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Abstract: The present study explores magnetic nanoliquid mixed convection in a double lid—driven U-shaped enclosure with discrete heat-
ing using the lattice Boltzmann method (LBM) numerical method. The nanoliquid thermal conductivity and viscosity are calculated using
the Maxwell and Brinkman models respectively. Nanoliquid magnetohydrodynamics (MHD) and mixed convection are analyzed
and entropy generation minimisation has been studied. The presented results for isotherms, stream isolines and entropy generation
describe the interaction between the various physical phenomena inherent to the problem including the buoyancy, magnetic and shear
forces. The operating parameters’ ranges are: Reynolds number (Re: 1- 100), Hartman number (Ha: 0- 80), magnetic field inclination
(y: 0°-90°), nanoparticles volume fraction (¢: 0- 0.04) and inclination angle (o: 0°-90°). It was found that the N,,, and the total
entropy generation augment by increasing Re, ¢: and y. conversely, an opposite effect was obtained by increasing Ha and «.
The optimum magnetic field and cavity inclination angles to maximum heat transferare y = 90°and o = 0.
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1. INTRODUCTION

Nanoliquid mixed convection in different geometries has
elicited attention and interest from many researchers due to its
availability in nature and its numerous engineering applications
including in electronic equipment cooling, polymer industry, heat
exchangers, automobile radiators and space technology [1-13].
Mixed convective heat transfer in enclosures has been extensively
investigated during the last decades [14-17]. Mliiki et al. [14]
studied mixed convection in a lid-driven square cavity filled with
copper-water nanofluid. They discussed the influences of
volumetric fraction of nanoparticles (¢), Rayleigh number (Ra) and
Reynolds numbers (Re) on the fluid flow, heat transfer and Sgen.
Their results showed that the Num and Sgen augment as the
Rayleigh and Reynolds numbers. Also, they found that the
addition of nanoparticles in pure water leads to enhancement of
heat transfer rate. The results of Sheremet and Pop [15], who
considered the same problem of mixed convection of nanoliquid in
a lid-driven square cavity, concluded that the heat transfer was
enhanced with the Richardson number. Besides, Nayak et al. [16]
found that the addition of nanoparticles leads to enhancement of
Num for the mixed convection of Cu—water nanoliquid in a
differentially heated cavity. Similarly, Sourtiji et al. [17] examined
the mixed convection of nanoliquid in a ventilated cavity. Their
results showed that the Num augments with an increase in
Reynolds number (Re), Richardson number (Ri) and nanoparticle
volume fraction (¢). Additional papers on nanofluid mixed
convection in cavities can also be found in the literature [18-21].
Aljabair et al. [20] reported a problem of mixed convection in a
sinusoidal lid-driven cavity with non-uniform temperature
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distribution on the wall utilising nanofluid. Their results showed
that heat transfer rate augments as the volumetric fraction of
nanoparticles (¢), Reynolds number (Re) and Rayleigh number
(Ra).

The effect of an external magnetic field on convective heat
transfer in different geometries was studied by many researchers
[22-25]. Aljabair et al. [22] studied the natural convection heat
transfer in corrugated annuli with H20-Al203 nanofluid. They
reported an enhancement in heat transfer by augment of the
Rayleigh number and nanoparticles volume fraction. As similar
finding has been observed by Mahmoudi et al. [23], who
considered the magnetic field effect on natural convection in a
square cavity filled with Al2Os-water nanoliquid and inferred that
convective heat transfer was reduced by an increase in external
magnetic field intensity (Ha). In another paper, Miiki et al. [24]
studied the magneto-hydrodynamic (MHD) laminar convection in a
linearly/sinusoidally heated cavity with a CuO-water nanoliquid
using the lattice Boltzmann method (LBM). They analysed the
effect of Rayleigh number (Ra), Hartmann number (Ha), heat
generation or absorption coefficient (Ra) and nanoparticle volume
concentration (¢) on the fluid flow and heat transfer. They
concluded that the heat transfer rate increased when the role of
Brownian motion of nanoparticles was considered. The influence
of volumetric fraction of nanoparticles (¢), aspect ratios (AR) and
Richardson number (Ri) on heat transfer and fluid movement of a
hybrid H20-Cu-Al203 nanofluid in a multi-lid—driven concentric
trapezoidal annulus has been investigated by Alesbe et al. [25].
The results indicate that the heat transfers’ skin friction increases
with increase in the volume fraction of nanoparticles. Additionally,
the maximum stream function value increases with increase in the
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aspect ratio and the volume fraction of hybrid nanofluid.

