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A B S T R A C T   

The aim of this study is to investigate the influence of the hot wall configuration on the thermal performance of 
an inclined square capsule containing the nano-enhanced phase change material (NePCM). The porosity- 
enthalpy technique is used to track the melting flow. The correctness of the obtained numerical results is veri
fied through the experimental data from the literature. Three different configurations for the hot wall of the tilted 
square capsule are considered. For the square capsule heated from the side wall, the inclination angle of 85◦

shows the maximum charging power while the minimum charging power occurred at 5◦. The charging power for 
the optimum angle (85◦) was 16 % higher than that of 5◦. For the enclosure equally heated from the side wall and 
bottom, the inclination angles of 25◦ and 65◦ provide the maximum charging power. Moreover, an enclosure 
mostly heated from the side wall (2/3) and partially heated from the bottom (1/3), produces the maximum 
charging power at 25◦. The results also indicate that GNPs with 1 % wt produce the maximum charging power.   

1. Introduction 

Phase change materials (PCMs), which can absorb, store and release 
large amounts of thermal energy, are used in a wide range of applica
tions from buildings to electronics to store energy as well as prevent 
temperature fluctuations. Using the thermal energy storage systems 
(TES), which utilize the PCMs is known as an effective pattern to 
conserve available energy and bettering its utilization. Hence, the use of 
appropriate systems can reduce the mismatch between energy supply 
and demand. The high energy storage density of PCMs has made them a 
research topic of interest to numerous researchers. To this date, a large 
number of studies have been conducted to investigate the utilization of 
PCMs in different fields. Building energy conservation [1], electronic 
cooling [2,3], battery thermal management systems [4–6], and solar 
energy storage [7,8] are among the applications of PCMs. 

Zhou et al. [9] analyzed the influencing factors in Phase Change 
Material Wallboard (PCMW) parametrically. They numerically studied 
the impacts of the thermal properties of the interior and exterior PCMWs 

on their thermal performance. In their work, fusion temperature, 
melting range, latent heat, thermal conductivity and surface heat 
transfer coefficient were considered as the influencing parameters on the 
thermal performance of the PCMWs. Jaworski [10] studied the thermal 
performance of a PCM-based heat spreader for electronic cooling. The 
author proposed a new pin-fin radiator in which the PCM filled the pins. 
The results showed that the high heat transfer surface and high thermal 
capacity could effectively remove the heat from the electronic equip
ment. Mousavi et al. [11] proposed a new design for the battery thermal 
management system based on the PCM and mini channel. In this new 
design, the cold plates were filled with n-eicosane as the PCM. The 
maximum temperature of the battery module with the cold plates and 
the PCM is 10.5 K less than that of the pack with only cold plates. 

Many studies with different strategies have sought to find energy 
storage systems with the best performance. These strategies include the 
use of metal fins [12–14], porous metal foams [15–17], and high- 
conductivity nanoparticles [18–20]. Ji et al. [14] proposed the use of 
inclined fins to suppress the non-uniform heat flux, and consequently, 
increase the melting rate of the PCM. In this study, the fins with the 
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inclination angles of − 30◦, − 15◦, 0.0◦, +15◦, and + 30◦ were studied. It 
was found that the fin at a downward angle of − 15◦ shows the best 
performance compared to the other configurations. Kalbasi et al. [21] 
analyzed the optimum fins number in a heat sink filled with the PCM. 
The results indicated that the optimum number of fins is reduced with an 
increment in the fin thickness. Also, it was found that the optimal 
number of fins is less for the heat sink with higher height. Mahdi et al. 
[22] used a cascaded metal foam to enhance the heat transfer in a shell 
and tube TES system. The numerical results showed that the energy 
recovery and storage times are significantly reduced using the com
posite's porosity-cascaded metal foam. 

