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Effect of the forcing term in the multiple-relaxation-time lattice Boltzmann equation on the shear
stress or the strain rate tensor
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In this work, the effect of the forcing term (or external force) in the multiple-relaxation-time lattice Boltzmann
equation (MRTLBE) on the shear stress or the strain rate tensor is studied theoretically and numerically. Through
a Chapman-Enskog analysis and numerical simulations, we show that the shear stress (or the strain rate tensor)
derived from the MRTLBE is second-order accurate in space. We then examine the influence of the forcing term
on the shear stress or the strain rate tensor, and demonstrate that the forcing term effect must be included when
the shear stress or the strain rate tensor is computed with the nonequilibrium part of the distribution function.
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I. INTRODUCTION

The lattice Boltzmann equation (LBE), as a mesoscopic
numerical method, has gained significant success in simulating
complex fluid flows because of its kinetic characteristics [1-4].
Recently, the LBE has also been extended to the study of blood
flows and non-Newtonian fluid flows [5—12], in which one
important issue is that the distribution of the shear stress or the
strain rate tensor affects the rupture of arterial aneurysms and
histological structures of blood vessels [13,14]. Additionally,
the shear stressor the strain rate tensor is also a key issue
in large eddy simulation of turbulent flows [15], multiphase
flows [16], and the polymer and rheology fields [17,18]. For
the above reasons, the accurate computation of the shear stress
or the strain rate tensor in the LBE is an important issue, and
thus has received increasing attention over the past several
years [16,19,20]. Generally speaking, the existing strategies
for computing the shear stress or the strain rate tensor in
the LBE can be classified into two groups: the first is to
derive the shear stress or the strain rate tensor directly with the
finite difference method [7,20], while the second one is, in the
framework of the LBE, to obtain the shear stress or the strain
rate tensor from the nonequilibrium part of the distribution
function [6,8,9,11,16,19,20]. In the first method, an improper
difference scheme to compute the velocity gradient may
cause a numerical instability problem or inaccurate numerical
results. Moreover, the first method is not suitable for the study
of the shear stress or the strain rate tensor of flows in complex
geometries. On the other hand, the second method has been
proven to be suitable for the study of complex flows because
it computes the shear stress or the strain rate tensor locally.
For this reason, we focus on the second method in the present
work.

Although a number of papers have been published on
the study of the shear stress or the strain rate tensor
[6,9,11,16,19,20], the forcing term effect on the shear stress
or the strain rate tensor in the LBE, especially in the multiple-
relaxation-time lattice Boltzmann equation (MRTLBE), has
not been studied systematically. In this paper, we study the
forcing term effect on the shear stress or the strain rate tensor,
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and show that this effect must be included in the MRTLBE. In
the following, we first present a Chapman-Enskog analysis for
derivation of the Navier-Stokes equations and the theoretical
expression of the shear stress or the strain rate tensor from the
MRTLBE. We then examine the influence of the forcing term
on the shear stress or the strain rate tensor, and demonstrate
numerically that the forcing term effect must be included when
the shear stress or the strain rate tensor is computed with the
nonequilibrium part of the distribution function.

II. CHAPMAN-ENSKOG ANALYSIS OF THE
MULTIPLE-RELAXATION-TIME LATTICE
BOLTZMANN EQUATION

The lattice Boltzmann equation can be viewed as a
successor of lattice gas automata [21] or a special discrete
form of the continuous Boltzmann equation [22]. Based on
the collision operator, the models of the LBE can be classified
into the Bhatnagar-Gross-Krook (BGK) model (or the so
called single-relaxation-time model) [23] and the generalized
lattice Boltzmann model [or multiple-relaxation-time (MRT)
model] [24,25]. Here we regard the LBE coupling with the
MRT model as the MRTLBE. In the present work, we focus
on the MRT model for its superiority over the BGK model in
studying single-phase and multiphase flows [25-27].

