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A B S T R A C T   

In recent years, the lattice Boltzmann method has become a powerful method for computational modeling of 
various complex fluid flow concerns, including the simulation of the melting process in phase change materials. 
In the present paper, the natural convection of phase change materials in a cavity is simulated, and the effect of 
adiabatic obstacle and fin is investigated by the lattice Boltzmann method. The obtained results are presented in 
different Rayleigh numbers (Ra = 103-105), and cavity angles (θ = − 90 to 90) in three scenarios (without 
adiabatic fin and obstacle, with an adiabatic obstacle, and with adiabatic fin). The investigation across various 
cavity angles, with adiabatic obstacles and fins, demonstrates a consistent trend of effective melting process 
delay by up to 50%, underscoring the significant impact of these adiabatic features on PCM behavior. Adiabatic 
obstacles induce localized melting delays due to unmelted zones around them. Streamlines highlight vortices 
formed by obstacles, and elevated Nusselt numbers correlate with accelerated melting facilitated by adiabatic 
fins. Modifying the adiabatic fin height from Yf = 0.1 to Yf = 0.7 leads to a doubling of melting time at around 
80% PCM melting. Conversely, decreasing fin height from 0.5 to 0.7 extends the complete melting time by 
approximately 10%, showcasing the influential role of fin height in shaping PCM melting behaviour.   

1. Introduction 

Enhancing the heat transfer of fluids is a topic of great interest for 
various industrial and engineering problems [1]. Due to their ability to 
store and release thermal energy during phase transitions, the use of 
Phase Change Materials (PCMs) has attracted considerable interest in 
recent years for various engineering applications [2]. The melting pro-
cess, which has applications varying from renewable energy storage 
systems to electronic cooling, is a crucial procedure in which PCMs play 
a crucial role [3,4]. A prospective method for enhancing the PCM 
melting process is to incorporate an obstacle and a fin to enhance the 
natural convection within a rectangular cavity. Computational methods, 
such as the Lattice Boltzmann Method (LBM), have emerged as effective 

instruments for analyzing complex fluid flow and heat transfer phe-
nomena [5–9]. 

Researchers have explored various aspects of phase change and heat 
transfer using the Lattice Boltzmann Method (LBM) in different config-
urations [10,11]. Shojaeefard et al. [12]investigated thermal storage 
efficiency using LBM, incorporating hybrid nanofluids to enhance 
melting in a rectangular system cooled by an intruded T-shaped cavity, 
finding silica-MWCNT NPs/water composite with a volume fraction of 
0.01 most effective. Farhadi et al. [8] explored heat transfer enhance-
ment by a porous medium in a ventilated cavity using LBM, demon-
strating improved heat transfer with decreased porosity and higher 
Reynolds and Prandtl numbers. Another study by Shojaeefard et al. [13] 
examined ice melting in a square cavity with partially active walls, 
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proposing hybrid nanoparticles for thermal energy storage enhance-
ment, highlighting the influence of nanoparticle type, proportions, and 
active part positions on efficiency. 

In their work, Liu et al. [14] introduced an enthalpy-based immersed 
boundary-lattice Boltzmann model to study solid–liquid phase change in 
porous media under the Local Thermal Non-Equilibrium (LTNE) con-
dition. The proposed model addressed numerical diffusion across the 
phase interface using an enthalpy-based TRT-LB model for solid–liquid 
phase change under LTNE. Additionally, the non-slip boundary condi-
tion on the phase interface was handled using the partially saturated 
method. These features were implemented to enhance the accuracy and 

reliability of simulations in the context of solid–liquid phase change in 
porous media. 

Laouer get al. [15] investigated the effects of nanoparticle loading, 
fin utilization, and the combined use of nanoparticles and fins on the 
heat transfer and melting of PCM. Their findings revealed that a nano-
particle concentration of 6% significantly decreased the total melting 
time of HPCM by 12.8%. Moreover, attaching a single fin within the 
cavity resulted in a notable 15.3% increase in liquid fraction, whereas 
increasing the fin length ratio accelerated the melting time by a 
remarkable 64.0%. This study intends to contribute to developing 
effective cold energy storage systems by extending their research on heat 
transfer enhancement techniques. 