The inclination of a cavity can have a significant effect on the melting 
behavior of a PCM placed inside it. Therefore, it is important to consider 
the inclination angle of the cavity when designing systems that use PCMs 
to ensure optimal melting performance. A numerous studies have 
investigated the effect of cavity inclination on the melting behavior of 
PCMs under different conditions [23–26]. Yazici et al. [23] experi
mentally studied the combined influence of the tilted angle and fin 
number on the cooling effectiveness of a heat sink filled with N-eicosane. 
The report reveals that the heat sink having an inclination angle of π/3 
and three fins has the best performance in terms of working time. Siyabi 
et al. [25] conducted a study on the melting behavior of a cylindrical 
thermal storage system using paraffin wax as the phase change material 
at different inclination positions. They used both experimental and nu
merical approaches to analyze the temperature distribution, melting 
profiles, stored heat rate, and liquid PCM flow within the storage. The 
study found that the inclination angle had a significant impact on the 
melting characteristics, with the 45◦ inclination angle having the fastest 
melting rate. An experimental study by Korti and Guellil [27] investi
gated the melting behavior of a PCM (paraffin with the melting range of 
49–54 ◦C) inside a square cavity that was inclined at angles ranging from 
0◦ to 90◦. The PCM was heated from one side using a constant heat flux. 
The study found that the melting rate of the PCM augmented with 
increasing cavity inclination, with the highest melting rate observed at 
an inclination angle of 45◦. 

Huang et al. [26] numerically studied the effect of the inclination 
angle of a porous rectangular capsule on the dynamic behavior of phase 
change of a PCM. They reported that the melting time of the PCM could 
be shortened by using a porous medium with smaller pore density and a 
larger Rayleigh number. Kamkari et al. [28] conducted an investigation 
into the melting behavior of a high Prandtl number PCM, within a 
rectangular enclosure that is heated from one side while the remaining 
walls are thermally insulated. To observe the dynamic thermal behavior 
of the PCM melting, the experiments were conducted using different hot 
wall temperatures and inclination angles. The outcomes demonstrated 
that lowering the inclination angle from 90◦ to 0◦ results in an increase 

in convection currents and the appearance of chaotic flow structures. 
Keeping the hot wall temperatures constant, decreasing the inclination 
angle results in a significant increase in the amount of energy transferred 
from the enclosure's hot wall to the PCM. 

In many systems, the presence of nanoparticles can enhance the 
performance of the system [29–31]. Since nano-enhanced PCM can 
remove one of the key barriers to the use of PCMs, it has attracted 
increasing attention. Pahamli et al. [32] studied the melting behavior of 
a PCM in a shell and tube heat exchanger through experimental and 
numerical methods. The study explores the effects of two parameters: 
adding nano-additives and changing the inclination angle. The incor
poration of nanoparticles in PCM improves thermal conductivity, 
resulting in faster melting rates at the bottom of the heat exchanger. 
Increasing the inclination angle also accelerates the melting process at 
higher attitudes, reducing the total melting time. The simultaneous use 
of NePCM and increased inclination angle leads to enhanced natural 
convection and thermal conductivity, improving the melting process of 
NePCM. Shahabadi et al. [33] studied the melting flow of a nano- 
enhanced PCM (NePCM), including the graphite nanoplates (GNPs) in 
a semi-elliptical capsule. It is found that the capsule with the nanoplates 
mass fraction of 1.0 % shows the highest performance, which is 7.2 % 
more compared to the pure PCM. Moreover, they showed that an 
angular deviation of semi-elliptical capsule from the horizontal form 
increases the melting time, and consequently, decreases the thermal 
performance. 

Li et al. [34] studied the effect of adding graphene nanoplatelets to 1- 
Tetradecanol PCM on melting heat transfer in a differentially-heated 
rectangular cavity. The results showed that increasing the graphene 
nanoplatelets loading leads to a deceleration in both heat storage and 
transfer rates during melting, likely due to the increase in viscosity. The 
study conducted by Chamkha et al. [35] was concerned with exploring 
the process of how a PCM that has been modified with nanoparticles 
melts in a square-shaped container. The container has a heated cylinder 
in the middle, and during the melting process, both single and hybrid 
types of nanoparticles are present. The study's findings reveal that the 
rate at which the material melts is considerably higher when the Fourier 
number fluctuates between 0 and 0.5. However, a subsequent increase in 
the Fourier number causes a decrease in the rate of melting. Mehryan 
et al. [36] devoted a work to an opportunity to use NePCM for an 
intensification of heat removal within a gap between two coaxial ver
tical isothermal cylinders. The power-law model was used for the 
description of the non-Newtonian behavior of the NePCM. It is found 
that adding nanoparticles of MPSiO2 to the PCM results in a slower 
melting process and a decrease in the average Nusselt number. 