A. Hydrodynamic equations of the multiple-relaxation-time
lattice Boltzmann model

For simplicity, we focus on the multiple-relaxation-time
lattice Boltzmann equation in the two-dimensional space only.
The evolution equation of the MRTLBE coupling the forcing
term reads as [24-29]

filx+¢;8t,1 4+ 8t) — fi(x,1) = Q; + 8t F], (1)
where €2; is the collision operator and defined by
Qi = —(M'SM), [ f;x.0) — £ x.0)]. )

fi is the density distribution function associated with the
molecular velocity ¢; at position x and time ¢, and satisfies
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the following equations:

p=>_fi 3)

ot
pu=) cfi+F )

i
where F = (F,F,) represents the external force. F; is the

discrete forcing term accounting for the external force F and
defined as [28,29]

F=M"! I—§ MF, (3)
2

where I is the unit matrix, and F = (F},F|,...,F))"

with b representing the number of discrete velocities; F=
(Fy,Fy, ..., Fy)7, and is defined by

. : e — 2
Fi = w; |:CI d + (uF + Fu) : (C,c, CSI):| . (6)

2 4
3 2c;

It should be noted that, if all elements of S are equal to each
other, the MRT model will reduce to the BGK model, and
simultaneously, the forcing term proposed for the BGK model
[30] can also be derived from Eq. (5).

A lattice Boltzmann model with ¢ velocities in d-
dimensional space is usually denoted as a DdQg model. In
the D2Q9 model [23], the discrete velocities ¢; in Eq. (1) are
given by
(0,0),

(cos[(i — 1) /2], sin[(i — 1)z /2])c,
{cos[(2i — 9)7r/4], sin[(2i — ) /4]}v/2¢, i= 5-8,

¢ =

where ¢ = 6x /8t (set to be 1 in this work), with §x and 6
representing the lattice spacing and time step, respectively;
fi(eq)(x,t) is the equilibrium distribution function, and defined
as

2 2
(eq) ¢-u  (¢-w  |ul
0 =wip |1 -1
J: v ,0|: * c? 2c} 2¢2
where wo =4/9, w14 =1/9, wsg = 1/36; ¢, = 1/4/3 is
the speed of sound. M is a transformation matrix,

®)

1 1 1 1 1 1 1 1 1
-4 -1 -1 -1 -1 2 2 2 2
4 -2 -2 =2 =21 1 1 1
0 1 0 -1 01 -1 -1 1
M= o -2 0 2 01 -1 -1 1],

0o o0 1 0 -1 1 1 -1 -1
o o0 -2 0 21 1 -1 -1
0 1 -1 1 -1 0 0 0 O
o o o0 0 o0 1 -1 1 -1

)

which can be used to project the distribution function f; and

equilibrium distribution function fl.(eq) in velocity space onto

macroscopic variables in the moment space,
m := Mf

5t 8t T
= | p.e¢E,0Uuy — Eanvapuy - EFyszapxxapxy s
(10)
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m¢?P .— MfED
T
— (,0,e(eq),e(eq),pux,q)(ceq),puy,q;eq),pf;q),piif’)) ,
(11

where f=(fo,....f)| and £ = (£ fE)T.
The equilibrium variables of the nonconserved moments

PCORPICIPIS qﬁeq) , P and pf‘f}) can be derived from

Eq. (1D),
e = —2p + 3plul?, (12a)
eV = p—3plul?, (12b)
4\ = —pus, (12¢)
qy? = —puy, (12d)
PP = p(uf — u3), (12¢)
p&Y = pusy. (12f)

S is a non-negative relaxation matrix. To keep the relaxation
matrix S consistent with the moment m, we write it in the
following form:

S = diag(spaseasa’sjvsq7sj’squmsv)’ (13)

where 0 < s5; < 2.

Note that, in the same fashion as in the BGK model, the
evolution process of the MRTLBE also consists of two parts:
collision and propagation. However, unlike in the BGK model,
the collision including the forcing term effect in the MRT
model is executed in momentum space,

firx.n)
= fix.0) — (MT'SM);; [ fi(x.0) — £V (x.0)] + 8t F/, (14)

whereas the propagation of the MRT model remains in velocity
space,

fi(x +¢;8t,t + 8t) = fT(x,1). (15)

Clearly, the evolution process of the MRTLBE is involved
in the transformation between the momentum space and the
velocity space.