For the case of mixed convection flows, the effect of magnetic
field indifferent configurations has been extensively investigated
[26-29]. Hussain et al. [26] studied the mixed convection and Sgen
in a two-dimensional double-lid—driven square cavity. They
discussed the influences of volumetric fraction of nanoparticles
(¢), Reynolds numbers (Re), Hartman number (Ha), Richardson
number (Ri) and inclined magnetic field (y) on the fluid flow, heat
transfer and Sgen. The results indicate that the heat transfers and
Sgen augment with the Richardson number (Ri) and Reynolds
number (Re). Also, they concluded that with the increment in the
solid volume fraction of nanofluids (¢), Sgen decreases. Shirvan et
al. [27] numerically analysed the MHD effect on a mixed
convection in a ventilated square cavity. Their results showed that
the heat transfer rate augments as the Hartmann number (Ha)
increases. Pordanjani and Aghakhani [28] examined the natural
convection and irreversibilities between two inclined concentric
cylinders in the presence of a uniform magnetic field and
radiation. They observed that the thermal performance and
irreversibilities have increasing pursuant to the Rayleigh number,
hot pipe diameter and addition of more nanopowder. In another
paper, Aghakhani et al. [29] have discussed the entropy
generation and exergy analysis of Ag-MgO/water hybrid nanofluid
within a circular heatsink with different numbers of outputs. They
reported that an enhancement in the Re leads to a reduction in
the exergy loss as well as the first and second law efficiencies.

Previous investigations have focused predominantly on
investigating heat transfer by nanofluids mixed convectively with
and without a magnetic field in regular geometries under uniform
heating. In the present work, the nanoliquid mixed convection was
considered with the associated Sgen in a double-lid—driven U-
shaped enclosure with discrete heating under an external
magnetic field. The interaction between the induced shear,
buoyancy and magnetic forces was worthy of investigation, the
objective being to evaluate its impact on the heat transfer and Sgen
rates. Results are based on visualisation of the flow, thermal
fields, local Sgen, Num and total Sgen.

2. PROBLEM STATEMENT

The studied problem configuration was a two-dimensional
double-lid—driven U-shaped enclosure with discrete heating and
filled with nanoliquid, as illustrated in Fig. 1.
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Fig. 1. Geometry of the problem
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Two constant temperature heat sources of length L/5 are
located at the bottom wall (Th). The walls (AB, CD, EF, FG and
GH) are maintained at cold temperature Tc. The cavity aspect
ratio was AR = L/L = 0.4.

The inclination of magnetic field (E) and that of the cavity are
y and a, respectively. The two vertical walls (AB and DC) move
downward at constant velocity Uo. Such a configuration leads to a
combined and complex interaction between various effects within
the cavity, including the buoyancy and shear forces and the
magnetic field.

The fluid in the U-shaped enclosure is a nanoliquid (CuO-
water) (Tab. 1) [30]. The density divergence in the nanoliquid was
approximated by the regular Boussinesq approximation.

Tab. 1. Thermophysical properties of liquid and nanoparticles [30]

Thermophysical H20 CuO
properties
Co(J-kg™ - K1) 4,179 540
p (kg - m3) 997.1 6,500
k(W-m™. K" 0.631 18
B x 1075(1/K) 21 0.85
0 (Qm)™* 0.05 27-10°8

3. GOVERNING EQUATIONS

By applying a magnetic field, the governing equations for
mixed convection in the two-dimensional double-lid—driven U-
shaped enclosure can be obtained as follows [31]:
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where a,.¢, B, ¥ and a are the nanoliquid thermal diffusivity, the
thermal expansion coefficient, inclined magnetic field and inclina-
tion angle of the cavity, respectively.

The dimensionless Sgen for the case of MHD nanoliquid
mixed convection flow is given by [26]:

sr=R2 |G + () ]+

tnf (5 (29 4 2 (29) 4 (U 4 %)
2 () +2(5) + (G +5) ®
+XHa2%(Usiny — Vcosy)?

f

where Sgen,h, Sgen,v and Sgen,M are the Sgen due to heat
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transport, Sgen due to fluid friction and Sgen due to application of
the magnetic field, respectively. The irreversibility factor y was
expressed by:

2
X = #rTo (L) 6)

kf \Tp-Tc
The average Sgen was calculated by:
Savr = %fy STdV (7)

where V was the total volume of the physical domain.

