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A B S T R A C T   

In this research, we conduct a computational investigation into the mixed convection flow of copper/water 
nanofluids (NFs) within a rectangular cavity, utilizing the Lattice Boltzmann Method (LBM). The cavity is 
uniquely configured with five high-temperature obstructions (HOBs), and we vary their dimensions and positions 
to evaluate Nusselt numbers (Nu) across a range of Richardson numbers (Ri). The three walls of the cavity, 
excluding the moveable top wall, are thermally insulated, while the latter is maintained at a lower temperature. 
A constant magnetic field (MCF) exerts influence within the cavity, with Ri spanning from 0.01 to 100, HOBs 
ranging from 0.1 to 0.5, and HOBs at the bottom wall spanning from 0.25 to 0.4. This numerical investigation is 
executed using a customized in-house code, focusing on examining heat transfer (HTR) dynamics within the 
cavity. Our findings reveal that augmenting the height of the HOBs and positioning them closer to the cold wall 
significantly enhances the average Nusselt number (Nuav). Conversely, an increase in Ri leads to a reduction in 
Nuav on the cold wall. Specifically, the most notable enhancement, with a 66.7 % increase in Nuav, occurs at Ri =
0.01 when HOBs are elevated from 0.1 to 0.5. On the other hand, an increment in Ri from 0.01 to 100 results in a 
79.4 % reduction in Nuav. Furthermore, elevating the HOBs from 0.25 to 0.4 produces a substantial 44.3 % 
increase in Nuav.   

Introduction 

In the past two decades, the Lattice Boltzmann Method (LBM) has 
emerged as a powerful numerical tool for the analysis of complex fluid 
flows [1,2]. This innovative approach, born from the foundation of the 
lattice gas cellular automata and the gas-kinetic BGK scheme, has 
significantly advanced our understanding and simulation of fluid dy-
namics [3]. LBM’s distinctiveness lies in its microscopic perspective, 
where fluid distribution functions form the fundamental framework for 
the analysis of fluid flow behaviors [4,5]. Instead of directly solving the 
intricate and nonlinear Navier-Stokes equations, LBM opts for a unique 
path by solving the simplified and quasi-linear Boltzmann transport 
equation using distribution functions that signify the probability of 
locating fluid particles at specific positions [6]. The origins of the Lattice 

Boltzmann Method can be traced back to 1952 when Frisch et al. [7] 
introduced a numerical solution for the Boltzmann equation. Subse-
quent developments by McNamara and Zanetti, Higora and Higuera [8], 
and Chen et al. [9] refined and expanded this method, opening up 
possibilities for its application in diverse domains of fluid dynamics. 
However, despite its versatility, the LBM has seen comparatively fewer 
applications in simulating the flow and heat transfer phenomena of 
nanofluids (NFs) in scenarios characterized by the concurrent presence 
of a magnetic field (MCF) and a porous medium [10]. 

It has been discovered that considering internal heat production in 
the base fluid affects the temperature field more than the flow field. 
Asadi et al. [11] used LBM to investigate the fluid flow and forced 
convection HTR inside of a two-dimensional horizontal channel with 
and without obstructions. To boost the pace of HTR and increase the 
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amount of thermal energy inside the channel, many different barrier 
configurations were considered for the flow field and HTR. According to 
the findings, replacing standard NFs with hybrid NFs leads to an increase 
in the HTR rate inside the channel. With a rise in, Nu also rose (1.17 
times). It has been shown that the kind of barrier arrangement and the 
sort of NFs may both potentially have a significant impact on the char-
acteristics of the flow field and the HTR in the channel. As a result of this 
work, a platform has been created for using LBM to evaluate fluid flow 
past discrete barriers. HTR fluid may be any fluid, including water, air, 
ethylene glycol, and others [12]. NFs are a fluid that has been of great 
interest to researchers and HTR devices in recent years [13]. NFs are 
prepared by mixing different NPs and different fluids such as water, 
ethylene glycol, oil, etc. [14]. One of the heat exchange devices re-
searchers use is cavities in which natural, forced or mixed convection 
occurs [15]. Magnetic hydrodynamics is a relatively new branch of fluid 
dynamics. This branch of the subject of fluids comes up when the elec-
trically conductive fluid has motion and is affected by the magnetic field 
[16]. Simultaneously, applying magnetic fields has proven to be an 
effective tool for manipulating fluid flow dynamics and, consequently, 
heat transfer processes [17]. 

