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Abstract

SRT-BGK model of LBM is applied to predict thermal and dynamic characteristics of free convection under a
Lorentz force inside an enclosure heated isothermally from below by two symmetrical heaters. Vertical walls of
the enclosure and the triangular slab localized between heaters at the middle are considered cold while other
walls are maintained adiabatic. Computed results are performed for air in a wide range of Rayleigh number
(Ra = 10° to 10°), Hartmann number (Ha = 0 to 80) for three inclination angle of the magnetic field
(a = 0°, 45° and 90°). Current computations are validated with available previous researches related to the
problem. It is found that the physics of MHD convection and heat transfer is strongly affected by the inclination
angle « and Ha at Ra = 10°. The growth of Lorentz force intensity conduct to neglect the convection and to
destroy the interaction between two thermal plumes is obtained. For Ra = 10°, the optimization of heat transfer
shows that the Nusselt number vs magneto-convective parameter ¢ is highest for the case of vertical magnetic
field corresponding to o. = 90° while it is weaker for case of horizontal magnetic field.

Keywords: MHD convection, thermal plumes, triangular slab, heat transfer, optimization, SRT-BGK of LBM.

Date of Submission: 24-09-2020 Date of Acceptance: 06-10-2020

I. INTRODUCTION

Natural convection heat transfer of fluids evolving inside confined locations in the absence of magnetic
field has been the object of diverse investigations owing to its large applications for many thermal systems such
as heat exchanger, heating/cooling of building, cooling of electronic equipment and others [1-16]. The literature
review show that flow behavior and their heat transfers are influenced by wide parameters monitoring this one;
Rayleigh and Prandtl numbers, inclination angle, enclosure aspect ratio, heater size and so on...

For previous two decades, some researchers are carried out numerical and experimental investigations
of laminar buoyant convection of electrically conducting fluids under a magnetic field. Findings related to the
problem can be use to improve performances of various practical technological and engineering applications
[17-26]. The existence of magnetic force witch interacts with the buoyancy force conducts to neglect the
convection and to weaken the dynamic of the fluid. Hence, the addition of Lorentz force can help to control
different systems such as cooling of electrical systems, solar cells, growing crystals in liquids, etc. Convective
flow inside a 2-D enclosure under a magnetic field with different orientations is carried out by A.Y. Gelfgat and
P.Z. Bar-Yoseph [27]. They found that the flow is more stabilized in a presence of transversal magnetic field.
MHD convection in a 2-d cavity subject to a vertical magnetic field is analyzed by J.P. Garandet et al.[28] using
an analytical solution. After, T. Tagawa et al.[29] applied a Lorentz force to free convection of air inside a cubic
box. By studying the influence of magnetizing force on air in a gravitational field inside a two dimensional
cylindrical container, M. Akamatsu et al.[30] prove that the conduction is significant for higher Ha. Then,
I.E. Sarris et al.[31] analyzed the effect of longitudinal magnetic field on unsteady natural convection in a
differentially heated enclosure. After, I.E. Sarris et al.[32] focused their attention to the study of MHD
convection in the same enclosure but in the presence of a transversal magnetic field. Afterward,
T. Bednarz et al.[33] examined free convection of paramagnetic fluid under a longitudinal magnetic field in a
3-D medium. Via the control volume method, P. Kandaswamy et al. [34] numerically elucidated the magneto-
convection in a square cavity laterally heated by one side. For higher Ha, the addition of vertical Lorentz force
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leads to neglect the heat transfer convection for various Gr. Using VF approach, M. Pirmohammadi et al. [35]
investigated buoyancy-driven convection under a longitudinal magnetic field in a square enclosure heated from
left vertical wall. For Pr = 0.733, numerical predictions show that the flow behavior is affected by Ha. Then,
T. P. Bednarz [36] applied a transverse magnetic field on free convection of a paramagnetic fluid inside a
differentially heated cubic cavity. For the same period M. Pirmohammadi and M. Ghassemi [37] numerically
simulated the effect of Ha on natural convection in an inclined cavity filled with liquid gallium.

