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Abstract
In concentrated photovoltaic (PV) panels, the amount of waste heat generated increases due to the higher incident radiation
on the panel surface, leading to a decrease in PV panel efficiency. Therefore, PV-PCM (Phase Change Material) integration
is a widely used passive method to reduce and stabilize PV panel temperature. However, particularly in angled PV panels, the
movement of the PCM within its container can cause uneven temperature distributions on the PV panel surface. To address
this issue, this study employs a trapezoidal geometry to increase the amount of PCM and the surface area exposed to the
environment in the regions where the molten PCM accumulates. Furthermore, the effects of PCM area and heat transfer
coefficient to the environment on the temperature distribution of the PV panel for different trapezoidal geometries (different
tilt angles and the ratio of side surfaces) were investigated. A numerical model was developed for these investigations, and
this model was validated with experimental work found in the literature. The results showed that the surface temperature
decreased by 5–21 K and the surface temperature uniformity improved between 10 and 44% depending on the parameter
change with the use of trapezoidal geometry.
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List of Symbols

A Cross-sectional area (mm2)
Amush Mushy zone constant
CP Specific heat capacity (J/kgK)
g Gravitational acceleration 9.81 m2/s
h Enthalpy (kJ/kg)
hconv Heat transfer coefficient (W/m2K)
H Latent heat (J/kg)
K Heat conduction (W/mK)
L Latent heat of fusion (J/kg)
m Mass (kg)
p Pressure (Pa)
PCM Phase change material
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t Time second
T temperature (K)
TES Thermal energy storage
u x Component of velocity
v y Component of velocity
V Fluid velocity (m/s)
Q Heat (W)
x Liquid fraction

Greek Symbols

λ Liquid fraction
β Thermal expansion coefficient (1/K)
ρ Density (kg/m3)
μ Dynamic viscosity (kg/ms)
ε Small number
β Angle (°)
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Subscripts and Superscripts

conv Convection
fin Final
i Initial
l Liquid
lat Latent
m Mean
n Coefficient
pcm Phase change material
ref Reference
s Solid
SBS Side and bottom surfaces
sen Sensible
sto Storage
TS Top surface
tot Total
w Wall
wind Wind

1 Introduction

Solar panels are commonly used devices that transform solar
energy into electrical energy. While these devices convert
a portion of the absorbed energy into electricity, a signifi-
cant portion remains as heat, elevating the temperature of
the PV cells [1]. This effect is more pronounced in con-
centrated PV panels [2]. Elevated temperatures adversely
affect the electricity production and efficiency of PV pan-
els. Hence, controlling the PV panel temperature is crucial.
Active and passive cooling systems are employed for this
purpose. Active cooling typically involves fluid circulation
to cool PV cells, necessitating additional energy for fluid
movement. So, passive cooling systems have gained promi-
nence. Among these, one extensively studied approach in
the literature is the integration of PV-PCM (Phase Change
Material)[3]. Through PV-PCM integration, the waste heat
generatedwithin the PV is absorbed at a constant temperature
due to the solid–liquid phase change of the PCM [4].

The studies in the literature predominantly focus on
enhancing the heat transfer between PV (photovoltaic) pan-
els and PCM (phase change material). The primary hurdle
in this pursuit lies in the thermal conductivity of the PCM.
Therefore, researchers have directed their attention toward
leveraging nanoparticles or fins to augment the thermal con-
ductivity of PCM. [5, 6]. Nevertheless, incorporating extra
components within the PCM container introduces cost and
practical implementation challenges. Hence, it becomes cru-
cial to ascertain the melting behavior of PCM within PV
panels positioned at various angles. This effort aims to

resolve the heat transfer issue at the junction of PV-PCM.
Abdulmunem et al. [7] examined the melting behavior of
PCM and PV panel temperatures for panel angles of 0°, 30°,
60°, and 90°. The study revealed that the melting rate and
cooling efficiency escalated as the panel angle increased from
0 to 90 degrees, attributed to enhanced convection effects.
In the modeling carried out in this study, the combination
of PV panels and PCM containers was modeled numerically.
However, to shorten the calculation times, PCMmelting char-
acteristics have been examined in the literature by applying
constant heat flux from the upper surface of the container [8].
Zennouhi et al. [9] investigated the melting behavior within
the PCMcontainer at various inclination angles. Correspond-
ingly, as the inclination angle rose from 0 to 90°, there was
an observed increase in the extent of melting. Abdulsanem
et al. [10] studied the impact of various tilt angles on melt-
ing duration and cooling capability. The findings indicated
that as the tilt angle increased, convection effects intensified,
resulting in a reduction of melting time and an enhancement
of cooling capacity. Liu et al. [11] rotated the rectangular
PCM container around the heated surface and observed an
increase in convection effects correlating with the rotation
speed.