Souayfane et al. [16] presented a simplified model for investigating 
PCM melting via natural convection and radiation. The model demon-
strates high precision and computational efficiency using a modified 
enthalpy method, an improved thermal conductivity approach, and a 

Fig. 1. Schematic geometry of this study (Obstacle).  

Fig. 2. Schematic geometry of this study (Fin).  

Table 1 
Thermophysical properties of Paraffin-Wax (PCM) [28].  

Properties Paraffin-Wax 

cp (J/kg.K) 1868 
ρ(kg/m3) 950 
k (W/mK) 0.2 
Tm (K) 350.15 
Latent heat of Fusion (KJ/Kg) 176  

Fig. 3. Grid study on 100 × 100, 120 × 120, 200 × 200, and 250 ×
250 lattices. 

Fig. 4. Comparison of the average Nusselt number at Ra = 1.7 × 105 between 
this study and results of Jourabian et al. [31]. 
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simplified solution algorithm for absorbed shortwave radiation. The 
study provides vital insights for optimizing PCM utilization in various 
thermal applications. Many other research field can be found in the 
literature [17,18,19,20]. 

Building upon these investigations, the effect of obstacles on PCM 
melting processes has been a focus of exploration. The findings from 
studies on obstacle-enhanced melting dynamics and the insights gained 
from Lattice Boltzmann Method simulations contribute to a compre-
hensive understanding of how geometrical features impact phase change 
behaviors and heat transfer rates within PCM systems [20,21]. 

Zhao et al. [22]investigated the effect of a hot obstacle on the 
melting of PCM using LBM. They reported the size of a hot obstacle as an 
important parameter of melting rate. They also reported that moving 
down the position of a hot obstacle can change the heat transfer regime 
from conduction to convection. Furthermore, the utilization of the Lat-
tice Boltzmann Method (LBM) for investigating the impact of obstacles 
on the melting process of Phase Change Materials (PCMs) has been 
explored by other researchers as well [23,24]. 

Adding components such as fins can enhance heat transfer and in-
fluence the phase change of PCMs, leading to accelerated melting pro-
cesses. Applying the Lattice Boltzmann Method (LBM) has proven 
effective in studying these systems, offering significant performance 
benefits. For example, Ren and Chan [25] utilized LBM to simulate PCM 
melting in an enclosure with internal fins. They observed that increasing 
the length of the fins could modify the melting rate, but there was a limit 
to the acceleration achieved by lengthening the fins. Moreover, using 
longer fins resulted in a decrease in the total final liquid value. The study 
also explored the influence of the number of fins on the melting process. 

Talati and Taghilo [26] conducted a numerical simulation of the 
solidification process within a rectangular fined container using the 
implicit lattice Boltzmann method. They studied two problems, the first 
being the solidification of the phase change material (PCM) within the 
container with constant temperature on the walls. By implementing the 
LBM, they provided a method to assess the accuracy of the approximate 
analytical solution for the solidification problem. 

Fig. 5. Comparison of the isothermal lines and streamlines obtained in this research and the results of Jourabian et al. [31].  
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Rui et al. [27] utilized the Lattice Boltzmann Method to investigate 
the effectiveness of the phase change pin fin heat sink for thermal 
management in electronic equipment and batteries. They evaluated 
various factors influencing passive heat dissipation performance, such as 
fin geometry, fin number, fin arrangement, and different phase change 
materials. They employed a neural network coupled genetic algorithm 
to optimize the heat sink’s structure. 

Utilizing the Lattice Boltzmann Method, we delve into the natural 
convection process within a rectangular cavity containing a phase 

change material (PCM) in this study. Our investigation centres on 
unravelling the influence of obstacles and fins on the PCM melting 
process. Notably, our study uniquely addresses the effect of adiabatic 
fins, filling a gap in the existing literature where previous works mainly 
focused on hot and thermal fins and obstacles. This numerical explora-
tion yields insightful implications for refining and optimizing thermal 
management systems and energy storage applications employing PCMs. 
These outcomes serve to advance the efficiency, effectiveness, and 
reliability of such systems, thereby fostering sustainable and enhanced 
thermal energy storage solutions across diverse industries and 
applications. 

