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Abstract In this paper, an efficient lattice Boltzmann model for n-dimensional steady
convection—diffusion equation with variable coefficients is proposed through modifying the
equilibrium distribution function properly, and the Chapman—Enskog analysis shows that
the steady convection—diffusion equation with variable coefficients can be recovered exactly.
Detailed simulations are performed to test the model, and the results show that the accuracy
and efficiency of the present model are better than previous models.
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1 Introduction

It is well known that numerous complex and interesting phenomena are caused by the com-
petition between convection and diffusion procedures, thus the studies on the solution of
convection—diffusion equation (CDE) are of great importance in many fields of science and
engineering. However, it may be very difficult to obtain exact solution for general CDE,
especially for those with variable coefficients. In contrast, the numerical methods, including
best-approximation weighted-residuals method [1], analytical upstream collocation solution
[2], finite-difference method [3], finite volume method [4], finite element method [5-7] and
so on, can be served as an alternative, and have been developed to solve CDE with the
development of computer technology.

In the past two decades, the lattice Boltzmann method (LBM), as a promising numeri-
cal approach, has been successfully applied in the study of the complex fluid flows [8-10],
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including porous media flow [11,12], multiphase and/or multicomponent flow [13], electro-
magnetic waves propagation [14], electro-osmotic flow [15,16], relativistic fluid dynamics
[17,18] and others [19-21]. Compared with some traditional numerical methods, the LBM is
intrinsically parallel, easy programming, and efficient in dealing with complicated boundary
conditions, and also extended to solve nonlinear systems, including the Burgers equation [22],
KPZ equation [23], reaction—diffusion equation [24], Poisson equation [25,26], convection—
diffusion equations (CDEs) [27-31] and so on.

However, almost all the existing LB models for CDEs focus on the unsteady equations.
When used for solving steady problems, these models usually have defects of computing
complexity, sometimes inefficiency, and even producing wrong solution. A detailed coun-
terexample can be found in Ref. [25]. Besides, nearly all of the previous models are dealing
with constant coefficient CDE. For example, a general lattice Boltzmann (LB) model has
been proposed for the nonlinear CDEs through introducing an auxiliary moment Cq [27],
usually the moment Cy is a complicated function with an integral form, and may not be deter-
mined analytically. In this paper, following the same idea in our previous work [27], a new
simple and efficient LB model for steady CDE with variable coefficients is proposed through
constructing a proper equilibrium distribution function, and simultaneously, the problems
mentioned above can be overcome.

The rest of the paper is organized as follows. In Sect. 2, a lattice Bhatnagar-Gross-Krook
(LBGK) model for steady CDE with variable coefficients is proposed and some of its special
cases are discussed. In Sect. 3, some numerical tests on the proposed model are performed,
and finally, a brief summary is given in Sect. 4.

2 Modified LBGK Model

The n-dimensional steady CDE with a source term can be written in the following form
V-BX,¢) =V [ax)VD(P)] + F(x, ), ey

where V is the gradient operator with respect to the position x in » dimensions. B(x, ¢) is the
convection term, which is the known function of position x and the scalar function ¢. D(¢)
is the diffusion term related to ¢, which is an unknown real/complex-valued scalar function
of position x. a(x) is the diffusion coefficient, and F (X, ¢) is the source term with respect to
the spatial coordinate x and ¢ in n dimensions.

In this work, the lattice Bhatnagar-Gross-Krook (LBGK) model is considered for its
simplicity and efficiency in the study of the fluid flows and nonlinear CDEs. The evolution
equation of the LBGK model reads

fi(x+¢; At, t+ At) — fi(x, t):—%[f,-(x, D— £ x, D+ AtFi(x,1),i=0,...q — 1,
2

where c¢;=ce; is the set of possible discrete velocity directions, c is particle velocity and defined
by c= Ax /At with Ax and At representing the discrete steps of space and time, respectively.
7 is the dimensionless relaxation time, f; (x, ¢) and fl.eq (x, t) are the local particle distribution
function and equilibrium distribution function at position x and time ¢, respectively. Here the
isotropic lattice is used in LBM for considering the isotropic diffusion. Our model is based
on the DnQgq lattice (g velocity directions in n-dimensional space), and the lattice velocity
vector must satisfy some reasonable isotropic constraints
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Table 1 The discrete velocity directions and corresponding weight coefficients of DnQq