Although many studies have investigated the effect of tilting of PCM 
containers on system performance, no study has been conducted on the 

Nomenclature 

Latin symbols 
a(T) ramp function 
Am mushy region morphology constant (kg m− 3 s− 1) 
Cp sensible heat capacity (J kg− 1 K− 1) 
fb buoyancy force (N m− 3) 
fm damping force (N m− 3) 
g gravity (m s− 2) 
k thermal conductivity (W m− 1 K− 1) 
p pressure (N m− 2) 
T temperature (K) 
t time (s) 
u velocity component in x direction (m s− 1) 
v velocity component in y direction (m s− 1) 
wt weight fraction of the nanoparticles 

x x coordinate (m) 
y y coordinate (m) 

Greek symbols 
β volume thermal expansion (K− 1) 
Δ gradient 
μ dynamic viscosity (kg m− 1 s− 1) 
η inclination angle of cavity 
ρ density (kg m− 3) 

Subscript 
f fusion 
h hot 
i coordinate 
initial initial condition  
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influence of the hot walls configuration on the effectiveness of TES 
systems. Hence, in this work, as the first work, the configuration effect of 
the hot walls of an inclined capsule is explored on the thermal perfor
mance. Moreover, the experimental data is employed to study the im
pacts of GNPs additives on the system performance. 

2. Mathematical formulation 

Fig. 1 illustrates a square enclosed medium with three hot-wall 
configurations saturated with a NePCM. As shown, the enclosure with 
the size of 40 mm is tilted with an angle of η relative to the horizontal 
axis. The present design configuration is important in a stack of PCM 
channels (PCM containers) where the heat transfer fluid moves between 
the channels. The heat transfer between the PCM and heat transfer fluid 
occurs through the container wall exposed to the heat transfer fluid. The 
used PCM is 1-Tetradecanol, and the added nano-particle is graphite 
nanoplatelets (GNPs). The thermophysical specifications of the NePCM 
for different mass fractions of the nanoplates are used based on the 
experimental data [37] and tabulated in Table 1. The considered as
sumptions for modeling the NePCM melting process are listed as the 
following:  

- The volume change of the NePCM during melting can be ignored.  
- The NePCM contains a homogeneous dispersion of nanoparticles.  
- There is no sedimentation and accumulation of the nano-additives.  

- The Boussinesq linear approximation is used to model the gravity 
force in momentum equations. 

The flow NePCM is modeled by using the enthalpy-porosity formu
lation. By applying the above-mentioned considerations, the governing 
equations are:  

I) Continuity 

∂ui

∂xi
= 0 (1)    

II) Momentum conservation 

ρLNePCM

(
∂ui

∂t
+ uj

∂ui

∂xj

)

= −
∂p
∂xi

+ μLNePCM
∂2ui

∂xixj
+ fbi + fmi (2) 

in which i can be 1 or 2. 1 and 2 denote to the x and y coordinates. 
Moreover, u1 = u and u2 = v. fmi is defined as the following: 

fmi = −
Am(1 − a(T) )2

a3(T) + ϵ
ui (3) 

where Am = 5 × 105 and ϵ = 10− 3. a(T) is a ramp function, given by: 

NePCM

GNPs

Hot wall

NePCM

GNPs

hy

Hot wall

NePCM

GNPs

hy

= = 2 = 3 = 4

Fig. 1. Graphical view of the subject along with the hot wall configurations.  

Table 1 
Thermophysical specifications of the NePCM samples at various loading of GNPs 
[37].  

Characteristics 0 wt% 0.5 wt% 1 wt% 3 wt% 

Thermal 
expansion 
coefficient, β 
(1 K− 1)  

0.001018  0.001018  0.001008  0.000987 

Density (solid)  891.4  894.1  896.9  907.9 
Density 

(liquid)  
821.6  824.3  826.9  837.6 

Thermal 
conductivity 
(solid)  

0.252  0.350  0.451  0.540 

Thermal 
conductivity 
(liquid)  

0.159  0.180  0.260  0.320 

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  t

M
VF

Fig. 2. Mesh sensitivity analysis.  
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a(T) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 T < Tf − ΔTf
/

2

T − Tf

ΔTf
+

1
2

Tf − ΔTf

/

2 < T < Tf + ΔTf

/

2

1 T > Tf + ΔTf
/

2

(4) 

fbi of Eq. (2) is: 

fbi = ρLNePCMβLNePCM
(
T − Tf

)
gi = ρLNePCMβLNePCM

(
T − Tf

)
{

gsinη i = 1
gcosη i = 2

(5)    

