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Lattice Boltzmann Simulation for Magnetohydrodynamic

Mixed Convective Flow in a Porous Medium
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Abstract: A numerical study of the magnetohydrodynamic (MHD) mixed convective flow in a lid-driven cavity
filled with porous medium was presented by Lattice Boltzmann Method (LBM). Mathematical formulations for
flow n porous media were constructed on Brinkman-Forchheimer model. The multi-distribution-function (MDF)

model was used for studymg the magnetic field effect. The top horizontal wall 1s moving in its own plane at a

constant speed, while the other walls are fixed. A uniform horizontal magnetic field is applied on the cavity.
Numerical results are obtamned for effect of the Richardson, Hartman and Darcy Numbers over the flow field and
heat transfer. It 1s observed that the fluid circulations within the cavity are reduced by increasing magnetic field
strength as well as Darcy number reduction. Tt is concluded that the heat transfer depends on the Darcy and

Hartman numbers. The average Nusselt number increases by decreasing Darcy numbers.
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INTRODUCTION

The subject of mixed convective flow mn a lid-driven
cavity has been an important subject for research studies
due to its
applications such as quartz expansion, electronic cooling,
oil extraction, etc [1-3]. Prasad and Koseff [4] performed
an experimental investigation of mixed convective flow in
a lid-driven cavity. Mixed convective flow in two-sided
lid-driven differentially heated square cavity was
presented by Oztop and Dagtekin [5]. They have found
that both Richardson number and direction of moving

common occurrence in  technological

walls have a great effect on the fluid flow and heat
transfer. Effect of heating location on mixed convective
flow m lid-dniven enclosure was considered by Sivakumar
et al. [6]. They have found that the heat transfer rate was
enhanced by reducing the heating portion. Mixed
convective flow m a lid-dniven porous cavity has been
received large concentration for its applications in
engineering and science. Mixed convective flow in an
enclosure filled with porous medium with heat generation
was numerically investigated by Khanafer and Chamkha
[7]. Their results show that heat transfer mechanisms and
the flow characteristics inside the cavity depend to the
Richardson number. Mixed convective flow m a lid-driven
cavity filled with a fluid saturated porous medium was

numerically studied by Kandaswamy et af. [8]. They have
established that conduction dominates for low Prandtl
numbers. Laminar mixed convective flow m a parallel
two-sided lid-driven differentially heated square cavity
filled with a fluid-saturated porous medium was studied
by Vishmuvardhanarao and Kumar Das [9)]. Kharicha ef al.
[10] presented a numerical study of a steady laminar MHD
flow driven by a disk at the top of cavity. They have
found that for fixed values of the Hartmann and Reynolds
mumbers, the velocity distribution depends on the
conductance ratio. MHD mixed convective flow of a heat
conducting horizontal circular cylinder in a rectangular
lid-driven cavity was investigated by Rahman ef al. [11].
It is found that the flow field at the cylinder center
depends to the Richardson mumber and the aspect ratio of
cavity.

Many researchers studied MHD flow and heat
transfer in different porous and non porous geometry [12-
17] Natural convection of an electrically conducting fluid
in an enclosure m the presence of a magnetic field was
mumerically studied by Rudraiah et al. [18]. Other
experimental studies dealing with MHD flows in porous
media were explored by McWhirter ef @l [19] and
Kuzhir et al [20]. Khanafer and Chamkhab [21]
numerically considered natural convection m an inclined
square enclosure filled by porous medium with heat

Corresponding Author: Mousa Farhadi, Faculty of Mechanical Engineering, Babol University of Technology, Babol,
Islamic Republic of Iran, P.O.Box: 484, Tel: +98-111-3234205,
Fax: +98-111-3212268, E-mail: mfarhadi@nit.ac.ir.
1124



World Appl. Sci. J., 11

generation. Their results show that the fluid instability
within the cavity is reduced by increasing the magnetic
field strength. Iliuta et al. [22] investigated the MHD of
trickle bed reactors with an experimental investigation.
Robillard et al. [23] numerically and analytically
concerned the effect of an electromagnetic field on the
free convection in a vertical porous cavity. They have
found that under constant heat and mass fluxes the flow
is parallel to the core of the cavity. The LBM is an
appropriate method for modeling fluid flow and heat
transfer in many applications [24-27]. This method has
been also separately applied to flow in porous media and
MHD flow. A most commonly approach to apply LBM in
porous medium is the flow field modeling at the
representative elementary volume (REV) [28] scale. This is
accomplished by including an additional term to the
standard lattice Boltzmann equation for consideration the
presence of a porous medium. Spaid and Phelan [29]
presented a model based on the Brinkman equation for
single-component flow in porous media. Although the
Brinkman model has been widely used to describe flows
in porous media, some limitations still exist in this model
[28]. In this present study, linear and nonlinear matrix
drag components are considered as well as the inertial
and viscous forces using Brinkman-Forchheimer model
[30]. One of the first MHD techniques has been
developed by Montgomery and Doolen [31]. In general,
the lattice Boltzmann MHD models fall into two
categories: the multi-speed (MS) [32] and multi-
distribution-function (MDF) [33] approaches. The MS
approach has some limitations and thus these restrictions
can be ignored by using the MDF approach.