Zhou et al. [18] investigated the convective heat transfer of a nano- 
fluid in a two-phase scenario. They placed triangular blades at the 
bottom of a cavity and examined the effect of a magnetic field on the 
convective flow of the nano-fluid around them. Their results indicated 
that the Bejan number reaches its maximum value when the length of 

the blades is in the most extended state. The highest entropy levels were 
generated at the lowest height of the left barrier and the highest height 
of the middle barrier. 

Ketchate et al. [19] also delved into the stability and analysis of a 
Newtonian nano-fluid in the context of forced convective heat transfer. 
They examined the flow of a nano-fluid within a channel under the in-
fluence of a magnetic field and radiation effects. Their results showed 
that introducing nanoparticles into the base fluid increases the fluid’s 
inertia, reducing disturbances. Among various geometric shapes of 
nanoparticles, blade-like shapes have a more significant stabilizing ef-
fect on the convective heat transfer. Parameters like the Prandtl and 
Richardson numbers maintain stability in forced convective heat 
transfer. Furthermore, the magnetic field, thermal radiation, and the 
permeability of the porous medium all affect the stability of forced 
convective heat transfer and have stabilizing effects. 

Abderrahmane et al. [20] studied the influence of an adiabatic 
rotating inner cylinder within a cavity on the forced convective heat 
transfer of a hybrid nano-fluid. Using the power-law model, they 
assumed two-dimensional, incompressible, steady, and adiabatic con-
ditions for the governing equations of the non-Newtonian hybrid nano- 
fluid. They numerically solved these equations and found that the results 
indicate that a constant rotation of the cylinder in the opposite direction 
of clockwise motion increases forced convective heat transfer, while its 
rotation in the clockwise direction has the opposite effect. Moreover, 
heat transfer is enhanced when the cylinder approaches the hot wall in 
the counterclockwise direction. 

Akhter et al. [21] also numerically examined two non-smooth cyl-
inders in rotational motion within a rectangular cavity in the presence of 
an external magnetic field. Their results showed that increasing the heat 
transfer rate decreases with increasing magnetic field strength. The 
lowest heat transfer rate occurs with the highest magnetic field intensity. 
The presence of triangular rough elements enhances fluid flow and heat 
transfer significantly. 

In the ever-evolving field of heat transfer and fluid dynamics, recent 
years have witnessed a growing interest in innovative techniques to 
enhance heat transfer efficiency, with particular attention to the appli-
cations of nanofluids (NFs), magnetic fields and controlled boundary 
conditions [22]. Among the intriguing directions of inquiry within this 
domain, the deployment of five obstacles, each maintained at constant 
temperatures, within a rectangular cavity to influence the mixed con-
vection flow of water/copper NFs has emerged as a captivating study 
area. NFs, which consist of nanoparticles suspended in a base fluid, offer 
remarkable thermal properties and have been extensively explored for 
their potential to augment heat transfer [23]. Concurrently, applying 
magnetic fields has demonstrated the ability to manipulate fluid flow 
characteristics, introducing new avenues for enhancing heat transfer 
processes. The amalgamation of these factors presents an innovative and 
complex system where the interaction of five temperature-controlled 
obstacles and a magnetic field can lead to unique phenomena in 
mixed convection heat transfer. This research paper delves into the 
numerical exploration of a cavity hosting water/copper NFs convection. 
The cavity features a dynamic wall to induce convection flow, while a 
constant magnetic field influences the domain. We introduce five high- 
temperature obstructions strategically positioned in the cavity’s center. 
Through systematic manipulations of their dimensions and locations, we 
conduct simulations utilizing the Lattice Boltzmann Method (LBM) 
across various Richardson numbers (Ri). The culmination of our inves-
tigation offers valuable insights through visualizing velocity and tem-
perature contours, alongside quantifying Nusselt numbers (Nu) and 
average Nusselt numbers (Nuav). 

