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In this article, the effect of the blades placed in a cavity on the natural flow of alumina/water nanofluid is
examined. The cavity has two insulated walls, a cold wall at the top, and a hot wall at the bottom affected by a
magnetic field. The triangular blades at the same temperature at the bottom wall are placed on the wall. For the
simulations, the Lattice Boltzmann Method (LBM) is used. The findings show that the average Nusselt number
(Nu-Av) increases by more than 96 % when the dimensionless length of the blades (L-B) is raised from 0.3 to 0.7

for the case of 3 blades. With the initial increase in the L-Bs, the Nu is increased. The L-B of 0.4 and the highest
value of the Nu-Av are equivalent. As the L-Bs is enhanced, the Nu is decreased. At Ra = 103, the enhancement in
the number of blades (N-Bs) causes an increment in heat transfer (HTR), but at Ra = 105, maximum HTR occurs
when the N-Bs is 2, and enhancing the N-Bs causes a decrease in HTR.

Introduction

By employing well-liked numerical approaches including the Finite
Volume Method (FVM), Finite Element Method (FEM), and Finite Dif-
ference Method (FDM), researchers have simulated heat transport con-
cerns by solving the Navier-Stokes and energy equations [1-3].
However, there are several problems with numerical simulations due to
the different material properties at the level of heat exchange between
the solid and fluid boundary [4-6]. Researchers have also found it
difficult to accurately apply the boundary criteria of mixed heat transfer
in complicated geometries [7].

To address these issues, many strategies have been put forward. One
of them is LBM [8]. Four models—the BGK, MRT, entropic, and regu-
larized—are used in the LBM, which are based on the kinetic theory of
particles. This model has recently undergone rapid development in
science and engineering and is now being used as a potent tool for
simulating complex issues like combustion and multiphase flows. LBM is
a CFD technique used for simulating fluid flow. Instead of solving the
Navier-Stokes equations, the LBM employs a discretized Boltzmann

equation. In the LBM model, the fluid is represented by imaginary par-
ticles undergoing two steps: collision and propagation. LBM offers
various advantages over traditional CFD methods, especially when
dealing with complex boundaries and microscale environments [9-11].
It includes algorithm parallelization techniques. The LBM has advan-
tages over other numerical techniques due to its mesoscopic scale
foundation, including parallel programming, application of simpler
boundary conditions, faster processing times, and ease of modeling
complex geometries [12-14]. Lai et al. [15] utilized the Lattice Boltz-
mann Method (LBM) to conduct a numerical evaluation of flow patterns
and heat transfer rates (HTR) on a pore scale within a partially filled
rectangular channel containing a porous medium. The simulation results
facilitated the establishment of a correlation connecting the Nusselt
number (Nu) with fluid flow characteristics near the porous medium and
the intrinsic properties of the porous material. LBM was used by Zhang
etal. [16] to simulate the mixed convection of a copper/water nanofluid
within a square chamber with an inclination. The results show that when
Ra increases, the isothermal lines’ gradients diminish and the temper-
ature distribution becomes more uniform, which causes the Nu on the
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Fig. 1. The geometry of the cavity with different blades.
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Fig. 2. Discretized velocity vectors for the D2Q9 model.
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Fig. 3. Grid and boundary of the curved wall configuration.
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hot wall to fall. The enhanced HTR was also shown to occur when the
heated obstruction is positioned in the flow route. The use of such
studies shown their significance in the design of solar energy storage,
heat exchangers, lubrication systems, and cooling systems for electronic
components. Using the LBM and the Graphical Processing Unit, Yuki
et al. [17] evaluated how a magnetic field affected a non-Newtonian
power-law nanofluid’s natural convection in a rectangular cavity
(GPU). A numerical analysis of the effects of magnetic fields on
streamlines, isotherms, temperature distribution, and local and Nu-Av
for shear-thickening and shear-thinning nanofluids was provided. Ac-
cording to the findings, fluids that thin under shear (n 1) have a higher
rate of HTR, while fluids that thicken under shear (n > 1) have a lower
rate. Di Ilio et al. [18] conducted an extensive numerical exploration of
laminar nanofluid flow behavior within channels characterized by un-
dulating walls. They numerically formulated the lattice Boltzmann
method (LBM) on an unstructured grid employing a finite volume
approach. The findings revealed an enhancement in heat transfer rate
(HTR) with increasing amplitude of the undulating surface. However,
the Nusselt number averaged along the channel exhibited a decline due
to the phase shift between the undulating walls. Notably, the introduc-
tion of solid nanoparticles into the base fluid led to a significant
augmentation in HTR, particularly with a substantial volume percentage
of nanoparticles.