The dimensionless boundary conditions are calculated as fol-
lows: Cold walls AB, CD, EF, FG, GH: U =V =0, 8 = 0; Hot walls
(02 <181 <0.4) and (0.6 <152 < 0.8): 6 = 1; Adiabatic walls
(0=X<0.2),(04<X<0.6)and (0.8<X=<1):9T/dY = 0.

The local and integral Nu along the two heat sources (IS1,
IS2) can be obtained as:

— _Fnr (00
Nu - kf (6Y)|Y:0 (8)
—_ 0.4 0.8
Nuy = Jo, NudX Nu, = Joo NudX 9)

Effective density, specific heat capacity, thermal expansion
coeffi-cient and thermal diffusivity of the nanoliquid are, respec-
tively, expressed as follows [32, 33]:

pnr = (1= @)ps + @pp (10)
(pcp)nf =(1- (p)(pcp)f + (p(pcp)p (11)
EBny = A —9)(PB) s+ 0(pB)p (12)
g

The thermal conductivity and the electrical conductivity of the
nanoliquid are, respectively, calculated as follows [34, 35]:

kp+2kf—2(p(kf—kp)

kstatic = Ky kp+2k+@(ks—kp) (14)
3 (&1

Inf _ + # (15)

o (0—;+2)— (ﬁ—l)tp

Nanoliquid effective dynamic viscosity was calculated using the
Brinkman model [36]

u
Ustatic = ﬁ (16)

4. NUMERICAL METHOD
4.1. Brief introduction to LBM

The LBM was based on Ludwig Boltzmann’s kinetic theory of
gases. The fundamental idea is that gases/fluids can be a large
number of small particles moving with random motions. The ex-
change of momentum and energy is achieved through particle
streaming and collision.

The dimensionless equations were solved by using LBM,
which employs Boltzmann’s kinetic theory of gases [26]. By
Bhatnagar—Gross Krook approximation, LBM was based on two
distribution functions g and f of the temperature and flow fields in
this study, respectively.

14

filx + c;At, t + At) = fi(x, t) —
%(fi(x, £) = £ 1)) + AtciF,
gi(x + At t + At) = g;(x, t) —
(9t - g p)

where At denotes the lattice time, lattice relaxation time for the
flow and temperature fields, respectively. Two local equilibrium

distribution functions for the temperature and flow fields g;“and
£ are calculated with Egs (19) and (20) [37]:

(17)

(18)

3(ciw) | 9cpw?  3u?
2= wyr |1+ 20 a2 (19)
gfq=W{T[1+3CCi—'2u] (20)

The nine velocities (D2Q9) lattice model (Fig. 2) was used in
the present study with a uniform grid size of dx = dy for simulating
the steady MHD mixed convection of nanoliquid.

According to this model, the weighting factors wi and the dis-
crete particle velocity vectors ci can be defined as follows [38]:

4

Wo =5, W; = %fori =12,34 and w; = 3—16 21)
for i =5,6,7,8
Ci =
0 i=0
{(COS[(i — Dn/2],sin[(i — V)m/2])c i=1,234
V2(cos[(i — 5)m/2 + m/4], sin[(i — 5)n/2 + m/4])c i=15,6,78
(22)

Finally, macroscopic variables (o, u and T) are calculated us-
ing the following equations:

p= Zfl.l puU = Z_ficit T = Zgl. (23)
i i i

f2

f6 X fs
f

f3 |, Jf1

f7 v f8
fa

Fig. 2. Direction of streaming velocities, D2Q9
5. MESH VERIFICATION AND VALIDATION

Tab. 2 shows the calculated Num at different mesh sizes for
the case; nanoliquid (Cu—water) with Re = 50; Ri = 20; ¢ = 0.04;
Ha = 30; a = 45° and y = 0 (50 x 50, 75 x 75, 100 x 100 and
150 x 150 nodes). It was found that the variation of the Num
between 100 x 100 and 150 x 150 grids was <0.005095.
However, for all calculations in this numerical study, the 100 x 100
uniform grid was employed.
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Tab. 2. Grid independence test for Re = 50; Ri=20; b =4 - 107
Ha =30;a=45°%andy=0