Problem definition 

The rectangular cavity has a width of l and a length of 5 l. In the 
center of the hollow, five obstructions have a high TH temperature. The 
cavity’s bottom and side walls are highly insulated, while its top wall is 

Fig. 1. The cavity with water/Cu NFs.  

Fig. 2. Discrete velocity vectors for the D2Q9 model.  
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just TC below ambient. The constant U0 velocity of this wall forces forced 
convection flow inside the hollow. Their distance from the bottom wall 
H is altered from 0.25 to 0.4, and the HOB is adjusted from 0.1 to 0.5. 
(Fig. 1). The cavity and NFs are subjected to an MCF with an applied 
Hartmann number (Ha) of 20. 

Governing equations 

Two distribution functions are used in the work being described here 
for the flow and temperature fields. When applied to a macroscopic 
scale, these distribution functions fulfill the continuity, momentum, and 

energy equations. Both of these fields will make use of the D2Q9 grid 
layout. The configuration of this particular kind of lattice is seen in 
Fig. 2. Several sources have provided information on the specifics of this 
arrangement as well as the benefits that it offers. [24]. 

Table 1 
Thermophysical properties of base fluid and NPs [30].  

Property Cu H2O 

cp

(
Jkg− 1K− 1

)
385 4179 

ρ
(

kgm− 3
)

8933 997.1 

k
(
Wm− 1K− 1) 401 0.613 

β
(
K− 1) 1.67 × 10− 5 21 × 10− 5 

μ(Pa⋅s) – 0.001003 
d(nm) 100 –  

Table 2 
Comparison of Nuav at Ri = 0.01 and 100 for the grids with various grid points.  

Ri 18,000 24,500 32,000 40,500 50,000 60,500 

0.01 12.65 11.97 11.68 11.51 11.44 11.43 
100 2.89 2.73 2.59 2.41 2.35 2.35  

Table 3 
The amounts of Nuav were calculated on the hot wall.  

Ha Ref. [31] Present work %Eror 

0 12.23 12.06 1.4 % 
50 12.75 12.41 2.6 % 
100 13.18 12.71 3.2 %  

Fig. 3. The contours of streamlines and isotherms for different HOBs.  

Fig. 4. The value of the local Nu on the upper wall for different HOBs.  

Table 4 
Shows the values of Nuav on the top wall for 
different HOBs.  

H = 0.25 2.23 

H = 0.30 2.65 
H = 0.35 2.70 
H = 0.40 3.22  
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Assumptions: 
1- The flow is two-dimensional and laminar, 2- The flow regime is 

incompressible, 3- The fluid is Newtonian, 4- Radiative HTR and viscous 
loss are negligible, and 5- Boussinesq approximation is used. 

The lattice Boltzmann equations for the flow and temperature fields 
are represented as Eqs. (1) and (2), respectively, when there is an 
external force present [25]. Equations (3) and (4), which are used in the 
D2Q9 model, provide the equilibrium distribution functions for the flow 
and temperature fields, respectively. Equation (5) expresses the equa-
tion for the macroscopic quantities. Equations (6) and (7) describe the 
weight coefficients and discrete velocities, respectively (7). According to 
Eq. (1), the influence of magnetic and buoyancy forces is considered as a 
source term (8). In Eq. (9), the relaxation time for the flow and tem-
perature fields (10), as well as the dimensionless variables utilized in the 
equations to illustrate the conclusions, are provided [26]. 