The main purpose of the present numerical work is to
investigate the MHD mixed convective flow in a
rectangular lid-driven porous cavity using lattice
Boltzmann method. The mathematical relations for porous
media are based on the Brinkman- Forchheimer equation
model [30] and the MDF model is used for investigating
the magnetic effect.
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MATHEMATICAL MODEL

Mixed convective flow in a rectangular lid-driven
cavity has been simulated using LBM (Figure 1). It is
assumed that the left and right walls are maintained at a
constant but different temperature, 0, and 0, (0, > 0,) and
the both top and bottom walls are insulated. Also a
uniform magnetic field is applied in the horizontal
direction and the top wall has constant velocity U,. The
physical properties are constant except the density
variation in the body force term of the momentum
equation  which is satisfied by Boussinesq’s
approximation.

Lattice Boltzmann Method for MHD Flow Through
Porous Media: The Lattice Boltzmann model for
incompressible fluid flow in porous media has been
proposed by several researchers [30, 34]. The difference
between present model and the noticed models ([30, 34])
is the magnetic effect consideration by modifying the
density distribution functions (/). In LBM, the fluid is
modeled by a single-particle distribution function. The
distribution functions for porous media are governed by
lattice Boltzmann equation as follow [30]:
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Fig. 1: Geometry of the problem.
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For the D,Q, model, the discrete velocities are defined by:
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(0,0) jor i=0 (3)

z = [cos[(i—l)%,sin[(i—l)%] for i=0.4

ﬁ[cos[(z - l)g,sin[(i - I)EJ jor i=5.8

Here d,is the lattice time step. The equilibrium functions of density distribution (%) for 12,0, model in presence of
porous media with magnetic field are:
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Where [J is the porosity of the medium and B is the magnetic field and 1, is weighting factor and c, is the speed of sound
that 1s defined by ¢y :% [30]. The weighting factors are:

NG
w.:{i Jfor i=0, lfori=1...4,Lfori=5...8} (5)
19 9 36

Similarly, a magnetic equilibrium functions (%%) are introduced by Dellar [33] for calculating the magnetic field effect:

; (6)
bty =h B+ 18R~ B)
Evolutions of the distribution functions for magnetic field consideration are:
}%(f+%5t=”5t)—’%(f=f)w ™
Where A, is the weighting factor of magnetic field:
1 for i=0
k=1 ®
Z for i=1.4
Thermal distribution functions are [35]:
fQ:a),T[HéEI..iEJ ©
And the Brinkman-Forchheimer equation is [30]:
8 vy oo L v pyrovieg F
o e Py (10)
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Here, p= ?p and the VISCOSItY ,_ .2 (1’ ~0 5) 9  The body force 1s [30]:
= b0
3

3e
F=85 LT G
K" S0 an
K=Da H2, F=_L7

£ 15063 (12)

Where K 1s the permeabulity; G 1s the acceleration due to gravity, Da 1s the Darcy number and H is the characteristic
length. The total body force ( 5 ) encompasses the viscous diffusion and the inertia due to the presence of a porous

medium and the external force. The suitable choice for the forcing term, F;(see Eq. (1)), to obtain the correct equations

of hydrodynamics is [30]:

1 \|&F _ (iF:é8)_ulF
i=ap( ZTU) egct £¢,? (13
The fluid velocity # is defined as:
I A
pu=3 &fi=—PF (14)

As shown in Eq. (11), 7 contains the velocity 3y, therefore Equation (14) is a nonlinear equation for z7. This

nenlinearity is ignored by defining a temporal velocity 7 :

—
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2 15063k (16)

The fluid density, temperature and magnetic field are defined as [30 and 33]:

§=Zh-, T=Yg, pP=Xfi
i i i

Through the Chapman-Enskog procedure, in the limit of
small Mach number, equations (1, 2, 6 and 7) recover the

contimuty, energy and magnetic field equations,
respectively [30, 33 and 35].
RESULTS AND DISCUSSIONS

In this study, MHD flow in a rectangular lid-driven
cavity saturated with porous medium was performed. The
effects of magnetic field and porous parameters on the
shear- buoyancy driven cavity are investigated by lattice
Boltzmann method. The present computation focused on
the parameters having the following ranges: Ri=107" to
107, Da=10""to 107", Ha=0 t0 50, £=0.6 and Pr=134.

(17)

Table 1: Comparison of the present results with Seta et «f [34] and

Nithiarasu et ai [36]

Da Ra g Present Study Seta et of [34] Nithiarasu et af [36]
1072 100 04 141 1.34 1.40

0.6 1.54 1.55 1.55

0.9 1.68 1.65 1.64
10% 1° 04 1.06 1.06 1.06

0.6 1.07 1.06 1.07

0.9 1.07 1.07 1.07

To validate the numerical simulation, natural convection
in rectangular cavity filled with porous medium in the
absence of a magnetic field were simulated and
compared with the previous studies [34, 36] (Table 1).
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Fig. 2: Average Nusselt number versus Hartman number at Gr = 2x10*,
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Fig. 3: Streamlines with variable Ha and Ri numbers for Da = 10" and £= 0.6.