In what follows, we present a detailed analysis of the
derivation of the Navier-Stokes equations from the MRTLBE.
To this end, we first adopt the Chapman-Enskog analysis, and
expand the density distribution function, the derivatives of time
and space, and the external force as

=04+ P4 (16a)
& = €d;, + €%, (16b)
0y = €0y, (16c)
F = ¢F|, (16d)

where F; = (Fy,Fy1). Substituting the above expansions
into Eq. (1), we can obtain the zero-, first-, and
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second-order equations in €,

f(O) f(eq) (173)
S ~
e Dy f? = —E(M’ISM)U]‘;” + [M1<I - 5) M} F!, (17b)
ij
St 1
€0, [+ Duf" + S DL SO = — MM 7, (17¢)
where Dy; = 9, + €;40,, and F1 = w;[%FH B4 —("F'JFF';)Cic'cﬁ ZI)]

If we rewrite Eqs. (17) in the vector form and multlply the matrix M on both sides of them, the corresponding equations in the
moment space can be easily derived,

& m©® = m©o, (18a)
N S\ .
e :Dm? = —-m® + <I — 5) MF!, (18b)
2 ) 3 S (1) St S I _ 11 (2)
€ :9,m"” + D I_E m +2D I—— MF —S'm"*”, (18¢c)

where S’ = S/4¢, D, =MDM !, and D, = 9, I + 0y, diag(coq,Clas..-,Cso)- Based on Eqgs. (10) and (11), one can find that the
elements of m'" corresponding to the conservative variables p and pu are zero and —8tF; /2, so we can further rewrite Eq. (18) as

p Py puy 0 0
—2p+3pluf? 0 0 —sle 6(1—%)u-
p—3plul? —pus —puy —s;e! —6(1 —f)“ Fl
Dty £+ pu? PllylLy 8l Fr (1-%)F,
3, —puty + 3y | =5 —pul+pul | +9,, plxity =|-s qi” + —(1- g)
oy Pty &+ puj 5 ,F\l (1- %’)
—pu, PUxUy —g-{-pu%—pui —s q;l) _( )
pu — pu — —Xn —s, Py 2(1 = %)@ Fa —uy Fyp)
Pty 5 = =S, Py (1= %) Py +uy Fo)

(19)

Similarly, we can also derive the second-order hydrodynamic equations in €, but we present only the ones corresponding to the
conservative variables p and pu,

aleo = O’ (203)

;. ( _ﬁa 1_ﬂ F 13 1= %) ,m 13 ) 9 1) ,m
t piy) ) t ) x1 +6 X1 2 e +2 X1 2 Dxx | T 9y, 2 Pxy

8t N Sy Se
+5 arl 1- 5 + axl 2(”}'F’l _uxel) - E(MXFxl +uyF’l)+2uxel

+ 9y, <1 - %)(”XFVl + unyl)]} =0, (20b)
ot Si Sy 1 1
o[ (=2} e (- 2)o] - o[- D)o« o [ -2)e ]
St S; Sy
+E 8,1 1—3 Fyl +8x1 1-— E (uxFyl +uny1)

Sy Se
+ay] E(uxel — LtyFyl) — E(MXF“ + I/tyFyl) + 2uyFy1i|} =0. (20c)

Under the incompressible condition [the term O(|u|?) is neglected] and with the aid of Eq. (19), we can obtain the following
equations for eV, p{) and p{)):

-, eV = 6p(8xlux + 9y, u, ) + 3s.u - Fq, (21a)
—s,p) = 2p(3yux — dyuy) + 5@y Fo1 — uy Fy), (21b)

Sy
_svpg; = p(0x,uy + 0y ux) + E(MXF);] +uyFy), (21c)
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where p = pc? = p/3. Substituting Eq. (21) into Eq. (20),
the second-order hydrodynamic equations in € can be
derived,

d,p =0, (22a)
3t2(:0”x) = 8xl [pv(axl Uy — 8)’1 ”_\’) + 'OE (8Xl Uy + 8,V1”Y)]
+ 0y, [pv (3y 1ty + dy,u) ] (22b)
I (puy) = 3y, [pv (s, uy + By, ux) | + 0y, [pv(3y,uy — Oy 1)
+ P& (By, 1ty + Dy uy) ], (22¢)

where v and & are the kinematic and bulk viscosities and given

by
v2116t%‘2118t (23)
=c;, | —— = =c;, |\ —— = .
S\sy 2/ S\se 2

Combining the results at the #; and 7, time scales, i.e., Egs. (19)
and (22), we can obtain the following Navier-Stokes equations:

op+V-(pu)=0,
&(pu)+ V- (puw) = -Vp+ V.7 +F,
where 7 is the shear stress and defined by
T =2pvé+ p(& —v)(V-w)l, (25)

for incompressible flows. Equation (25) can be further simpli-
fied using T = 2pve, where € = %[Vu + (Vu) "] is the strain
rate tensor.

