the PCMs under hot cavities. The posi-
tive angles of the vertical cylinder arrangement reach the fully melting and the thermal equivalency leading to relatively zero Nusselt
number after around t = 200min, while this time for horizontal configurations is around t = 300min. For the negative cases, the verti-
cal arrangement of the cylinders experiences the whole melting around t = 200min sooner than the horizontal one.

Fig. 7 (a) illustrates the MVF variations versus time and the total melting time for different angles of trapezoidal cavity at both
horizontal and vertical arrangements of the cylinders. It can be seen that at the primary time steps, when only the conductive mecha-
nism is dominant and the melting process only occurs at a small area close to the hot cylinders for both horizontal and vertical
arrangements, MVF graph shows the same trend and increases in a constant slope. After this time, for the vertical arrangement of the
cylinders, Fig. 7 (a) (B), the cavity angle of γ = 40° keeps its trend up to the time around t = 200min, when the whole PCM melts.

Fig. 7 (a). The effect of angle of the trapezoidal enclosure on the MVF; (A) horizontal arrangement of the hot cylinders, and (B) vertical arrangement of the hot cylin-
ders.
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Other positive angles have the increasing trend of lower slop toward γ = 10°, that the time of the whole melting is t = 250min. This in-
crease in the melting time is seen as the angles of the cavity become negative. For example, the time of melting for the angle,
γ = − 40° is around t = 400min that is around 150 min more than γ = 40°. This proves the idea that a larger area above the cylinders
contributes to more space for the convective term, leading to the shorter whole melting process of the PCM. For the horizontal config-
uration, Fig. 7 (a) (A), after the primary conductive dominancy period, the reduction in the slope of increasing rate of MVF is more in-
tense than vertical form. In other words, reaching the full melting of PCMs takes longer in the case of horizontal configurations. In this
configuration, the total time of melting for γ = − 40° and γ = 40° is t = 600min and t = 350min, respectively. So, it shows that the
maximum difference in the whole melting time between positive and negative angles for horizontal configuration is larger than the
vertical one. Caparisoning two horizontal and vertical arrangements for cylinders, vertical form of cylinders lead to less whole melt-
ing time of PCM. This was also seen in Fig. 4 (a) and 5 (a). This is the reason for the buoyancy effects, and movement of the melted
PCMs from the bottom cylinder added to the higher cylinder's melted PCM, leading to the stronger cells of fluids and a higher rate of
melting in the whole area of the cavity.

To compare the MVF of the different cases with the MVF corresponding to γ = 0°, the PMVF is defined as the following:

PMVF =

MVF
𝛾
− MVF

𝛾=0°

MVF
𝛾=0°

(10)

Fig. 7 (b) shows the trend of the PMVF by the time for various angles of the trapezoidal cavity at both horizontal and vertical
arrangements of the cylinders. As seen, for the negative angle of trapezoidal cavity, the melting rate in the whole cavity is less than
the configuration of γ = 0.0°. This is the result of less area of melting above the cylinders in these configurations in comparison to
γ = 0.0°. For the positive angles, there is a small positive area of the PMVF at the primary times, and after the formation of the ther-
mal boundary layer and less heat flux, a fall in the PMVF is seen. After this time and empowering of the natural convection, a sharp
increase in the positive angle configuration is seen, as there is a larger area above the hot cylinders for the movement of melted
PCMs compared to the cavity of γ = 0.0°. It should be mentioned that the total time of melting of the vertical arrangement of cylin-
ders is less than the horizontal one, as the buoyancy effect on the melting process of this arrangement is more than the horizontal
one.

6. Effect of the nanoplates dispersed inside the PCM
In this section, the effect of adding different volume fractions of nanoparticles (φ) to the PCM on thermal parameters of the PCM

within the cavity is examined. Fig. 8 (a) shows the melting rate of the PCM, streamlines, and velocity field for different time steps
when φ = 0.0%, 1.0% and 3.0% for the vertical arrangement of the cylinders. It is seen that at the primary times (t = 2000s), due to
the role of conductive heat transfer, the PCM containing higher nanoparticles (𝜑 = 3.0%) experiences more melting. This is the reason
for the increment in thermal conductivity of the PCM by nanoparticles. As time passes and more melted PCM cells are created, the
natural convection heat transfer term based on the buoyancy effects enhances and leads to the upward movement of the melted
PCMs. Two main vortices are formed at this time (t = 5000s), and at the next time step (t = 8000s) these two vortices combine and
make large vorticity next to the cylinders. As the percentage of the mixed nanoparticles inside the pure PCM increases, the density
and viscosity of the NePCM increase. So, the more viscose and heavier NePCM demonstrates the lower maximum velocity among the
others at later times when the buoyancy force has more influence on the movement of the melted PCM.

The effect of nanoparticles fraction mixed in the PCM on the temperature field of melting PCM in the vertical arrangement of the
cylinders is shown in Fig. 8 (b). As seen, at the primary time snap (t = 2000s), when the conductive mechanism is dominant, the area
around the hot cylinders experiences the highest temperature, and it decreases toward the corner of the cavity. The buoyancy effect
helps the melted PCMs move upward, so the area over the upper cylinder has a higher temperature range in the following times.
Therefore, it can be concluded that the nanoparticles lightly influence the temperature field during the melting process.

