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In this paper, we propose a new approach to implementing boundary conditions in the lattice Boltzmann method

(LBM). The basic idea is to decompose the distribution function at the boundary node into its equilibrium and

non-equilibrium parts, and then to approximate the non-equilibrium part with a first-order extrapolation of the non-

equilibrium part of the distribution at the neighbouring fluid node. Schemes for velocity and pressure boundary condi-

tions are constructed based on this method. The resulting schemes are of second-order accuracy. Numerical tests show

that the numerical solutions of the LBM together with the present boundary schemes are in excellent agreement with

the analytical solutions. Second-order convergence is also verified from the results. It is also found that the numerical

stability of the present schemes is much better than that of the original extrapolation schemes proposed by Chen et al.

(1996 Phys. Fluids 8 2527).
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1. Introduction

The lattice Boltzmann method (LBM) is a new
technique for simulating fluid flows and modelling
In the last decade, the

LBM has achieved great success in a variety of

complex physics in fluids.

fields, ranging from simple laminar flows to ther-
mal flows,[23] high-speed compressible flows, "4 mul-
tiphase flows, %! and so on. Interested readers can see
the comprehensive reviews of this method.["® In the
LBM, the boundary conditions play important roles
in that they influence the accuracy and stability of
the method.['%] The boundary condition most com-
monly used in the LBM is the bounce-back method,
which originates from the lattice gas automata.l'1:12]
The bounce-back scheme is easy to implement and
supports the idea that the LBM is ideal for simulat-
ing fluid flows in complicated geometries.!®! However,
it was found that the bounce-back scheme is only of
first-order in numerical accuracy at the boundaries,
which is not consistent with the order of the LBM in
interior points.[*3] An additional disadvantage of the

bounce-back scheme is that it cannot be simply ex-

tended to handle moving boundaries or mass injection
through the boundaries.!*4

Some other methods have been proposed to im-
prove the numerical accuracy of the LBM. Ziegler!1?!
noticed that if the boundary is shifted into the fluid
by one half mesh unit, the bounce-back scheme is of
second order. Skordos et al.[!] proposed the use of a
new equilibrium distribution function, which includes
velocity gradients at the boundaries. Noble et al.[4
proposed a consistent hydrodynamic boundary con-
dition, which calculates the distribution functions at
the boundaries from the velocity boundary conditions
and the distributions of neighbouring fluid nodes at
the boundary. Maier et al['8l generalized the hydro-
dynamic method by introducing some supplementary
rules. Inamuro et all'” proposed a non-slip bound-
ary condition, where the unknown distributions at
the wall are assumed to be an equilibrium distribu-
tion with a counter slip velocity which is to be deter-
mined so that the wall conditions are satisfied. Zou et
al.1% proposed a way to specify pressure and velocity
boundary conditions based on the idea of bounce back

of the non-equilibrium part of the distribution.
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The boundary treatments mentioned above can
yield improved accuracy compared to the bounce-back
scheme. However, it is difficult to extend them to ar-
bitrary boundary conditions. Chen et all'8 noticed
that the LBM can be viewed as a special finite differ-
ence scheme of the Boltzmann equation, and proposed
the use of a second-order extrapolation scheme of dis-
tributions in the fluid to obtain the unknown distribu-
tions. This extrapolation scheme is simple and can be
extended to include velocity, temperature, and pres-
sure boundary conditions and their derivatives. Un-
fortunately, the numerical stability of the extrapola-
tion scheme was found to be unsatisfactory.[10:18]