III) Energy conservation 

ρNePCMCp,NePCM
∂T
∂t

+ ρLNePCMCp,LNePCMui
∂T
∂xi

=
∂

∂xi

(

kNePCM
∂T
∂xi

)

+ 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) 

The temperature on the hot walls is fixed at Th = 47◦C, and the other 
walls are well insulated. Also, considering the no-slip boundary condi
tions on the stationary walls, the velocity on the walls is zero. The initial 
temperature of the NePCM is Tinitial = 27◦C. 

t = 10 min t = 20 min

a b c a b c

t = 30 min t = 4 0 min

a b c a b c

Fig. 3. Comparison between the melting fields available in [38] and those obtained by the present study; a: numerical results [38], b: experimental results in [38], 
and c: the present study. 

Fig. 4. Effect of inclination angle on Case I: The blue bar is the maximum, and 
the black bar is the minimum. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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3. Numerical approach, grid sensitivity analysis, and 
validation/verification 

The Finite Element Method (FEM) is utilized to integrate the equa
tions of the model. The FEM is based on a weighted residual approach 
that involves the transformation of partial differential equations that 
govern the conservation of mass, momentum, and energy into a weak 
form. This weak form is then integrated over mesh elements to reach the 
residual equation. The field variables were iteratively solved by 
applying the residual equations. The convergence was aimed to be 
improved by setting a damping factor of 0.8. To preserve a relative so
lution accuracy below 10E-4, the time step was managed by utilizing the 
backward differential formula with a free order between 1 and 2. 

A structured mesh with uniform cell sizes was utilized to discretize 
the governing equations across the solution domain. Grid study, also 
known as grid convergence study, is a systematic analysis performed to 
evaluate the accuracy and reliability of numerical simulations or 

computational models by investigating the effect of grid resolution on 
the results. The grid study involves running a series of simulations with 
different grid sizes while keeping all other parameters constant. The 
results obtained from these simulations are then compared to determine 
the degree of convergence and establish the minimum grid size required 
to obtain accurate and reliable results. Fig. 2 demonstrates the effect of 
the number of elements on the accuracy of the results. To balance be
tween the computational cost and the accuracy of the results, a network 
with a size of 100 × 100 is chosen. 

To verify the numerical simulation in this study, the melting fields 
obtained were compared to both the numerical and experimental fields 
reported in [38]. In the computational domain of Ref [38], a rectangular 
enclosure with a width of 5 cm and a height of 12 cm was filled with 
lauric acid as the PCM. The right wall of the enclosure was maintained at 
a temperature of 70 ◦C, while the other walls were insulated. As shown 
in Fig. 3, the results of this study were found to be in excellent agreement 
with those presented in [38]. 

Fig. 5. Contours of isotherm for the best and worst results raised from Case I.  

Fig. 6. Streamlines for the best and worst results raised from Case I.  
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4. Results and discussion 

In the present work, the influence of angel inclination of the enclo
sure (0 ≤ η ≤ 90◦) and the mass fraction of the GNP additives (0 % ≤ wt 
≤ 3 %) were addressed on the melting heat transfer isotherms, stream
lines for the three boundary configurations. 

Fig. 4 illustrates the impact of inclination angles on the energy 
storage power for Cases I heated boundary configurations. The results 
were reported for a fixed mass concentration of 1 % GNP additives. 
Fig. 4 shows the maximum power obtained at an inclination angle of 85◦

for a cavity heated just from the side wall (Case I). The increase of 

inclination angle from 0 to 45◦ increases the thermal charging power. A 
further increase of the inclination angle beyond 45◦ reduces the thermal 
charging power. A sharp rise of storage power commences at η = 75◦ and 
reaches maximum power at η = 85◦ with a thermal energy storage 
magnitude of 23.9 W. 

Considering Case I configuration, Figs. 5 and 6 provide a visual 
depiction of a typical melting front for Cases η = 5◦ and η = 85◦, which 
correspond to the worst and best thermal powers, respectively. The 
behavior displayed in the case of η = 5◦ draws parallels to the process of 
melting heat transfer within an enclosure that's warmed from its left 
vertical wall. However, there is a 5◦ gap to a fully horizontal heated wall. 
In this instance, the heated, molten PCM is propelled toward the top of 
the capsule, eventually making contact with the melting front. The 
heated liquid adjacent to the vertical wall ascends and extends toward 
the topmost regions. It then absorbs the latent heat from the solid PCM, 
leading to a drop in its temperature. 