DnQq e ;

DIQ3 0), (£1) 2/3, 1/6

D2Q5 (0, 0), (£1,0), (0, £1) 1/3, 1/6, 1/6

D2Q9 0,0), (£1,0), (0, £1), (£1,£1) 4/9, 1/9, 1/9, 1/36
D3Q7 0,0, 0), (£1,0,0), (0, £1,0), (0,0, £1) 0, 1/6, 1/6, 1/6
D3QI3  (0,0,0), (£1,£1,0), (£1,0, £1), (0, 1, £1) 1/2, 1724, 1124, 1/24

D3QI5 (0,0,0), (£1,0,0), (0, £1,0), (0,0, £1), (£1, £1,£1) 2/9,1/9, 1/9, 1/9, 1/72

D3QI9 (0,0,0), (£1,0,0), (0, £1,0), (0,0, £1), (£1,+1,0),  1/3, 1/18, 1/18, 1/18, 1/36, 1/36, 1/36
(&1, 0, £1), (0, £1, £1)

g-1 g-1 q-1 g-1 g-1

2
Dowi=Dm=1) o=y qw =0 ceo =l 3)
i=0 i=0 i=0 i=0 i=0

where w; and @; are weight coefficients in the equilibrium distribution function and source
term [see following Eqgs. (6) and (7)]. I is the unit matrix. ¢, is the so called lattice sound
speed, which is related to the particle velocity ¢ and weight coefficients w; through the relation
Z?;Ol CiCiw; = cf,I. Here some commonly used DrnQg models are listed in Table 1. Besides
@ = 0 is needed as in the following numerical simulation.

In order to satisfy the above isotropic requirements and to recover Eq. (1) exactly, the
distribution functions should satisfy the following relations:

q—1 g—1 q—1 g—1

L= F1=0> af" =Bx,¢). > cici f =D)L )
i=0 i=0 i =0 i=0
q—1 q—1

Fi = F(x.¢), > ¢F; =0. Q)
i=0 i=0

According to the above equations and following the work in Ref. [27], the equilibrium
distribution function and the linear source term are taken as,

(@0 — )¢ + L=, i=0,
fxn = _ e 2 ©
’ wilp + BED  PoORGGaD ) =1, g~ 1.
FFx,t)=o;F(x,¢),i =0,...,g — 1, (@)

where Eq. (6) is an extension of the common equilibrium distribution function in the LBGK
model, which is obtained through modifying that in Ref. [27] according to the moments in
Eq. (4). Thus the macroscopic variable ¢ is calculated by ¢ = Z?;ll fi/(1 — wp) when
D = ¢.If D is not equal to ¢, the macroscopic variable ¢ is also obtained by above equation
through the following conversion [Eq. (25)] in Remark 3.

In what follows, we will present a detailed Chapman—Enskog analysis [27] to derive Eq.
(1). The distribution function, the source term, and the derivations of the space and time can
be expanded as,

= O +ef P+ 2P+ 4 ®
F=eFW 8 =¢d, +€%d,, V=€V,
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where € is a small expansion parameter. Taking the Taylor series expansion to Eq. (2) at time
t and space x, we have

A, 1 eq
A[lel—FTlel-i‘:_;(fl—fl )+AIE, (9)

where D; = eDy; + ezatz and Dy; = 95 + ¢; - V. Substituting Eq. (8) into Eq. (9), yields
the following equation:

€0, + DO +ef U+ EFP w0
At
+5 (€0, + D2 (O +ef N+ P 4y (10)
L, 2.0 m
Z—E(efi +e f;i7+)+eF .