D.C. Lo [38] examined buoyancy-driven MHD flow in a differentially heated cavity under a vertical
Lorentz force. At a fixed Gr, the growth of Ha causes an attenuation of the Nusselt number for the lower Prandtl
number. Then, M. Sathiyamoorthy and A.J. Chamkha [39] adopted the FE method to delineate natural
convection of conducting liquid gallium under an inclined magnetic field inside a square enclosure heated from
below and on sides. Using TLB model, R. Djebali et al.[40] analysis free convective in saturated porous tilted
square cavity for various directions of Lorentz force. After, Z.Jing et al.[41] applied a Lorentz force on liquid
metal in 3-D cavity. Various directions of a constant Lorentz force are employed. To analysis the behavior of
liquid mercury in a 2-D enclosure for various directions of Lorentz force, P.X.Yu et al.[42] resolved equations
governing the flow via DF method. For a fixed Pr = 0.025, computations prove that flow characteristics depend
to Ha and the direction of Lorentz force. After that, K. Song et al. [43] performed a numerical study on MHD
free convection under a uniform magnetic field inside a square cavity.

Using DF and LB approaches, G.H.R.Kefayati [44] delineated free convection under a horizontal
magnetic field in an enclosure discretely heated. The problem of convection melting of solid gallium in a 2-D
enclosure heated from the bottom with transversal/longitudinal magnetic field is simulated by Y.Feng et al. [45].
Using LBM, they noted that flow characteristics are influenced by inclination angle of magnetic field and Ha.
J.Zhang et al.[46] numerically elucidated free convection in an enclosure versus magnetic field intensity. Results
show that fluid characteristics are influenced by thermal radiation and Lorentz force. Using EF approach,
S.Alam et al.[47] focused their researches on 2-D free convection under Lorentz force in a rectangular enclosure
heated from bottom. For Pr = 0.71, computations show that flow behavior greatly affected by Ra and the
intensity of Lorentz force. Through EF method, A.J.Chamkha and F.Selimefendigil [48] investigated natural
convection inside a corrugated porous and differentially heated enclosure with Cu-water nanofluid under
vertical magnetic field. A reduction of convective heat transfer is deduced as increasing Ha. Then,
C.Haritha et al.[49] analyzed free convection of nanofluid in saturated porous square enclosure heated by sides
under a horizontal Lorentz force. T.R.Mahapatra and P.Rujda [50] examined the effect of vertical magnetic field
on convective heat transfer in a differentially heated cavity filled with Cu-water nanofluid. It is found that the
dynamic of the flow is strongly influenced by the variation of Ha. Using the approach of LB, H.Sajjadi et al.[51]
delineated the air under Lorentz force in confined medium. For Pr = 0.73, numerical results prove that the effect
of the Lorentz force intensity increases as increasing the Ra.

The present numerical investigation deals with the free convection heat transfer in the absence/presence
of a uniform magnetic field in a rectangular enclosure heated from below via tow symmetrical discrete heaters
localized on sides of a cold triangular slab. The enclosure is filled with an electrically conducting fluid and the
Prandtl number is fixed at 0.71. Three orientations of the magnetic field are applied; horizontal, inclined and
vertical to gravity. The single relaxation time Bhatnagar-Gross-Krook (SRT-BGK) model of Lattice Boltzmann
method (LBM) is employed. The main object of the study is to analysis effects of intensity and angle inclination
of a magnetic field on thermal and dynamic characteristics of the flow in order to optimize the heat transfer.

