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The thermal lattice Boltzmann method (TLBM), which was proposed by J. G. M. Eggels and J. A. Somers
previously, has been improved in this paper. The improved method has introduced a new equilibrium solution for
the temperature distribution function on the assumption that flow is incompressible, and it can correct the effect
of compressibility on the macroscopic temperature computed. Compared to the previous method, where the half-
way bounce back boundary condition was used for non-slip velocity and temperature, a non-equilibrium extrapolation
scheme has been adopted for both velocity and temperature boundary conditions in this paper. Its second-order accuracy
coincides with the ensemble accuracy of lattice Boltzmann method. In order to validate the improved thermal scheme,
the natural convection of air in a square cavity is simulated by using this method. The results obtained in the simulation
agree very well with the data of other numerical methods and benchmark data. It is indicated that the improved TLBM
is also successful for the simulations of non-isothermal flows. Moreover, this thermal scheme can be applied to simulate
the natural convection in a non-uniform high magnetic field. The simulation has been completed in a square cavity filled
with the aqueous solutions of KCI (11wt%), which is considered as a diamagnetic fluid with electrically low-conducting,
with Grashof number Gr=4.64x10% and Prandtl number Pr=7.0. And three cases, with different cavity locations in
the magnetic field, have been studied. In the presence of a high magnetic field, the natural convection is quenched
by the body forces exerted on the electrically low-conducting fluids, such as the magnetization force and the Lorentz
force. From the results obtained, it can be seen that the quenching efficiencies decrease with the variation of location
from left, symmetrical line, to the right. These phenomena originate from the different distributions of the magnetic
field strengths in the zones of the symmetrical central line of the magnetic fields. The results are also compared with
those without a magnetic field. Finally, we can conclude that the improved TLBM will enable effective simulation of
the natural convection under a high magnetic field.
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1. Introduction

The lattice-gas cellular automata (LGCA) and
the lattice Boltzmann method (LBM) are relatively
new and promising methods for the numerical solu-
tion of partial differential equations,!) which can uti-
lize parallel computers to study transport phenomena.
The LBM is a derivative of the lattice gas automata
(LGA) method; therefore, it inherits some advantages
of LGA over traditional computational methods. Tt
is parallel with LBM in nature due to the locality of

particle interaction and the transport of particle in-
formation, so it is well suited to massively parallel
computing. Moreover, the algorithm of this method
is a conservation form in nature too, which can en-
hance its numerical stability as compared with tradi-
tional computational methods. The other advantages
of LBM, such as numerical accuracy, numerical ro-
bustness, flexibility with respect to complex bound-
aries, and computational efficiency, have also demon-
strated the qualification for a new numerical method
of computational fluid dynamics (CFD).
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The current LBM, however, lacks a satisfactory
thermal model for heat transfer problems.!*l We can
classify the previous thermal lattice Boltzmann mod-
els (TLBMs) into two categories: the multi-speed
(MS) approach and the passive-scalar approach. The
MS approach is a straightforward extension of the lat-
tice Boltzmann equation (LBE) in isothermal mod-
els where only the density distribution function is
used.[*=6 Although this approach has been shown to
be theoretically possible,l* previous models suffered
severe numerical instability and the temperature vari-
ation is limited to a narrow range.[]

The passive-scalar approach, which can be called
the double-distribution function (DDF) method, uti-
lizes the fact that the macroscopic temperature sat-
isfies the same evolution equation as a passive scalar
if the viscous heat dissipation and compression work
done by the pressure are negligible.[8? The flow field
and the passive temperature are presented by two
sets of distribution functions respectively: one simu-
lates the Navier-Stokes equations, and the other simu-
lates the advection-diffusion equation satisfied by the
passive scalar driven by the flow. That is, the tem-
perature is simulated using a separate distribution
function which is independent of the density distri-
bution. Compared to the MS approach, it enhances
the numerical stability.®% In addition, the accuracy
of the passive-scalar model has been verified by several
benchmark studies. 910!