2. Problem statement 

2.1. Geometry 

The natural convection of a cavity containing PCMs was examined as 
the key challenge tackled in this thesis. This cavity contains two fixed 
adiabatic walls at the top and bottom and a hot and cold wall on the left 
and right sides. PCM is affected by the left side wall and starts to melt 
from the left. The slope of the chamber is θ relative to the horizon, and 
the position of the adiabatic obstacle is represented by the parameters xo 
and yo, with Lo introducing the length of the cavity. The parameters Yf 
and Lf also show the position and size of the adiabatic fin. Figs. 1 and 2 
depict the geometry utilized in the issues tackled in this thesis. 

In this article, paraffin-wax is used as PCM. Table 1 lists the ther-
mophysical characteristics of the PCM. 

2.2. Governing equations 

The governing equations, including continuity, momentum, and 
energy, are described below [20]. 

∇. u→= 0 (1)  

∂ u→

∂t
+ u→.(∇. u→) = − ∇p+ ν∇2 u→− g→β(T − T0) (2)  

∂T
∂t

+ u→.(∇T) = α∇2T −
Lf

ρcp

∂Fi

∂t
(3) 

Fig. 6. Isotherms in Ra = 103 to Ra = 105 and the cavity angle is zero without 
the presence of fin and adiabatic obstacle. 

Fig. 7. Melting rate diagram according to Ste.Fo number in Ra = 103 to Ra =
105 and the cavity in line with the horizon without the presence of fin 
and obstacle. 
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P stands for pressure, and cp represents the heat capacity at constant 
pressure. To resolve the problem under usual circumstances, it is crucial 
to create a set of dimensionless numbers and variables described below. 

T* =
T − T0

Th − Tc
(4)  

Fo =
tα
H2 (5)  

x* =
x
L

(6)  

y* =
y
H

(7)  

Ste =
cp(Th − Tc)

Lf
(8)  

Ra =
g→β(Th − Tc)H3

αν (9)  

u*
→

=
u→L
α (10)  

v*
→

=
v→H
α (11) 

Using the definitions and justifications provided, the governing 
equations are recast as follows. 

∇.u*
→

= 0 (12)  

∂u*
→

∂t*
+ u*
→
.(∇.u*

→
) = − ∇p* +Pr ∇2u*

→
− Pr RaβT* (13)  

∂T*

∂t
+ u*
→
.(∇T*) = α∇2T* −

1
Ste

∂Fi

∂t*
(14)  

2.2.1 Initial conditions 
To initialize parameters before starting the simulations, T* as the 

dimensionless temperature is set to zero in all the domains except hot 
wall in Fig. 2 which is T* = 1. Also u* is set to 0 throughout the domain. 

The Boussinesq approximation is utilized to account for density 
variations in the fluid due to temperature changes. In this study, the only 
external force applied to the geometry is gravity, and the Boussinesq 
approximation is considered to accurately model the thermal buoyancy 
effects caused by temperature gradients. 

Fig. 8. Isotherms in Ra = 103 to Ra = 105 and the cavity angle is zero in the 
presence of the adiabatic fin. 

Fig. 9. Melting rate diagram according to Ste.Fo number in Ra = 103 to Ra =
105 and the cavity in line with the horizon in presence of fin. 
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2.3. Lattice Boltzmann method 

The LBM requires two distribution functions (f and g) for the mo-
mentum and energy equations to recover equations (12)–(14). In this 
section, the LBM equations for the flow and temperature fields are given, 
and it is shown how LBM can calculate the density, velocity, and tem-
perature as macroscopic quantities [29]. 

fi( x→+ ciΔt, t+Δt) = fi( x→, t)+
Δt
τυ

[f eq
i ( x→, t) − fi( x→, t) ]+ΔtciFi (15)  

gi( x→+ ciΔt, t+Δt) = gi( x→, t) +
Δt
τD

[ geq
i ( x→, t) − gi( x→, t) ] − wi

1
Ste

(f n,k
i

− f n− 1
i )