Based on this equation, we can derive the equations at different orders of €,

£ = £, (10
©) Loy,
Dif” = —— "+ F", (12)
0) M, A5 0 L o
I fi 7+ Dufi 4 5 Dufi = - (13)

From Egs. (4), (8) and (11), we can get the mass conservation condition, namely

q—1
Zfi(k) =0, k> 1). (14)
i=0
Substituting Eq. (12), into Eq. (13), we can rewrite the Eq. (13) in another form
LY oo A1 2o I Lo
O [+ Dy (1—5)13 + 5 Dk == — f. (15)

Summing Eqgs. (12) and (15) over i and with the help of Egs. (4), (5) and (8), we have
Vi-B=FW, (16)

1
v, - [(1 - Z) Zc,-]g‘“} =0, (17)

where the relation Z?;Ol fi = Z?;Ol 4 = 01is used to eliminate the time derivative.
Coupling Egs. (4), (5) and (12), one can obtain

qz_ic,-fi(l) =14t > Dy ff — F) = —tArvy - 2DL (18)
i=0 i
With the help of above equation, Eq. (17) can be written as
0=V, - [c§ (1’ - %) AtVlD} : (19)
Taking Eq. (16) xe€ + Eq. (19) x €2, we can obtain the recovered equation
V-BX,¢) =V - [ax)VD(@)] + F(x, $), (20

@ Springer



312 J Sci Comput (2014) 61:308-326

with
2 1
a(x) =c; (‘E — 5) At. 21

Finally, some remarks on the present model are listed as follows.

Remark 1 From above Chapman—Enskog analysis, it is found that there is no any assump-
tion or auxiliary moment in our model, and through selecting the weights values of each
equilibrium distribution for each velocity vector properly, the present model is more accurate
and efficient for the general steady CDEs with variable coefficients [see numerical results in
Sect. 3].

Remark 2 1t is worth noting that when B = 0 and D = ¢, Eq. (1) becomes the Poisson
equation and the equilibrium distribution function can be simplified for this special equation,

-t
which has the same expression as that in Ref. [25].
Remark 3 Similar to Ref. [27], Eq. (1) can also be rewritten in another form

V-B(¢,x) =V [aD'($)Ve]l + F(x, $). (23)

Based on Eq. (23), we can give a simple LB model with the following equilibrium distribution
function and diffusion coefficient

(wo — D, i =0,

w; |:¢+7c,-~B(2x,q>):|’ i=1,...,q—1,

Cs

[ = (24)

/ 2( 1)
aD'(¢) =i (v - ) Ar. (25)

Remark 4 ForEq. (23), similar to the method in Ref. [32], we can introduce two parameters to
adjust the convergence speed, accuracy and stability. To this end, the equilibrium distribution
function, diffusion coefficient and the discrete source term should be modified by

(CUO— 1)‘)/¢7 i :Oa

[ = . (26)
i w[_l:yd)_}_ﬁ'ﬂ]:%(x,@]’ i=1,...,q—1,
|
aD'(¢) = %cf (r - E) At, 7)
Fix,t) =wipFXx,¢),i=0,...q — 1. (28)
The macroscopic variable ¢ is obtained by
q—1
: (X, 1

T Y@ -1 y(d—w)

where the role of y and g is similar to Ref. [32]. In fact, when the diffusion coefficient is
fixed, the dimensionless relaxation time 7 can be adjusted in a proper range through changing
the parameters y and S, and thus, the stability and accuracy of the model can be improved

properly.
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Remark 5 Based on our previous work, we can derive another useful LB model with the
following equilibrium distribution function

oo, i=0,

fieq (X’ [) = (30)

w; [(]b—i-ic"']i(;‘@], i=1,...,q-1,

and the macroscopic variable can be obtained by the relation ¢ = Z?:_(; fi- In the following,
this new model [Egs. (2) and (30) with Eq. (21)] is denoted by method 2.

3 Numerical Simulation

In this section, numerical experiments on several n-dimensional (n =1, 2, 3) steady CDEs are
carried out to test the proposed model. The non-equilibrium extrapolation scheme proposed
by Guo etal. [33] is used for the boundary treatments, and the following convergence criterion
is adopted,

> e, 1) — ¢(x;, 1 — 100AD)|
> 1.0

The global relative error (RE) and global maximum error (ME) are used to measure the
accuracy of the present model, and defined by

e(t) = <1x107°. 31)

op_ 2190 — 9"
>, 16 X))l

where ¢ (x;) and ¢* (x ;) are the numerical and analytical solutions at position X ;, respectively.
The summation is performed on all grid points.