BEggels and Somers!'?! proposed a thermal lat-
tice Boltzmann scheme belonging to the passive-scalar
approach,*!! where an additional scalar transport
equation is coupled with the momentum equations to
simulate the nonisothermal flows. However, the den-
sity of the fluid in the equilibrium solution of the tem-
perature distribution function could not strictly sat-
isfy the incompressibility assumption of LBM. More-
over, the half-way bounce back boundary condition
used in the method was suitable for the non-slip ve-

(12] but not for the temperature that

locity boundary,
is a scalar quantity. To cure the upper two points,
in this paper, the TLBM proposed in Ref.[10] is im-
proved.

The paper is organized as follows. In Section 2,
a new equilibrium solution for the temperature dis-
tribution function is proposed to improve the thermal
lattice Boltzmann scheme proposed in Ref.[10], and
a non-equilibrium extrapolation scheme for both non-
slip velocity and temperature is adopted. In order

to validate the improved thermal scheme, the natural

convection of air in a square cavity is simulated in Sec-
tion 3. While, in order to apply the improved method
to the biological field,"®! the natural convection under
a high magnetic field is also investigated in Section 4,
because damping of natural convection is very impor-
And the results
are obtained for three different cases, which are fur-

tant to grow high-quality crystals.

ther compared with the magnetic-field-free conditions.
Finally, conclusions are drawn in Section 5.

2. Thermal lattice Boltzmann

mehtod

2.1. Lattice Boltzmann equation

In this paper we derive the discrete lattice
Boltzmann equation from the two-dimensional square
D2Q9 model, an MS model (see Fig.1).

4

Fig.1. D2Q9 multi-speed model.

The evolution of this scheme contains two steps:
a propagation step that shuffles all variables so that
mass density N; at position & can move to posi-
tion ® + ¢;, and a collision step that redistributes
the mass densities among the velocity directions at
each grid point locally. Therefore, the scheme can be
used to solve the following coupled partial differential

equations:[14

(9tNZ+CZVNZ = \Qz (,Z\]—)7 (1)

where the collision operator (2; (IN) obeys the basic
conservation laws of mass and momentum:

Zigi(N)ZOa Zicigi(N):.f (2)

The vector f (x,t) represents a body force, which

contains gravity and magnetic forces, and will be dis-

cussed in details in Section 3. The equilibrium solu-

tion for mass density distribution function N; (z,t)
is as follows:
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mip
24
with Y. N; = p, >, ¢;N; =pu and m; = {4,4,1,4,1,4,1,4,1},i = 0,...,8; m; and v are weight factors and
kinetic viscosity, respectively.

N (a2, t) = {1+20i~u+3(ci~u)2 - g lu|®> —6v [(ci-V) (¢;-u) — ;V-u]} (3)

Now consider the staggered formulation of the LBM to specify the collision operator (2; (IN):
1 1 1 1
Ni<az+zci,t+2):N¢<:c—2c,-,t—2>—|—9i(N). (4)

With the help of Taylor expansion of N; (x + ¢;,t+ 3) and N; (x — 3¢;,t — 3) at N; (x,t), we obtain the
expression for collision operator §2; (IN),

1 1 1 1
.Ql(N)N1($+201,t+2>—Ni<$—2cl,t—2>
=P o Y (e ) — 2V |+ e f
P (e V) (o) - 3V a4 e )
1 1 1

which can be rewritten in terms of a 9 x 9 filter matrix F;;, and a solution vector af (z,t) as

1 1 m; . .
N; + —c,tx =) = — E; =1,... .
B (513 20“1) 2) 2 kz::l ik (SC,t), (Z ) 79) (7)

Meanwhile, the expressions of filter matrix E;; and solution vector a,f (z,t) are given by

1 1 2
Ey = {1,26,@,2%3 (afx - 2) ,6CixCiy, 3 (cfy - 2) i (3¢}, — 1) ey (3¢, —1),3(ch, —c3,)” — 2], (8)

1 1 +1 —6v

+1—6v
o @)= | g+ (5 ) @ty + 0y, . )
+1 —6v
PUyly + P <6> (20yuy) ,Tli, Tzi, F*
The matrix F;j is formulated in such a way that its inverse E,IW- can be determined directly as:
3 1 1 T
17 Cix, Ciyiczzx + iczzy - 17 Cixci?p iczzy + 5653: - 17

Ellcz = (10)