I1. MATHEMATICAL FORMULATION

2.1 Problem description

The studied configuration related to the present problem with boundary conditions is illustrated in Fig.
1. It is a 2-D rectangular enclosure of aspect ratio L/H = 2 filled with an incompressible electrically conducting
fluid under magnetic field. The working fluid of Prandtl number fixed at 0.71 is heated via tow heaters S; and S,
maintained at a constant temperature T, and localized symmetrically at the bottom wall of the enclosure.
Inclined walls of an equilateral triangular slab placed between hot sources and vertical walls of the enclosure are
cooled isothermally at T.. Length of each heater and height of the triangular slab are chosen L/4 and L/6,
respectively. Other walls of the enclosure are thermally insulated. A uniform magnetic field for three inclination
angles a = 0°, 45° and 90° at various Hartmann number (Ha = 0, 20, 40 and 80) is applied. The convection flow
induced by buoyancy forces is laminar, Newtonian and obeying the Boussinesq approach. Furthermore,
radiations effects, induced magnetic field and displacement currents are neglected. To simulate the
incompressible thermal problem, SRT-BGK model of LBM is employed.
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Fig.1 Configuration of the physical problem with boundary conditions

2.2 Lattice Boltzmann method with SRT-BGK and boundary conditions

To compute thermal and dynamic characteristics of the problem, the same code of  T. Naffouti et al.
[12, 14 and 16] is used with SRT-BGK model of LBM. For this reason, some details will be given in the
following section. The fluid domain is discredited in uniform Cartesian cells. The method of LB is based on two
populations g and f for temperature and flow, respectively. It is developed by X.He and L.S. Luo [52] with SRT
related to the collision operator model of BGK. Discredited LB equations with term force via BGK model is
presented for flow and temperature, respectively:

f. (X+c, At,t+At)—f, (x ,t):_i[ f.(x,t)— fieq (x, )]+ (F, +Fiy) (1)
T

g, (x+C, At t+AL)—g, (X, 1) =——[g, (X ,1) =g (x,1)] @
T

¢}
where f, and g, are particles distributions functions, f* and g are equilibrium distributions functions
for flow and scalar variable of temperature, respectively. Equilibrium distributions functions related to
velocity U , local density p and temperature @ of the fluid are defined by:
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For the buoyancy force model, the Boussinesq approach is adopted. Hence, this force is given by the expression:

Fy =3W, g BAT ®)
The total term force (Fix + Fiy) applied to flow inside the enclosure is the superposition of buoyancy force with

Lorentz force. It is noted by the following expressions:

Ha? : -
F. =3w, p% (vsinacosa —usin® «) ©)

2

Ha® v
F,=3w; pg BAT +3w,; p

H2

(usinacosa —vcos® ar) @

Relaxation time factors of BGK approach for flow and temperature 7; and 7, related to kinematic viscosity

v and thermal diffusivity y are defined as:
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7, =3v+0.5 (8)

7,=2x+0.5 9)

Speed of the sound, lattice streaming speed, lattice space and lattice time step size equal to unity, are expressed
c AX

by C.=—, C=——, At and A X respectively.
y G \/§ At p y

Thermal expansion coefficient, temperature difference and gravitational acceleration, macroscopic velocity
vector and density are noted by AT ,g,/f , U and p, respectively.
To compute the flow dynamic field, D2Q9 model is used (Fig.2) and corresponding weighting factors W, are
givenas: Wy =—, W,_, :l, W; 4 :i.

9 9 36
Discrete velocities c; related to D2Q9 model are given as: C,=(0,0), c _,=(+c,0)and
C.g=(£c,tcC).
The flow temperature is calculated via D2Q4 model (Fig.2) with equal weighting factors W,'( =0.25.

Macroscopic variables of U, p and € are computed by evaluating distributions functions for different
directions of nine/four velocity as follows:

8
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Fig.2 Lattice arrangement: standard models of (a) D2Q9
for flow and (b) D2Q4 for temperature
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To simulate the incompressible thermal problem via LBM with SRT-BGK model, the implementation of
boundary conditions must be specified. For the Bounce-back boundary conditions on the solid boundaries,
D2Q9 model is employed. Boundaries conditions related to distribution functions at north and left inclined walls
of the enclosure are given as:

For the north wall:

f(4,i,m)=f(2,i,m), f(7,i,m)=f(5,i,m), f(8,i,m)=f(6,i,m) (12)
For the left inclined wall of triangular slab:
f(2,i,))=1(4,i,j), T(6,i,))=1(8,i,]), f(3,i,j)=1(,i,j)) (13)