For simplicity, to conduct a comparison between different models, we denoted the LB
model in Ref. [27], the new model given in Remark 5 and present model as method 1 (M1),
method 2 (M2) and method 3 (M3). Without otherwise statement, the method 3 is used in the
following simulations, and u = 0 is adopted to initialize the equilibrium distribution function
except for given boundary conditions.

S ME = MAX|$(x;) — ¢"(x)], (32)

3.1 One-Dimensional Steady CDEs

Example 3.1 The steady Burgers—Fisher equation (BFE) [34]

du 92u 33)
U— =v—,
ox 0x2
with the boundary conditions
1 -1
u(=1) = tanh—, u(l) = tanh—, (34)
2v 2v

is first considered. The exact solution to this problem is given by u(x) = tanh ;. We used
the D/Q3 model to study this problem, and took Ax = 0.02, ¢ = 10 under different diffusion
coefficients v. We presented the results in Fig. 1, and found that the numerical results agree
well with the corresponding exact solutions. Besides that, we also observed that although the
values around the position x = 0 are changing more and more sharply with the decrease of
the diffusion coefficient v, the present model still works well.
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Fig. 1 Comparison between analytic solutions (solid) and numerical results (symbol)
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—logError
©
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—logAx

Fig. 2 The errors of different models with different lattice steps (1, 2 and 3: the results obtained by methods
1,2 and 3)

To test the accuracy of the proposed model, simulations were performed for different
lattice resolutions (Ax = 1/50 — 1/800), and ¢ was correspondingly changed from 3 to 48.
Based on the RE and ME in Fig. 2, the slopes of the fitting lines for different results are very
close to 2, which indicates that all of the three models have a seconder-order accuracy in
space.

Furthermore, we conducted a comparison of precision and convergent rate between differ-
ent models, and presented the results in Table 2 where ¢ = 10, Ax = 0.0025. From Table 2,
we can see that the present model (method 3) performs better than the previous methods
1 and 2 in precision and convergence rate, especially when v is relatively larger. We also
gave a comparison between present model and the high-resolution numerical perturbation
algorithm [34] in Table 3, and found that the present model is at least comparable to the
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Table 2 Errors and iteration

steps of different models (M1: v M RE ME T
previous model [27], M2: the 0.001 Mi 1.2222 x 1074 2.6214 x 1072 8,200
model in Remark 5, M3: present
model, IT: iteration steps) M2 1.2042 x 1074 2.4293 x 102 8,200
M3 1.2042 x 10~4 2.4293 x 1072 2,800
0.005 Ml 6.9978 x 1075 45523 x 1073 8,700
M2 3.5968 x 1075 3.1786 x 1073 8,700
M3 3.5946 x 1075 3.1655 x 1073 3,000
0.01 Ml 1.2405 x 10~4 3.4096 x 1073 9,400
M2 1.8288 x 107 8.0476 x 10~4 9,400
M3 1.8278 x 1075 7.9446 x 10~4 3,200
0.05 Ml 6.2948 x 10~4 3.3749 x 1073 14,400
M2 8.4000 x 100 6.2067 x 1075 14,200
M3 4.0286 x 107° 3.7598 x 1075 5,100
0.1 M1 1.3254 x 1073 3.3456 x 1073 18,800
M2 1.3226 x 107 3.7277 x 1075 18,700
M3 4.3779 x 107° 1.5828 x 107 6,700
'!‘able 3 RE of differ.ent methods N 2.CD 3.NP 7.NP M3
for the Burgers equation with
v =0.001 (2-CD: second-order g g 0.2720 x 10~1 02713 0.7416 x 10~
central difference, NP: numerical
perturbation, M3: method 3, 0S: 160 OS 0.5511 x 1072 0.2872 x 10~ 0.1328 x 10!
oscillatory solution) 320 0S  0.8816x 1073 0.6077 x 103 0.1800 x 102

640 OS 0.2220 x 107%  0.1031 x 10™3  0.9031 x 10~*

high-order (7th-order) numerical perturbation algorithm [34] when v = 0.001 and ¢ = 10.
Based the results presented above, we can conclude that the present model is an accurate and
efficient algorithm in solving this special CDE.