It is common knowledge that the lower-order ex-
trapolation is usually more stable than the higher-
order extrapolation. Therefore, if we adopt a first-
order extrapolation scheme to determine the unknown
distributions at the boundaries, the LBM is expected
to have better stability. Unfortunately, if such a first-
order extrapolation scheme is applied directly to the
distribution function, the resulting scheme will also be
of first order. In this paper, from the finite-difference
viewpoint of the LBM, and motivated by the idea used
by Zou et al.,[*% namely the bounce back of the non-
equilibrium part of the distribution, we propose a new
extrapolation method for boundary conditions in the
LBM. The basic idea is to use a first-order extrapola-
tion scheme of the non-equilibrium part of the distri-
butions in the fluid to obtain the unknown distribu-
tions at the boundaries. To evaluate the accuracy and
stability of the present non-equilibrium extrapolation
schemes, numerical tests including two-dimensional
Poiseuille flow, porous plate flow, oscillating plate flow
and driven cavity flow are carried out, and the simu-

lation results are analysed in detail.
2.The lattice Boltzmann method

The lattice Boltzmann model used in this study
is the nine-velocity incompressible lattice Bhatnagar—
Gross—Krook model (ID2Q9) proposed by the present
authors.['?) The ID2Q9 can model the incompressible
The directions of
the discrete velocity used in the model are given by
e = 0, e, = (cos[(z — 1)7/2],sin[(i — 1)7/2]) for
i=1:4, and e; = v/2(cos[(i — 5)7/2 + 7/4],sin[(i —
5)7/2 + w/4]) for i =5 : 8. The evolution equation of

Navier—Stokes equation correctly.

the distribution function g;(z,t) reads
gi(x + ce; At t + At) — gi(x,t)

1 0
=~ _[g:(x,0) = g (x, )], (1)
where ¢ = Az /At is the particle speed, Az and At
are the lattice spacing and the time step, respectively.
7 is the dimensionless relaxation time. ggo)(ac, t) is the
equilibrium distribution function defined by

0 _ (ei-w)  (ei-w)’
g; = ouptw;|3 +4.5 s —15—1, (2)
c c

where wg =4/9, w; =1/9 fori=1:4, and w; =1/36
fori=05:8. ag = —40/c?, a; = N\/c? for i = 1: 4,
and a; = v/c? fori = 5: 8. o, X and ~ are parameters
satisfying A\ +~v =o0,A + 2y =1/2.

The flow velocity and pressure are given by

i 2 [ 2 |u/?
uzzceigi, P:E Zgi—gc—2 : (3)

i=1 =1

Through multi-scaling expansion, and neglecting
the terms of O(eM?) (M = |u|/c is the Mach num-
ber), the incompressible Navier—Stokes equations can
be derived correctly from this incompressible ID2Q9
model as!'9]

V-u=0, (4)
Ou

F +u-Vu=-Vp+vViy, (5)

to the order of O(e?), where ¢ = At, and the kinetic

viscosity v is determined by

vV =

3.Non-equilibrium extrapola-
tion method

In hydrodynamic problems, the boundary condi-
tion is usually given for macroscopic variables, such as
velocity and pressure. But in the lattice Boltzmann
method, the basic evolution variable is the distribution
function g;, which is usually not given directly at the
boundaries. Therefore, one must choose an appropri-
ate method to determine the distribution function at

the boundaries from the given macroscopic variables.
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Fig.1. A boundary node and its neighbours.

It has been shown that LBM can be viewed as
a special finite-difference scheme for the Boltzmann
equation of a lattice,!'® and based on this idea, Chen
et al['® has proposed an extrapolation scheme for
boundary conditions in the LBM. Also, based on this
viewpoint and based on the idea of extrapolating the
non-equilibrium part of the distribution, we propose a
new extrapolation method to implement velocity and
pressure boundary conditions. For illustration and
simplicity, we consider the case of a flat boundary.
As shown in Fig.1, the COA line lies at the boundary,
the nodes F, B and E are those lying in the fluid, and
G, D and H are the nodes outside the fluid.
Note that one evolution equation of the LBM,
Eq.(1), consists of two computational steps
collision: g (x,t) = (1 — w) gi(x,t) + wgz@) (x,1),
streaming:  gi(x + ce;At,t + At) = gt (x,1),