The lattice on the boundary is noted m.
For hot wall heated isothermally at & =1, the corresponding boundary condition is defined by the following
expression:

g(2,i,0)=05-g(4,i,0) (14)
For adiabatic bottom wall of the enclosure, the used boundary condition is given as:
9(2,i,0)=9(4,i,0) (15)

Cold boundary conditions applied on vertical and inclined walls of the enclosure are evaluated as:
For left vertical wall:

9(1,0,j)=-9(3,0,])) (16)
For right inclined wall of the triangular slab:
g(l!I!J):_g(s’I!J)vg(z’I!J):_g(4’I!J) 7

2.3 Non-dimensional numbers

For the considered problem in absence/presence magnetic field, the characteristic velocity for free convection is
defined by the following expression:

U=.gBATH (18)

By fixing parameters of Ra, Pr and characteristic velocity (U ), kinetic viscosity ( v ) and thermal diffusivity
(x ) are determined as:

U 2 H 2
= (19)
Ra/Pr
== (20)
d Pr
Rayleigh number is given as:
ATH®
Ra:gﬁ— (21)

ya%
To insure the condition related to an incompressible flow, obtained Mach dimensionless number is less than 0.3.
Mach number is defined as:

valul @
C

S
To quantify the Lorentz force intensity, Ha is defined as:

Ha=B,H |-~ (23)
pvV

where Bg and ¢ are the magnetic field magnitude and the electrical conductivity of the fluid, respectively.
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The investigation of convective heat transfer inside the enclosure under Lorentz force is a significant parameter
quantified by Nusselt number (Nu). Local Nusselt number (Nu ) and average Nusselt number (Nu) along hot
wall are given as:

Nu, = w (24)
Nu :%2—300_4201+92 (25)

where | is the non-dimensional length of hot wall.
Because of the comparative study of heat transfer between two configurations corresponding to absence or
presence of magnetic field, a ratio of Nusselt number Nu* along hot wall is estimated as follows:

. Nu (= Ha) 26)
Nu (Ha=0)
In the present research, the heat transfer is presented vs the magneto convective parameter € given as:
&= Ha’ 27)
" Ra

The significance of this parameter is discussed by Yu et al.[42] about the problem of liquid mercury under
various inclination angles of Lorentz force in 2-D cavity. It compares the Lorentz force intensity to buoyancy
force. The Lorentz force is weak if € is close to zero while it is strong for higher .

I11. RESULTS AND DISCUSSIONS

3.1 Validation of SRT-BGK model of LBM

In the present study, a mesh testing procedure is carried out in order to ensure grid independence of the
problem. Fig.3 illustrates the effect of lattices number ranging from 5000 to 125000 on the average Nusselt
number along left and right heaters for different Rayleigh number (10° < Ra < 10°) at fixed Ha = 0. For
Ra = 10° it is seen that the grid size beyond 80000 lattices is adequate to calculate correctly thermal and
dynamic fields of the flow.

To check the accuracy of the proposed SRT-BGK model of the method of LB employed previously
[12, 14 and 16], a validation of the numerical approach with results of S.Jani et al.[53] on MHD free convection
in a square cavity filled with air and heated from below via VFM is conducted. On Fig.4 is showed a
comparison of streamlines and isotherms of the flow for a fixed Ra = 10° in the absence and presence of Lorentz
force corresponding to Ha = 0 and Ha = 50, respectively. It is shown an excellent agreement between present
results and those of S.Jani et al.[53]. Table.1 illustrates a comparison of the average Nusselt number calculates
along hot wall for both computational methods versus Ra and Ha. Based on numerical data of Table.1, an
excellent agreement is concluded. Consequently, this successful validation proves that the method of LB with
SRT-BGK model is a vital tool to resolve problems of free convection under a Lorentz force.
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Fig.4 Comparison between present results via SRT-BGK model of LBM with those
of S.Jani et al.[53] using VF method: streamlines (left) and isotherms (right)