Grid size Wlsl mlsz
50 x 50 3.910183 4.072377
75 %75 4.232592 4.389502
100 x 100 4418533 4575598
150 x 150 4.510627 4580693
1,0
m  Ghassemi et al
08 Present results
» 06 N
3
©
5]
g 04+
()
= Halo Ha=30
02 Ha=60
0,0 T T T T T T T T T
0,0 0,2 0,4 0,6 0,8 1,0
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Fig. 3. Comparison of the temperature on axial midline between
the present results and numerical results by Ghasemi et al. [39]
(d=3-10-2 and Ra = 105)
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Fig. 4. Comparison of the local Nusselt number along the hot wall
between the present results and numerical results by Lai
and Yang [40]

For the validation of data, the present results are compared
with the numerical results obtained by Ghasemi et al. [39] for the
case of magnetic nanoliquid convection in a square enclosure
(Fig. 3). In addition, a comparison of the local Nusselt number
along the hot wall was made between the present results and the
numerical results provided Lai and Yang [40] for the case of
nanoliquid natural convection in a square enclosure (Fig. 4). The
present numerical results have been also compared with those of
Talebi et al. [41] for the case of mixed convection in a square lid-
driven cavity (Fig. 5). Based on the aforementioned comparisons,
the developed code was judged to be reliable for studying the

acta mechanica et automatica, vol.17 no.1 (2023)

MHD mixed convection of a nanoliquid confined in a double-lid—
driven U-shaped enclosure with discrete heating under the effect
of an external magnetic field.
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Fig. 5. Comparison of (a) horizontal component of velocity and (b) vertical
component of velocity with those of de Talebi et al. [41] (Re = 100
and Ra =147 - 104)

6. RESULTS AND DISCUSSION

The problem of two-dimensional MHD mixed convection in a
double-lid—driven U-shaped enclosure containing a CuO-water
nanoliquid was studied. The cavity aspect ratio was fixed at AR =
0.4. The effects of Reynolds number (1 < Re < 100), volume
fraction of nanoparticles (0 < ¢ <4 - 1072), Hartmann number (0 <
Ha < 80), inclined magnetic field (0 <y < 90°) and inclination
angle of the cavity (0 < a < 90°) on the streamlines, local Sgen
and heat transfer characteristics have been revealed.

6.1. Ifluuence of Reynolds number

Isotherms, local Sgen and streamlines of CuO-water nano-
liquid for various Reynolds numbers are presented in this primary
part of the numerical study for Ri =30,y=a=0,Ha=0and ¢ =
0.04.

As can be seen from the streamlines in Fig. 6, for all Reynolds
numbers, the flow structure, temperature contours and Sgen are
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symmetrical about the vertical centerline (X = 0.5) of the heated
U-shaped enclosure and are concentrated along the two heated
sources (IS1 and 1S2) due to enhanced fluid movement in these
regions. Physically, this was true owing to the symmetrical
boundary conditions about the horizontal X-axis (X = 0.5).

For low Reynolds numbers (Re = 1 and Re = 10), the fluid
was well circulated in the top part of the cavity, and similarly for
the density of the temperature distribution contours and local
Sgen near the adiabatic walls (AH-ED). Moreover, the increase of

Streamlines Isotherms

the Reynolds number (Re = 50 and Re = 100) results in pushing
the cold nanoliquid to the bottom corners (B and C), and
consequently, the temperature patterns are compressed adjacen-
tly to the discrete heat sources (IS1 and IS2). This was a good
reason for the increase in the value of the maximum stream
function |w|max and the formation of active regions for Sgen. The
cause of these changes was due to the increasing of heat transfer
by the buoyancy force.

Sgen lines

Re=1

0>
o \‘J/_\
m

=10

Re

0005

Re =100

RSB SERSES

Fig. 6. Streamlines, isotherms and Sgen lines for different Re at Ri=20,y=a=0,Ha=30and ¢ =4 - 1072

The effect of the Reynolds number on Sgen is shown in Tab.
3. It was observed that Sgen increases with an increase in Re due
to the following factors: heat transfer SHT, fluid friction SFF,
magnetic field SMF and total ST increase with an increase in Re.
From this table, we may observe that the effect due to fluid friction
and magnetic field has been negligible in comparison with that
due to the heat transfer.