Cig (Sny — 1) s Ciy (Ssz — 1) '3 (ci — c?y) -1

According to the equations obtained above, we propose the procedure for evolution of velocity field: First,
determine the solution vector a;, (z,t) in terms of N; (:1: — %ci,t — %) initialized by equilibrium distribution

using Eq.(3),
" 1 1
a (z.t) =Y ELN; (w—2ci7t—2>, (k=1,...,9). (11)
i=1

The velocity components u, and u, can be computed from the components of the body force f that are known,
accordingly. Then, separate the shear rates d,u, (Opuy + Oyu,) and Oyu, from the total stress. Meanwhile,
apply T;" = —0.87, and T, = —0.8T}, to deal with the third-order terms, and set F'+ = 0 for the fourth-order
term because of its smallest magnitude. Thirdly, we determine the components of solution vector a; (z,t) from
Eq.(9) and compute the variable N; (:1: + %cz-, t+ %) using Eq.(7). Finally, all variables NV; (:c + %ci7 t+ %) after
the collision step are shuffled during the propagation step so that the mass density N; (:c + %ci, t+ %) associated
with the grid point at position & moves to the grid at position &+ ¢; to become N; (:c —let— %) for the next

2
time step.
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2.2. Diffusion—advection equation in the
lattice Boltzmann scheme

The standard diffusion—-advection equation for in-
compressible flow isY

T +u-VT =aV?T, (12)

where T and a are temperature and thermal diffusiv-
ity, respectively. In analogy to the mass density distri-
bution N; (x,t), a temperature distribution function
Q; (x,t) is introduced along the velocity direction ¢;.
The evolution of distribution function Q; (x,t) also
obeys the following partial differential equations,

0Qi +¢i - VQ; = ¥;(Q), (13)

where ¥, (Q) is the operator for temperature. In
Eggels and Somers’s model for obtaining the evolution
of temperature, in the equilibrium solution for temper-
ature distribution function the fluid density is included
explicitly, and the assumption that the standard LBM
is confined to the case of incompressible flow could not
be satisfied strictly. Based on this knowledge, a new
equilibrium solution for the temperature distribution
function is presented on the assumption that flow is
incompressible in this work:

Qi (x,t) = % [T +2¢;-ul —2¢;-aVT]. (14)

K3

The new equilibrium solution does not contain
the fluid density as the previous model and can cor-

l

By (w,t) = [T, u, T + (_1_4a> 0, u, T + (

4

/Bl—c‘r (.’B,t) = |:T7 Uz T + <+14a> 0. T, UyTJr <

4

—1—4a

+1—4a

rect the effect of compressibility on computing macro-
scopic temperature. Accordingly, the definition of
the macroscopic temperature is also modified, i.e.,
T (x,t) = >,Qi(x,t), and the new thermal model
is more consistent with the assumption of incompress-
ibility for the standard LBM. Therefore, the numerical
accuracy can also be improved.

Now we deduce the expression for the tempera-
ture operator ¥; (Q). With the help of Taylor expan-

sion, we can obtain

1 1 ;
Qi (.’1} + *Ci,t:l: ) = Qi (:B,t) + ﬁci : VT, (15)

2 2 48
m;
Vi(Q) = 5 - VT. (16)
Meanwhile, the formulas of the solution vec-
tor ﬁ,f (z,t) and temperature  distribution

Q; (:B + %ci, t+ %) are given as follows:

n
1 1
- I
By (x,t) = ;Ek)iQi (fb‘ - 501‘775 — 2>,

(k=1,...,9); (17)

1 1 M
Qi <$+2C“t+2> = izElkﬂ]t (.’E,t),
k=1
(i=1,...,9); (18)

E;r and E}; remain to have the forms of Eq.(8) and
Eq.(10), respectively. ﬁ;f (x,t) are expressed below

4 )ayT7SI7527537T17T2aF_:|,

7 ) 8,T,—0.857,—0.85; ,—0.855 ,0,0, 0] .
(19)

At this point, we can see that the temperature gradients, i.e., 8,7 and 9,7, could be separated from

the total flux in terms of the velocity components u, and u, that are given. Therefore, we can estimate the
evolution of the temperature field as follows: First, we compute the solution vector 3, (x,t) from Eq.(17)
using Q; (:B - %ciJ - %) defined in Eq.(14), and determine 3; (z,t) using B, (z,t) from Eq.(19). Then we can
obtain a new temperature distribution @Q; ( + 3¢;,t + %) from Eq.(18). And finally shuffle Q; (z,t) at every
grid point to end up with Q; (:B — %ci,t — %) It should be noticed that we have set Tl+ =0, T; = 0 and
F* =0 to deal with the third-order and fourth-order terms in the solution vector 8, (z,t) for all procedures.