Example 3.2 We also used a linear convection—diffusion equation with a source term

9 d?
au_ U—u + vnzsin(nx) + mcos(mx), (35)
ax ax?

to test present model. The problem has the following analytical solution
u(x) = sin(x) + (/Y — 1) /(""" —1). (36)

We used the D/Q3 model to solve this problem in the interval [0, 1] by using different
@, and showed the results in Fig. 3 where Ax = 1/80, ¢ = 5, v = 0.001. As seen from this
figure, the numerical results derived by M3 with g = 0 and M 1/2 are in good agreement with
the exact solutions. Figure 3 also shows that @ = 0 is essential for M3, but not essential for
M1 or M2, which may be due to the different definitions in computing macroscopic variable.

In addition, we carried out a comparison of RE and iteration steps between different models
for the case of ¢ = 5, v = 0.001 with different lattices, and presented the results in Table 4.
From Table 4, it can be seen that the present model is better than other two models in the
convergence rate and precision, and LB models are also better or comparable to the method
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1.4
Alalytical solution
+ M
1.2 x M2 |
o M3 tﬁo=0
1 - M3m, =23
0.8 [
=
0.6 [
04
02t & L
0 L
0 0.2

Fig. 3 Comparison between analytic solution (solid) and numerical result (symbol)

Table 4 The results of different methods for the case of v = 0.001 (2-CD: second order central difference,
NP: numerical perturbation; M1, 2 and 3: methods 1, 2 and 3; IT: iteration steps)

N 2-CD 3-NP Ml M2 M3

RE RE RE (IT x 10%) RE (IT x 10%) RE (IT x 10%)

80 03158 x 107! 04167 x 1071 03043 x 1072 (6)  0.2292x 1072 (6)  0.2317 x 1072 (3)
160 0.6531 x 1072 0.1058 x 10~1  0.1956 x 1072 (11) 0.1224 x 1072 (11) 0.1239 x 1072 (4)
320 0.1005 x 1072 0.2575 x 1072 0.1211 x 1072 (20) 0.5134 x 1073 (20) 0.5219 x 1073 (7)
640 0.1973 x 1073 0.6327 x 1073 0.6903 x 1073 (38) 0.8156 x 10~% (38) 0.8699 x 10~* (13)

in Ref. [34]. Besides, the relaxation time effect on the numerical results is also studied. For
given Ax = 0.01 and v = 0.01, we can derive the RE under different relaxation time t, and
plot the results in Fig. 4. As shown in this figure, there is an optimal relaxation time that can
be used to give smallest error. Although the optimal values for different models are different
from each other, all of them are less than 1 for this special example.

Finally, we also investigated the convergence procedures of different models under various
lattice speeds, and presented the results in Fig. 5 where the lattice is 640 and the diffusion
coefficient v = 0.001. From this figure, one can find that the method 3 converges to the exact
solution with a fastest rate while M2 is better than M1 in precision, although both of them
have the same convergence rate.

Example 3.3 The conservation air pocket equation

(1 — 2x)u 9%u
T Vo 37)

with the boundary conditions
u(©0) =1,u(l) =1, (38)
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0.02
—b— M1

0.018

0.016 |

0.014

0.012

0.01f

0.008

Global Relative error

0.006
0.004

0.002} %

Global Relative Error

. . . . . . .
0 1000 2000 3000 4000 5000 6000 7000 8000
Interation number

Fig. 5 Convergence histories of different methods for the case of v = 0.001

is also considered in this work. The analytical solution to this problem can be given as

x(1—x)

ux)=e v . 39)

We still used the D/Q3 model to study this problem, and take v = 0.1, ¢ = 60, Ax = 0.01.
We presented the results in Fig. 6, and found that the numerical results agree well with the
corresponding exact solutions.

To test the accuracy of the proposed model for this problem, some simulations were per-
formed under different lattice resolutions (Ax = 1/40 — 1/100), and ¢ was correspondingly
changed from 24 to 60. Based on the RE and ME in Fig. 7, the slopes of the fitting lines are
about 2, indicating that all of the three models are second-order accurate in space. In addition,
we also conducted a comparison of precision and convergence rate between different models,
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T
Alalytical solution

*  Numerical solution

0 L L L L
0 0.2 0.4 0.6 0.8 1

X

Fig. 6 Comparison between analytic solution (solid) and numerical solution (symbol)
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8l - % — MET
—%— RE2
.l % ME2
—e—RE3
ol —— ME3
S st 1
w
(2]
T4 1
sl ]
2 - .|
1 - .|
0 1 1 1 1 1 1
36 38 4 42 44 46 48 5

—logAx

Fig. 7 The errors of different models with different lattice steps (1, 2 and 3: methods 1, 2 and 3)

and presented the results in Table 5 where ¢ = 60, Ax = 0.01. From Table 5, we can see
that the present model (method 3) performs much better than the previous M1 and M2.

