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Abstract

In this paper, a special lattice Boltzmann model is proposed to simulate two-dimensional unsteady Burgers’ equation. The
maximum principle and the stability are proved. The model has been verified by several test examples. Excellent agreement is
obtained between numerical predictions and exact solutions. The cases of steep oblique shock waves are solved and compared with
the two-point compact scheme results. The study indicates that lattice Boltzmann model is highly stable and efficient even for the
problems with severe gradients.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, the lattice Boltzmann method (LBM) has been developed into an alternative and promising numerical
scheme for simulating fluid flows [1,8,3] and solving various mathematical-physical problems [7,4,10—12]. This method
can be either regarded as an extension of the lattice gas automaton [6] or as a special discrete form of the Boltzmann
equation for kinetic theory [5]. Unlike conventional numerical schemes based on discretizations of partial differential
equations describing macroscopic conservation laws, the LBM is based on solving the discrete-velocity Boltzmann
equation from statistical physics. It describes the microscopic picture of particles movement in an extremely simplified
way, while on the macroscopic level it gives a correct average description.

The Burgers’ equation, which is also called the nonlinear advection—diffusion equation, is a simplified model of
Navier—Stokes equations. It retains the nonlinear aspects of the governing equation in many practical transport prob-
lems such as aggregation interface growth, the formation of large-scale structures in the adhesion model for cosmology,
turbulence transport, shock wave theory, wave processes in thermoelastic medium, transport and dispersion of pollutants

* This work was supported by NNSF of China (10371118) and innovation fund of National Key Laboratory of Computational Physics, TAPCM,
Beijing.
* Corresponding author.
E-mail addresses: ylduan01 @ustc.edu.cn (Y. Duan), liurx @ustc.edu.cn (R. Liu).

0377-0427/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.cam.2006.08.002


https://core.ac.uk/display/82336015?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.elsevier.com/locate/cam
mailto:ylduan01@ustc.edu.cn
mailto:liurx@ustc.edu.cn

Y. Duan, R. Liu / Journal of Computational and Applied Mathematics 206 (2007) 432 —439 433

in rivers and sediment transport. Therefore, it is usually used to test different numerical methods. The unsteady two-
dimensional Burgers’ equation in one unknown variable take the following form:

Ou Ou Ou %u %u e cve 0
E—{—ua—i—ua—v@—i—v@, xo<x<xy, YoSy<yny, t>0, 1)
with the initial condition u(x, y, 0) = ug(x, y). Here the viscous coefficient v=1/Re > 0, Re is the Reynolds number.
For a small value of v, Burgers’ equation behaves merely as hyperbolic partial differential equation and the problem
becomes very difficult to solve as a steep shock-like wave fronts developed.

Elton [4] and Shen et al. [11] have proposed lattice Boltzmann models for 2D Burgers’ equation in which there is only
one convective term. In the paper, we developed a 4-bit model for Eq. (1). By using Taylor expansion and multi-scale
analysis, the time-dependent two-dimensional Burgers’ equation is recovered from the lattice Boltzmann equation,
and the local equilibrium distribution functions are obtained. It is generally recognized that the LBM is a Lagrangian
discretization of a discrete-velocity Boltzmann equation. In this view, we find such lattice Boltzmann scheme satisfies
maximum principle, therefore, we complete the proof of stability.

The rest of the paper is organized as follows. Section 2 proposes a lattice Boltzmann model and derives the 2D
Burgers’ equation from the model. A stability analysis of the LBM is also given in Section 3. In Section 4 some
numerical experiments are made using our model. And the conclusions are given in the end.