116

Tab. 3. Reynolds number effect on SHT, SFF, SMF and S at Ri = 20,
y=a=0,Ha=30and ¢ =0.04

Re=1 Re =10 Re =50 Re =100
Shr 2.75 344 9.13 12.2
Sk (107%) | 291 3.06 3.31 3.77
Swr(10%) | 433 449 5.23 5.84
S 2.753 3.443 9.133 12.204
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Fig. 7a,b show the dependence of Num and total Sgen on the
Reynolds numbers and solid concentration. By examining Eqs
(14) and (21), an increase in solid concentration leads to a rise in
the effective thermal conductivity. Accordingly, the maximum
value of the Num and total Sgen are obtained at the maximum
volumetric fraction of nanoparticles. In the case of low Reynolds
numbers (Re=1 and Re=10), an increase in the solid concen-
tration does not change the average Sgen and total Sgen. It was
further observed that with the increase of the Reynolds number to
Re =50 and Re = 100, the difference between Nu (¢ = 0) and Nu
(6 = 4-1072) became faster. The variation of the total Sgen
appears to be similar to the variation of Num; it was found to be
increased by 11.65% when the volume fraction of nanoparticles
passed from 0 to 4 - 1072 for Re = 100.

a) 12
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8 91
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Fig. 7. Num (a) and total Sgen (b) for different values of the Reynolds
numbers and volumetric fraction of nanoparticles at Ri = 20,
y=a=0andHa=30

6.2. Influence of Hartmann number

By an increase in Hartmann number (Ha), which results in a
notable deterioration of the heat transfer. In fact, this can be
explained by the fact that the effect of Lorentz force was opposite
to the buoyancy force. It was observed that the increase in
Hartmann number leads to a reduction of the flow intensity. The
maximum values of the stream function equal 1.49-107",
4.86-107"and 2.78 - 101 when those for Ha equal 0, 40 and 80,
respectively. This can justify the observed decrease of the fluid

acta mechanica et automatica, vol.17 no.1 (2023)

motion and velocity. However, we note that the temperature
distribution contours near the hot discrete sources are reduced as
a result of the increase in the Lorentz forces. So, the presence of
a magnetic field leads to substantial mixed convection flow
dumping. The Ha effect on the local Sgen is displayed in Fig. 8.
Increasing Hartmann number causes a reduction in the density of
the local Sgen contours near the hot discrete sources.
Accordingly, low Sgen values are obtained for high Ha values.

Fig. 9 (a,b) shows values of the Num and the total Sgen in the
same conditions of Fig. 8 for various Hartmann numbers. The
Num shown in Fig. 9(a) decreases by an increase in Hartmann
number. We can explain the decrease of Num by referring to Eq.
(9), which indicates that the effect of Lorentz force due to the
application of an external magnetic field on heat transfer was
opposite to the buoyancy force, and consequently, decreases the
temperature gradients near the two heated sources (IS1 and 1S2).
Fig. 9(b) shows also that the behaviour of the total Sgen was
similar to that of the Num.

The profiles of the dimensionless temperature in the heated
U-shaped enclosure at y/L = 0.25 and y/L = 0.5 are depicted in
Fig. 10(a,b). One can observe that the temperature in the U-
shaped enclosure decreases by an increase in Hartmann number
due to the reduction of the fluid movement and energy transferred
by the discrete heat sources (IS1 and IS2). This explains the
stagnation of the nanoliquid near the bottom part of the cavity for
Ha = 80.

6.3. Influence of inclined magnetic field

The effects of a tilted magnetic field on the streamlines,
isotherms and Sgen contours for inclination angles 0°, 30°, 60°
and 90° are presented in Fig. 11. In the case of horizontal
magnetic field (y = 0), it can be seen that the streamlines
contours are more clustered in the middle part of the U-shaped
enclosure and are symmetrical about the vertical centreline (X =
0.5). Similarly, the temperature contours and Sgen are
symmetrically distributed to the vertical centreline (X = 0.5). As 'y
increases to 30° and 60°, the circulation cell that was confined
inside the right vertical portion of the U-shaped enclosure
becomes stronger and the thermal boundary layer near the left
moving walls (DE) becomes thicker. Moreover, as inclination
angle a increases, the density of the Sgen distribution contours in
the right part of the U-shaped enclosure grows. This is an
indication of a higher heat transfer rate in this region. Finally, for y
= 90°, the flow, temperature contours and local Sgen are
horizontally symmetric of the cavity and are concentrated along
the two sources (IS1 and 1S2). Consequently, the maximum heat
flow occurs in the centre of the U-shaped enclosure.