2.3. Boundary conditions

In the tests in Sections 3 and 4, non-slip velocity conditions are imposed on the rigid walls of the cavity.
Fixed temperatures (Dirichlet conditions) are prescribed on the vertical walls, whereas the horizontal walls are
perfectly insulated (Neumann conditions).
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The bounce-back condition is very convenient for
dealing with the mass density distribution on the rigid
walls; however, it is not suitable to apply it to the
temperature that is a scalar quantity for lack of a
There-
fore, a non-equilibrium extrapolation scheme is intro-

philosophical idea of momentum exchanges.

duced, which was proposed by Guo et all'! and Chai
et all'% and is the second-order accuracy, the same as
the lattice Boltzmann scheme. It is used on the walls
for both mass density and temperature distributions.
The boundary conditions are as follows:

? K2

Ni,wall - N?qwau + Ni,ﬂuid - N'ﬁ%ujda (20)

Qiwan = QF% o + Qi Auid — Qf fyia» (21)

where Wwall and Qiiqwan are the dummy equilib-
rium distributions, which are determined by Eqgs.(3)
and (14) according to the non-slip velocity conditions,
and whose densities are equal to the densities of fluid
nodes that are close to the walls; N; fuid, N;%uid and
Qi fuids Qf fyiq are the mass density and temperature
distributions, and their equilibrium distributions at

the fluid nodes close to the walls, respectively.

3. Natural convection

In order to validate the improved thermal scheme
proposed in Section 2, the natural convection of air
in a cavity with Ra=10%, 105 and Pr=0.71 is simu-
lated by using the above method. The flow config-
uration of the test is fairly simple and consists of a
two-dimensional square cavity with a hot vertical wall
on one side and a cold vertical wall on the opposite
side (see Fig.2).
top) are considered to be perfectly insulated.

The horizontal walls (bottom and

y/H

(a) z/H

0T /9y=0

l g
T—wﬂ 0 oT/9y=0 "

Fig.2. Flow configuration for natural convection.

The two dimensionless parameters, the Rayleigh
number (Ra) and the Prandtl number (Pr), which
characterize the natural convective flow, are defined
as follows:

ATH?
Ra = gﬁ77 Pr= z, (22)
a

rva

where g is the gravitational acceleration, § the ther-
mal expansion coefficient, AT the temperature differ-
ence between the two vertical walls, and H the height
(equal to the width) of the cavity. In the test, we ap-
ply the Boussinesq approximation to confine the fluid
to laminar flow.'” The body force f which appears
in the momentum equation is the buoyancy, which is
directly proportional to the temperature variation ac-
cording to the Boussinesq hypothesis:

f=—pr,gB (T —Tp), (23)

where Ty = (T}, + T) /2 is the reference temperature.

Figures 3 and 4 show the streamlines and
isotherms of the convective flow in the cavity, respec-
tively.

y/H

(b) z/H 1

Fig.3. Streamlines of the convective flow in the square cavity, (a) Ra=10* and Pr=0.71; (b) Ra=10° and Pr=0.71.
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y/H

(a) z/H 1

y/H

(b) z/H 1

Fig.4. Isotherms of the convective flow in the square cavity, (a) Ra=10% and Pr=0.71; (b) Ra=10% and Pr=0.71.

Different flow parameters are listed in Table 1:
the average heat transfer through the hot wall Nu,
the maximum vertical velocity vmax/V™* along the hor-
izontal center line, the maximum horizontal velocity
Umax/ V™ along the vertical center line. Here, Nu and
V* read,['8]

14

H
1

Table 1. Flow parameters for various Rayleigh number (grid
120x120).