2. Lattice Boltzmann method

According to the theory of the LBM, it consists of two steps: (1) streaming, where each particle moves to the nearest
node in the direction of its velocity; and (2) colliding, which occurs when particles arriving at a node interact and
possibly charge their velocity directions according to scattering rules. Usually, with the single-relaxation-time BGK
approximation [2], these two steps can be combined into the following LBE:

fu(X+ €At 1+ At) — fy(x,1) = —%(fa — i, )

where f, is the distribution function of particles; f, is the local equilibrium distribution function of particles; Ax
and Ar are space and time increments, respectively; ¢ = Ax /At is “the speed of light” in the system; e, is the velocity
vector of a particle in the o link and 7 is the dimensionless single-relaxation-time which controls the rate of approach
to equilibrium. Virtually it is a full discretization of time, space, and velocity. The macroscopic velocity, u is defined
in terms of the distribution functions as

(0
u=Y fa=y =Y 1 3)
o o o
The lattice Boltzmann schemes are established on the square grids with four perpendicular directions:

e1=(c,0), e=(0,¢), e3s=(—c,0), es=(0,—c).

This is a 4-bit model shown in Fig. 1. To derive the macroscopic equation from the lattice BGK model, we employ
the Taylor expansion and multi-scale analysis. The distribution functions are expanded up to linear terms in the small
expansion parameter ¢

fu= 12 +efD + 0.

From the kinetic equation (2), we expand the distribution function f,(x + Ate,, t + At) in its Taylor expansion and

calculate an approximation of f;l),

fa(X+ €At 1+ At) = fy(x, 1) + Ateg;, fo + ALD, f + O(e?)

(1-2) s
= 1—- fa(x,t)+_foc (X’t)
T T

efs" = —tAt(exi0, fu+ 0, f) + O, (4)



434 Y. Duan, R. Liu / Journal of Computational and Applied Mathematics 206 (2007) 432—-439

2
4

o= > 1 I
X

:

Fig. 1. The 4-bit lattice configuration.

where the Greek subscript « is used to label discrete velocities and the Roman subscripts i, j denote the Cartesian
coordinates x, y.

Introduce time scale 1, = ezt, and space scale x; = ¢x, then the time derivation and the space derivation can be
expanded formally

0, = %0 0 =&d

t n° X X1

Inserting the expansion and the scalings into the conservation relation, we obtains up to second order in ¢

0= [fux+eAt,t + A1) — fo(x, )] = Y [fu(X, 1) + Ate*0,, fy + AteeyiO, _ fo

1
+ 5 AP0, O esien fi — fux.1) + O]
and

0 1
> Ateeyid,, fa=Ared,, Y e fi + A2y 0, eqi i +O(E).
o o o
Substituting Eq. (4) into the above equation and neglecting the terms of order O(e?), we get multi-scale equation
1
0 0 0
A0, Y £+ Ared, > e fr) + AP (5 - 1-> 00,00, D esienjfy =0.
o o o

Corresponding to the macroscopic equation (1), we let

2
I/l 1
Zewfogo) =7 Zeaieujfog())z/uuéij. (5)
o o
From (3) and (5) we get the equilibrium distributions
w w 1,2
- -—, ou=1,2,
f;q 14 45 ©)
u u
- ——, a=3,4
4  4c

and 4 = ¢?/2. So the viscosity v is defined by
v=A(t — %)At = %(7: — %)Atcz.

then the Burgers equation (1) can be obtained.



Y. Duan, R. Liu / Journal of Computational and Applied Mathematics 206 (2007) 432 —439 435
3. Stability analysis

In this section, we will prove the lattice Boltzmann model is stable. First LBE (2) can be rewritten by classical finite
difference notation,

u’.1 S )?
fir= =) s+ 3+ i
by Y 4z 41c
n n \2
o 1_1 s Ly, )
P = t) 72T 4 drc o
n n \2
n+1 (1= l fo ul_] _ (uisj)
Fi- Li— T S T 47 Ve
n n \2
n+1 _(i_ f Ml j _ (”i,j)
41] 1= 4,i j 471 d1¢
where n denotes the nth layer time, i, j are spatial grids,
=2yl ®)
CAter 2
subject to initial distribution
0 0 2 0 0 42
0 _ o M Wiy 0o _ 0 My W) 9
fl,i,j _fz,i,j 4 + 4C ) f3l] _f4’i’] 4 4C . ( )
At time (n + 1Az, u is
wiyt = A+ B B A (10)