Finally, let us focus on discussing the relaxation matrix S.
In the process of deriving the Navier-Stokes equations, it is
found that the relaxation factors s, and s; have no influence
on the macroscopic hydrodynamic equations, and thus their
values can be chosen arbitrarily. For simplicity, the relation
s, = s; = 0 will be used in the present simulations. In addition
to sy, 5,, and s;, there are three adjustable parameters s,,
sg, and s,. The relaxation parameter s, is related to the bulk
viscosity & and usually adjusted to enhance the numerical
stability of the MRT model; similarly, s, can also be changed
to improve the numerical stability of the MRT model [26].
Compared to s, and s, the parameter s, is usually related

(24a)
(24b)
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to implementation of boundary conditions and can be used
to improve the accuracy of the MRT model [26,29,31]. In
fact, numerical results in some previous works have shown
that more freedom in choosing the relaxation factors indeed
ensures that the MRT model possesses more potential than the
BGK model for studying some problems [26-29,31,32].

B. Shear stress and strain rate tensor in the
multiple-relaxation-time lattice Boltzmann equation

In this section, we focus on discussing the computation of
the shear stress or the strain rate tensor in the framework of
the MRTLBE with the nonequilibrium part of the distribution
function. Based on Egs. (17b) and (19), we can obtain

1 - )
-5 Zc,-uciﬁ(M 'SM);; f;

_ S ~
= E C,‘uC,'ﬁD”fi(O) - E Ci, Ciy |:M 1(1 — 5) M:| Fjl
i i t

= 0y (,ocf&yﬁ + puauﬁ) + 9, [pcf(ua&gy + ugdyy

ity 8ap)] — Y €,y [M‘l <I - ;) M] Fl, (26)
i ij
3y p = —dy, (puy), 27
Oy (puqtp) = —Upda, P — UaOp p + tpFar + uaFp1.  (28)
Substituting Egs. (27) and (28) into Eq. (26), we obtain
—% D ci iy (M SM £
= pc; (3p,te + By utg) + Farttg + o Fpy

=Y aic, [Ml <1 - ;) M]” Fl. (29
i L

Multiplying € on both sides of Eq. (29) and assuming € fim =

9 = £ — Y to be valid, we can obtain the strain rate
tensor

st{ ¥, cici[M~! (L= $)M], F; — WF + Fu)} — 3, cic;(M~'SM),; £,

1 .
e = E[Vu—l-(Vu) ]=

[ —s)-P)I - s,wF + Fu)] Y, ciei(M~'SM,, /1"

2pc2st

4pc?

We can also use Eq. (30) to obtain the shear stress ,

v[(sy — so)(u - F)I = 5, (uF + Fu)]
T =

2pc2st

(30)

v Y, e (MTISM),; £

2
2ct

The first term on the right hand side of Egs. (30) and
(31) is considered as the forcing term effect on the strain
rate tensorand the shear stress. In addition, we also would

31
28t G1)

like to point out that, if the relaxation factors in the MRT
model are taken to be a single value spgk, the strain
rate tensor and shear stress in the BGK model can be
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obtained:
. 1 T
e = E[Vu+ (Vu) ']

__ SBGK (neq)
= ~apcist |:8t(uF + Fu) +2 lZcic,-fi ] . (32

2—ys
T = _TBGK |:8t(uF +Fu) +2 Z cic; ff“e‘”} . (33)

It is noticed that the forcing term effect has been considered in
the computation of shear stress in the BGK model [16,19,20].
For instance, Gross et al. adopted the force scheme proposed
by Ladd and Verberg [19],

¢;-F  (F+Fu): (ce; — 21
F/ = wi [ C2 + ZCS ) ’ (34)

i

while Kriiger ef al. used a simple one [20],

¢, -F

2
Cs

!
F = w;

(35)