3.2 Two-Dimensional Steady CDEs

Example 3.4 We also used 2D steady Burgers equation [34]

ou n ou 9%u n 9%u (40)
u—t+u—=vl|—+—51,,
ax ay axZz  9y?
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sieps of ifforent models 1,2 . M1 M2 M3
f‘:::afizofzttgggs 1,2 and 3; IT: 0.1 RE 33212x1073  5.0645x 1073  1.6878 x 10~%
ME  4.0947 x 1072 6.4135x 1072 3.4340 x 103
IT 172300 172600 64700
05 RE 15233 x1073  1.9309 x 1073 1.9179 x 107
ME 34782 x 1073 41497 x 1073 5.2821 x 107
IT 16600 16600 6100
1 RE  2.0314x 1073 22760 x 1073 4.2287 x 10~4
ME 35420 x 1073 3.8586 x 1073 5.4709 x 10~4
IT 8100 8100 2900
5 RE  29019x 1073  3.0856 x 1073  8.2699 x 10~*
ME  3.9999 x 1073 4.2394 x 1073 8.8700 x 10~4
IT 2300 2300 1200

Numerical solution

]

Analytical solution

y -1 “x y -1 - T x

Fig. 8 Analytical and numerical solutions of 2D nonlinear Burgers equation

to test present model. The problem has the following exact solution

—(x+y))

o 41

u(x,y) =tanh (

The D2Q5 model was applied to solve this problem in the domain [—1, 172, and the
results were presented in Fig. 8 where v = 0.01, Ax = 0.01 and Ar = 0.001. As seen
from this figure, the numerical result is in good agreement with the exact solution. Similar to
above discussion, to test the accuracy of the proposed model for this special two-dimensional
problem, some simulations were conducted under different lattice resolutions (Ax = 1/50 —
1/400), and ¢ was correspondingly varied from 3 to 24. Based on the results of RE and ME
in Fig. 9, one can find that the slopes of the fitting lines for different results are close to 2,
which indicates that all of the three models have a second-order accuracy in space. Besides
that, we also conducted a comparison of precision and convergence rate between different
models, and presented the results in Table 6 where Ax = 0.01, t = 1. As seen from Table 6,
the present model (method 3) also performs better than the previous M1 and M2 in precision
and convergence rate.

Finally, the convergence procedures of different models under various lattice speeds were
also investigated, and the results were shown in Fig. 10 where the lattice and diffusion

@ Springer



320 J Sci Comput (2014) 61:308-326

~ b - D2QYRET
— & — D2QIME1
—x— - D2QYRE2
—+— D2QOME2
—A- - D2Q5RE2
— .~ D2Q5ME2
—+&— D2Q9RE3
—<— D2Q9ME3
7| —+— D2QsRE3
—o— D2Q5ME3

©

©

—log Error

—log Ax

Fig. 9 The errors of different models with different lattice steps (1, 2 and 3: methods 1, 2 and 3)

Table 6 Errors and iteration steps of different models for 2D Burgers equation (M1, M2 and M3: methods 1,
2 and 3; IT: iteration steps)

v Error  D2Q9 D2Q5
Ml M2 M3 M2 M3

0.005 RE 13742 x 1073 9.9647 x 1074 9.9647 x 107% 52411 x 107% 52411 x 10~
ME 97476 x 1072 6.9466 x 1072 6.9466 x 1072 4.0109 x 1072 4.0109 x 10~2
IT 700 700 500 700 500

001 RE  7.7842 x 107% 54512 x 107% 54512 x 107% 2.8048 x 1074  2.8048 x 10~4
ME 27960 x 1072 24840 x 1072 24840 x 1072 1.3842 x 1072 1.3842 x 1072
IT 1,300 1,300 800 1,300 900