Ha =

Ha =50

Ha =

Ha =50

Present results via SRT model Results of S.Jani et al. [S53]
of LB method via VF method

Ha =0 Ha = S0 Ha = 100 Ha =0 Ha = 50 Ha = 100
Ra = 107 7.37 7.36 7.36 7.39 7.37 7.34
(161*161)
Ra = 10* 8.17 7.37 7.36 8.19 7.41 7.37
(171*%171)
Ra = 10° 10.46 7.97 7.43 10.41 8.03 7.50
(181*181)
Ra = 10° 14.83 13.31 10.68 14.78 13.21 10.62
(201*201)

Table.1 Comparative study of present results with those of S.jani et al.[53]
on MHD free convection in a 2-D enclosure heated from below for Pr = 0.7

3.2 Global view of the flow in the absence of magnetic field

Contour maps of isotherms and streamlines of the flow for different Rayleigh number for a fixed
Ha = 0 corresponding to case of the absence of magnetic field are depicted in Fig.5. It is found symmetrical
behaviors of temperature and buoyant convection flow fields about the mid-length of the enclosure owing to
symmetrical boundary conditions of the problem. As it can be seen from the figure, each thermal plume
generated by one heater is asymmetrically supplied in fresh air from neighboring vertical and inclined cold
walls. Consequently, the dynamic structure of the resulting flow of two thermal plumes is described by four
cells with clockwise and anticlockwise rotations and for different sizes. For smaller Rayleigh number

DOI: 10.35629/6734-0909022850 Www.ijesi.org 35 | Page



Heat transfer optimization of MHD convection in enclosure heated ..

(Ra = 10°), the circulation of the flow is so feeble and isotherms of thermal plumes deviate slightly toward the
central region of the enclosure owing to the dominance of viscous forces over the buoyancy force.
Consequently, the heat transfer is dominates par conduction mode and the interaction between thermal plumes is
negligible. The growth of Ra causes an increase of the degree of stratification of isotherms close to cold walls
and each heater causing an increase of thermal field intensity and an acceleration of all cells of the resulting
flow inside the enclosure. Furthermore, recirculation and size of cell in the vicinity of vertical cold wall increase
as increasing Ra due to an intensification of entrainment fresh air in the region between hot source and this one.
Therefore, these findings prove that the convection which becomes dominant over the conduction enhances the
communication between thermal plumes as growing Ra.

3.3 Global view of the flow under magnetic field

Next attention is focused on the effect of a uniform magnetic field with three directions on thermal and
dynamic structures of the resulting flow at Ra = 10°. On Figs.6-8 are illustrated isotherms and streamlines of the
flow versus Hartmann number ranging from 20 to 80 for inclination angle o = 0°, o = 45° and o = 90°. Global
view of the flow proves that temperature and velocity distributions are strongly affected by strength and
direction of magnetic field. From Fig.6 related to horizontal magnetic field at o = 0°, it is found a significant
attenuation of the intensity of symmetrical thermal and dynamic fields inside the enclosure and consequently the
interaction between thermal plumes becomes weaker as increasing Hartmann number. Indeed, the existence of
magnetizing force over buoyancy force conducts to stabilize the flow causing the suppression of convection in
particularly for the higher Hartmann number at 80. For the case of inclined direction of magnetic field
corresponding to o = 45°, Fig.7 shows that the dissymmetric flow is described usually by four cells with
different sizes. Plots of isotherms and streamlines show a decrease of the degree of thermal stratification and a
significant deceleration of the flow for a growth of magnetic field strength. This result proves that the buoyancy
force becomes weaker over magnetizing force thus indicating the convection mode is suppressed and the heat
transfer is owing to conduction. Furthermore, a strong deviation of the left thermal plume to right vertical cold
wall is observed as increasing Ha due to the decrease of the entrainment phenomenon of fresh air close to this
one. It is related to the effect of inclined direction of magnetic field on resulting flow. These conclusions prove
that the magnetic field can destroy the communication between thermal plumes above the triangular slab
especially for Ha = 80. For the case of vertical magnetic field (a = 90°), Fig.8 the flow is characterizes by
symmetrical temperature and velocity distributions with a decrease of these parameters as increasing Hartmann
number. For higher strength of magnetic field at Ha = 80, the flow is stabilized and the interaction of thermal
plumes is so feeble above the triangular slab due to the weakening of the convection mode inside the enclosure.
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Fig.6 Isotherms (left) ahd streamlines (right) of the flow versus Ha
for Ra = 10° and horizontal magnetic field
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Fig.7 Isotherms (left) and streamlines (right) of the flow versus Ha
for Ra = 10° and inclined magnetic field
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Fig.8 Isotherms (left) and streamlines (right) of the flow versus Ha
for Ra = 10° and vertical magnetic field