Increasing the tilt angle of PV-PCM integration signifi-
cantly enhances cooling but hinders the uniform distribution
of surface temperature across the panel. Emam and Ahmed
[12] placed a PCM container with cavities beneath the PV
panel to achieve temperature uniformitywhile reducingpanel
temperature. The study explored various configurations: sin-
gle cavity, three parallel cavities, five parallel cavities, and
three series cavities. Different PCMs were utilized within
these cavities. The configuration that provided the lowest
PV panel surface temperature and the most uniform temper-
ature distributionwas the onewith five parallel cavities.Duan
[13] used copper metal foamwithin the PCM container at the
PV-PCM junction tomitigate convection effects and enhance
the thermal conductivity of the PCM. The study investigated
panel angle and foam density as variables. It was observed
that the impact of the panel anglewas significantlyminimized
using a porous PCM container, with the most favorable out-
comes observed at 85% porosity.

Several studies in the literature focus on increasing the
melting amount and, consequently, the heat extraction from
the surfaces by employing various PCM container geome-
tries. In the study byManikandan et al. [14], simulationswere
conducted using vertical rectangular, horizontal rectangular,
triangular, and cylindrical container geometries, all subjected
to external heating during the drying process. The results
indicated that horizontal rectangles provided the fastest melt-
ing and solidification times, while cylindrical shapes resulted
in the longest durations for these processes. Additionally,
incorporating fins significantly reduced melting and solidifi-
cation times, with hollow fins offering advantages inmaterial
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efficiency, weight reduction, and cost savings. The study by
Iachachene et al.[15] investigated the melting of a phase
change material (PCM) placed in a trapezoidal cavity, heated
on one side and cooled on the other. Initially, the cav-
ity was filled with paraffin wax to examine the orientation
effect on PCM performance, followed by the addition of
graphene nanoparticles to evaluate the thermal performance
of the nanofluid. The results indicated that both effects
enhanced heat transfer, but the heat transfer performance
of the NEPCM (Nano enhanced phase chance material)
was lower when the thermal conductivity enhancement was
below 80%. In addition to these basic geometries, there are
studies that utilize various alternative geometries. Liu et al.
[16] propose a heptahedron energy storage unit designed to
enhance natural convection. Three-dimensional numerical
simulations have been conducted to investigate the effects
of the heptahedron structure on the melting characteristics
of RT42 phase change material (PCM). The results indicate
that the heptahedron structure enhances natural convection,
reduces the melting time of the PCM by 9.3%, and increases
its average power by 8.47%. In addition to these studies, other
research has primarily focused on increasing the melting
amount by using nanoparticles or different fin geometries or
placement [17–19]. The literature demonstrates that different
container geometries can be utilized for various applications.
Additionally, the number of studies examining PCMcontain-
ers in the context of PV/PCM integration is quite limited. As
is well known, the geometry of PCM containers in PV-PCM
integrations is typically rectangular or square in cross section.
However, in recent years, a limited number of studies have
explored the application of trapezoidal geometries. Johrami
et al. [20] examined the effects of combinations of trape-
zoidal, finned, and zigzag container geometries on PV panel
temperature in vertically positioned PV panels. Ahmad et al.
[21] have explored the container geometry by placing it on
the base of the PV panel. This study examined the impact of
a trapezoidal container geometry on panel temperature and
found that employing this geometry positively contributed to
cooling the PV panel. Within the study’s scope, the contribu-
tion of different side lengths of the container and various
PCMs on performance was investigated. However, these
studies have not thoroughly examined how changes in the
edge lengths of trapezoidal geometries, along with variations
in PCM quantity and environmental conditions, affect the
movement of PCM within the container. Consequently, the
impact on PV surface temperature variations, uniformity, and
heat storage capacity has not been explored in detail. There-
fore, this study numerically investigates surface temperature,
melting rate, melted PCM behavior (melting characteristics,
velocity vectors and temperature distribution), heat storage
capacity, and surface temperature uniformity in relation to
the w1/w2 ratio, tilt angle, PCM area, and heat transfer coef-
ficient (wind speed).

2 Model Description

In this section, detailed information about the physicalmodel,
numerical and mathematical model, and solution steps are
given. First of all, the physical model is mentioned in
Sect. 2.1.

2.1 Physical and Thermal Model

PV panels produce electricity with the effect of solar radi-
ation. However, while some of the incoming energy is
converted into electricity, an important part is turned into
waste heat. Especially in CPV panels, the amount of waste
heat is formed more. In PV/PCM integration, a significant
part of this heat is transferred to the PCM container and the
PV panel cools down significantly. In the PCM container, the
liquid PCM in the lower zone moves upwards with the effect
of natural convection, and the fluid temperature in the upper
section of the PCM container begins to increase. This situ-
ation causes nonuniform temperature distribution in the PV
module. Based on this heat transfer mechanism, the trape-
zoidal PCM container geometry shown in Fig. 1 is proposed
in this study. In addition, in the created thermalmodel as seen
in the figure, it is assumed that 1000 W/m2 heat flux passes
from the CPV to the PCM container. Therefore, a PCM con-
tainer with a heat flux input from its upper surface was used
as amodel. Because the low and uniform PCM container sur-
face temperature will positively affect the panel temperature
and increased efficiency will be achieved. In addition, the
computation time is significantly reduced with this model.