We assume initial value uq(x) is bounded and smooth enough. We will prove lattice Boltzmann schemes (7) are stable
in L'(R?) N L*™(R?). Suppose

upx) e L', Juo(x)|<1. (11)

By combining (10) with (7), it is not difficult to see that if uf j <1, and

t>1, At/Ax\z, (12)
then the scheme (7) is monotonic. 7> 1 means

VAt < 1 (13)

Ax27 4

Now we will point out that the solution of the scheme (7) satisfies the maximum principle.

Lemma 1 (maximum principle). If initial value |uog(x)| <1 and the restrictions (12) holds, then for Vi, j € Z,
there are

mlnulmgu"+1<maxu?m, n=0. (14)
I,m L I,m ’
Using (7), (9), (10) and induction we can prove (14). Assume that #(x) is another solution of Eq. (1), with subject
to initial condition
u(x, 0) = up(x), (15)

where 1 (x) < 1. The numerical schemes and restrictions are still (7) and (12), respectively.
So we can prove that
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Lemma 2. [fthe conditions of Lemma 1 are fulfilled, there are inequalities

X:max(uljl,Nﬁ1 Zmax(ugj, iy, (16)

Zmln(u"“, ~”+1)> me(”z U ~). (17)

i,J

Denote that “Zx = {u} j,z J € Z} is the discrete solution of LBE (7)—(10) at the time nAt¢, and ||uA o1 (r2) =

Zi, j |ut! j |Ax is the L' norm of discrete function u” Ay~ Then the solution is stable in the meaning of L.

Theorem. Ifuzx, ﬁzx are the solutions of Eq. (7), ugx, i[oAx € L'(R?), with subject to the corresponding initial
conditions (11), (15) and restrictions (12), then there are

luly, =3 ey < Ny, = B30 g2 (18)

”qu“Ll(RZ) ”’/‘AXHLI(RZ) (19)
Proof.

|un+1 n+1 | = max(un+1 i n—H) mln(un+l ’L;n+1)’

i,j L [l

Summing the absolute value to all i, j, by Lemma 2, we have
S e Sl

If we let up, (., ., £) = 0in (18), we can get (19). O

Remark. The restrictions (12), (13) are sufficient but not necessary. In the following experience, we give out on
purpose the spatial and time steps violating one of conditions, but we can still obtain the correct result.

4. Numerical experiments

To show the effectiveness of the 4-bit lattice Boltzmann model, we present three numerical examples in this section.
In the first two examples, the numerical solutions are compared with the analytical solutions or available finite difference
results. In the third example, we take numerical solutions computed on a very fine mesh as the “exact” solutions, and
then compare the numerical solutions with them.

Example 1. The first test is the solution of two-dimensional unsteady Burgers’ equation that is dominated by moderate
gradients [9]. Eq. (1) with the following Dirichlet boundary conditions is solved by the LBM with 4-bit model

1
u@©,y, 1) = T4 o0/ u(l, y, 1) = 1+ e(Hy—n/2v
1
u(x,0,t) = ulx,1,1)=

1+ eG—D/2v" 1 + e(+x—0/2v°

and the initial condition

1

" 0=
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Table 1

L and L, errors at different viscosities and grids at time = 0.25

Viscosities Grids L error L, error

v=1 4 x4 4.423E — 005 1.914E — 005
10 x 10 7.882E — 005 2.016E — 005
20 x 20 1.483E — 004 2.652E — 005
40 x 40 2.921E — 004 3.681E — 005
80 x 80 5.820E — 004 5.181E — 005

v=0.1 10 x 10 1.061E — 002 2.565E — 003
20 x 20 3.077E — 003 4.536E — 004
40 x 40 1.626E — 002 1.875E — 003
80 x 80 3.820E — 002 3.125E — 003