IV. EFFECT OF MAGNETIC FIELD ON TEMPERATURE AND VERTICAL COMPONENT
VELOCITY OF THE FLOW
4.1 Vertical evolution of temperature and velocity

Effects of three directions of a magnetic field on temperature and velocity of the flow at mid-length of
the enclosure is presented in Fig.9 with different Hartmann number for Ra = 10°. As increasing Ha from 20 to
80, profiles of temperature and velocity show an attenuation of these parameters above the triangular slab in
order to reach values about 0.2 and zero, respectively. For the case of a horizontal magnetic field corresponding
to a = 0, it is clear that values of temperature are weaker in particularly for Ha = 80. Then, it is concluded that
an intense magnetic field can suppress the convection causing a stabilization of the resulting flow.
Consequently, the interaction between thermal plumes is destroyed in the presence of a magnetic field in
particularly for a horizontal direction related to a = 0. These conclusions can consolidate previous results
presented by global views of isotherms and streamlines given in Fig.6.

Fig.10 delineates the variation of maximums temperature and velocity at mid-length of the enclosure
for different Ha and directions of magnetic field at Ra = 10°. As it can be seen from the figure, practically the
same behavior is obtained for each parameter versus angle inclination of magnetic field. The growth of the
magnetic field strength from Ha = 0 to 80 conducts to an attenuation of temperature and velocity of the resulting
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flow in the central region of the enclosure causing a weakening of the communication between thermal plumes
above the active triangle slab.

4.2 Transversal distribution of temperature and vertical component velocity

Plots of the transversal distribution of temperature and velocity as a function of Ha for three sections
with various directions of the magnetic field at Ra = 10° are given in Figs.11-13. Profiles evolutions prove that
thermal and dynamic fields of the resulting flow are strongly affected by two pertinent parameters of Hartmann
number and angle inclination of the magnetic field.

For the case of a horizontal magnetic field (a = 0°), Fig.11 shows a considerable variation of the
temperature and velocity as moving away from actives heaters toward upper adiabatic wall of the enclosure. For
the first section close to hot sources (y = 0.25), thermal and dynamic gradients are more intense on both sides of
the triangular slab due to the dominance of thermal plume with a significant recirculation in particularly for Ha
= 0. Negative values of the velocity are related to existence of fresh air near cold vertical walls in order to
supply heaters. In the vicinity of the triangular slab, lower values of temperature and velocity are related to
existence of fresh air with a feeble circulation of the flow. The increase of Ha causes a displacement of the
temperature maximum from vertical axis of the enclosure at x =L/2 with a deceleration of the flow thus reflects
a symmetrical deviation of both thermal plumes to vertical cold walls. Moreover, an intensification of the
magnetizing force conducts to a strong attraction of one thermal plume to vertical wall of the enclosure and
consequently the communication between thermal plumes is weaker. For the second section at mid-height of the
enclosure (y = 0.5) and for different Ha, the temperature increases above the triangular slab while it decreases
on both sides of this one. In addition, an attenuation of the temperature is observed with the growth of Ha. For
the section at y = 0.75, the temperature remains practically constant thus indicating a homogenization of the
fluid in the upper part of the enclosure. With increasing Ha in this region, it is found a decrease of temperature
and velocity about to 0.2 and zero and consequently a stabilization of the flow is obtained for higher Ha.
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Fig.9 Vertical evolution of: (a) temperature and (b) vertical component velocity
of the flow versus Ha at mid-length of the enclosure for various inclinations
of magnetic field at Ra = 10°
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of the flow at mid length of the enclosure versus Ha for various inclinations
of magnetic field at Ra = 10°