Some studies suggested that employing nanofluids within a sym-
metrical configuration of a high-amplitude undulating-wall channel
could be a promising approach for boosting the thermal efficiency of
HTR systems [19]. Moreover, the study alluded to the use of blades in
diverse heat exchange devices as a method to expand the heat exchange
surface and enhance HTR [20-22]. Closed cavities are one of the heat
exchangers used in the industry [23]. Several studies have been con-
ducted on this sort of heat exchanger since it relies on free convection
HTR. Nanofluids have been employed in cavities in several studies and
researchers in the field of HTR have used nanofluids as one of the ap-
plications of nanotechnology for enhancing the efficiency of thermal
systems [24-26]. These heat exchangers have various applications,
including cooling electronic components, solar panels, enhancing heat
transfer in industrial furnaces, direct-absorption solar collectors, and so
on.

In this work, using LBM, the influence of geometrical modifications
of triangular blades employed in the cavity with the natural flow of a
nanofluid is explored in light of the significance of nanofluids in HTR.
When the cavity is situated close to the magnetic field and the effect of
the N-Bs, the height of the blades is assessed for two Rayleigh numbers.
In summary, the utilization of triangular obstacles and variations in their
dimensions under boundary conditions is considered an innovative
aspect of the paper using LBM.

Problem description

Fig. 1 depicts the cavity’s geometry Alumina/water nanofluid is put
within the rectangular cavity, which has a length-to-width ratio of
around one-third. To the cavity, a horizontal magnetic field with a 20
Hartmann number is applied. At a dimensionless temperature of 0, the
upper wall feels cold, while at a dimensionless temperature of 1, the
lower wall is perceived as warm. The two side walls are subject to a
boundary condition where the temperature gradient dT/0x is equal to
zero. Triangular blades are affixed to the lower wall, ensuring they
maintain an identical temperature to that of the wall surface. The
investigation involves varying the N-Bs from 1 to 5 and adjusting their
height (L) from 0.3 to 0.7 in the scenario of three blades.

Lattice boltzmann approach

The fundamental equation in consideration is the Boltzmann equa-
tion [27].
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Table 1
Boundary conditions for solving the equations.
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employed in the current investigation. Within this framework, eight
permissible motion directions are present, as illustrated in Fig. 2. The

expression for the vector Ciis given by the following equation, where C
represents the velocity of virtual particles on the grid [27].

Table 2
Thermophysical properties of water and Al,O3 [36].
k(W/m.K) p (kg/m?)  (kg/m.s) Cr (J/kgK)
Water 0.613 997.1 0.001 4179
Al O3 40 3970 - 765

(2

The subsequent description presents an alternative characterization for
the equilibrium distribution function [27].

3

where w; is
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Fig. 4. Comparison between the dimensionless horizontal velocity along the
cavity’s central axis in the present study and the results reported in Refer-
ence [37].

Table 3
Comparison of the maximum vorticity power and average Nusselt number be-
tween the present work and the study by Vahedi et al. [38].

This work Vahedi et al. [38] Error
Nu-Av 2.596 2.716 4.41 %
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Fig. 5. Impact of varying the number of grid points on the Nu-Av.
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The kinematic viscosity (8) and relaxation time (z,) are linked [27]:
8 = C*At(1y — 0.5) (5)
Here, ¢g = c/\/3 is the speed of sound [28].