(16) 

For the momentum and energy equations, respectively, τυ and τD are 
relaxation times that are related to viscosity and heat diffusivity and are 
specified as [29]: 

τυ = 3ν+ 1/2 (17)  

τD = 3αnf + 0.5 (18) 

f eq
i and geq

i are equilibrium distribution functions in direction of i and 
are defined as [29]: 

f eq
i = wiρnf

[

1+
ci
→. u→

c2
s

+
1
2
( ci
→. u→)

2

c4
s

−
1
2

u→2

c2
s

]

(19)  

geq
i = wiT

[

1+
ci
→. u→

c2
s

]

(20) 

For the momentum equation a D2Q9 and for energy equation a D2Q5 

lattice structure is used. 
wi is a weighting factor, ρnf is the density of nanofluid, u is macro-

scopic velocity, T is temperature and ci is the microscopic velocity in i 
direction. wi and ci for D2Q9 lattice structure is defined as [29]: 

ci =

[
0 1
0 0

0 − 1
1 0

0 1
− 1 1

− 1 − 1
1 − 1

1
− 1

]

(21)  

wi =

[
4
9

1
9

1
9

1
9

1
9

4
9

4
9

4
9

4
9

]

(22) 

And for D2Q5 [29]: 

ci =

[
0
0

1 0
0 1

− 1 0
0 − 1

]

(23)  

wi =

[
4
6

1
12

1
12

1
12

1
12

]

(24) 

Fig. 10. Isotherms at Ra = 103 to Ra = 105and the cavity angle is zero in the 
presence of the adiabatic obstacle. 

Fig. 11. Melting rate diagram according to Ste.Fo number in Ra = 103 to Ra =
105 and the cavity in line with the horizon in presence of the obstacle. 
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A significantly modified version of Jiaung et al. [30]’s melting 
method was used to tackle the phase change problem. Both the tem-
perature and the liquid fraction were calculated using the enthalpy 
method. The phase change front is not specifically pursued while using 
the enthalpy approach. As an alternative, each cell is given a size called 
the liquid fraction, which represents the percentage of the cell’s volume 
that is in liquid form. Based on the enthalpy value, the liquid fraction is 
determined after each repetition. The phase change front’s prerequisites 
are therefore automatically met. Additionally, a soft zone is produced 
where the liquid percentage ranges from 0 to 1. Some discontinuities 
that might cause numerical instability are avoided in this zone. The 
iteration k is assessed as follows: 

En,k = cpTn,k + Lf f n,k− 1
i (25) 

The liquid fractions are then updated for the current iteration level 
[31]: 

f n,k
i =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 Enn,k < Ens = cpTm solid zone

Enn,k − Ens

Enl − Ens
Ens⩽Enn,k⩽Ens + Lf mushy zone

1 Enn,k > Ens + Lf liquid zone

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(26) 

where Tm is the melting temperature. Afterward, the temperature 
distribution functions are acquired by Eq. (16). f and g values may be 
derived at every point and direction of the fluid domain by solving Eqs. 
(15) and (16) in collision and streaming stages. These equations may 
thus be used to compute velocity, density, and temperature [29]. 

ρnf =
∑

i
fi (27)  

ρnf u→=
∑

i
ci
→fi (28)  

Fig. 12. Isotherms at Ra = 105 at different angles θ = − 90◦ to 90◦ in an adiabatic cavity without fin and obstacle.  
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T =
∑

i
gi (29)  

2.4. Boundary conditions 

Many boundary conditions are employed in this technique to mimic 
the LBM PCM melting issue. Here are the utilized boundary conditions 
are provided. 

1- Flow: 
All walls in this simulation are considered to be stationary. To 

simulate these walls a bounce back boundary condition is employed 
which is formulized like this: 

fi( x→, t) = f ĩ( x→, t) (30) 

Which ̃i is the opposite direction of i. 
2- Temperature: 

The walls in this simulation are considered to be in a constant tem-
perature or to be adiabatic. To simulate the constant temperature walls: 

gi( x→, t) = Tw*
(
wi +wĩ

)
− gĩ( x→, t) (31) 

And for adiabatic walls: 

gi( x→, t) = gi( x→+ ci.n
̅→δt, t) (32) 

Which n is the direction perpendicular to the wall. 