Consequently, the now-cooled liquid descends, reaching the 
bottommost regions and the heated wall. This cycle of flow circulation is 
completed in this manner. This pattern of circulation aligns with the 
streamline patterns illustrated in Fig. 6. Therefore, the topmost region of 
the melting front advances toward the solid regions faster than the 
bottom. This is because the heated liquid first reaches the top due to 
natural convection flows. However, in the case of η = 85◦, the shape of 
the melting interface diverges from the previous case. 

The shape here closely resembles a scenario where melting originates 
from below. This is because, in this instance, gravity is almost perpen
dicular to the heated wall. Under such circumstances, the hot liquid 
parcels are confined next to the heated wall, striving to move against 
gravity toward the colder PCM. Simultaneously, the cold liquid parcels, 
positioned near the melting interface, also strive to move in the direction 
of the heated wall in alignment with the vector of gravity. Both hot and 
cold parcels exert pressure on each other until they find a way to 
converge. This dynamic scenario leads to the formation of Benard- 
shaped cells, which intermittently inject cold and hot liquid parcels to
ward the melting interface and the heated wall. As a result, the iso
therms form plume-shaped patterns directed toward the melting 
interface. In this case, the shape of the melting interface is almost uni
form and parallel to the heated wall. It progresses in a direction that is 
perpendicular to the heated wall, setting this case apart from the one 
with η = 5◦. 

Attention to Fig. 4 shows that a fully horizontal heated wall would 

To
ta
lP
ow
er
St
or
ed

Fig. 7. Effect of inclination angle on Case II: The blue bar is the maximum, and 
the black bar is the minimum. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Contours of isotherm for the best and worst results raised from Case II.  
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lower charging power. There is a 5◦ gap difference between the fully 
horizontal heated wall (η = 90◦) and optimum case η = 85◦. This small 
gap adds a slight slope to the enclosure and guides the heated packets in 
a direction along the heated wall, and boosts the heat transfer rate. The 
heated packets charge toward the melting front for a case heated from 
below. However, this slight slope would help the heated thermal packets 
charge faster toward the melting front. 

Fig. 7 presents a compelling visualization of power storage for Sce
nario II. In this scenario, the compartment experiences equal heat from 
both the vertical and horizontal surfaces. Notably, there is a substantial 

decrease in power around the 45◦ mark, characterized by symmetrical 
and consistent heating in the vertical direction. Illustrations of the iso
therms and streamlines for this particular case are provided in Figs. 8 
and 9. 

In this configuration, melting initiates at the thermally stimulated 
corner of the compartment, progressively moving toward the opposite 
corner. The streamlines, however, display a contradictory pattern. 
During the initial phase of thermal charging (at t = 5000 s), numerous 
faint circulation currents are observable within the liquid area, which is 
restricted to the heated sections of the walls. Over time, these currents 
amalgamate, eventually resulting in two dominant circulatory flows at t 
= 8000 s and t = 12,500 s. 

One of these currents initiates from the heated lower surface, moving 
toward the melting front, while the other begins at the vertically heated 
surface, also progressing toward the melting front. When these two 
currents meet in the center, they cause a weakening in the overall 
melting process and power charging due to the resulting pattern of flow 
circulations. 

Fig. 9 also reveals two optimal inclination angles, 25◦ and 65◦, for 
this scenario. Indeed, the physical configuration of Scenario II is sym
metrical to 45◦. This behavioral trend is evident in Fig. 7. For our pur
poses, η = 25◦ was chosen as the best case, with its corresponding 
isotherm and streamlines displayed in Figs. 8 and 9. At the angle of 25◦, 
the molten region is dominated by a primary circulatory flow, origi
nating from the heated surfaces and extending to the melting front. This 
primary circulation boosts natural convection heat transfer, thereby 
augmenting the enclosure's TES power. 

Fig. 10 shows that the minimum storage power takes place at the 
zero-inclination angle, and the maximum power occurs at η = 25◦ for 
Case III. The corresponding isotherms and streamlines for these two 
cases are depicted in Figs. 11 and 12. It should be noted that the heating 
boundary condition, as shown in Fig. 1, is already nonsymmetric. 2/3 of 
the vertical wall and 1/3 of the bottom wall are heated. 