However, as pointed out elsewhere [30], none of the above-
mentioned schemes enables correct hydrodynamic equations
to be recovered. To derive the correct Navier-Stokes equations,
one should use the following force scheme for the BGK model:

F = w;<1 . SBGK) |:Ci -F n (uF + Fu) : (Cici _ cfl):| |

! 2 2 2¢¢

(36)

C. Convergence of the shear stress or the strain rate tensor in
the multiple-relaxation-time lattice Boltzmann equation

Previous studies [2,20] have demonstrated that the velocity
and shear stress of the lattice Boltzmann equation can be
recovered to those of the Navier-Stokes equations with a
second-order accuracy in space, i.e., the global relative errors
of velocity (€, ) and shear stress (£, ) scale with §x2. In diffusive
scaling, the time step and the lattice spacing satisfy the relation
8t o 8x2, while the Mach number (Ma) linearly scales with
the lattice spacing, Ma o< 6x [20]. It follows that the global
relative error of the velocity and shear stress are

Ey xMa?, &, «x Ma’. 37

Note that above theoretical results have been validated numer-
ically in a recent work [20]. In what follows, we will present
an analysis of the convergence of the shear stress and the strain
rate tensor in the multiple-relaxation-time lattice Boltzmann
equation.

We can first rewrite Eq. (29) in a more complete form,

1 _
—57 D cici,(MTISM); ;"
= ,ocf(aﬂlua + Ba,uﬂ) + Fyiug +uq Fg

S ~
~ Yo [w(-3)m] Ao, a0

J
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where E, is considered as the error term neglected in Eq. (29)
and can be derived from Eq. (26),

Ey,, = =0, (pugugy). 39)

Based on the analysis reported elsewhere [20], we can obtain
the following result within the diffusive scaling,

E,,, o Ma". (40)

The above analysis suggests that the shear stress and the strain
rate tensor in the MRTLBE will converge with a second-order
accuracy if fi(l) is known and used in the computation. As
pointed out elsewhere [20], however, it is not practical to
compute fl.(l) in lattice Boltzmann simulations, which is also
the reason why we use f"°? instead of £ to compute the
shear stress and the strain rate tensor with Egs. (31) and (30).

It should be noted that, compared to Egs. (26) or (38), the
approximate computation of the shear stress or the strain rate
tensor [Egs. (31) or (30)] may bring some additional errors.
To check the errors induced by the approximation of € fl-(l) ~

f[(neq), we need to evaluate the effect of the higher orders of

the nonequilibrium part [ fi(k), k > 2] on the shear stressand
the strain rate tensor. But in the following, we restrict our

attention to the influence of fi(z) since the higher orders of

the nonequilibrium part [ fi(k), k > 2] become less important
with increasing order of €. One can use the following equation
instead of Eq. (38) to include the effect of the nonequilibrium
part to the second order:

1 1 (neq)
- Zciuc[ﬂ(M SM);; £
= ,oc?(a,gua + aaulg) + Fau,g + uaFB

S 8

- ac, [M‘l <I —~ 5) M} Fj+€E, + €*E.,,
i ij

(41)

where E. , is the error caused by the second order of the

€up

nonequilibrium part fi(z) and defined by
1

-1 2
Eepy=—% IZciaciﬁ M~'SM);; £17. (42)
With the help of Egs. (17b) and (17¢), the error E,, can be
expressed as
E., = E¢, + Ec,. (43)

0
where Ez, =8, 3, ¢i,Ci, 1 = 8, (pc28up + puqug) and

Ee,, = Y, Duici,ci, M7 (A = HMI,Lf;" + § F)1.
We first give an evaluation of the term Ee, which can be
rewritten as the following equation:

E:, = 0,(pc8up + pUqlip)
= C78upd1,p + ady(PUp) + Updy, (pite) — it gdy, p
= o0y, (pup) + upd,(pua), (44)
where Eq. (22a) has been used. Based on the second-order
equations [Eqgs. (22b) and (22¢)] in € and the fact that u, o« Ma

and 9, o Ma [20], one can easily find 9;,(puy) Ma?, which
can be substituted into Eq. (44) to derive E; , o« Ma®.