fi(x+ ciΔt, t+Δt) = fi(x, t) −
Δt
τν

[
(fi(x, t) − f eq

i (x, t)
]
+ΔtciFi (1)  

gi(x + ciΔt, t + Δt) = gi(x, t) −
Δt
τc

[(gi(x, t) − geq
i (x, t) ] +

(
Q
/

ρCp
)

nf

(

T

− Tc

)

(2)  

f (eq)
i = ωi

[

1 +
(Ci.u)

C2
s

−
1

2C2
s
(u.u) +

1
2
(Ci.u)2

C4
s

]

(3)  

g(eq)
i = ωiT

[

1+
(Ci⋅u)

C2
s

]

(4)  

ρ =
∑

i
fİ , ρu =

∑

i
cİfİ, T =

∑

i
gİ (5)  

ω0 =
4
9
, i = 9  

ωi =
1
9
, i = 1, 2, 3, 4 (6)  

ωi =
1

36
, i = 5, 6, 7, 8  

c0 = 0, i = 9  

ci =
{

cos
[π
2
(i − 1)

]
, sin

[π
2
(i − 1)

] }
, i = 1, 2, 3, 4  

ci =
̅̅̅
2

√ {
cos

[π
2
(i − 5) +

π
4

]
, sin

[π
2
(i − 5) +

π
4

] }
, i = 5, 6, 7, 8 (7)  

Fi = Fy (8)  

Fy = − 3ωipvHa2μ/H2 + 3wigρβθ  

τc =
α

C2
s Δt

+ 0.5, τv =
v

C2
s Δt

+ 0.5 (9)  

X =
x
H
,Y =

y
H
,U =

uH
αf

,V =
vH
αf

, θ =
T − Tc

Th − Tc  

Pr =
ϑf

αf
, Gr =

gβf H3(Th − Tc)

ϑf
2 ,Ha = B0H

̅̅̅̅̅
σf

μf

√

,Re =
U0H

υf
,Ri =

Gr
Re2 (10) 

Density, heat capacity, thermal expansion coefficient, heat diffusion 

Fig. 5. The contours of the streamlines for different HOBs and various values of Ri.  
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coefficient, viscosity, and thermal conductivity are the NF characteris-
tics that may be deduced from Eqs. (11) to (17) [27,28]{Ghasemi, 2011 
#1158}. Table 1 provides an overview of the thermophysical charac-
teristics of NPs as well as the base fluid. When it comes to figuring out 
the rate of HTR, one of the most crucial dimensionless quantities to 
consider is Nu. The equation (20) is used to calculate the average value 
of Nu, represented by NuAv, on the cold wall. 

σnf

σf
= 1+

3
(

σp
σf
− 1

)

φ
(

σp
σf
+ 2

)

−

(
σp
σf
− 1

)

φ
(11)  

ρnf = (1 − φ)ρf +φρp (12)  

(ρCP)nf = (1 − φ)(ρCP)f +φ(ρCP)p (13)  

(ρβ)nf = (1 − φ)(ρβ)f +φ(ρβ)p (14)  

αnf =
knf

(ρCp)nf
(15)  

μnf = μf (1 − φ)− 2.5 (16)  

knf

kf
= 1+

kp

kf
(1+ cPe)

{
df

dP

φ
1 − φ

}

(17)  

Pe = updp/αf (18)  

uP =
2kBT
πμfd

2
p

(19)  

NuAv =
1
L

∫ 1

0
−

knf

kf

(
∂θ
∂Y

)

Y=H
dX (20)  

To ensure that the current code is applied correctly to the incompressible 
domain, the flow velocity length scale for natural convection HTR must 
be substantially lower than the fluid’s sound speed. In this particular 
piece of research, the typical velocity is assumed to be equal to 0.1 of the 
speed of sound. It should be pointed out that the kinematic viscosity is 
calculated according to Eq. (21) when Gr, Prandtl number (Pr), and 
Mach number (Ma) are constant. 