Within the scope of the study, different; PCM container
surface temperatures, PCM liquid fraction, and PCM temper-
ature distributions were investigated in terms of ratios of the
short side to the long side in trapezoidal geometry (w1

/
w2),

PV tilt angle (β), heat transfer coefficient (hconv), and PCM
area (APCM). The same PCM area and heat transfer coef-
ficient values were used in these examinations for both the
basic and recommended models. As shown in Table 1, three
basic geometries were determined as models during the anal-
ysis. The feature that distinguishes these models from each
other is thew1

/
w2 ratio and for differentw1

/
w2 ratios were

evaluated for 30°, 45° and 60° panel tilt angles.
Finally, the trapezoidal model that the best results were

obtained and Model 1 were compared for different heat
transfer coefficients and PCM areas. For the examination,
heat transfer coefficients were taken as 5.8 W/m2K (Vwind

� 1), 8.8 W/m2K (Vwind � 2), and 11.8 W/m2K (Vwind �
3) W/m2K, and PCM areas were taken as 0.8A, 1A and 1.2A
(A � 1500 mm2).
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Fig. 1 System components and heat transfer mechanism

Table 1 PV/PCM models and
variables w1 w2 w1

/
w2 β1 (°) β2 (°) β3 (°)

Model 1 25 25 1 30 45 60

Model 2 15 35 2.33 30 45 60

Model 3 5 45 9 30 45 60

2.2 Mathematical Model

In the presented study, melting analysis of the phase change
material was carried out. The enthalpy-porosity method was
applied to solve the phase change numerically [22]. The
following assumptions were used in the creation of the math-
ematical model.

• It was assumed that the flowwas two-dimensional, incom-
pressible, and Newtonian [23].

• The Boussinesq approach was preferred for natural con-
vection flow. In the Boussinesq approach, it was assumed
that the fluid density changes depending on the tem-
perature. Other thermophysical properties of PCM were
assumed to be constant [24].

• Viscous dissipation effect was ignored [25].
• The thermal expansion in the PCM container during melt-
ing was neglected[13].

The equations for the conservation of mass and energy are
given as follows[26],

Continuity equation:

∂ρ

∂t
+

∂(ρu)

∂x
+

∂(ρv)

∂y
� 0 (1)

Momentum equation in x direction:

(2)

∂(ρu)

∂t
+

∂(ρuu)

∂x
+

∂(ρvu)

∂y
� −∂p

∂x
+

∂

∂x

(
μ

∂u

dx

)

+
∂

∂y

(
μ

∂u

dy

)
+ uA

Momentum equation in y direction:

(3)

∂(ρv)

∂t
+

∂(ρuv)

∂x
+

∂(ρvv)

∂y
� −∂p

∂y
+

∂

∂x

(
μ

∂v

dx

)

+
∂

∂y

(
μ

∂v

dy

)
+ vA

+ ρgβ(T − Tm)

where ρ represents the density, g represents the gravitational
acceleration (9.81 m/s2),μ represents the dynamic viscosity,
β expresses the thermal expansion coefficient, T represents
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the temperature, Tm represent melting temperature of PCM,
andu and v denote thefluid velocities in the x andydirections,
respectively. The Boussinesq approach is expressed with the
last term in Eq. (3). The A number is found by Eq. (4) [23],

A � −Amush
(1 − λ)2

λ3 + ε
(4)

where λ denotes the liquid fraction and is defined by Eq. (5)
[25],

λ �

⎧
⎪⎨

⎪⎩

0; T < Ts

(T − Ts)/(Tl − Ts) ; Ts < T < Tl

1; T > Tl

(5)

where the subscripts l and s express the liquid state and the
solid state, respectively. Amush is the mushy zone constant
and was taken as Amush � 106 in this study. ε is the small
number and was taken as ε � 0.001 [23].

The conservation of energy is defined by Eq. (6),

∂(ρh)

∂t
+

∂(ρuh)

∂x
+

∂(ρvh)

∂y
� ∂

∂x

(
k
∂T

dx

)
+

∂

∂y

(
k
∂T

dy

)

(6)

where k is the thermal conductivity and, h is the sensible
enthalpy. h is found with Eq. (7) [25],

h �

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

T∫

Tref

cpdT ; T < Ts

T∫

Tref

cpdT + λH ; Ts < T < Tl

Ts∫

Tref

cpdT +

T∫

Tl

cpdT ; T > Tl

(7)

In the equations, cp represents the specific heat capacity,
H represents the latent heat and T ref represents the reference
temperature (T ref � 298.15 K [27]). T is calculated by the
following equation [28],

T � λ(Tl − Ts) + Ts (8)

Finally, the thermal energy stored in the PCM container
has been calculated. As is well known, the PCM container
stores latent energy associated with melting the PCM and
sensible heat related to the temperature increase. The cal-
culations for sensible (Q̇sen, sto) and latent (Q̇lat, sto) energy
storage are shown in Eqs. (9 and 10), respectively. In the
equations, mPCM represents the mass of the PCM, LPCM is

Table 2 Thermophysical properties of lauric acid PCM [26]

Thermophysical properties Value

Solidus/ Liquidus Temperature (K) 316.65

Liquid Density (kg/m3) 885

Specific Heat Capacity (J/kgK) 2390

Latent Heat of Fusion (J/kg) 187,210

Thermal Conductivity (W/mK) 0.14

Thermal Expansion Coefficient (1/K) 0.0006

Dynamic Viscosity (kg/ms) 0.0059295

the latent heat of fusion, xPCM is the liquid fraction, cPCM is
the specific heat of the PCM. T in, PCM and T fin, PCM denote
the initial and final average temperatures of the PCM con-
tainer, respectively.