005 RE 1.6027 x 1074 1.1219 x 1074 1.1220 x 10™%  5.6183 x 107> 5.6161 x 1073
ME 13039 x 1073 1.0976 x 1073 1.0975 x 1073 5.5096 x 10—4 5.5086 x 10~*
IT 7,100 7,100 4,100 7,100 4,900

0.1 RE 84370 x 1075 56113 x 1075 5.5480 x 1075 2.9285 x 107 2.8445 x 107
ME  3.6738x 107% 29391 x 107* 2.7786 x 10™%  1.6861 x 10™%  1.5511 x 1074
IT 16,700 16,700 9,600 16,700 11,400

coefficient are fixed to be 200 x 200 and v = 0.05. From this figure, one can find that the
present model (method 3) also converges to the exact solution with a fastest rate for this
two-dimensional Burgers equation.

Example 3.5 The 2D convection—diffusion equation with variable coefficient

1\ ou N 1\ ou 9%u N 9%u
- =) — X—=)—=v\—+—=],
Y7 2) ax 2) oy axZ ' 9y2

was further considered. The exact solution of this problem is given by u(x,y) =
expl(x —0.5)(y — 0.5)/v]. We adopted the D2QS5 model to study this problem in the domain

(42)
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Fig. 10 Convergence histories of different methods for the case of v = 0.05

Analytical solution Numerical solution

y 00 ' X y 00 X

Fig. 11 Comparison between analytical solution and numerical result

[0, 1]2, and took Ax = 0.01, ¢ = 6 and diffusion coefficient v = 0.01. We presented the
results in Fig. 11, and found that the numerical result agrees very well with the corresponding
analytic solution. Besides that, we can also observe that although the values around the point
(0, 0) and (1, 1) have dramatic changes, the present model still works well.

Furthermore, we also studied the precision and convergence rate between different models,
and presented the results in Table 7 where Ax = 0.01, 7 = 1. As seen from Table 7, the
present model (method 3) also performs better than the previous method 1 and 2 in precision
and convergence rate, and D2Q)5 is better than D2Q9. To test the accuracy of the proposed
model, simulations were also carried out at different lattice resolutions (Ax = 1/50—1/800),
and ¢ was changed from 3 to 48. Based on the RE in Fig. 12 where the diffusion coefficient
was set to be v = 0.01, the slopes of the fitting lines are about 2, indicating that all of
these three models have a second-order accuracy in space. Based on the results presented
above, one can conclude that the present model is accurate and more efficient in solving these
two-dimensional problem.
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Table 7 RE and iteration steps of different models (M1, M2 and M3: methods 1, 2 and 3; IT: iteration steps)

v D2Q9 D2Q5
Ml M2 M3 M2 M3
001 RE 2.1709 x 1072 25354 x 1072 1.4931 x 1072 2.1956 x 10™2  6.5481 x 1073
IT 1,100 1,000 700 1,000 300
0025 RE 56359 % 1073 6.0086 x 1073 3.1007 x 1073 5.6310 x 1073 1.2258 x 103
IT 15,700 15,600 9,200 15,600 10,900
005 RE 14540 x 1073 1.4453 x 1073 7.9966 x 10~4  1.4874 x 1073 2.4549 x 10~*
IT 31,400 31,400 18,300 31,400 21,600
0.1 RE 24971 x 1074 25868 x 1074 1.5693 x 1074  2.9406 x 1074  2.6807 x 107>
IT 40,300 40,300 23,400 40,300 27,700
0.5 RE  6.1403 x 1070 6.9224 x 1070  4.8470 x 107®  1.0014 x 1075 2.9498 x 10~
IT 4200 44200 25,600 44,200 30,300
1.0 RE 1.7390 x 1070 1.8404 x 107® 13213 x 107®  2.7101 x 107  2.5363 x 1077
IT 44,300 44,300 25,700 44,300 30,400
& D2Q9 1
— % —D2Q9 2
8| —6— D2Q9 3 b
— - — D2Q52
§ - —<—D2Q5 3 //Ai |
LU 7
[0
=
5 6 7
[0)
[
8 s5¢ 1
o
(O]
(o2}
o 4t J
I
3t ¥ 1
o
5 ‘ ‘ ‘ ‘
3.5 4 4.5 55 6.5 7
-logAx