Concerning the second case of an inclined magnetic field (o = 45°) related to Fig.12, thermal and
dynamic profiles are asymmetrical owing to the strong effect of the magnetizing force with inclined direction
over vertical buoyancy force. As increasing the magnetic field strength (0 < Ha < 80), it is shown a deviation of
plots related to the left thermal plume toward vertical axis at mid-length of the enclosure. For all sections
(y = 0.25, 0.5 and 0.75), a deceleration of the resulting flow is detected with a growth of Ha thus translating a
stabilization of the flow for higher Ha in particularly at 80. Consequently, the convective mode is more
suppressed with increasing Hartmann number for an inclined magnetic field at 45°. For the third case of a
vertical magnetic field (a = 90°), symmetrical distributions of temperature and velocity are showed on Fig.13
due to the superposition of a horizontal magnetizing force with the buoyancy force. From figures, it is found the
same behavior of the resulting flow compared to that of the case of horizontal magnetic field with a slight
intensification of thermal and dynamic field. This result proves that the interaction of thermal plumes is not
negligible for the case of a vertical magnetic field and consequently the convection is not completely
suppressed.

DOI: 10.35629/6734-0909022850 Www.ijesi.org 42 | Page



Heat transfer optimization of MHD convection in enclosure heated ..

1,0 T T T T

a=0 —o—Ha=0

——Ha=20

0,045 . . : :
@=0 = Ha=0

0,036'y: 0.75 —o—Ha=20
0,027_ Ha =40

—— Ha =60
0,018+ Ha =80
0,009- ]
Oooo%ﬁﬁﬁﬁ%
-0,009" d

00 04 08 12 16 20
X
0,045 :
@=0 —< Ha=0
0,036'y:05 +:a:i(o)
a=
0,027 —v—Ha=60
0,018- Ha = 80
¢, Ty

0,009- £ §
0,000 e
0,000{7 7

0,045

0,036y

0,027 1
0,018
0,009+

0,000,

-0,009{"

(b)

Fig.11 Transversal distribution of: (a) temperature and (b) vertical component velocity
of the flow versus Ha for three sections with horizontal magnetic field at Ra = 10°
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Fig.12 Transversal distribution of: (a) temperature and (b) vertical component velocity
of the flow versus Ha for three sections with inclined magnetic field at Ra = 10°
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Fig.13 Transversal distribution of: (a) temperature and (b) vertical component velocity
of the flow versus Ha for three sections with vertical magnetic field at Ra = 10°

V. EFFECT OF MAGNETIC FIELD ON FLOW HEAT TRANSFER
5.1 Variation of local Nusselt number
Next concentration is focused on the investigation of heat transfer of the resulting flow within
enclosure. It is quantified by the local Nusselt number (Nu,) along both hot sources S; and S, in order to better
understanding the physics of the buoyancy convection under various directions and strength of magnetic field.
For a fixed Ra at 10°, the variation of Nu,_ along each heater versus strength and direction of magnetic field is
illustrated on Fig.14. As it can be seen from plots, the heat transfer strongly depends with different Ha and angle
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inclination of the magnetic field. For the case of a horizontal magnetic field (a = 0°) corresponding to vertical
magnetizing force (Fig.14.a), Nu,_ is more important on sides of each hot source owing to the existence of strong
thermal gradients. As increasing Ha from 20 to 80, it is clear a reduction of heat transfer about 20% on heaters
sides thus indicating the decrease of the convection effect under the intensification of magnetizing force over
buoyancy force. For the case of inclined direction of magnetic field (Fig.14.b), it is found an attenuation of heat
transfer rate with the growth of Ha. Moreover, the figure shows that the heat transfer is described by an
asymmetrical behavior inside the enclosure. It is more important along left source S; than that second source S,
for various Ha due to the dominance of the convection over conduction at the left region of the enclosure.
Fig.14.c related to case of vertical magnetic field demonstrates a decrease of heat transfer on each heater sides
about 15% as increasing Ha from 20 to 80. Compared to case of horizontal magnetic field where a = 0°, the
convective heat transfer for a vertical magnetic field corresponding to o= 90° is stronger about 5%.