3. Results 

3.1. Grid study 

A grid analysis has been done on this problem to find the optimal 
solution grid since the LBM is a numerical technique that has been used 
to describe the heat transfer of PCMs. It has been examined utilizing 

Fig. 13. Isotherms at Ra = 105 at different angles θ = − 90◦ to 90◦ in an adiabatic cavity with an obstacle in the middle.  
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Fig. 14. Isotherms at Ra = 105 at different angles θ = − 90◦ to 90◦ in an adiabatic cavity with an adiabatic fin on the heated wall.  
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Fig. 15. Isotherms at Ra = 105 and zero enclosure angle in the presence of an adiabatic obstacle in different positions.  
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Fig. 16. Streamlines at Ra = 105 and zero enclosure angle in the presence of an adiabatic obstacle in different positions.  
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PCM -containing 50 × 50, 100 × 100, 150 × 150, 200 × 200, and 250 ×
250 grids. This was accomplished by plotting the average Nusselt 
number at various Ste.Fo values and comparing the results in Fig. 3. In 
all cases in this paper Tc is considered to be equal to melting temperature 
(Tm). In the grid study, Fig. 3 reveals that the average Nusselt number 
diagram stabilizes and remains constant after a grid resolution of 200 ×
200. Hence, we have chosen this grid size for our simulations to strike a 
balance between accuracy and computational efficiency. 

3.2. Validation 

In the validation process of our developed numerical code using the 
Lattice Boltzmann Method’s (LBM) thermal model, we compared our 

findings with results from other reputable sources to assess the pro-
gram’s accuracy. Particularly, we compared the average Nusselt number 
obtained in our investigation with that of Jourabian et al. [31], who 
modeled natural heat transfer in a square cavity containing Phase 
Change Materials (PCMs) at Ra = 105 and Ste = 10. Fig. 4 displays the 
average Nusselt number of PCM versus Ste.Fo number, allowing for a 
direct comparison of the results. The maximum discrepancy between the 
values was only 3%, indicating a significant agreement between our 
findings and the referenced study. Additionally, we compared stream-
lines and isothermal lines at Ra = 1.7 × 105, as shown in Fig. 5, which 
further demonstrates excellent concurrence between our results and the 
reference data. 

3.3. Effect of Ra number 

In this section, the outcomes for the topic covered in this paper are 
contrasted using various Rayleigh numbers. In this section, the findings 
for three conditions— without adiabatic fin and obstacle, adiabatic 
obstacle presence, and adiabatic fin presence—were analyzed and con-
trasted. The isotherms and fluid fraction diagram in a square cavity filled 
with PCMs without utilizing fins are shown in this section for Ra = 103- 
105. The findings in Figs. 6 and 7 indicate that the PCM becomes fluid 
more quickly when the Ra number is raised from Ra = 103 to Ra = 105. 
This implies that PCMs melts faster as the Ra number rises which comes 
from the fact that in higher Ra numbers natural convection is more 
powerful. By increasing the Ra number from Ra = 103 to Ra = 105 the 
melting time decreases from Ste × Fo = 0.3 to Ste × Fo = 0.9. The 
presented figure depicts dimensionless temperature contours at various 
dimensionless times. Initially, isothermal lines are vertical, indicating 
minimal natural convection influence. Over time, the impact of natural 
convection intensifies, particularly at higher Rayleigh numbers (Ra). 
This leads to enhanced heat transfer from the left wall, causing the 
generated heat to penetrate deeper into the Phase Change Material 
(PCM), resulting in faster melting. This observation emphasizes the 
significant role of natural convection and its augmentation with higher 
Ra numbers, influencing the efficiency of PCM melting processes. 