Q̇lat,sto � mPCMLPCMxPCM (9)

Q̇sen,sto � mPCMcPCM(T in,PCM − T fin,PCM) (10)

In Eq. (11), the total stored energy is calculated as the sum
of Eqs. (9 and 10).

Q̇tot,sto � Q̇lat,sto + Q̇sen,sto (11)

In the study, Lauric acid was preferred as a PCM because
of suitable for energy storage applications at medium tem-
perature levels. It also has features such as nontoxicity, good
chemical stability [29]. The thermophysical properties of lau-
ric acid are given in Table 2.

2.3 Boundary Conditions

The conservation equations ofmass, momentum, and energy,
as well as the boundary and initial conditions used for the
analysis of the solution domain shown in Fig. 2, are as fol-
lows.

Boundary condition for outer (side and bottom) surface of
aluminum PCM container:

(12)

−k
∂T

∂x

∣
∣∣∣
SBS

� hconv(Tw − Tamb), t(s)

� t ; hconv � 2.8 + 3Vwind

Boundary condition for top surface of PCM container:

−k
∂T

∂x

∣∣∣∣
TS

� .
q(1000 W/m2), t(s) � t (13)
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Fig. 2 Solution domain and boundary conditions

Initial condition:

TPCM � 298.15K, t(s) � 0 (14)

In the equations, Tw is the wall temperature, T amb is the
mean fluid temperature, hconv is the convection heat transfer
coefficient, Vwind is the wind velocity, TS is the top surface
and SBS is the side and bottom surface.

2.4 Numerical Method

The finite volume method was preferred in numerical analy-
ses, andANSYS2022R1 softwarewas used to apply thefinite
volumemethod. The PISOalgorithm (Fig. 3)was used for the
pressure–velocity coupling and the PRESTO! scheme was
preferred for the pressure correction equation. The QUICK
scheme was applied in the discretization of momentum and
energy equations, and the first-order implicit transient for-
mulation was used for the time-dependent solution of the
equations [30]. Numerical analyzes were terminated when
the residual values for each time step reached 10−4 for
conservation of mass and velocity values and 10−8 for
conservation of energy. An unstructured tetrahedral grid
structure was applied to the computational domain.

The grid structures produced for PCM containers with
rectangular and trapezoidal geometry are given in Fig. 4.
Additionally, the numerical model’s skewness and mesh
quality values were approximately 0.94 and 7.3 × 10−2,
respectively.

3 Results and Discussion

In this section, the verification of the numerical model, the
evaluation of w1/w2 and tilt angle (β), and the effects of
the heat transfer coefficient (hconv) and PCM area (APCM)
were examined. The sequential steps illustrated in Fig. 5were
followed sequentially while conducting these examinations.

Fig. 3 PISO solution algorithm

3.1 Verification of Numerical Results

In numerical analysis, it is vital that the results are both
accurate and performed using minimum computer power.
Therefore, the optimum time step and grid number should be
selected. For this purpose, the grid number and time step inde-
pendence analyzes shown inFig. 6were performed. Figure 6a
shows the liquid fraction change depending on the grid num-
ber. Since it was seen in the figure that there is a change of
less than 1% of the liquid fraction value after the value of
12,200, the grid number was chosen as 12,200. In Fig. 4b,
the liquid fraction change depending on the time step is seen.
Similarly, since the values did not change significantly after
0.25 s, the time step value was taken as 0.25 s.

To demonstrate the accuracy of the numerical model,
the obtained liquid fraction parameter was compared with
the experimental study by Kamkari et al. [31]. Figure 7
presents a comparison of the time-dependent melting charac-
teristics obtained experimentally and numerically (proposed
numerical study). The results indicate that up to the 40th
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Fig. 4 Grid structures for rectangular and trapezoidal geometries (Model 1, Model 2 and Model 3)

Fig. 5 Results examination steps

Fig. 6 a grid number b time step independence test results

minute, the melting characteristics of both experimental and
numerical results are almost identical. After the 40th minute,
although the melting rates remain similar, slight differences
in the melting characteristics become apparent. These dis-
crepancies are attributed to photographic deviations in the
experimental study due to the increased melting rate, unpre-
dictable solid–liquid (PCM) movements, and assumptions
made in the numerical analysis.

Asmentioned above, there are certain differences between
experimental and numerical images; however, in the litera-
ture, the total melt amount in the container is generally used
to demonstrate the accuracy of the numerical model. There-
fore, Fig. 8 compares the experimental [31] and numerical
[26] studies conducted by Kamkari et al. with the numerical
study proposed in this paper in terms of liquid fraction. Upon
reviewing the results, the experimental and numerical studies
conducted in the literature are consistent with the proposed
numerical study and exhibit similar characteristics. The
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Fig. 7 Comparison of time-dependent liquid fraction of PCM for experimental [31] and numerical results

Fig. 8 PCM time-dependent liquid fraction verification

obtained data indicate that the proposed model exhibits an
average deviation of approximately 1–5%, thereby demon-
strating its usability.