v=0.01 80 x 80 5.893E — 002 7.610E — 003
200 x 200 5.713E — 002 4.372E — 003

Fig. 2. LBM solutions (Re = 500): (a) 20 x 10 grid; (b) 80 x 40 grid.
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The numerical steady state solutions of Eq. (1), with the above initial and boundary conditions, have been obtained
using the LBM at time = 0.25 for different grid sizes and viscosities, v = 1.0, v = 0.1 and v = 0.01. To test the
computational efficiency and accuracy of this model, error has been measured using both L,-norm and L ,-norm. For
every grid we choose ¢ = Ax/Ar = 10. The LBM produces more accurate and hence more efficient solutions, even on
a course grid, as shown in Table 1. It is sufficient to obtain convergent steady solutions with only four grid points in
each spatial direction with v = 1.0. From Table 1, it can be seen that the error increases with an increasing Reynolds
number. Hence we need to choose finer grids for high Reynolds number.

Example 2. The second problem is the solution of the 2D unsteady Burgers equation with a steep oblique shock in the
domain: —0.1 <x <0.1 and —0.05 < y <0.05. The following Dirichlet boundary conditions are set to form an “oblique”

shock in the domain [9]:

u(—=0.1, y,t) = —tanh (

u(x, —0.05, 1) = —tanh(

—0.1 — 0.4y

2y

x +0.02
v

), u0.1, y,t) = —tanh(

) ., u(x,0.05,1) = —tanh (

2y

v

x —0.02

0.1+0.4y

).

The computed steady state solutions using the 4-bit lattice Boltzmann model, v = 0.002 and on two different grids
(20 x 10), (80 x 40), at time = 0.1 are shown in Fig. 2. Here we choose ¢ = 2. Again, the LBM is capable of producing
convergent and stable solution with steep oblique shock on relatively coarse grid (20 x 10), the same as the finite
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Fig. 4. x—y solution contours: (a) N = 128 LBM solution; (b) “exact” solution.

difference solution [9]. Moreover, the 4-bit lattice Boltzmann model efficiently solves the same problem with steeper
oblique shock cases of v =0.00005 — 0.0002, even smaller viscosity, without any oscillations. It just needs finer grids
with an increasing Reynolds number. The LBM solutions with v = 0.0002 and v = 0.0001, namely Re = 5000 and
10000, on different grids (200 x 100), (400 x 200), respectively, are shown in Fig. 3. This concludes that the 4-bit
lattice Boltzmann model is stable and efficient for solving the 2D unsteady Burgers equation, especially with severe
gradients.

Example 3. In this example, we consider the Burgers’ equation (1) in (x, y) € [0, 1] x [0, 1], which satisfies periodic
boundary condition, and corresponding initial value is

u(x,y,0)=sin(2nx) cos(2my).

We compute the solutions using 4-bit lattice Boltzmann model at 7 = % Where the viscosity v=0.01, and ¢ = 1. The
exact solution of this problem is unknown. We take the numerical solution computed on a very fine mesh (2048 grid
points) as the “exact” solution for the purpose of comparison. The x—y solution contours are plotted in Fig. 4 for grid
points N = 128, and “exact” solution. We can see that the numerical solution agrees well with the “exact” solution.
Fig. 5(a) shows the surface plot of the numerical solution for N = 64. Fig. 5(b) are the solutions for y =0.5 att = %
on different grids. When the mesh is coarser, the error appears. When N = 64 the error is very small, but it converges
to the “exact” solution rapidly when the mesh is refined.
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Fig. 5. (a) LBM solutions for N = 64; (b) solutions for y =0.5 at = é

5. Conclusion

In conclusion, the 4-bit lattice Boltzmann model is used to solve the 2D unsteady Burgers’ equation, for problems
that are dominated by moderate to severe internal and boundary gradients. We have proved the maximum principle and
the stability which has also been discussed. The computational efficiency and the stability of the model are tested by
comparing the numerical results with the exact solutions, especially with the two-point compact scheme solutions in
solving steep gradient problems.
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