Rayleigh number Nu Umax/V™* Umax/V*
104

present work 2.251 19.444 16.012
Barakos et al[19] 2.245  19.717 16.262
De Vahl Davis[20] 2.243  19.617 16.178
Fusegi, cited in Ref.[19]  2.302  18.959 16.937
105

present work 4.541 68.473 34.843
Barakos et all19] 4510  68.746 35.173
De Vahl Davis[20] 4.519  68.59 34.73
Fusegi, cited in Ref.[19]  4.646  65.815 39.169

In Table 1, our results are compared with other
published data. The comparisons of the results in-
dicate that the improved TLBM is successful in the
simulations of non-isothermal flows. Moreover, this
approach will become more useful if the viscous heat
dissipation and compression work done by the pres-

sure can be correctly incorporated into the model.

4. Natural convection under a

high magnetic field

Based on the simulation of natural convection in
Section 3, we simulate the natural convection under
the high magnetic field and study the phenomena in
this section. The flow configuration of the tests is sim-
ilar to that of Section 3, except that there is a high

magnetic field in the cavity (see Fig.5). The cavity

8T /8y=0
I /0y
5 1o
Ty
y
T_.”” 0 H

AT /9y=0

Fig.5. Flow configuration for natural convection under
the high magnetic field.

is filled with the aqueous solution of KCI (11wt%),

~1 and

whose electrical conductivity is o is 15 Q7 1-m
is located in a static high magnetic field (see Fig.6)
produced by the superconducting magnet JMTA-
16T50. All the results in the present work are taken
from simulation with a 101x101 moderate grid and

are dimensionless.
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(b)

Fig.6. Distribution of magnetic field provided by the superconducting magnet JMTA-16T50:
distribution along the x direction (a); distribution along y direction (b).

In all the cases studied, we also apply the Boussi-
nesq approximation to confine the fluid to the laminar
flow with Gr=4.64x10* and Pr=7.0, where Gr is the
Grashof number that represents the ratio of the buoy-
ancy to viscous force acting on a fluid, and we can
obtain the Rayleigh number Ra by Ra=Gr Pr.

For the natural convection under the high mag-
netic field, the body force f appearing in the momen-
tum equation (2) includes the buoyancy f,, magneti-
zation force f,, and Lorentz force f,, which will be
shown one by one in the following. The buoyancy f,
has already been discussed in Section 3 and will be
skipped over here.

Due to the gradients of a magnetic field, the mag-
netization force will act on the solution considered as
a diamagnetic fluid. It is defined as follows according
to the Boussinesq hypothesis:

fm = —(p1yxg/20)VB?B (T = Tp),  (25)

where ), is the mass magnetic susceptibility, p is the
magnetic permeability, and B is the magnetic induc-
tion vector.

The magnetization force, which is approximated
according to the Boussinesq hypothesis like the buoy-
ancy, will have the same magnitude as the buoyancy
under the high magnetic field, that is, they have the
similar expressions. Therefore, it is necessary to con-
sider the influence of the magnetization force, which
is called the effective factor of gravity p defined as, !

fo+ fm = pB(T —To) (9 — (x4/211)V B?)
= ppgB (T —Tp) ,

p=1- Z%VB? (26)

Next, we will discuss the Lorentz force produced
by the flow of the electrically low-conducting fluid:

f.=N(J xB), (27)

where the dimensionless parameter N is called the in-
teraction number,??l which is the ratio of electromag-
netic force to the inertia force; J is the current density
due to the convection of the solution. N and J are
defined as follows:

N =0B2L/(poVo), J=uxB (28)

with o being the electrical conductivity of the solu-
tion, By the characteristic magnetic induction, L the
characteristic length, pg the characteristic density, and
Vb the characteristic velocity.

Here we will give another dimensionless parame-
ter related to the fluid flow under the magnetic field,

i.e., magnetic Reynolds number Re,,:1?3]
VoL
Re,, = % (29)

where 7 is the coefficient of magnetic diffusivity n =
op. Since we have Re,,, < 1 in the tests, the magnetic
field induced by the high magnetic field due to the
evolution of the velocity field in the electrically low-
conducting fluid will not be considered in the simula-
tion. In addition, the magnetic field used in the simu-
lation is a static one and the fluid flow in the cases is
not assumed to belong to the magneto-hydrodynamics
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in which the velocity field and the magnetic field are coupled to each other. Therefore, the magnetization force
and Lorentz force are considered as the undirectional forces that will affect the velocity field; however, the
velocity field will not have the reverse effects on the magnetic field. So the electromagnetic induction is ignored
in the tests.[?4

In the present work, three different cases are discussed when the cavity is located in different zones of the
magnetic field. For the first case, the cavity is located along the symmetry central line of the magnetic field,
while, for the second and third cases, the cavities are located in the left and right regions of the symmetry
central line of the magnetic field with the radial component of magnetic induction along the negative direction
of the horizontal axis, respectively. The above three positions are on the same horizontal line and have the
same direction of axial component of magnetic induction along the positive direction of the perpendicular axis.
They are labeled as BC', BL, and BR in the following discussions, respectively, and B0 is the case without the
magnetic field.