3.2 The Evaluation ofw1/w2 and Tilt Angle

In this section, the effects of the w1/w2 and tilt angle on
average top surface temperature, liquid fraction, and melting
characteristics were investigated. In the study, by choosing
the trapezoidal geometry, the right-side surface of the PCM
container was longer than the left side surface, thus more
PCM area was obtained in the right-side part of the con-
tainer. From this point of view, as a common feature in all

tilt angles (Fig. 9, 11, 13), the melted PCM moves toward
the right part of the container by heating and lost a signifi-
cant part of its heat to the solid PCM and the environment
due to the trapezoidal geometry. Afterward, the liquid PCM,
which loses its heat, will move toward the left side surface
of the container again with the effect of gravity. During the
movement of the container to the left side surface, the liquid
PCM chose a direction closer to the bottom than the rect-
angular container, since it was cooled more with the use of
trapezoidal geometry. This fluid movement showed that by
increasing the right-side surface of the container, the liquid
PCM transfers more heat to both the environment and the
solid PCM. For this reason, both the container surface tem-
perature decreased, and the liquid fraction increased.

Figure 9 shows the velocity vectors, temperature distribu-
tion, and melting characteristics of Model 1, Model 2, and
Model 3 for 30° tilt angles. In 80min forModel 1 and 120min
for Model 2, all the solid PCM in contact with the right-side
surface was melted. In addition, it was seen that there is a
more balanced melting in Model 3. This balanced melting
characteristic ensures that heat can be transferred from the
right part of the container to the solid PCM throughout the
entire melting process for Model 3. However, in other mod-
els, overheating occurs over time, as there is a completely
molten PCM on the right-side surface of the container. With
this melting characteristic, although the average top surface
temperature decreases slightly with the use of trapezoidal
geometry, the effect of using trapezoidal geometry is limited
since the convection effects are lower at 30°.

Figure 10 shows the time-dependent liquid fraction and
PCM container average top surface temperatures for 30° tilt
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Fig. 9 Time-dependent a velocity and liquid fraction (blue color: soli phase, white color: liquid phase, line: velocity streamline) b temperature
contours for 30° tilt angle (hconv � 5.8 W/m2K, APCM � A)
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Fig. 10 Time-dependent a liquid fractions and b top surface average temperature distribution in the melting period all models for 30° tilt angle
(hconv � 5.8 W/m2K, APCM � A)

angle. These two parameters showed a very close character-
istic in the first 100-min period in all models. After 100 min,
Model 2 and Model 3 diverged somewhat from Model 1.
Numerical data show that Model 3 and Model 2 have very
close temperature and liquid fraction values to each other.
However, at the end of the melting period, 12% more liquid
fraction was obtained in Model 3 compared to Model 1. Due
to the reason, the average top surface temperature decreased
by 8 K in Model 3.

As canbe seen from thevelocity vectors and liquid fraction
in Fig. 11, since there are more convection effects at 45°
than the 30° tilt angle, the temperatures inside the container
decreased and the liquid fraction increased. In the range of
40–80 min for Model 1 and at the end of 80 min for Model 2,
the right-side surface was disconnected completely from the
solid PCM. In addition, a stable melting like a 30° tilt angle
occurred in Model 3 and this process took approximately
120 min. Since there was more liquid PCM mass in Model
3 compared to other models during the process, convection
effects increased. Almost all the PCM melted at the end of
the process.

Figure 12a shows that the liquid fraction increased by an
average of 2–3%while the top surface temperature decreased
by an average of 8 K for a 45° tilt angle compared to Fig. 8.
In the first 80 min, the melting characteristics of all models
are almost the same. Afterward, the liquid fraction of Model
2 andModel 3 increased compared to Model 1. Accordingly,
at the end of the melting process, 9% and 12% more liquid
fractions were observed in Model 2 and Model 3, respec-
tively. As seen in Fig. 12b, depending on liquid fraction,
lower temperatures were observed in Model 2 and Model 3
after the 80th minute. At the end of the process, Model 2 and

Model 3 had 12 K and 18 K lower temperatures than Model
1, respectively.

It is understood from Fig. 13 that the highest convection
effects in the container were seen at 60° tilt angle. Due to
this effect, the lowest temperature values in the container,
and the highest liquid fractions were seen. As there is the
fastest melting at the 60° tilt angle, all the solid PCM in
contact with the right-side surface in Model 1 and Model 2
melted in 80 min. However, in Model 3, still a small amount
of solid PCM is in contact with the upper side surface 80th
minute. Afterward, in Model 3, melting was faster than in
other models and at the end of 160 min, almost all the solid
PCMwasmelted.However, in othermodels, some solid PCM
remained in the container.

As stated above, 60° tilt angle has the highest melting
values and lowest surface temperatures as it has the highest
convection effects. At this angle, the liquid fraction is 3% and
2% higher and the surface temperatures is 4 K and 6 K lower
than the values seen at 30° and 45° tilt angles, respectively.
When all three models are compared for a 60° tilt angle,
almost all the solid PCM in the container melted in Model
3 at the end of the process, as seen in Fig. 14a. In addition,
89% liquid fraction values for Model 1 and 97% for Model 3
were determined. The lowest average top surface temperature
(Fig. 14b) at the end of 160 min was 358 K for Model 3.
This value is 5 and 15 K lower than Model 2 and Model 1,
respectively.