Fig. 7 (b). Time history of the variations percentage of the MVF for different angles of the trapezoidal enclosure; (A) horizontal arrangement of the hot cylinders, and
(B) vertical arrangement of the hot cylinders.
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Fig. 8 (a). Dependency of the melting field, streamline patterns, and velocity magnitude field on the mixed nanoparticles percentage inside the PCM for the vertical
arrangement of hot cylinders.

Fig. 8 (b). Dependency of the temperature fields on mixed nanoparticles percentage inside the PCM for the vertical arrangement of hot cylinders.

Fig. 9 (a) illustrates the rate of MVF versus the time and the whole time of melting of PCMs for four different ranges of nanoparti-
cles percentage (φ = 0.0%, 0.5%, 1.0%, and 3.0%). It is evident that increasing the percentage of nanoparticles mixed within the PCM
contributes to a higher rate of MVF. For example, at the time of t = 100min, the MVF values for φ = 0.5% and φ = 3.0% are
MVF = 0.45 and MVF = 0.62, respectively. Also, the NePCMs experience less full time of melting. It is worth noting that the full melt-
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Fig. 9 (a). The effect of mixed nanoparticles percentage on the MVF and full meting time of PCM for vertical arrangement of hot cylinders in the trapezoidal cavity.

ing time of φ = 1.0% is slightly less than φ = 3.0%. This could be the reason for better movement of the PCM of φ = 1.0% through
the cavity based on the natural convection as it is less dense than the PCM of φ = 3.0%.

Fig. 9 (b) shows the variations of the Nusselt number versus time for different percentages of nanoparticles within the NePCM at
the vertical arrangement of the hot cylinders. After the sharp decrease of the Nusselt number at the primary time (t < 20 min) due to
the formation of the thermal boundary layer, the dominancy of the natural convection contributes to the equivalency between
these heat transfer methods, leading to the constant trend of the Nusselt number. The NePCMs with a higher percentage of
nanoparticles have a lower melting time, leading to the thermal equilibrium of the liquid melted NePCM with the hot cylinders
and sooner fall in the Nusselt number.

7. Conclusion
This study aims to understand the dynamic behavior of phase change process in a trapezoidal thermal energy storage system fea-

turing NePCM with graphite nanoplatelets. The comprehensive investigation into the effects of trapezoidal cavity inclination,
nanoparticle concentration, and hot cylinder arrangements on PCM melting rate can lead to valuable insights. The walls of the trape-
zoidal cavity are fully insulated, and the angle of the trapezoid varies from γ = − 40° to γ = + 40°. Thermofluidic characteristics of
the melting PCM have been investigated for two arrangements of the hot cylinders and different angles of the trapezoidal cavity. Nu-
merical simulations have been performed based on the enthalpy-porosity approach, and a fixed grid and mesh adoption technique
have been employed. The positioning of hot cylinders, whether horizontally or vertically, and the variation of the trapezoidal cavity
angle have been shown to exert significant influence on the melting process. The results of this study, aimed at addressing the in-
quiries introduced in the introduction section, can be succinctly outlined in the following manner:

Fig. 9 (b). The variations of the Nusselt number for different percentages of nanoparticles within the NePCM for vertical arrangement of hot cylinders in the trapezoidal
cavity.
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• For both horizontal and vertical configurations of the cylinders, the PCM has its maximum melting amount at γ = + 30° as the
moving area for the melted PCM above the cylinders is more significant than γ = 0.0° and γ = − 30°. Also, the maximum
velocity magnitude is seen at this angle for both configurations. In the case of the temperature field, the areas around the cylinder
and the top part of the cavities show the highest values. All the cavity configurations and arrangement of cylinders experience a
downward trend in heat transfer as the temperature difference between hot cylinders and PCM decreases over time.

• Comparing the arrangement of the cylinders, it shows that the vertical arrangement leads to the lower time of the whole PCM
melting. For example, at the cavity angle of γ =0.0°, the melting time of the PCM in the vertical arrangement is around 45% less
than the horizontal one. Among different angles of the trapezoidal cavity ( − 40° < γ < + 40°, the longest time of melting is for
the angle of γ = −40°, and the shortest time of melting is experienced by the cavity of γ = + 40°. So, the cavity angle of
γ = + 40° with the vertical arrangement of the cylinders is the best choice in the case of shortest melting (t = 190min).

• In the case of enhanced PCM by nanoparticles, the melting time decreases compared to the base PCM. The melting time of
NePCM of φ = 3.0% is 10% less than base PCM.
Some limitations of this study include the simplified geometry used for this research, which could be replaced with real-world ap-

plication geometries. Future research could focus on more complex geometries and also investigate the impact of irregular shapes on
PCM melting. Also, investigating different cavity geometries and arrangement of the cylinders to find the optimal configurations
could be another research area for the future. There could be a parametric study on the variables of this study including concentra-
tion, size and type of nanoparticles would provide deeper insights into their effects on the melting process. There could be more ex-
perimental investigations for these configurations to have more comprehensive understanding of PCM behavior in practical applica-
tions.
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