Figs. 8 and 9 show the effect of the Ra number in a cavity with an 
adiabatic fin. As a result, only 60% of the PCM is converted to a liquid 
state when the Ra number is equal to 103 or 104. However, when Ra =
105, the complete melting time increases from 0.9 to 2, which is a 
doubling of the melting time. Therefore, the presence of the fin 
completely increases the efficiency of the PCM. Additionally, by 
comparing the Isotherms with the results of the cavity without a fin, it is 
obvious that the adiabatic fin is completely effective in melting patterns. 

Similarly, when an adiabatic obstacle is in the cavity, the obstacle 
affects the melting process and delays melting. In this case, at Ra = 103 

and Ra = 104, the PCM does not melt completely as well (Figs. 10 and 
11). 

3.4. Effect of cavity angle 

In this part, it is studied how the cavity angle affects the cavity in 
three scenarios: one without an obstacle and an adiabatic fin, one with 
an adiabatic obstacle, and one with an adiabatic fin. The Ra number is 
set to Ra = 105 in the simulations below, while the Stefan number is set 
to Ste = 10. Angles between − 90 and 90◦were used to investigate the 
findings. The lengths of the fin and obstacle are set to Lf = 0.5 and Lo =

0.1 respectively. 
In the absence of adiabatic obstacles and fins, Fig. 12 shows a pro-

found sensitivity of the isothermal lines to the orientation of the cavity. 
A transition from a cavity angle of 0 to − 90◦induces a notable delay in 
the melting process. This delay can be attributed to the counter- 
directional heat transfer relative to gravitational forces. The distribu-
tion of isothermal lines corroborates this phenomenon, as cavity angle 
adjustments flatten the gradient of isothermal lines. At θ = 90◦, all 
isothermal lines uniformly flatten, resembling scenarios marked by 

Fig. 17. (A) Fluid fraction diagram and (B) Average Nusselt number according 
to Ste.Fo number in Ra = 105 and the cavity in line with the horizon in different 
obstacle positions. 
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minimal convection within the cavity’s heat transfer dynamics. 
For cases of θ = 30◦ and θ = 60◦, the melting process accelerates, 

whereas cavity rotation in the opposite direction introduces a melting 
delay. Notably, at θ = 90◦, a distinct and abrupt increase in the fluid 
fraction diagram’s slope emerges beyond Ste.Fo = 0.6, underscoring 
evolving dynamics (See Figs. 13 and 14). 

In the scenario involving an adiabatic obstacle, both the melting 
process and the configuration of isothermal lines remain consistent. 

In the context of the adiabatic fin scenario, the process of melting is 
observed to accelerate in positive angles while being potentially delayed 
in negative angles. Particularly noteworthy is the situation at θ = 90◦, 
representing the cavity’s upper wall as the melting surface. Here, the 
presence of an adiabatic fin notably expedites the PCM melting process. 

A comprehensive analysis of all outcomes reveals a consistent trend: 
the implementation of an adiabatic fin or obstacle can effectively delay 
the melting process by up to 50%. 

3.5. Effect of obstacle’s size and position 

In this part, the adiabatic obstacle was put in various locations and 
with varying sizes in the solution domain to examine its impact on the 
melt rate and isotherms. This investigation aims to determine the impact 
of the size and location of the adiabatic obstacle on the cavity. In this 
study, the cavity’s inclination is equal to 0◦, and the Ra number is set at 
Ra = 105. Fig. 15 demonstrates how the PCM melts in various adiabatic 
obstacle positions. 

As illustrated in Fig. 15, the placement of the adiabatic obstacle 
completely affects how the PCM melts, and the location of the adiabatic 
obstacle determines where the fluid’s final melting point occurs. 
Incorporating an adiabatic obstacle generates an unmelted zone around 
the obstacle, resulting in this region being the last to undergo melting 

within the cavity. This characteristic holds significance in specific ap-
plications, such as those involving electric chips or delicate devices 
requiring protection from heat generated by adjacent sources. 