The isotherms (Fig. 11) for η = 0 show that the molten liquid is 
heated at a small portion at the bottom and creates a natural convection 
flow (Fig. 12) which continues over the heated part of the wall toward 
the top and then reaches the melting front. The heating part of the wall 
at the bottom fairly pushes the melting front toward the solid region; 
hence, an almost uniform vertical melting front can be seen at t = 5000 s. 
After a while (t = 8000 s and 12,500 s), the distance of the melting front 
from the heated wall increases, and consequently, its impact on the 
melting front also diminishes. Thus, the shape of the melting front 
returns to its typical dome shape at the final stages of melting. 

Fig. 9. Streamlines for the best and worst results raised from Case II.  

To
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Fig. 10. Effect of inclination angle on Case III: The blue bar is the maximum, 
and the black bar is the minimum. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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The isotherms (Fig. 11) for η = 25◦ show the creation of Benard cells 
at the early stages of melting (t = 5000 s), but the cells are not uniform. 
There is a combination of Benard shape cells at the top and typical 
natural convection from the bottom. The streamlines (Fig. 12) also 
confirm the presence of two circulation flows, one at the bottom and 
another at the top. After a while (t = 8000 s), the Benard cells vanished, 
and a large circulation flow formed in the molten region (Fig. 14). This 
circulation flow effectively targets the solid region at the end of the 
melting process, resulting in optimum charging power. 

Fig. 13 provides a comparative analysis of the energy storage across 
all cases under consideration. This figure highlights the maximum and 
minimum charging powers via blue and black bars, respectively. Upon 
examination, it is apparent that the maximum global power is attributed 
to Case I, where the inclination angle, η, is 85◦. This is followed by Case 
III and Case II, each with their maximum power occurring at η = 25◦ and 
η = 25◦ or 65◦ respectively. 

Intriguingly, Case I, with an inclination angle of η = 5◦, exhibits the 
minimum power, followed by the other scenarios. As a result, Case I 
emerges as the most fitting for static storage applications, where the 
inclination angle can be maintained at an optimal value. In contrast, 
Cases II and III prove advantageous when retaining the storage at an 
optimal inclination angle is not feasible. For instance, when the storage 
system is installed beneath a solar panel, the collector's angle may not 
remain stationary and could vary with the sun's movements. 

In such circumstances, the flexibility of the inclination angle be
comes a crucial factor in maximizing power storage, rendering Cases II 
and III preferable. This adaptability enables an energy-harvesting sys
tem to be effective even when environmental factors, such as the sun's 
position, continuously change. In order to design optimal energy sys
tems, it is essential to comprehend the energy storage behavior under 
varying inclination angles, as demonstrated in these instances. 

Fig. 14 compares the MVF and the total stored energy for the entire 

Fig. 11. Contour of isotherm for the best and worst results raised from Case III.  

Fig. 12. Streamlines for the best and worst results raised from Case III.  
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melting process. The results are plotted for the best and worst inclination 
angles of the three configurations (Cases I-III). Case I, at an inclination 
angle of 85◦, provides the highest MVF and total stored energy at all 
times. An inclination angle of 5◦ provides a fair MVF and energy storage 
at the initial and middle stages of the melting process, but its advantage 
drops at the final times. Therefore, the configuration of Case I could 
provide a fair storage power regardless of the inclination angle up to 80 
% of storage capacity. However, charging >80 % depends on the incli
nation angle. 

Configuration Case II is generally independent of the inclination 
angle over the entire melting process, but it provides the minimum MVF 
and stored energy compared to other cases. Case III delivers MVF and 
stored energy between cases I and II, and the melting behavior is also 
inclination angle-dependent. The optimum charging power for Case I (η 

= 85◦) is about 5 % higher than the optimum for Cases II and III. 
Moreover, for Case I, the optimum charging power (η = 85◦) is about 16 
% higher than the minimum charging power (η = 5◦). 

Here, the best inclination angles for Cases I-III were selected, and the 
effect of the mass fraction of nanoparticles on the thermal energy storage 
of the enclosure was investigated. In this regard, Figs. 15 and 16 show 
the impact of mass fractions of nanoparticles on the MVF and total 
stored energy. Interestingly, a low mass fraction of nanoparticles (0.5 % 
wt) shows a minimal impact on both MVF and stored energy. However, 
as the mass fraction increases to 1 % and more, the trend of the results 
changes. 