(7)
where w = 1/7. Obviously, g;(O,t) is needed to
finish the streaming step for ¢« = 2, 5 and 6 at the
boundary node O. Notice that the distribution func-
tion g;(x,t) can be decomposed into its equilibrium

and non-equilibrium parts

9%, 1) = ¢!V (x, 1) + ¢\ (x, 1), (8)
(ne)

i

(0)

%

are equilibrium and non-equ-
Thus the post-

collision distribution function at the boundary node,

where ¢g;’ and g

ilibrium parts of g;, respectively.

g;’(O,t), can be rewritten as
97 (0,8) = g{”(0,8) + (1 = w) gi("(0,).  (9)

First we discuss how to calculate the non-equ-
(ne)
i

ysis for the lattice Boltzmann method, we assume that

ilibrium part g; . As in the Chapman—Enskog anal-

ggne) = eggl). Note that, at time ¢, the macroscopic
velocity and pressure of the flow is known at the fluid
node B, so ggo)(B,t) can be determined, and thus the
non-equilibrium part of the distribution at node B can

be given by
9" (B,t) = g:(B,1) — 9" (B,).  (10)

Also note that node B is a neighbour of node O at a
distance Az = ce, hence g(l)(O,t) = g(l)(B,t) +O(e),

and ggne)(O,t) can be approximated by a first-order
extrapolation

9" (0,1) = gi(B,t) — g” (B, 1) + O(¢?).  (11)
Equation (11) implies that the accuracy of the ap-
proximation of gEne)(O, t) with the first-order extrap-
olation scheme based on ggne) (B,t) is indeed of second
order.

Now we discuss how to determine the equilib-

rium part gl@) (0, t) according to pressure and velocity
boundary conditions. For the pressure boundary con-
dition where the pressure p(O,t) is known and veloc-
ity u is unknown, we approximate ggo) with a modified
equilibrium yf.o)(o, t), defined by

39(0,t) = aip(0,1) + s; (u(B,t)),  (12)

where

(ei-u) + 4_5(ei : 11)2 _ 1.5|u|2

c c? c?

si(u) =w; |3

(13)
For the velocity condition where u(O,t) is known and
p(O, t) is unknown, we approximate ggo)(O, t) with an-
other modified equilibrium EEO)(O,t), defined by

7.7(0,1) = cip(B,1) + 50 (u(0,1)).  (14)

7

Note that u(B,t) — u(0,t) = (e - Vu)Az =
O(eM), and p(B,t)—p(O,t) = (ez-Vp)Az = O(eM?),

so we have

9”(0,t) =g{”(0,1) + O(eM), (15)

9”0, =7"(0,) + O(eM?).  (16)
From Eq.(6), we can obtain
1\ Re
M =~ = —— ] —=A 17
ug/c <T 2) 3L 2% (17)
where uy and L are the characteristic velocity and

length, respectively, and Re is the Reynolds number.
If 7 is chosen such that (7 — 0.5)Re/L = O(1), the
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Mach number will be of the same order of ¢, and so
from Eqgs.(15) and (16) we have

9!900,t) =3\ (0,t) + O(e?), (18)

9(0,1) = 3.(0,1) + O(%). (19)

That is to say, the approximation of ggo)(O,t) with
EEO)(O, t) or EEO)(O, t) is at least of a second-order ac-
curacy.

Summing up the above discussion, we can obtain
the following non-equilibrium extrapolation schemes
for boundary conditions in the ID2Q9 model: (i) for
the pressure boundary condition, the distributions at

the boundary node are given by

—w)[gi(B,t) — " (B, )],
(20)

and (ii) for the velocity boundary condition, the dis-

9:(0,t) =g\”(0,8) + (1

tributions at the boundary node are given by

—w)[gi(B,) — ¢\ (B,1)].
(21)