4.1. Streamlines

Figure 7 shows the magnetic influences on the streamlines. From Fig.7(a) we can see that the streamlines
of the flow are symmetrical in the central region of the cavity without applying the magnetic field, and there
are two vortexes in this region, whose rotating directions are clockwise, and the velocity gradients along the
vertical walls are larger than those of the horizontal walls. In Fig.7(b), we see that there is only one clockwise
vortex rotation at the upper right corner when the cavity is located in the left region of the magnetic field. And
the velocity gradients in the upper right region are larger than in the lower left region. In Fig.7(c), a clockwise
vortex is observed on the right-hand side of the central line of the cavity, and the velocity gradients are large in
all the regions of cavity, especially in the region near the right vertical wall. In Fig.7(d), we see that there is a
vortex that rotates clockwise slightly below the horizontal central line of the cavity, and the velocity gradients
are larger than those in Fig.7(b), but less than those in Fig.7(c). Figure 7 shows obviously that the magnetic
field does lead to different quenching effects for the natural convection.

©

(© (d)

Fig.7. Streamlines in the cavity under the high magnetic field: (a) B0, without magnetic field;
(b) BL, the cavity located in the left region of the symmetry central line of the magnetic field;
(c) BC, the cavity located on the symmetry central line of the magnetic field; (d) BR, the cavity
located in the right region of the symmetry central line of the magnetic field.
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4.2.Isothermals

Figure 8 shows the isotherms under the high magnetic field when the cavity is located in different zones
of the magnetic field. Figure 8(a) shows that the heat exchanges on the vertical walls and the temperature
gradients are relatively high in the lower left and upper right corner. The convection, however, dominates the
fluid flow in the cavity, and the core region is largely stratified. In Fig.8(b), we can see that the convection
has been quenched strongly between the top and bottom walls; however, the heat transmitted from the hot
wall to the cold wall is strengthened. In Fig.8(c), it is shown that the temperature gradients are still high near
the lower left and upper right regions and the convection in the core region remains, whose region is less than
that in Fig.8(a); from Fig.8(d), we see that the temperature gradients in the lower left and upper right corners
are larger than those in Fig.8(c), but smaller than those in Fig.8(a), and the convection in the core region is
stronger than that in Figs.8(b) and 8(c). Comparing the isotherms in Fig.8, we can draw the same conclusion
that the natural convection is quenched strongly in Fig.8(b), to a lesser degree in Fig.8(c), and the least in
Fig.8(d).

T
|

|

(c) (d)

Fig.8. Isotherms under the high magnetic field: (a) B0, without the magnetic field; (b) BL, the
cavity located in the left region of the symmetry central line of the magnetic field; (c) BC, the
cavity located on the symmetry central line of the magnetic field; (d) BR, the cavity located in
the right region of the symmetry central line of the magnetic field.

4.3. Velocity profiles

Figures 9 and 10 show the horizontal velocity u along a vertical center line and the vertical velocity v along
a horizontal center line.

As shown in Fig.9, the vertical component of velocity is quenched largely due to the existence of high
magnetic field. The quenching of vertical velocity decreases through BL, BC to BR.
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100974 ~-BR

—100 Y

—150 T T T T

X(Y =51)

Fig.9. The vertical component of the velocity along a
horizontal line through the cavity center.

X(Y =51)

Fig.10. The horizontal component of the velocity along
a vertical line through the cavity center.