Figure 15 shows the maximum and minimum temper-
atures on the PCM container surface and the difference
between these temperatures, at the end of processes for
different tilt angles of all models. Thus, the variation of
the uniformity of the surface temperatures with the use of
trapezoidal geometry was determined. When the results are
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Fig. 11 Time-dependent a velocity and liquid fraction (blue color: soli phase, white color: liquid phase, line: velocity streamline) b temperature
contours for 45° tilt angle (hconv � 5.8 W/m2K, APCM � A)
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Fig. 12 Time-dependent a liquid fractions and b top surface average temperature distribution in the melting period all models for 45° tilt angle
(hconv � 5.8 W/m2K, APCM � A)

examined, the maximum temperature for Model 1 decreased
by 32 Kwith the increase of tilt angle from 30 to 45°, and the
maximum temperature decreased by 19 K with an increase
from 45 to 60°. However, in Model 2 and Model 3, with
the rise of the tilt angle, a more linear decrease in temper-
ature was realized. Accordingly, an increase of 15° in tilt
angle for Model 2 decreased the maximum top surface tem-
perature by 21.5 K on average. In Model 3, for every 15°
rise, the maximum top surface temperature decreased by an
average of 24 K. Just like the highest temperature, container
surface minimum temperatures tend to decrease as the tilt
angle increases. However, the decreased characteristic is dif-
ferent. For Model 1, with an increase in tilt angle from 30
to 45°, the minimum temperature value decreases by 31.7 K,
and with an increase from 45 to 60°, the temperature drop is
8.6 K. For Models 2 and 3, the temperature drops by 25 K
as the tilt angle increases from 30 to 45°. Finally, as the tilt
angle increased from 45 to 60°, a 5 K decrease was seen for
Model 2, but the temperature for Model 3 remained almost
unchanged.

Uniformity on the container surface with the use of trape-
zoidal geometry had a negative effect for 30° tilt angle.
However, a positive effect was obtained for 45° and 60°.
For 45° tilt angle, Model 2 and Model 3 obtained 3% and
6% more uniform surface temperatures compared to Model
1, respectively, while Model 2 and Model 3 obtained 11.4%
and 23% more uniform surface temperatures compared to
Model 1 for 60° tilt angle.

Up to this point, the surface cooling performance for
different angles and models has been examined. Figure 16
shows the amounts of stored energy. Accordingly, while an
increase in the tilt angle slightly increases the amount of latent
thermal energy storage in all three models, the total energy

storage amount decreases. The primary factor contributing
to this decrease is the higher average temperature at the end
of the process despite the reduction in the amount of melting.
Additionally, it is observed that the energy storage amounts
do not vary significantly among the models with the same
angles.

3.3 The Evaluation of PCM Area

It has been mentioned above that trapezoidal geometry pos-
itively affects the surface temperature and liquid fraction of
the PCM container. It was also found that the best results
were seen for the 60° tilt angle and Model 3. From this point
of view, another important parameter, the PCM area, was
analyzed parametrically in this section. Figures 17, 18, and
19 show velocity, temperature, and liquid fraction contours at
0.8 A, A, and 1.2A, respectively, for a tilt angle of 60°.Model
1, the basic geometry, andModel 3, the trapezoidal geometry,
was used for comparison. The results show thatmore heat can
be transferred from the container surface depending on the
increase in area, and accordingly, the surface temperatures
will decrease. Especially, the use of trapezoidal geometry
and the area increase factors are combined, and the right-
side surface of the container can be cooled effectively.

Figure 20 shows the time-dependent variation of liquid
fraction and average top surface temperatures at different
PCM surface areas for Model 1 and Model 3. In Fig. 20a,
for Model 3 at 0.8A, at the end of 120 min, all the PCM in
the container had melted. In addition, the liquid fraction for
Model 1 has been determined as 96%. Model 1 and Model 3
for A have similar liquid fraction values over the first 60 min.
However, at the end of the process, it increased to 88% for
Model 1 and 98% for Model 3. Finally, for the 1.2A value, a
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Fig. 13 Time-dependent a velocity and liquid fraction (blue color: soli phase, white color: liquid phase, line: velocity streamline) b temperature
contours for 60° tilt angle (hconv � 5.8 W/m2K, APCM � A)
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Fig. 14 Time-dependent a liquid fractions and b top surface average temperature distribution in the melting period all models for 60° tilt angle
(hconv � 5.8 W/m2K, APCM � A)

Fig. 15 The highest and lowest temperatures on the PCM container
surface for different tilt angle (hconv � 5.8 W/m2K, APCM � A)

liquid fraction value of 82% in Model 1 and 89% in Model
3 was determined. When the models are compared among
themselves, although an area increase of 0.2 A in Model
1 causes a 6% liquid fraction decrease, Model 3 has a 2%
decrease from 1.2A to A and 9% from A to 0.8A.