From the arguments given above, we can conclude that

9:(0,8) = 3. (0, ) + (1

the two boundary conditions are both of second-order
accuracy, which is consistent with the accuracy of the
ID2Q9 model. Furthermore, since only first-order ex-
trapolations are used, both schemes are expected to
have better stability than that proposed in Ref.[18].
Schemes for other boundary conditions can also be

designed in a similar manner.
4. Numerical results

To evaluate the accuracy and stability of the pro-
posed non-equilibrium extrapolation schemes for pres-
sure and velocity boundary conditions in the ID2Q9

model, numerical tests including the steady Poiseuille

1.0 T T T T T T
0.9t
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0.7+
0.6
> 0.5F
0.4
031
0.2+
0.1

0.0 s : ; :
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u

0.30 0.35

flow, the porous plate flow, the unsteady oscillating
plate flow, and the driven cavity flow, are carried out
using the present schemes for boundary conditions. In
simulations, unless mentioned otherwise, the value of
the relaxation parameter w is taken to be 0.9, 1.1 and
1.7; and for each value of w, the lattice spacing Ax
ranges from 1/10 to 1/80.

4.1. Poiseuille flow

The Poiseuille flow driven by a constant pres-
sure gradient is defined in the region 0 < & < 2 and
0 < y < 1. The profile of the analytical velocity is ex-
pressed as a parabola centred around the axis of the

channel

22, (22)

Ve = 0, 5

u = uoy(l —y), P = Pin —
where uy = Ap/16v is the centreline velocity, Ap =
Pin—Pout 18 the pressure drop, and p;,, and p,.; are the
constant pressures maintained at the inlet and outlet
of the channel, respectively.

The Reynolds number of the flow is defined by
Re = wup/v.

is fixed to be 10, and the pressures at the entrance

In simulations, the Reynolds number

and outlet are set to be p;, = 1.1 and p,,: = 1.0.
The present non-equilibrium extrapolation scheme,
Eq.(20), is used to the entrance and outlet for the
pressure boundary, and the scheme Eq.(21) is used at
the top and bottom plates for the velocity boundary.

In simulations, the criterion used for steady state is
(n) (n 100)
2.1 DI

ij
where u} o=

taken over the whole system.

(23)

u(z;,y;,nAt), and the summation is

1.104

1.05

1.00 .
0.0 02 04 06 08 1.0 1.2 1.4 16 1.8 20

T

Fig.2. Velocity and pressure profiles for the Poiseuille flow (w = 0.9, Az = 0.1). The symbols

and solid lines represent the LBM and analytical solutions, respectively.
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It is found that the flow reaches its steady state
for all cases considered, and at the steady state, the
horizontal velocity component u is uniform along the
z-direction. The maximum absolute value of the ver-
tical velocity component v is of the order of 107!,
The pressure at the steady state is found to be uni-
form along the y-direction, and is linear along the z-
direction. The profiles of velocity u and pressure are
plotted in Fig.2 for w = 0.9 and Az = 0.1. As shown,
the lattice Boltzmann solutions are in good agreement
with the analytical solutions.

Accuracy is studied by measuring the convergence
rate of the relative global error as the lattice spacing

changes, where the relative global error is defined as

VY (=) + (0 —v.)?
NN ’

where (u,v) is the numerical solution and (ue,ve) is

FE =

(24)

the analytical solution. In Fig.3, the relative global
errors are plotted logarithmically as functions of the
lattice spacing. The slopes of the least-squares fits
are about 2.0002, 2.0001 and 2.0002 for w = 0.9, 1.1
and 1.7, respectively. This indicates that the accuracy
of the present boundary conditions is really of second

order in space for the Poiseuille flow.

-9 L . R \
-4.5 -4.0 -3.5 -3.0 -2.5 -2.0

log(Ax)

Fig.3. Relative error for the Poiseuille flow: +,w =
0.9; X,w = 1.1; o,w = 1.7. The solid lines repre-
sent the least-squares fits. The slopes of the lines are
2.0000(+), 2.0001(x) and 2.0002 (o), respectively.