The streamlines in the cavity are shown in Fig. 16 in a variety of 
states, each corresponding to a unique configuration of the obstacle. 
This figure demonstrates that the presence of an adiabatic barrier be-
tween a cold wall and a hot wall always results in the formation of a 
vortex close to the hot wall, which prevents heat from penetrating the 
cold region upstream of the adiabatic obstacle. This is the case regard-
less of the specific circumstances. 

Fig. 17 illustrates variations in fluid fraction and average Nusselt 
number across different Ste.Fo numbers. The findings indicate that the 
PCM experiences earlier melting in upper obstacle positions, specifically 
in locations A, B, and C. Furthermore, the proximity of the adiabatic fin 
to the cold wall correlates with an accelerated melting process. This 
phenomenon is supported by higher average Nusselt numbers in upper 
positions, signifying enhanced heat transfer and consequently expe-
diting the PCM melting. 

The impact of the adiabatic obstacle’s size on the melting of the PCM 
is seen in Fig. 18. This graph demonstrates how the influence of the 
adiabatic obstacle on melting form rises as the adiabatic obstacle gets 
bigger. This diagram demonstrates how the melting cannot proceed if 
the adiabatic obstacle has a value of Lf = 0.25. Fig. 19 demonstrates that 
complete melting does not take place in the cavity when Lf > 0.1 and 
that as the size of the obstacle rises, the amount of melted material in the 
cavity increases. 

Observing the flow lines around the obstacle reveals that as the 
cavity expands, a large vortex forms on the side of the hot wall, and this 
vortex becomes stronger as the cavity expands, preventing the heat flow 
from the hot wall from entering the hollow’s rear. 

The size of the adiabatic obstacle exhibits a clear impact on the 

Fig. 18. (a) Isotherms and (b) streamlines at Rayleigh number Ra = 105 and zero cavity angle in the presence of adiabatic obstacle of different sizes L = 0.05–0.25.  
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melting process, with larger obstacles resulting in delayed melting. 
Interestingly, up to a point where around 60% of the PCM is melted, the 
melting time remains constant. However, beyond this threshold, the size 
of the adiabatic obstacle becomes a determinant factor. Notably, an 
increase in the size of the adiabatic obstacle correlates with a decrease in 
the average Nusselt number, underlining the diminishing efficiency of 
heat transfer as the obstacle size increases. 

3.6. Effect of Fin’s size and position 

This section looks at how an adiabatic fin affects the isotherms and 
the rate at which PCMs melt. Fig. 20-a shows isotherms in different 
positions of the adiabatic fin. The findings are first given at various 
heights for the scenario where the fin length is equal to Lf = 0.5. The 

Rayleigh number in this simulation was Ra = 105, and the angle of the 
cavity about the horizon was set at 0. The findings demonstrate that it is 
possible to alter the PCM melting pattern by raising the height of the 
adiabatic fin. As can be observed, while the fin is at Yf = 0.1, melting 
begins at the top of the cavity and concludes at its bottom, however at Yf 
= 0.7, the last area of the cavity where the solid transform into liquid is 
the higher part close to the cold wall. Fig. 20-b demonstrates fluid 
fraction of every case in different Ste.Fo numbers. It shows that when Yf 
< 0.3 the PCM in the cavity does not melt completely. It means when the 
adiabatic fin is in lower heights, the PCM can absorb more energy. When 
approximately 80% of the PCM is melted, a noteworthy observation 
emerges: altering the height of the fin from Yf = 0.1 to Yf = 0.7 leads to a 
doubling of the melting time. Furthermore, decreasing the fin height 
from 0.5 to 0.7 results in an extended complete melting time, with an 
increase of around 10 percent. These findings emphasize the substantial 
influence of fin height on the melting process, underlining the pivotal 
role of this parameter in shaping PCM behavior during phase change. 

Fig. 20-c provides clear evidence that elevating the height of the 
adiabatic fin leads to a notable increase in the average Nusselt number 
along the hot wall. This phenomenon arises due to the emergence of 
larger vortex structures behind the fin at higher fin heights. As these 
vortexes intensify, they enhance convective heat transfer, resulting in 
the observed elevation of the average Nusselt number on the hot wall. 