Fig. 12 shows the impact of the inclination angle of magnetic
field on Num. It was observed that at y = 0; 90°, Num along the
two heat sources (IS1, 1S2) was the same. Num along the left
heat source (IS1) decreases for y ranging from 0° to 45° and then
it decreases for y = 60°-90°. On the other hand, the average heat
transfer coefficient along the right heat source (IS2) increases
considerably with increasing y. This increase reaches 9.4% when
y changes from 0° to 90°. The Num maximum occurs at y = 90°.

The effect of inclination angle of magnetic field on total Sgen
is presented in Fig. 13. It was shown that the total Sgen slightly
increases with the inclination angle for y <45°. If the inclination
angle was increased to 90°, the difference between ST (y = 90°)
and ST (y = 0) becomes smaller. Consequently, a significant

"7
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effect of the inclination angle on the Sgen can be found for y
>45°,

6.4. Influence of inclination angle of the U-shaped enclosure

In this part, calculations are made for different inclination
angles of the U-shaped enclosure a (Fig. 14). The volumetric
fraction of nanoparticles was taken as ¢ = 4 - 1072, limiting the
value of the validity of the Maxwell model.

For a = 0, two counter-rotating symmetric cells are formed
inside the U-shaped cavity. Also, it was noticed that the
temperature contours and Sgen are symmetrically distributed
about the vertical centreline (X = 0.5) of the heated U-shaped
enclosure. As y increases, the circulation vortex that exists inside
the left vertical portion of the cavity becomes stronger. The

Streamlines Isotherms

temperature patterns are compressed adjacently to the left
moving walls (DE), and consequently, the density of the Sgen
distribution grows in this region.

The effect of inclination angle of the U-shaped enclosure on
the Num is depicted in Fig. 15. It was noticed that at y = 0, the
Num along the two heat sources (IS1, 1S2) was the same. As a
increased from 0° to 60°, the heat transfer due to left heat source
S1 was enhanced. Conversely, an opposite effect associated with
the Num behaviour can be found with an inclination angle of y
>60°. On the other hand, the heat transfer due to right heat
source S2 decreases considerably with increasing y. Generally,
increasing a causes an increase of the Num, and consequently
enhances the heat transfer process. The maximum value of the
Num was 8.08 and occurs for a = 0. The variation of the total
Sgen was similar to the variation of Num (Fig. 16).
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Fig. 8. Streamlines, isotherms and Sgen lines for different Ha at Re = 100, Ri=20,y=a=0and ¢ =4 - 1072
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Fig. 14. Streamlines, isotherms and Sgen lines for different a at y = 0, Re =50, Ri=20,Ha=0and ¢ =4 - 1072
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7. CONCLUSIONS

The novelty of this research consists in the fact that it identi-
fies, and briefly discusses, the physics parameters that have the
greatest influence on MHD mixed convection heat transfer of
magnetic nanoliquid (CuO/H20) in a double-lid-driven U-shaped
enclosure with discrete heating. Shortly, | will study the impact of
the radiation and electric field effects on the unsteady mixed
convection three-dimensional stagnation.

Key findings from this numerical study can be summarised as
following:

Complex interaction between the various physical phenomena
characterising this problem including the natural convection, the
shear forces and the magnetic field has been observed.

The Num and the total Sgen augment with Re, ¢ and y. On
the contrary, they decrease with Ha and a.

The maximum value of |y|max was obtained for Re = 100.

The maximum heat flow occurs in the centre of the U-shaped
enclosure.

The maximum value of |y|max was in an indirect relation with

10,8
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10,2 1 \
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9,4
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15°
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Fig. 16. Total Sgen for different a at y = 0, Re =50, Ri =20, Ha = 0
andp=4-1072

Hartmann number.

The optimum magnetic field and U-shaped enclosure
inclination angles to maximise heat transfer are y = 90° and a = 0.

Besides, the excellent utility and effectiveness of the LBM
have been demonstrated through our experiences pertaining to its
use for the investigation of several CFD and CHT problems, such
as turbulent atmospheric plasma spraying jets [42—44], natural
convection in confined media in regular and irregular polygons
using different LBM models [45-48], MHD and porous media [49-
51] and boundary layers flows [52], as well as micro flows in slip
regimes [53]. Our future research works will focus on the study of
pulsed and turbulent flows using the LBM method. Such problems
and conditions can improve the energy efficiency of small-scale
systems.

Nomenclature:

B Magnetic field (Tesla = N/[A - m?))
c Lattice speed

Cs Speed of sound
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