4.2. Porous plate flow

The second test problem is the channel porous
plate flow. In this flow, the upper plate moves with
a constant velocity, ug, and a constant normal flow
is injected with a velocity vy through the fixed bot-

tom plate and is withdrawn at the same rate from the

upper plate. This flow models a fluid being sheared
between two porous plates, through which an identi-
cal fluid is injected normal to the shearing direction.
The problem provides a more general Dirichlet bound-
ary condition, and can be used to test the ability of a
boundary treatment.

In a steady state, the porous plate flow has the

following analytical solution!*%

eRe(u/L) _
Ue = UQ <ﬁ) ; (25)

where L is the channel width and the Reynolds num-
ber is defined as Re = Lvg/v. There is a boundary
layer near the moving top plate for this flow, and the
thickness of the boundary layer decreases exponen-
tially as Re increases. In simulations, the flow do-
main is set to be 0 < z < 2.0, 0 < y < 1.0. The
constant velocity of the upper plate and the normal
injection velocity are set to be uyg = vy = 0.1, and
the Reynolds number is chosen to be Re = 5.0. The
present scheme for the velocity boundary, Eq.(21), is
applied to the top and bottom plates, and the periodic
boundary condition is applied to the inlet and exit.
In all cases, the flow reaches its steady state after
a number of iterations. It is found that in the steady
state, the velocity w is indeed uniform along the chan-
nel for each case. In Fig.4, the profiles of numerical
results are plotted, as well as the analytical solutions,
for w = 0.9 and Az = 0.05. As is shown, the LBM

results agree well with the analytical solutions.

1.0
0.9r
0.81
0.7r
0.61
0.51
0.4r
0.3
0.2

0.1

0.0 - - . : ; . p ;
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

U

Fig.4. Velocity profiles for the porous plate flow
(w = 0.9, Az = 0.05). The symbols and solid lines
represent the LBM and analytical solutions, respec-

tively.

The convergence rate is studied based on the rel-
ative Lo norm error in the velocity field, which is de-

fined as
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log(E)

=10 . . . .
—4.5 —4.0 -3.5 ~3.0 -2.5 -2.0

log(Axz)

Fig.5. Relative error for the porous plate flow: o,w =
0.9; +,w = 1.1; X,w = 1.7. The solid lines repre-
sent the least-squares fits. The slopes of the lines are
2.0288 (o), 2.0074 (+), and 1.9532 (X), respectively.

Alacos(Qt) — bsin(Qt)] + B [asin(Qt) + bcos(Qt)]

po VEl T (26)

V2
where u is the LBM solution, and the summation is
taken over the entire domain. The errors are plotted
logarithmically in Fig.5. It is found that the slopes
of the least-square fits are 2.0288, 2.0074 and 1.9532
for w = 0.9, 1.1 and 1.7, respectively, indicating the
second-order accuracy of the present scheme for the

velocity boundary condition.
4.3. Oscillating plate flow

The oscillating plate problem is defined in the re-
gion 0 < z,y < 1.0 under a periodic boundary con-
dition at the entrance and exit. The bottom plate is
kept stationary, and the top plate oscillates horizon-
tally with a constant frequency, i.e. u = cos(2t), where
Q is the oscillation frequency. The analytical solution

of this oscillating plate problem has the following form

Uy = 2 27
¢ cosh(25t*) — cos(25t*) ’ (27)
-3
where A = coshy*siny*, B = cosy*sinhy*, a =
cosh St*sin St*, b = cos St*sinh St*, with St* = —4r
St/\/i, y* = ySt*. Here St is the Stokes number
defined as e -
R
St =+/Q/v. (28) B 6}
The Stokes number is an important parameter for the _rt
oscillating flow; it is in fact the ratio of the channel
width to the thickness of the Stokes layer 1/v/. -8
1o T R—y 35 3.0 25 20
0.9
log(Az)
0.8
0.71
Fig.7. Relative errors for oscillation plate flow: o,w =
061 0.9; +,w = 1.1; x,w = 1.7. The solid lines represent
= 057 the least-squares fits. The slopes of the lines are 1.9940
04l (o), 1.9792 (4) and 1.9177 (), respectively.
0.3 . . . .
Simulations are carried out using v = 0.1 and
0.2 . . T
2 Q) = 2.0. In simulations, the periodic boundary con-
01} o . . .
dition is applied to the entrance and exit, and the