Meanwhile, we can also find that the horizontal
component of velocity is quenched due to the exis-
tence of the high magnetic field in Fig.10. The trends
of horizontal velocity quenching are the same as that
of vertical components, namely, decreasing through
BL, BC to BR. The comparison of Figs.9 and 10
show that the quenching efficiency of vertical velocity
is larger than that of horizontal velocity. The linear-
like velocity profiles in the core of the vortex indicate
the uniform vorticity, which is tested in Figs.7(c) and
7(d). Figures 9 and 10 also show that the compo-
nents of velocity along the central line of the cavity
approaches to zero at the same position (center of the
cavity) for BL, BC and BR, except the left one with
a slight departure.

4.4. Parameter analysis

For further comparison, four flow parameters are
listed in Table 2.

As shown in Table 2, the values of the flow pa-
rameters in three different positions are all smaller
than those of magnetic-field-free case and become
weaker from left to right. The results also show that

the quenching efficiencies of natural convection in the
three different positions are different from one another
and the influence of the high magnetic field is very
effective, which is in agreement with the conclusion
drawn in Subsection 4.2.

Table 2. Flow parameters under the high magnetic field,
compared with those without applying magnetic field.

grid 101x101 | Nu  umax/V*  Umax/V*  ¥max
B0 6.5091  51.7334  127.3445  0.002
BL 1.8458  13.4342 18.5698  0.00055
BC 2.6958  22.8781  33.9459  0.00095
BR 3.4037  36.3949  47.0256  0.0014

5. Conclusion

This paper has improved the thermal lattice
Boltzmann scheme proposed by Eggels and Somers by
proposing a new equilibrium solution for temperature
distribution function on the assumption that flow is
incompressible. And the statistic definition of macro-
scopic temperature has been modified accordingly. In
addition, a non-equilibrium extrapolation scheme with
second accuracy has been adopted for velocity and
temperature at the boundaries. This accuracy co-
incides with the ensemble of the lattice Boltzmann
method. Moreover, this boundary condition has other
advantages, such as simplicity in computation and fa-
cility of algorithm. The improved TLBM has been
used to simulate the natural convection of air in a
square cavity in Section 3 and the various parameters
obtained in the simulation are consistent with the re-
It indicates that
the improved TLBM enables the simulations of non-

sults of other numerical methods.

isothermal flows.

Based on the simulation of the natural convection
of air, this paper has also carried out the simulation
of the natural convection of a solution under the high
magnetic field using the improved scheme in order to
extend its application to the biological field. The con-
vection of the aqueous solution of KC1 (11wt%), which
is considered as a diamagnetic fluid with electrically
low-conducting, has been investigated under the high
magnetic field. In this case, besides the buoyancy,
the magnetization force, which can weaken the grav-
ity and offer a micro-gravity condition, is imposed on
the liquids because of the gradients of the magnetic in-
duction. Moreover, the convection also is proved to be
influenced by the Lorentz force due to the electrically
low-conducting.
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Three different cases, where the cavity is located
on the different zones of the magnetic field, have been
studied in the tests. From the results obtained in Sec-
tion 4, the conclusions are drawn as follows:

(i) The quenching efficiency of the convection in
the three cases is different from each another, that is,
the left-placed case is the strongest, the right-placed
case is the weakest, and the symmetrical-line placed
case is weaker than the left case but stronger than the
right case.

(ii) The above results are caused by the different
distributions of the magnetic induction, i.e. on which
side of the symmetry central line of the magnetic field.
The direction of the radial component of the magnetic
induction on the left side of the magnetic field is along
the negative direction of the horizontal axis, and it re-
verses for the magnetic induction on the right side of
the magnetic field.

(iii) The difference between the direction of the
radial components of the magnetic induction results
in the changes of the directions of the magnetization
force and the Lorentz force that points to axes in the
horizontal direction, which can quench the convection
differently, i.e., the left case is the strongest and the

right case is the weakest.

(iv) The quenching efficiency of the convection
under the high magnetic field is larger in vertical di-
rection than that in horizontal direction.

Therefore, the presence of the magnetic field, the
gravity can be weakened sufficiently and the quench-
ing of the convection is very efficient, which can offer
a ground-based micro-gravity trail to study the fluid
flow. Damping of natural convection is very important
to high quality crystal growth which is very expensive
in space. So the ground-based micro-gravity environ-
ment produced by a superconducting magnetic field
will be a cheaper alternative. The simulation about
the phenomena is of great value for the material pro-
cessing and heat transfer engineering applications.
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