It is seen in Fig. 20b that the average top surface tempera-
tures decreased due to the increase in PCM area. The results
showed that the temperature values were very close in the
first 50 min in all PCM areas and models. Afterward, the
temperatures were discrete until the end of the melting pro-
cess. When the temperatures at the end of the process were
examined, by reducing the PCM area from 1.2A to A and
from A to 0.8A, the temperature increased by 18 K and 3 K,
respectively. On the other hand, in Model 3, increasing every
0.2 A PCM area reduced the temperature by about 15 K.

Fig. 16 Energy storage capacities for different tilt angles and models
(hconv � 5.8 W/m2K, APCM � A)

Figure 21 shows the maximum and minimum temper-
atures in the PCM container and the differences between
these temperatures for Model 1 and Model 3 in different
PCM areas. The maximum temperatures inside the container
decreased due to the increase in the PCM area. Accordingly,
the maximum temperatures are in Model 1; It was obtained
as 418 K in 0.8 A, 406 K in A, and 397 K in 1.2 A. This
temperature change is almost linear for Model 1. InModel 3,
the maximum temperatures were obtained as 401 K, 388 K,
and 383 K for 0.8A, A, and 1.2A values, respectively. These
results showed that therewas no significant decrease inA and
1.2A values. Similarly, the minimum temperature decreased
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Fig. 17 Time-dependent a velocity and liquid fraction (blue color: soli phase, white color: liquid phase, line: velocity streamline) b temperature
contours for APCM � 0.8A (hconv � 5.8 W/m2K, β � 60°)

due to the increase in area. However, in both Model 1 and
Model 2, the temperature value fromA to1.2Adid not change
much.

The use of trapezoidal geometry contributed significantly
to the uniformity of the surface temperature due to the tem-
perature difference. The results showed that at 0.8A, A, and

1.2A, the surface temperature uniformity increased by 44%,
23%, and 17%.

Figure 22 shows the thermal energy storage capacity as a
function of the varying PCM area. The results indicate that
the energy storage capacity decreaseswith an increase in area

123



Arabian Journal for Science and Engineering

Fig. 18 Time-dependent a velocity and liquid fraction (blue color: soli phase, white color: liquid phase, line: velocity streamline) b temperature
contours for APCM � A (hconv � 5.8 W/m2K, β � 60°)

(average 65 W). Additionally, it is observed that the melting
amounts are similar for both models at the same area values.

3.4 The Evaluation of Heat Transfer Coefficient

Another important parameter that affects the temperature
and melting characteristics of the PCM container is the heat

transfer coefficient. Since the increase in the heat transfer
coefficient increased the heat transfer from the side and bot-
tom surface of the container to the environment, the container
temperatures decreased, but this caused a decrease in the
liquid fraction. In addition, since the heat transfer from the
right-side surface of the container (the region where the tem-
perature is maximum) increases with the use of trapezoidal
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Fig. 19 Time-dependent a velocity and liquid fraction (blue color: soli phase, white color: liquid phase, line: velocity streamline) b temperature
contours for APCM � 1.2A (hconv � 5.8 W/m2K, β � 60°)

geometry, it has been observed that the temperature is more
uniformly distributed on the bottom surface of the container
(Figs. 23,24,25).

Figure 26 shows the liquid fraction and average top sur-
face temperatures of Model 1 and Model 3 at different heat
transfer coefficients. In Fig. 26a, the liquid fractions are very

close to each other in almost 80 min for all models and heat
transfer coefficients. Moreover, at the end of the melting pro-
cess, the difference between the values is not much. InModel
1, 89%, 82%, and 81% liquid fraction values were obtained
in heat transfer coefficients of 5.8, 8.8, and 11.8 W/m2K,
respectively. These results showed that there was a 7% and
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Fig. 20 Time-dependent a liquid fractions and b top surface average temperature distribution in the melting period all models for different PCM
area (hconv � 5.8 W/m2K, β � 60°)

Fig. 21 The highest and lowest temperatures on the PCM container
surface for different PCM area (hconv � 5.8 W/m2K, β � 60°)

1% decrease in the liquid fraction. In Model 3, on the other
hand, 4% increases were realized and the heat transfer coef-
ficients of 5.8, 8.8, and 11.8 W/m2K were 100%, 96%, and
92%, respectively. In addition, whenModel 3 is compared to
Model 1, a 10% increase in the liquid fraction was observed
for the 5.8W/m2K value, 14% for the 8.8 W/m2K value, and
11% for the 11.8 W/m2K value.

Figure 26b shows that the average top surface tempera-
tures for the whole model and the heat transfer coefficients
are very close to each other in the first 60 min. At the end
of the melting process, temperatures of 372 K, 358 K, and
350 K were obtained for the heat transfer coefficients of 5.8,
8.8, and 11.8 W/m2K in Model 1, respectively. The results
showed that with the increase in the heat transfer coefficient,
there was a temperature drop of 14 K and 8 K, respectively.

Fig. 22 Variation of energy storage capacity with respect to PCM area
(hconv � 5.8 W/m2K, β � 60°)

In Model 3, temperatures of 355 K, 345 K and 335 K were
obtained for the 5.8, 8.8, and 11.8W/m2K heat transfer coef-
ficients, respectively. Here, the increase in the heat transfer
coefficient caused a temperature decrease of 10 K. In addi-
tion, in Model 3, temperature drops of 17 K, 13 K, and 15 K
were observed in the heat transfer coefficients of 5.8, 8.8, and
11.8 W/m2K, respectively, compared to Model 1.