vf =
̅̅̅̅̅̅̅̅̅̅̅̅̅
pr/Gr

√
MacSH (21)  

Utilizing the buckling approach, the velocity boundary conditions for 
smooth walls are modeled. [29]. According to the following illustration, 
Eq. (22) may be used to determine the temperature and velocity 
boundary conditions for the vertical wall on the cavity’s left side: 

f1 = f3,

f5 = f7
f8 = f6

(22)  

g1 = Th(ω1 + ω3) − g3
g8 = Th(ω8 + ω6) − g6
g5 = Th(ω5 + ω7) − g7

(23)  

The techniques described by Tao et al. [26] are used in order to do the 
calculations necessary to determine the velocity and temperature on 
curved boundaries. 

Fig. 6. The contours of isothermal lines for different HOBs and various values of Ri.  
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Grid study and validation 

Since the cavity and the obstacles are rectangular, a structured grid is 
generated on the geometry. Nuav is computed and compared for Ri =
0.01 and 100 for the grids with varied grid points to see whether the 
findings are independent of the number of grid points (Table 2). Ac-
cording to the obtained results, the grid with 50,000 nodes is selected as 
the optimal grid. 

To verify the obtained results, the results obtained from the simu-
lation of natural convection HTR under the effect of the MCF are 
compared with Ref. [31] (Table 3) for Ra = 105, suggesting that there is 
a high degree of concordance between the previous findings and those 
described in Reference [31]. This section provides and discusses the 
simulation results while considering the code’s validation and the 
assurance of the results’ accuracy. 

Results and discussion 

The contours of streamlines and isotherms for various HOBs are 
shown in Fig. 3. Due to the buoyancy force and shear force produced by 
the moving wall, weak and tiny vortices are created independently. The 
vortices are combined by enhancing the HOBs and forming a strong 

vortex. An increment in the HOBs and moving them towards the upper 
cold wall leads to forming a vortex in the cavity. Also, examining the 
isothermal lines demonstrates that the density of the isotherms around 
the moving wall and heat sources is high. The density of the isotherms 
around the moving wall rises as the HOBs are improved, and they 
eventually align with the cold wall. The quantity of conductive HTR is 
increased, and the amount of convective HTR is decreased when the hot 
barriers are approached by the cold wall, increasing the density of the 
isotherms. In this case, the isothermal lines under the obstacles become 
more regular. Also, the penetration of hot NFs into the lower part of the 
cavity is reduced with the increase in the HOBs. The approach of the hot 
obstacles to the cold wall causes the lower part of the cavity to become 
colder and there is a colder NF in that area. Most of the hot NF is 
observed between the obstacles. In all cases, the cold NFs move from the 
right side of the wall towards the bottom of the cavity, and the hot fluid 
moves from the other side towards the cold wall. 

The value of the local Nu on the top wall is examined in Fig. 4 for 
various HOBs. The spatial HOBs boost the value of Nu at X = 0, and it 
approaches zero at X = 3. At the beginning of the cold wall, i.e. at X = 0, 
the value of Nu is high due to the collision of the heated fluid with the 
obstacles. On the other hand, the value of Nu is relatively low since there 
is little temperature variation between the NFs and the wall. The cold 

Fig. 7. The value of the local HTR rate on the upper wall in the form of Nu for different HOBs and three different values of Ri.  
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Fig. 8. Shows the profile of the dimensionless horizontal velocity u along the vertical centerline and the profile of the dimensionless horizontal velocity v along the 
horizontal centerline of the cavity at different HOBs and various Ri values. 
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NFs exit the cold wall here, causing the Nu to be too tiny. When the 
heated barriers are at the lowest part of the hollow, the value of Nu on 
this wall is more linear. However, the value of Nu rises in the locations 

where the heated barriers are close to the cold wall as they go closer to it. 
Table 4 presents the amounts of Nuav on the top wall for different 