Also, natural convection in a rectangular enclosure in
non-porous medium was modeled and the results were
compared with earlier research [18] (Figure 2). The results
are provided good agreement between the present and
previous numerical solutions. Effect of magnetic field on
flow patterns is shown in Figure 3 at different Richardson
number. In the absence of magnetic field (Ha=0) the
intensity of circulation is increased by increasing the
bouncy force. The flow patterns are changed by adding
the magnetic field (Ha=25 and 50) and some vortexes are

observed. The Lorenz force (magnetic force) is against
the bouncy force so the vortexes are conducted in
the cavity by increasing the Hartman number. Figure 4
shows the effect of magnetic field on temperature
contours at different value of Richardson number. By
increasing the Richardson number and consequently
raising the bouncy force, convection heat transfer
becomes dominate. Therefore it can be concluded that
for higher value of Richardson number, the flow mixing
is better than lower value of this parameter (Figure 4).
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Fig. 4: Temperature contours at different values of Haand Ri numbers for Da = 10G? and g = 0.6.
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Fig. 5: Streamlines at different values of Daand Ri numbersfor Ha=25and g = 0.6.

Figure 5 displays the effect of the Darcy number
on flow fields at different Richardson numbers. It is
observed that the low Darcy number reduces the
flow speed in the cavity and the flow fied is
stabilized at different Ri numbers. In other worlds,
the effects of increasing the Hartman number and
decreasing the Darcy number are similar to each other

but in different mechanisms. Figure 6 shows the
temperature contours at different Da and Ri number.
It is observed that the buoyancy effect decreases
by decreasing the Darcy number. The Richardson
number does not have any sensitive effect at low Da
number. For high Darcy vaue (Da =10G') mixed
convective flow is more dominating in the entire cavity.
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Fig. 6: Temperature contours at different values of Daand Ri numbersfor Ha=25and g = 0.6.
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Fig. 7: Vertical velocity profile at mid-plane of the cavity at different values of Dafor Ri=10G? and g = 0.6.
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Fig. 8: Average Nusselt number for different Ri number at Ra=10 ° and g=0.6.

The veocity profile is plotted a mid-sections of
the cavity to illustrate the effect of Hartman and
Darcy numbers (Figure 7). Magnetic field creates a
force (Lorentz force), opposite to the flow direction,
which tends to oppose the flow. It can be observed
that the flow instability is damped by decreasing
the Darcy number. The average Nusselt number
on the hot wall of the cavity is shown in figure 8 for

different value of Hartmann numbers. For a constant
Richardson number, the average Nusselt number
decreases by increasing the Hartman number which
is due to dominate the conduction heat transfer.
It is observed that the lower Richardson number
has a greater heat transfer due to the stranger
convective heat transfer which is dominant mechanism
of heat transfer.
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CONCLUSION

In this study, mixed convective flow in a lid-driven
porous cavity with the presence of magnetic field has
been presented using lattice Boltzmann method. Flow field
m porous media has been simulated by Brinkman-
Forchheimer model and the MDF approach has been used
for considering the magnetic field. The main observation
can be listed as follow:

» Lattice Boltzmann method 1s an applicable approach for
simulating mixed convective flow in a porous cavity at
the presence of a magnetic field.

* The flow field and heat transfer are strongly depended
on the magnetic field strength and the Darcy number.

» The effect of the Darcy number and magnetic field and
is found to reduce the fluid circulation inside the
enclosure. It causes to decrease the convection heat
transfer.

+ The average Nusselt number decreases with increasing
the Hartmann number at a constant value of Richardson
number.

* The average Nusselt number increases by decreasing
the Richardson number. Tt is due to increase the
convection heat transfer in total heat transfer.

Nomenclature

B Magnetic field strength Greek symbols

c Speed of sound in lattice

c, Speed of sound in lattice w  Themmal diffusivity

Da Darcy number, K/H? &, Time step

e, Discrete velocity £ Porosity

F,  Forcing term 1 Magnetic resistivity
Body force 0  Dimensionless temperature,

(B=T-T/Ty-T,)

A Hydrodynamic distribution A Weighting factor of
function magnetic field

Jf¥  Equilibrium distribution function u  Viscosity

G Acceleration due to gravity o Density

Gr  Grashof number, (gPAGH /W) T, Thermal relaxation time

£ Thermal distribution function T, Magnetic relaxation time

g??  Thermal equilibrium T, Hydrodynamic relaxation
distribution function time

H  Channel width

Ha Hartmann number

h; Magnetic equilibrium
distribution function

hf? Magnetic equilibrium Subscripts
distribution function

K Permeability

k Thermal conductivity avg Average
Nu,,, Average Nusselt number ¢ Cold

Pr Prandt] number (/) h  Hat

Re (UHMW) v Velocity
Ri  Richardson number (Gr/Re?) w  Wall

V  Dimensionless velocity
iny direction
x, ¥ Cartesians coordinate
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