Fig. 22 shows the fluid fraction diagram and isothermal contours for 
the case where the adiabatic fin is placed in the middle of the hot wall at 
different lengths. According to the figure shown, with the increase in fin 
length, the melting pattern is affected by fin length, but no change is 
observed in the location of the last point where melting takes place. By 
examining the diagram of the fluid component, it can be seen that the 
melting process is delayed by increasing the fin length so that at Lf > 0.5, 
all the heat is absorbed in the fluid. 

Fig. 21 depicts the flow lines for three sizes of fins. This image 
demonstrates that as the length of the fin rises, two vortices are pro-
duced above and below it, which prevents the hot flow from moving to 
the front of the fin. As a result, the front of the fin melts at a very low 
pace, which may be described as “slowly” melting. After a certain 
amount of time, the melting process ceases. 

4. Conclusion 

This study uses an enthalpy-based LBM in a cavity to model the 
melting process of PCM. The simulations are done in three scenarios 
using adiabatic obstacles and fin. The impact of several factors, 
including the Ra number, cavity angle, and fin and obstacle’s fin and 
obstacle, is considered. The findings of this research will contribute to 
enhancing mechanical PCM-based mechanical systems to delay melting 
time. The findings of this paper are as follows: 

• Higher Ra numbers facilitated faster melting due to intensified nat-
ural convection, with the efficiency of PCM melting processes 
notably influenced by the introduction of adiabatic fins and obsta-
cles. This comprehensive examination contributes to our under-
standing of PCM melting dynamics under varying conditions, 
highlighting the significance of natural convection and geometric 
modifications for thermal energy storage and related applications. 
The melting time falls from Ste × Fo = 3.0 to Ste × Fo = 0.9 by 
raising Ra from Ra = 103 to Ra = 105.  

• The absence of adiabatic obstacles and fins led to a remarkable 
orientation-driven impact on isothermal lines and melting times. 
Positive angles accelerated melting, while negative angles caused 
potential delays. The adiabatic fin scenario expedited melting at 
positive angles and delayed it at negative angles. Overall, the study 
establishes a significant link between cavity orientation, adiabatic 
features, and PCM melting dynamics, providing insights for practical 
applications. 

Fig. 19. Melting rate diagram according to Ste.Fo number in Ra = 105 and the 
cavity in line with the horizon in different obstacle sizes. 
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Fig. 20. (a) Isotherms and (b) Fluid Fraction diagram (c) Average Nusselt number at Ra = 105 and zero cavity angle in the presence of adiabatic obstacle of different 
heights Lf = 0.05–0.25. 
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Fig. 21. (a) Isotherms and (b) Fluid Fraction diagram at Ra = 105 and zero cavity angle in the presence of adiabatic fin of different Lengths Lf = 0.1–0.7.  
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• The adiabatic obstacle’s positioning profoundly influences PCM 
melting dynamics, determining the location of the final melting point 
and creating protected zones with delayed melting. Streamline pat-
terns consistently reveal the formation of a heat-impeding vortex 
near the hot wall due to the adiabatic barrier.  

• The role of upper obstacle positions and adiabatic fin proximity in 
accelerating PCM melting, supported by enhanced heat transfer and 
average Nusselt numbers. These findings collectively contribute to a 
comprehensive understanding of how geometric features impact 
PCM behavior, informing practical applications in thermal man-
agement and protection.  

• Full melting is not achieved in the presence of an adiabatic obstacle 
exceeding Lf > 0.1, with larger obstacles increasing the volume of 
melted material. The flow pattern analysis reveals the emergence of a 
robust vortex near the hot wall as the cavity expands, hindering heat 
transfer from the hot wall’s rear. Larger adiabatic obstacles lead to 
delayed melting, notably beyond the 60% PCM melting point, and a 
subsequent decline in average Nusselt number underscores the 
reduced heat transfer efficiency associated with larger obstacles.  

• The figure demonstrates that while the melting pattern is influenced 
by fin length, the location of the last melting point remains un-
changed. Examination of the fluid component diagram reveals a 
delayed melting process associated with increased fin length, where 
complete heat absorption occurs at Lf > 0.5. 
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