0.0 - ‘ - - -
07 -06 05 -04 -03 -02 -01 00

u

Fig.6. Velocity profiles for the oscillating plate flow at
t = 20.37037 (w = 0.9, Az = 0.05). The symbols and
solid lines represent the LBM and analytical solutions,
respectively.

velocity boundary Eq.(21) is applied to the top and
bottom plates. It is found that, each time, the veloc-
ity component u is uniform along the z-direction. The
profiles of u in the case of w = 0.9 and Az = 0.05 are
plotted in Fig.6 together with the analytical solutions
at time t = 20.37037. Excellent agreement is observed
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between the LBM and the analytical solutions for this
unsteady flow. The relative global errors are plotted
logarithmically in Fig.7. The slopes of the least-square

1.0
0.9r
0.8}
0.7f

0.6f

0.4}
0.3}
0.2}
0.1}

0.0 L . .
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

w

fits are 1.9940, 1.9792 and 1.9177 for w = 0.9,1.1 and
1.7, respectively. Second-order accuracy of the present

velocity boundary condition is clearly shown.

0.3

0.2

0.1

0.0

! |
e o
o -

-0.4 L
0.0 01

0.2 03 04 05 06 0.7 08 09 10

xr

Fig.8. Velocity profiles for the driven cavity flow across the cavity centre (w = 0.8, Az =

0.05). The symbols and solid lines represent the LBM and analytical solutions, respectively.

4.4. Cavity flow with analytical solution

The last test problem is the modified cavity flow,
first proposed by Shin et all?%l. The computation re-
gion is defined by 0 < z,y < 1.0. A shear flow is
imposed on the top wall with the following velocity
profile

u = 162%(1 — z)2. (29)

If the flow is exposed to a body force F = (F}, Fy)
defined by
F]_ :0,

Py =8 [24M (x) + 2m/ (2)n” (y) + m" ()n(y)]

+ 64 [My(z)N(y) — n(y)n'(y) Ma(z)], (30)
where m(z) = 2*(1 — 2)?, n(y) = v*(y* - 1),
M(w) [ m(x)dz, Ml( ) = m(z)m" (z) — (m/(z))?,
= [ 'ma(x)m'(z)dz, and N(y) = n(y)n""(y) —

n' (y)n”(y) Thls drlven cavity flow has a time-

independent analytical solution

"(y/H),

Uexact :8u0m($/H)n

(31)

In simulations, the kinematic viscosity v is set
to be 0.1, and the velocity at the boundaries is
specified by evaluating the analytical solution. The
present non-equilibrium extrapolation scheme for ve-
locity boundary condition, Eq.(21), is applied to the

four boundaries. In simulations, it is found that the

flow reaches its final steady state for each case. In
Fig.8, the profiles of the velocity across the cavity cen-
tre are plotted together with the analytical solutions
in the case of w = 1.1 and Az = 0.05. Excellent agree-
ment is observed between the simulation results and
the analytical solutions. In Fig.9, numerical errors are
plotted logarithmically, where the error is defined as

-2

—-3r

log(E)
L& Lk

-4.5 -4.0 -3.5 -3.0 -2.5 -2.0

log(Ax)

Fig.9. Relative errors for the driven cavity flow:
o,w = 0.8; +,w = 1.1; X,w = 1.7. The solid lines
represent the least-squares fits. The slopes of the
lines are 1.9340 (o), 1.9749 (4) and 1.9643 (X), re-
spectively.