Fig. 12 The errors of different models with different lattice steps (1, 2 and 3: methods 1, 2 and 3)

3.3 Three-Dimensional Steady CDE

Example 3.6 The 3D nonlinear Burgers equation

du + ou + ou 92u + 92u + 92u
Uu—+u—t+u—=v|l—S+-—+-—51,
dx dy 0z ax2  9y? 92
with following exact solution

—(x+y+2

,y) = tanh
u(x,y) an "
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Fig. 13 Comparisons between analytical solution (solid) and numerical result (symbol) of 3D Burgers

equation

8 —— psar
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sl — + - D319 2
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—log Global Relative Error
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Fig. 14 The errors of different models with different lattice steps

was also adopted to test present model. We applied the simple D3Q7 model to solve
this problem in the domain [—1, 1]3, and showed the results in Fig. 13 where v = 0.01,
Ax = 0.02, and ¢ = 6. As seen from this figure, the numerical result agree with the
exact solution. We also tested the accuracy of the proposed model for this three-dimensional
problem, and presented RE at different lattice resolutions (Ax = 2/25 — 2/150) in Fig. 14.
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Table 8 RE and iteration steps of different models (1, 2 and 3: methods 1, 2 and 3; IT: iteration steps)

D3Qq M v=10 v=05 v =0.05 v =0.01
D3Q7 2/3 RE 1.5723 x 107 8.6611 x 1073 2.4953 x 10~4 1.1846 x 1073
IT 21,300 21,200 10,900 11,000
D3Q13 2 RE 5.7764 x 1075 1.1814 x 1074 7.1750 x 10~4 47709 x 1073
IT 21,300 21,200 10,900 11,200
3 RE 47587 x 107> 1.0769 x 10~4 7.1831 x 1074 4.7731 x 1073
IT 11,400 11,400 5,900 6,100
D3Q15 1 RE  5.5116 x 1079 1.0612 x 10~4 5.4455 x 10~4 3.1860 x 1073
IT 21,300 21,200 10,900 11,100
2 RE  5.5753x 107 1.0765 x 10~4 5.8039 x 1074 3.2328 x 1073
IT 21,300 21,200 10,900 11,100
3 RE 5.1049 x 1073 1.0325 x 10~4 5.8080 x 10~* 3.2339 x 1073
IT 1,700 16,900 8,700 8,900
D3Q19 1 RE 55117 x 1073 1.0611 x 10~4 5.5620 x 10~4 2.9021 x 1073
IT 21,300 21,200 10,900 11,100
2 RE  5.5751 x 1079 1.0763 x 1074 5.2754 x 1074 3.6706 x 1073
IT 21,300 21,200 10,900 11,200
3 RE  4.8718 x 1077 1.0106 x 10~4 5.8080 x 10~* 3.6718 x 1073
IT 14,800 17,400 8,700 7,800

From this figure, one can find that all slopes of the fitting lines are close to 2, which indicates
that all of the three models have a second-order accuracy in space.

In addition, we also conducted a comparison of precision and convergence rate between

different models, and presented the results in Table 8 where Ax = 0.02, ¢ = 0.75. From
Table 8, we can see that the present model (method 3) has a faster convergence rate than the
previous methods 1 and 2, and D3Q?7 is better than other D3Qg models in precision. From
the results shown above, we can also conclude that the present model is more efficient in
solving this special three-dimensional CDE.

4 Conclusion

In the present work, a unified LBGK model for the n-dimensional steady CDE is proposed.
Efficiency and accuracy of the present model are tested through some classic CDEs, and
the numerical results show that the present model performs better than previous models
in precision and convergence rate. In addition, through a comparison with some previous
models, we can also find some distinct characteristics of the present model. First of all, the
present model can be served as a general solver for the steady CDE with variable coefficients,
while previous models dealing with time dependent CDEs are not a very good solution to
the steady problems with variable coefficients. Second, the previous models for CDEs are
sometimes dependent on the initial value, but the present model are not and can accelerate
convergence. And finally, in the computation of macroscopic quantity «, only g-I velocities
are used in the present model.
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