HOBs. It is observed that the Nuav is enhanced with HOB. For the 

Fig. 8. (continued). 
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maximum HOBs and in the case where the obstacles are close to the wall, 
the value of the Nuav is much higher than that in other cases. In the case 
that the obstacles are closer to the cold wall, due to the increase in 
conductive HTR in the NFs, the Nuav is much higher. Changing the po-
sition of barriers significantly influences conductive HTR but less on 
convection HTR. The Nuav is increased by the obstructions’ close 
proximity to the cold wall in such a manner that raising the HOBs from 
0.25 to 0.4 increases the Nuav value on the cold wall by 44.3 %. 

Effect of the HOBs 

The streamlines’ outlines for various HOBs and Ri values are shown 
in Fig. 5. It is noted that a vortex forms as a result of the moving wall’s 
shear stress. As the HOBs are enhanced, the vortex becomes stronger so 
that the velocity gradients between the heat sources increase, and 
smaller vortices are also formed. As Ri is enhanced, vortices are formed 
inside the cavity separately. The density of the center of these vortices is 
higher in the areas above the heat sources. By enhancing Ri, the strength 
and shape of these vortices become the same so that at Ri = 100, several 
individual rotating vortices with almost the same shape are formed in 
the cavity. At low Ri values, the effect of the motion of the cold wall on 
the formation of vortices is more significant. By increasing the Ri, the 
impact of the movement of this wall on the vortices is decreased, and the 
buoyancy force causes the formation of the vortices inside the cavity. 
The buoyancy force and the number of NFs in the cavity both rise as the 
barriers grow, which has a detrimental influence on the vortex strength. 
The whole cavity is occupied by the robust vortex that was created at 
low Ri values. High Ri concentrations result in more vortices, which 
lessens the effect of forced convection in the cavity. 

Fig. 6 depicts the contours of isothermal lines for different HOBs and 
various values of Ri. As can be seen, the density of the isothermal lines 
around the hot sources and the cold wall is high. As the HOBs and their 
size are enhanced, the thickness of the isothermal lines around the 
moving wall is increased. The high-temperature gradients close to this 
wall may cause the thin thermal boundary layers along the higher walls. 
The density of the isothermal lines around heat sources increases when 
the Ri is reduced. The flow in the cavity is higher for low values of Ri 
because of the strong convection effect of the top wall, and as a conse-
quence, the isotherms density on the upper wall and the barriers are 
high. The top wall’s convection power decreases when the Ri is 
increased. As a result, the vortex is weaker, and the buoyancy force is 
primarily responsible for producing the vortex. Consequently, there is a 
decrease in the density of isothermal lines on the cold wall and hot 
barriers. 

The effect of Ri and the HOBs on the HTR rate is now examined. 

Fig. 7 illustrates the value of the local HTR rate on the upper wall in the 
form of Nu for different HOBs and three different values of Ri. At Ri =
0.01, the maximum value of Nu occurs around the x = 0. It is enhanced 
with the increase in HOB. Enhancing the X reduces its value until it 
reaches its minimum value at the end of the wall. As the Ri is intensified, 
the amount of Nu is reduced with an oscillatory state. At low Ri values, 
the graph is without oscillation, and the Nu varies with the HOBs as 
parallel lines. At high values of Ri, especially Ri = 100, increasing the 
HOBs has different effects on Nu at different amounts of X. It is clear that 
an increase in HOBs generally results in a minor rise in the quantity of 
Nu on the cold wall. By increasing the HOBs at higher values of Ri, i.e., 
stronger convection flow, there is a more significant increase in the Nu 
in the areas where the obstacles are located. 