JY) I U e Ca
V2 ug+v? ’

where the summation is taken over the whole domain.
The slopes of the least-square fits are 1,9340, 1.9749

(32)
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and 1.9643 for w = 0.8, 1.1 and 1.7, respectively.
Quadratic convergence is clearly seen for the present

velocity boundary condition.
4.5. Numerical stability comparison

For the LBM, the numerical stability depends
on the relaxation time 7, the Mach number of the
flow, and the size of the underlying lattice in use. In
Chen’s extrapolation boundary conditions,*®! an ad-
ditional layer outside the physical boundary is needed,
and the distribution functions at the node lying on
the additional layer is determined from the distri-
bution functions at the neighbouring boundary node
and fluid node based on a second-order extrapola-
tion scheme. Under the present boundary conditions,
It is well

understood that the numerical stability of a lower-

only first-order extrapolation is needed.

order extrapolation scheme is usually better than that
of higher-order schemes. Therefore, it is expected
that the present boundary conditions have better-

behaved stability characteristics than Chen’s extrap-

0.85
0.80

0.75

0.70}

Trmin

0.55}

0.50

80

1/Ax

Tmax

olation schemes.

To illustrate this point, we have applied the
present schemes and Chen’s schemes to the Poiseuille
flow driven by a constant gradient. The geometry and
parameters of the flow are set in the same way as used
in Subsection A. We measured the maximum and min-
imum values of the relaxation time 7 (Tinax and Tinin)
In Fig.10,

Tmin and Tyax are plotted as functions of the lattice

at which the computation is still stable.

spacing. It is well known that the numerical stabil-
ity of the LBM usually becomes very poor as 7 ap-
proaches 0.5. It is found that 7,,;, > 0.7 for Chen’s
schemes in all cases considered here, while 7,;, < 0.51
for the present boundary conditions. This indicates
that the numerical stability of the present schemes is
greatly improved, compared with Chen’s schemes. At
the same time, it is found that the value of 7., for the
present schemes is always greater that that for Chen’s
schemes. These facts show that the stable region of
the present schemes is much larger than that of Chen’s
schemes. A similar behaviour is also observed in the

simulations of other test problems.

1/Ax

Fig.10. Minimum and maximum values of 7 usable for the present schemes and Chen’s

schemes in simulation of the Poiseuille flow: (a) minimum value; (b) maximum value; Solid,

present method; dotted, Chen’s method.[!8]

5. Conclusions

In this paper we have proposed a new method
to implement boundary conditions in the LBM. The
basic idea is to decompose the distribution func-
tion at the boundary node into its equilibrium and
non-equilibrium parts. The non-equilibrium part is
approximated with the non-equilibrium distribution
function at the neighbouring fluid node. Schemes for
pressure and velocity boundary conditions based on

this method are proven to be of second-order accu-

racy. Numerical tests are carried out, including two-
dimensional Poiseuille flow, porous plate flow, oscil-
lating plate flow, and driven cavity flow. Simula-
tion results indicate that the LBM solutions using the
present boundary schemes are in excellent agreement
with the analytical solutions. Second-order conver-
gence is also observed for the present schemes. It is
also shown that the numerical stability of the present
schemes is much better than that of Chen’s extrapo-

lation schemes.
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Like the original extrapolation method proposed
in Ref.[18], the present non-equilibrium extrapolation
method does not need any ad hoc assumptions about
the incoming distributions, and can be easily extended
to design schemes for other boundary conditions, such
as thermal boundary, velocity flux and temperature
boundary. Furthermore, the proposed method needs
no additional layer beyond the physical boundary
layer, and thus has better memory efficiency, and is
more suitable in handling flows in complex geometry.

In conclusion, we have proposed a new method

for the implementation of boundary conditions in the
LBM. Schemes for pressure and velocity boundaries
are given based on this method, which are shown to
be of second-order accuracy, and have better numeri-
cal stability, compared with the original extrapolation

schemes.
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