Calculations for macroscopic characteristics like fluid density and
velocity look like this [27]:

8
p=> 1 6)

8
pu = Z of %)

The collision and diffusion stages are represented as

~ At

ﬁ(?7t+At) :f,-(Y,t) [(f!(?vt) 7fi€q(?%t)} €]

Ty
f (7 + CiAL T+ At) =fi(%,1+ A1) ©)

In the context of free convective heat transfer scenarios, the dominating
external force corresponds to the buoyancy force. Hence [27]:

fi (? + AL 1+ At> =fi(%,1) — ? [(h(X 1) = f9(X,0) ] + AtFi(X, 1)
9
WG
c

(10)

The Boussinesq approximation is used to determine the buoyancy force.
Thus [27]:
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Viscous dissipation is neglected. Here is the energy equation as it ap-
pears within the lattice Boltzmann method [27]:

At
g (7 + Citt, 14 At) =g(X, 1) —=[(&(X,1) — g (X,1)] 12)

Tr

Represented by g;, the energy distribution function along the discretized
velocity i is denoted. The equilibrium energy distribution function and
the macroscopic temperature are subsequently expressed as follows
[27]:

(eq) ? u 9 (?7)2 3 72 13

) — @,T |1 : 22

g ; +3 c o e 13)
8

T=> g a4
i=0

The expression for the thermal diffusion coefficient is given by:

a = C2At(ty — 0.5) (15)

The dimensionless parameters of the problem are
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Fig. 6. Flow contours for two different values of Ra (10° and 10°) and the various N-Bs (1to5 blade).

X :i’y* 217(]:@’ :ﬂ
w w Qar Qar
. Qy Moy kg T-Tc
=y =T = g =
9 H>AT
Pr=" pa=8PHAT =HBO\/§
da U
The boundary conditions are stated as follows:
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Top wall:
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00
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Ox

Fig. 3 [29] is used to compute the temperature and velocity on the
curved border.

The boundary conditions for incorporation into the lattice Boltz-
mann equations are presented in Table 1.

On the boundaries of the curve, the methods proposed by Mi et al.

[30] and Jo et al. [31] have been applied. Fig. 3 provides an illustration
of the curve boundary and the nodal network. Nodes existing in the solid
boundary region are denoted with a subscript “b.” The intersection point
of the curve boundary with the grid is specifically identified with a
subscript “w.” Moreover, the first and second nodes along each axis of
the network within the computational domain are respectively desig-
nated with subscripts “f” and “ff.” Additionally, the parameter A, used
for calculating density and energy distribution functions after collisions,
is expressed by the following equation.

XX
A= |2 (20)
Xp— Xp

To implement the dispersion stage on the fluid nodes in the vicinity of
the curve boundary, it is necessary to compute fT—,(Ym t) and g(Xp, t),
where €7 = —¢,. The computation of these functions is performed
using information from the curve boundary and solid boundary nodes:

f;(?b,t) —(-f (?f,z) o (?b,z) —Zwap(?f,l) e,
@1)

2 (Fot) =g (F) () o e (- 1) 22)
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Fig. 7. Temperature contours for two different values of Ra (10° and 10°) and the various N-Bs (1to5 blade).

Mi et al. [30] proposed the following expressions to calculate the
weighting factor y and the virtual velocity ﬂ’bf: (23)

2A —1 1
7&f27ﬂ:7(?ﬁ,l>,xig,0<A§— (23)
T—2 2
3 2A—-1) 1
7bf:7f+ﬁ(7w77f>yx:%,§<Af1 (24)

For the energy distribution function, the proposed relations by Jo et al.
[31] are utilized:

~ ~ 1 ~ne
8a (?va‘m) =g (71;71) + (1 —T—)gaq(?b,t) (25)
T

~ . 3 *
g (717, t) = wgT, (1 +€7 U, ) (26)

7t (Fr) = 2 (%ot ) + 0 - 0 (%) @)

In the above equations, the unknown values and parameters are ob-
tained as follows:

Wy =y . A>075 (28)
Wy =Wy +(1—A) W, A <075 (29)
T, =Ty, A>0.75 (30)
T, =Ty +(1— ATy, A<0.75 31
W= (m . 1)5}) (32)
T = ALH (zm N 1)7,f) 33)
Ty = % (Tu+ (A - 1)T)) (34
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Ky (00
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Governing equations for nanofluid

The nanofluid properties are as follows [32].