As the HOBs and Ri are varied, Fig. 8 depicts the profile of the 
dimensionless horizontal velocity u along the vertical centerline and the 
profile of the dimensionless horizontal velocity v along the horizontal 
centerline of the cavity. As you can see, in all vertical profiles, the ve-
locity is zero in Y = 0, and the velocity tends to be the lid velocity in Y =
1. In other intervals, the zero range is increased as the HOB of the in-
terval increases. The negative value of U in Y indicates the presence of 
flow that is traveling in the opposite direction to the direction the lid is 
moving. Additionally, the velocity is zero across a range of HOB. As the 
BH increases, the range of zero value approaches the moving wall. There 
is no velocity at x = 0 and x = 3. For x between 2.5 and 3, there is also a 
clear trend toward decreasing values. The velocity on all velocity charts 
zeros out in the vicinity of the obstacles. The areas where there is zero 
velocity in the hollow are affected by changes in the HOBs. Due to the 
reduced forced convection effect in the cavity caused by a rise in Ri, the 
NFs’ horizontal and vertical velocities are decreased. 

Table 5 provides the Nuav of the upper wall for different HOBs and Ri 
= 0.01, 1and 100. The Nuav is enhanced with the HOBs. As Ri increases, 
the Nuav decreases. By improving the HOBs, the cavity has more hot 
walls so that the NFs can contact them. The quantity of HTR on the cold 
wall is amplified because the temperature of the NFs is rising, which 
increases the temperature differential between them and the cold wall. 
This is especially valid for low values of Ri. Enhancing the HOBs from 
0.1 to 0.5 intensifies the Nuav by 66.7, 11.4, and 32 %, for Ri = 0.01, 1, 
and 100, respectively. When the convection in the cavity is stronger, the 
effect of increasing the HOBs on the Nuav is more significant. The 
quantity of HTR that is present on the cold wall decreases due to an 
increase in Ri brought on by a reduction in the effect of wall movement 
on the flow of the NFs. The increment in the Ri decreases by 74 % and 
79.4 % in the Nuav when the HOBs are small and large, respectively. 

Conclusions 

This study employs the Lattice Boltzmann Method (LBM) to model 
mixed nanofluid (NF) convection in a rectangular cavity. The cavity 
configuration comprises five high-temperature barriers (HOBs), a 
movable cold wall, and three insulated walls. A constant magnetic field 
(MCF) influences the domain. By varying the positions of the HOBs, the 
locations of obstacles, and the Richardson number (Ri), we obtain the 
following key results:  

• Increasing the height of the HOBs (HOBs) leads to a substantial rise 
in the average Nusselt number (Nuav). Specifically, when the HOBs 
are elevated from 0.1 to 0.5, the Nuav increases by 66.7 %, 11.4 %, 
and 32 % for Ri values of 0.01, 1, and 100, respectively.  

• Elevating the Richardson number (Ri) is associated with reducing the 
average Nusselt number (Nuav) on the cold wall. The increase in Ri 
decreases 74 % and 79.4 % in the Nuav when the HOBs are set to 
both small and large values, respectively.  

• Increasing the height of the HOBs from the bottom wall yields a 
notable enhancement in the Nuav. Specifically, an increase from 
0.25 to 0.4 in HOB height results in a significant 44.3 % boost in the 
Nuav on the cold wall. 

Table 5 
The Nuav of the upper wall for different HOBs and Ri = 0.01, 1and 100.  

Ri HOB Nuav 

0.01 0.1 6.86 
0.2 7.85 
0.3 9.21 
0.4 10.23 
0.5 11.44  

10 0.1 2.53 
0.2 3.13 
0.3 2.65 
0.4 2.63 
0.5 2.82  

100 0.1 1.78 
0.2 1.94 
0.3 2.01 
0.4 2.14 
0.5 2.35  
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• The maximum Nu value is observed near x = 0. As the position along 
the x-axis (X) increases, the Nu value gradually decreases until it 
reaches its minimum value at the end of the wall. 
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