5.2 Variation of the ratio Nusselt number

On Fig.15 is depicted the evolution of the ratio Nusselt number (Nu*) along each heater (S; and S,)
versus the magneto-convective parameter € for various angle inclination of magnetic field o at Ra = 10°. For
various directions of the magnetic field, it is found that increasing ¢ decrease the Nu* owing to a weak effect of
buoyancy force over magnetizing force. Consequently, the contribution of heat transfer by convection becomes
weaker in particularly for higher Ha while the conduction mode is dominant. From figure, the maximum heat
transfer is detected for the case of the vertical magnetic field (view Fig.15.c) while it is weaker for the case of
horizontal magnetic field (view Fig.15.a). Concerning the case of an inclined magnetic field corresponding to a
= 45°, the ratio of Nusselt number along left heater S; is more significant than that of the right heater S, owing
to the inclined direction of magnetic field.
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V1. CONCLUSION

Effects of intensity and direction of a uniform magnetic field on free convection generated from two
heaters placed at the bottom wall of a rectangular horizontal enclosure containing an active triangle slab
localized at the center of this one. Numerical simulations are performed with SRT-BGK model of LBM. Firstly,
the problem is studied for the case in the absence of a Lorentz force at various Ra = 10° to 10°. Secondly, the
study is discussed for the case in the presence of a Lorentz force with a fixed Rayleigh number at 10°. For this
case, three directions of the magnetic field a = 0°, 45° and 90° at different Ha = 0 to 80 are applied to the
problem. It is concluded that the successful validation of results via SRT-BGK model of LBM with previous
investigations proves that this numerical approach is a vital tool to simulate buoyancy convection problem under
the Lorentz force. For the Ha = 0, symmetrical isotherms and streamlines demonstrate that the increase of Ra
conducts to an intensification of the convection over the conduction causing a stronger interaction between
thermal plumes above the triangular slab. In the presence of magnetic field, thermal and dynamic fields as well
as heat transfer are strongly affected by pertinent parameters of Ha and angle inclination o. The growth of Ha
shows an intensification of the magnetizing force over buoyancy force with various inclination angles a.
Consequently, it conducts to a brake the flow and to neglect the convection in particularly for the higher Ha.
Furthermore, it is found that the communication of thermal plumes can be totally destroyed via a horizontal
magnetic field for higher Ha. For Ra = 10°, optimization of heat transfer proves that the minimum of this one is
obtained for horizontal magnetic field while it is stronger for the case of a vertical magnetic field.

Nomenclature
By, magnitude of magnetic field
cs lattice sound speed
c; discrete lattice velocity
f;  discrete distribution function for the density
g; discrete distribution function for the temperature
g gravity field
H  dimensionless height of the enclosure
Ha Hartmann number
L dimensionless length of the enclosure
Nu . local Nusselt number along heater
Nu average Nusselt number along heater
Nu* ratio Nusselt number along heater
Pr  Prandtl number
Ra Rayleigh number
Sy leftheater
S, right heater
Th temperature of heater
T. temperature of cold wall
U  velocity vector (u, v)
X lattice node in (x,y) coordinates
Ax lattice spacing units (=Ay)
AT temperature gradient
At time step
a inclination angle
w;  weighting factors for f;
w’ weighting factors for g;

Greek symbols
S thermal expansion coefficient

6  dimensionless temperature field
€  Mmagneto convective parameter

T, relaxation time for f;

7, relaxation time for g;

£ fluid density

v Kkinetic viscosity

% thermal diffusivity

o electrical conductivity
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Subscripts
c cold
h  hot

eq equilibrium part

i
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