For Case I, both mass fractions of 1 % and 3 % show almost similar 
MVF time history, and the presence of nanoparticles significantly 
accelerated the melting process. The nanoparticles do not participate in 
melting and latent heat thermal energy storage, and hence, the presence 
of the nanoparticles reduces the heat capacity of the enclosure. As 
mentioned, the MVF time history of 1 % and 3 % wt were almost the 
same, but the energy storage for 3 % wt is much lower than 1 % wt due 
to the presence of GNP and the reduction in latent heat capacity of GNP- 
PCM. Thus, it can be concluded that 1 % wt GNPs is the best practice for 
dispersing nanoparticles to the PCM. 

Fig. 16 shows that 1 % wt and 3 % wt produce almost the same MVF 
for Case II, but the stored energy for 3 % wt is much lower than 0 % wt. 
Thus, using 3 % wt GNP is not beneficial to thermal energy storage and 
the total capacity of the enclosure. However, using 1 % wt nanoparticles 
produces fair total energy storage with a drawback of a decrease in the 
total energy storage capacity of the enclosure. 

Finally, the MVF for 3 % wt is slightly higher than 1 % wt for Case III 
(Fig. 17). Thus, considering the reduction in latent heat capacity of GNP- 
PCM with 3 % wt, the curves of thermal energy storage for 0 % wt and 3 
% wt are the same. However, the curve ends much sooner for 3 % wt 
since the enclosure's overall thermal energy storage capacity is much 
lower in the presence of nanoparticles. Similar to Case I (Fig. 15), when 
1 % wt, the curve of total stored energy is above all other curves, which 
shows a better rate of energy storage. However, it also should be noted 
that this curve stops before cases 0 % wt and 0.5 % wt, which indicates a 
lower overall heat capacity in the enclosure. 

5. Conclusion 

The impact of heating boundary conditions and inclination angle was 
investigated on the thermal charging of an enclosure filled with nano- 
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Fig. 13. A comparison among three cases: blue and black bars are the 
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Fig. 14. (a) Melting volume fraction and (b) Total energy stored, for the best and worst results of cases I-III.  
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enhanced PCM. The enthalpy-porosity technique, including the natural 
convection effects, was applied to model the phase change. Then, the 
finite element method was employed to solve the governing equations. 
Three partial heating boundary conditions were examined, and the 
thermal storage power was monitored. Considering the storage power, 
the best and worst inclination angles were found for 1 % wt GNP. Then, 
the impact of GNP concentrations on the melting volume fraction and 
thermal energy storage was studied. The main findings of the present 
research can be summarized as follows:  

1- A combination of the heating location of the enclosure's walls and 
inclination angle could notably change the thermal charging 
behavior of the enclosure. Moreover, for each heating configuration, 
optimum charging powers were found.  

2- For an enclosure heated from the side wall, Case I, the maximum 
charging power was found for an inclination angle of 85◦. An incli
nation angle of 5◦ could lead to the minimum charging power. For an 
enclosure equally heated from the side wall and bottom (Case II), the 
inclination angles of 25◦ and 65◦ provide the maximum charging 
power. Finally, an enclosure mostly heated from the side wall (2/3) 
and partially heated from the bottom (1/3), Case III, produces the 
maximum charging power at 25◦.  

3- The charging power for Case I was notably greater than other cases at 
an optimum angle of 85◦. However, the minimum charging power at 
an angle of 5◦ was much smaller than the minimum for two other 
cases. The charging power for the optimum angle (η = 85◦) was 16 % 
higher than the minimum charging power at η = 5◦. 
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Fig. 15. Effect of weight fraction of the nanoparticles (wt) on the (a) Melting volume fraction and (b) Total energy stored for Case I.  
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Fig. 16. Effect of weight fraction of the nanoparticles (wt) on the (a) Melting volume fraction and (b) Total energy stored for Case II.  
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4- Dispersing nanoparticles increases the melting rate but also de
creases the heat capacity since the nanoparticles do not participate in 
latent heat energy storage. The results show that GPN with 1 % wt 
produces the maximum charging power. A higher concentration of 
nanoparticles (higher than 1%wt) decreases the total energy storage 
capacity and reduces the charging power. A low concentration of 
nanoparticles (lower than 1 % wt) cannot adequately enhance heat 
transfer. 
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