Figure 27 shows the maximum and minimum tempera-
tures inside the PCM container and the differences between
these temperatures at different heat transfer coefficients. It is
determined from the figure that the minimum temperatures
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Fig. 23 Time-dependent a velocity and liquid fraction (blue color: soli phase, white color: liquid phase, line: velocity streamline) b temperature
contours for 5.8 W/m2K (APCM � A, β � 60°)

inside the container are very close to each other for all vari-
ables. The maximum temperatures were obtained as 412 K,
388 K, and 358 K in Model 1 at 5.8, 8.8, and 11.8 W/m2K
heat transfer coefficients, respectively, and as 388 K, 337 K,
and 358 K in Model 3. Accordingly, while 24 K and 13 K
dropswere observed inModel 1 due to the increase in the heat
transfer coefficient, in Model 3, 51 K decrease was observed

with the increase in the heat transfer coefficient from 5.8 to
8.8 W/m2K, and an increase of 21 K with the increase from
8.8 to 11.8 W/m2K. Finally, when the uniformity of the con-
tainer surface was examined, an improvement of 23% for the
heat transfer coefficient of 5.8 W/m2K, 44% for 8.8W/m2K,
and 22% for 11.8W/m2Kwas found by using the trapezoidal
geometry.
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Fig. 24 Time-dependent a velocity and liquid fraction (blue color: soli phase, white color: liquid phase, line: velocity streamline) b temperature
contours for 8.8 W/m2K (APCM � A, β � 60°)

Finally, Fig. 28 shows the energy storage capacity as a
function of the heat transfer coefficient. An increase in the
heat transfer coefficient leads to greater cooling within the
container, resulting in a decrease in energy storage capacity
(average 35W). Additionally, the change in the model does
not significantly affect the storage capacity for the same heat
transfer coefficients.

4 Conclusion

In this study, a numerical study was carried out to increase
the amount of molten PCM in the container by using a trape-
zoidal PCMcontainer and accordingly to obtain a lower PCM
container top surface temperature. Within the scope of the
study, tilt angle, w1/w2, PCM area, and heat transfer coeffi-
cient were chosen as variable parameters.When the variation

123



Arabian Journal for Science and Engineering

Fig. 25 Time-dependent a velocity and liquid fraction (blue color: soli phase, white color: liquid phase, line: velocity streamline) b temperature
contours for 11.8 W/m2K (APCM � A, β � 60°)

of the parameters with the proposed geometrywas examined,
the following findings were obtained.

• The lowest container surface temperature and maximum
liquid fraction were observed at 60° tilt angle, where con-
vection reached its highest value.

• It has been observed thatwith the increase ofw2 length, the
hottest part of the container due to convection effects can

be cooled more. In addition, it has been demonstrated that
amore uniform temperature distribution on the surface can
be achieved by lowering this temperature. Accordingly, for
Model 3, where the best results were obtained, at the end
of themelting process, the liquid fraction increased by 8%,
while the temperature decreased by 15 K. In addition, the
surface temperature uniformity increased by 23% in this
model.
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Fig. 26 Time-dependent a liquid fractions and b top surface average temperature distribution in the melting period all models for different heat
transfer coefficient (APCM � A, β � 60°)

Fig. 27 The maximum and minimum temperatures on the PCM con-
tainer surface for different heat transfer coefficient (APCM � A, β �
60°)

• PCM container temperatures drop significantly with
increasing PCM area. However, the liquid fraction val-
ues decreased accordingly. When analyzed for Model 3,
PCM container surface temperature and liquid fraction
decreased by 15 K and 11%, respectively. In addition, the
uniformity of the container top surface increased by 17%.

• The increase in the heat transfer coefficient, as well as the
increase in the PCM area, decreased the surface tempera-
ture of the PCM container and the liquid fraction. For the
highest heat transfer coefficient of 11.8W/m2K andModel
3, PCM reduced the container surface temperature and liq-
uid fraction by 20 K and 8%, respectively. Meanwhile, the
uniformity of the surface temperature increased by 22%.

Fig. 28 Variation of energy storage capacitywith respect to heat transfer
coefficients (APCM � A, β � 60°)

• Finally, within the scope of the study, the energy storage
capacity was addressed. The results indicate that increases
in tilt angle, PCM area, and heat transfer coefficient reduce
the energy storage capacity. Additionally, when different
models were compared, it was determined that there were
no significant changes in energy storage capacity.

With these results, it has been observed that the use of
trapezoidal geometry reduces the PCM container surface
temperature by increasing the liquid fraction. In addition,
more uniform surface temperatures could be obtained with
this model. The most important feature of this study is that
these positive effects can be obtained by using only a sim-
ple geometry change. In future studies, the aim is to analyze

123



Arabian Journal for Science and Engineering

the performance by using different geometries and additional
components to increase the heat transfer surfaces in relatively
warmer regions of the PV panel surface for better cooling.
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