Py = L=@)p; +0p,

1 (cp) 1
L+ 9, (Cp)nf

(I=g)p, )
L+ 9P, : (cp)j h (I=e)py

(CP)nf =

(35)

(36)

37)

(38)

(39)

1 ﬂ,, 1
Fr (40)
1+(1;Z)ﬂ/ ﬁf 1+( 2 ﬁf
4

1=p)ps

ﬁnf =

In all equations related to nanofluid, the subscript “f” is used for the
fluid, “nf” for the nanofluid, and “p” for nanoparticles. Additionally, cp
and g represent density, specific heat capacity, and volumetric expan-
sion coefficient, respectively. In the above equations, by substituting ¢,
which represents the volume fraction of nanoparticles, the values are
calculated.

For nanofluid viscosity [33] is used, while for nanofluid thermal
conductivity Maxwell [34] Vajjha [35] is used.

Hy
= —t—+5
SN
— H k;,T
104 (8.4407(100¢) 7304 i T 41
X ( (100¢) )(P/’f(cp)fkfpr depf @ (41)
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Fig. 9. Local Nu on the top wall for different N-Bs (1to5 blade) at Ra = 100000.

Table 4
Nu-Av on the top wall for two values of Ra (10® and 10°) and different N-Bs
(1to5 blade).

Blade Ra = 10° Ra = 10°
1 1.367 4.880
2 1.542 8.012
3 1.682 6.343
4 1.794 5.936
5 1.873 5.718
k4 2k — 2(ky — k,,)(p’
nf = Kp + 5
bt 2~ (k — k)o
_ kT
x 10%(8.4407)(1009) " gp,(C, ), 22 (T, ) (42)

Pydy

T
F(T,p) = (2.8217 x 102 +3.917 x 107%) <7) + (—3.0669 x 1072%¢

0

—3.91123 x 107°)
43)

In the above equations, which represent viscosity and thermal conduc-
tivity, the effect of Brownian motion has been considered. In Table 2, the
thermophysical properties of water and Al,O3 are shown. All parameters
are calculated by substituting values from Table 2 for these properties.

Grid study and validation

It is very important to choose a suitable algorithm to solve the
mentioned problem and achieve correct results. A FORTRAN code has
been written to solve this problem. In this code, the initial parameters
and the initial equilibrium distribution functions are considered. Then
Equations (3) and (13), the equilibrium distribution function values are
calculated in the fluid nodes, and Equations (1) and (12) are satisfied,
and the new distribution function values (after collision) are calculated.
After that, the flow stage is executed, where the values of the distribu-
tion functions of all the nodes are poured on the neighboring nodes in
their own line. After applying the boundary conditions, the values of
density, velocity and temperature in the entire network are calculated
according to (Relations (6), 7 and 14) and if the results converge, the

Results in Physics 57 (2024) 107410

program ends, otherwise the described steps will be repeated.

Since experimental data is more accurate than numerical results,
validation is done using experimental data to assess how accurate the
current results are. For the validation, Krane and Jessee’s experimental
data [37] are employed. Fig. 4 presents a comparison between the
horizontal velocity values in the cavity gained by the current study and
the experimental data, indicating a remarkably high level of accuracy in
the findings of this research.

In another validation, the maximum values of the vorticity power
and average Nusselt number between the present work and Vahedi et al.
[38] are compared in Table 3. Due to the triangular shape of the
enclosure, this comparison has been conducted. The maximum error
between the two results is 4.41 %.

The Nu-Av is calculated for various grid resolutions in order to
conduct grid research (Fig. 5). 76,800 grid points are chosen for use in
subsequent simulations based on the findings.

Results and discussion
Effect of Rayleigh number and n-bs

Fig. 6 illustrates the flow contours for two different values of Ra and
the various N-Bs. It can be seen that the N-Bs has a direct effect on the
number of vortices formed in such a way that the number of vortices
formed in the cavity is increased with the N-Bs. For the case of 1 blade,
two vortices with the opposite direction of rotation are formed in the
cavity, which reaches 8 by increasing the N-Bs. The N-Bs and the Ray-
leigh number affect the vortices’ strength and speed. An increment in the
N-Bs causes the cavity to be divided into some parts and one or two
vortices are formed in each part. The increase in the N-Bs causes the fluid
to be in contact with a larger hot surface, and as a result, its temperature
is enhanced more, leading to an enhancement in the strength of the
vortex. An enhancement in the N-Bs leads to that less fluid occupying the
cavity, reducing the vortex strength. At greater Rayleigh numbers, the
vortices circulate more actively and create stronger vortices in different
parts of the cavity. The increase of the buoyancy force causes the
vortices in the cavity to move more swiftly.

The temperature contours for two distinct Ra values and the
numerous N-Bs are shown in Fig. 7. The fluid travels towards the di-
rection of the top wall in the regions where the isothermal lines are
curving in that direction. The fluid also travels in the direction of the
bottom wall in the regions where the isothermal lines are curving in that
direction. It can be observed that the parts where the fluid is moving up
and down are increased with the N-Bs. At Ra = 105, this is extremely
clear. In the case of one blade, the fluid rises from the cavity’s center and
flows back down the side walls to the bottom wall. When there are two
blades, the fluid flows up from the top of the two blades and then flows
back down the side walls and through the cavity’s center to the bottom
wall. When there are three or four blades, the fluid travels from the tips
of the blades to the top wall and from the sides of the insulated walls and
the center of the blades to the bottom wall. When there are five blades,
the fluid flows upward from the first, third, and fifth blades and
downward from the second and fourth. At lower amounts of Ra, there
are fewer isothermal lines in parallel, showing that the convection in the
cavity is very low and the fluid has a very low velocity in the cavity. On
the other hand, at higher Rayleigh numbers, isothermal lines are inter-
twined, indicating the nanofluid flow in the cavity.

Fig. 8 illustrates the local Nu on the top wall for different numbers of
blades at Ra = 1000. The fluid flows slowly in the hollow as a result of
the low Rayleigh number and buoyancy force, and there is little local nu
on the low-temperature wall. The values of Nu on the beginning and end
sections of the wall are lower than those in the intermediate regions of
the wall for all various numbers of blades in the hollow. Due to the
absence of flow penetration into the cavity’s corner and the little tem-
perature differential between the fluid and the wall in this area, the Nu is
low. It can be seen that the local Nu s are higher in the parts where the
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Fig. 10. Flow and temperature contours for different L-Bs from 0.3 to 0.7.

fluid meets the upper surface after coming into contact with the lower
surface. These parts are observed as prominent peaks in the graph. Thus,
the number of peaks is the same as the N-Bs. When the N-Bs is 5, the
graph exhibits a noticeable peak because the blades have filled a sig-
nificant portion of the cavity space, raising the temperature of the
nanofluid and the local Nu.

Fig. 9 shows the local Nu on the top wall for different N-Bs at Ra =
100000. Comparing this figure with the previous one demonstrates that
the enhancement in the Rayleigh number intensifies the local Nu in
different parts, especially in the middle of the wall. The Nu increases on
the wall because to the acceleration of the flow in the cavity and the
increase in convection. Moreover, the higher and lower portions of the
wall correspond to the minimum local Nu, as can be seen. It was justified
by explanation. Additionally, when the fluid contacts the top wall from
the side of the bottom wall, there is an extreme augmentation in the local
Nu that is worse than the preceding figure. Particularly when the N-Bs in
the cavity are 2, the local Nu concentration on the wall is excessively
high. When the hot fluid contacts the cold wall or the cold fluid departs
the wall and travels in the direction of the bottom wall, the velocity
changes in the cavity are more evident at this level of Ra.

Table 4 provides the Nu-Av on the top wall for two values of Ra and
different N-Bs. The value of the Nu on the wall with a low temperature
rises when the Rayleigh number grows as a result of an increase in the

fluid’s velocity in the cavity and an increase in convection HTR. How-
ever, simultaneously increasing N-Bs in the cavity can both strengthen
and weaken HTR on the low-temperature wall. The temperature of the
nanofluid rises as a consequence of an increase in the heat exchange
surface between the nanofluid and the high-temperature wall, which
improves HTR. By increasing the number of N-Bs in the cavity, more
space is taken up by them and less fluid is utilized in the cavity, which
reduces the force required to move the fluid and transfer heat. There-
fore, it is clear that the improvement in the N-Bs causes a rise in HTR at
low Rayleigh numbers, where the relevance of convection is minimal.
The N-Bs value of 5 results in the greatest degree of HTR. When the N-Bs
is 2, the quantity of HTR is at its greatest at high Rayleigh numbers. HTR
at high Rayleigh numbers is improved by the rise in N-Bs.

Effect of the l-bs

Fig. 10 demonstrates flow and temperature contours for different L-
Bs from 0.3 to 0.7. Changing the L-B causes the strength of the vortex
inside the cavity to reduce or enhance. Increases in the L-Bs lead to
higher temperatures on high-temperature surfaces, higher fluid tem-
peratures, and stronger buoyancy forces. But, an increase in the L-Bs
causes a larger part of the cavity to be occupied by the blades. Hence, the
space for the nanofluid is decreased and as a result, the convection
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Fig. 11. Local Nu on the wall for different L-Bs of 0.3 to 0.7 at 10>

Table 5
Nu-Av on the top wall for various L-Bs
from 0.3 to 0.7 at 10%

L Numy,
0.3 4.7149
0.4 9.2569
0.5 6.3326
0.6 6.6629
0.7 6.8084

strength of the nanofluid is reduced. An increment in the L-Bs also affects
the number of vortices formed in the cavity. It can be seen that with an
enhancement in the L-B from 0.3 to 0.5, the shape and number of
vortices formed in the cavity change. However, the shape and number of
vortices do not change significantly by increasing the L-B from 0.5 to
0.7. It is evident that the isothermal lines differ in shape as a result of the
nanofluid’s motion toward the cavity’s top or bottom walls. For the L-Bs
of 0.3 and 0.4, it can be seen that the place where the nanofluid rises is
different and sometimes it moves diagonally towards the sides of the
wall. However, for the L-Bs of 0.5 to 0.7, the nanofluid moves upward
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from the top of the blades, the surfaces of the thermally insulated walls,
and the spacing between the blades.

Fig. 11 displays the local Nu on the wall for different L-Bs ranging
from 0.3 to 0.7. All blade lengths, with the exception of 0.3, have three
peaks in the images, which correspond to the three points on the wall
where the hot fluid meets the cold wall. When the L-B is 0.3, two pieces
of the hot fluid collide with the low-temperature wall. The local Nu is at
its highest point at L-B = 0.4. Because to the low temperature differential
and less fluid penetration in such regions, the lowest Nu is found at the
beginning and end of the wall. Since the height of the blades causes a
decrease in the fluid velocity, the enhancement in their length does not
intensify the local Nu at a distance of 0.75, 1.5, and 2.25 from the low-
temperature wall. The minimum local Nusselt wall occurs when the L-B
is 0.3, which takes place in the middle of the wall, and its value is less
than 2.

The Nu-Av on the top wall for various L-Bs ranging from 0.3 to 0.7 is
shown in Table 5. An increase in the L-Bs improves the fluid’s contact
surface with the hot wall, which raises the temperature of the nanofluid
and, in turn, improves HTR between the nanofluid and the cold wall.
However, increasing the L-Bs results in the blades taking up more space
and using less nanofluid in the cavity, which reduces the motion of the
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nanofluid in the cavity. When the L-B is 0.4, the Nu-Av reaches its
maximum value. A further rise in L-Bs results in a significant reduction
in Nu-Av. The L-B must be 0.3 to get the lowest Nu-Av. As can be
observed, increasing the L-Bs from 0.3 to 0.4 increases the average
Nusselt by more than 96 % when the L-B is on the low-temperature wall.

Conclusions

This article investigates the effects of employing various geometrical
features of triangular blades inserted in a sealed compartment on a
nanofluid’s natural convection HTR when a magnetic field is present.
The effect of using triangular blades on the hot wall and employing
different heights of blades from 0.3 to 0.7 are evaluated at two amounts
of Ra. The following results are obtained.

1- The maximum amount of local Nu occurs on the low-temperature
wall when the blade number is 3 and the L-B changes from 0.4 to 0.7.

2- The boost in the N-Bs increases HTR when Ra = 103, where the
convection is feeble; the greatest HTR occurs when the N-Bs is 5.

3- When the N-Bs is 2, the HTR is at its greatest when Ra = 10°. The N-
Bs continue to rise, but the HTR decreases.

4- When the L-B is 0.4, the Nu-Av reaches its maximum value. The Nu
significantly decreases as the L-B continues to rise.

5- By raising the L-Bs from 0.3 to 0.4, the Nu-Av on the low-temperature
wall is raised by more than 96 %.

6- Increasing the Reynolds number results in a more powerful genera-
tion of the flow field and greater coherence of streamlines.
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