Eup
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To evaluate the second term E¢ ,, we introduce a vector ¥

€up >
with nine elements, and use ¥; to denote [(I — %)M]i il f i(l) +

%’I; jl]. With the aid of Eq. (19), we can obtain each element
of ¥,

Wy = 0, (45a)
1 1
W, = —2pét <— - 5) (8Xlux + Byluy), (45b)
Se
1
\IJZ = 2[081‘ (— — E) (Bx]ux + ay]uy)s (450)
Se
Ws =0, (45d)
1 1
T
q
Ws =0, (451)
1 1
Yg = —§ <S_ - E) [Zaxl (puxuy) + 9y, (pu)zc)]’ 459)
q
2p8t (1 1
S N
pdt (1 1 :
b= (5 5) s ) (i

If we recognize the fact that u, o« Ma, 9, o< Ma, and
8t o« 8x> oc Ma? in diffusive scaling [20], we can find
W; o« Ma* or Ma°. Substituting Eq. (45) into Ee,,, we can
also prove that Ez,, = >, Dy;c;,¢;, [M (I — %)M],-j[fj(l) +
%F j'] o Ma*, and thus the absolute error E.,, defined by

Eq. (43) is of order Ma®*. The above analysis indicates that
the global relative error of the shear stress or the strain rate
tensor, as computed from Egs. (31) or (30), is second-order
accurate in Ma or the lattice spacing 8x.

III. NUMERICAL RESULTS AND DISCUSSION

In this section, the accuracy of the MRTLBE in computing
the velocity and shear stress or strain rate tensor is tested, and
the forcing term effect on the shear stress or the strain rate
tensor in the MRTLBE is then discussed. Since the MRTLBE
is an explicit time-marching method, a large number of time
steps are required to reach a steady state when it is used to
simulate steady flows. To ensure that our simulation results
are for a steady state, the following convergence criterion has
been adopted:

Zx,y luy(x,y,t) — ug(x,y,t — 10081)|
Zx,y e (x,y,0)]
where A is set to be 1.0 x 1077 in the present work. We note

that a similar convergence criterion has also been used in many
previous works (e.g., [7]).

< A, (46)

A. The accuracy and convergence of the
multiple-relaxation-time lattice Boltzmann equation in
computing the velocity and shear stress or strain rate tensor

To test the accuracy of the MRTLBE in computing the
velocity and shear stress or strain rate tensor, we take the sim-
plified four-roll mill problem, shown in Fig. 1, as an example.
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FIG. 1. Schematic of two-dimensional four-roll mill problem.

The geometry of the problem is a two-dimensional periodic
box with a size [0,27] x [0,27]. In this tested example, the
four cylinders rotate in such a way that an elongational flow is
formed in the vicinity of a central stagnation point. In this work,
the four rollers are replaced by a body force to drive flow, which
can produce four vortices at the locations of the rollers [33].
The purpose for choosing such a problem is twofold. First,
the problem has an analytical solution, which is suitable as
an accuracy test of numerical methods [33]; and second, the
boundary condition of the problem is periodic, which can be
used to exclude the boundary effect on the numerical results.
Provided that the flow is incompressible (the fluid density p is
assumed to be a constant, for example, py = 1.0), and driven
by the following acceleration:

a, = u% sin(x) cos(x) + 2vug sin(x) cos(y),
47)

ay = ué sin(y) cos(y) — 2vug sin(y) cos(x),

we can derive analytical solutions for the velocity and shear
stress

Uy = ugsin(x) cos(y), (48a)
uy = —ugsin(y) cos(x), (48b)
T = 200Vig cos(x) cos(y), (48c)
Tyy = Tyx = 0, (484d)
Tyy = —2povitp cos(x) cos(y), (48e)

which can also be used to obtain elements of the strain rate
tensor €.

We performed some numerical experiments to test the
accuracy of the MRTLBE in computing the velocity and
shear stress, and the results for one case are presented in
Figs. 2 and 3, where a lattice size 64 x 64, which is large
enough to derive accurate results, is used. The velocity ug
in Eq. (47) and the relaxation factor s, are set to be 0.1
and 1.24, which can also be used to derive the kinematic
viscosity v = 0.01; the other relaxation parameters in Eq. (13)
are given as s, = s, = 0.8,5, = 1.9. As seen from Figs. 2
and 3 (left), the numerical results are in good agreement
with analytical solutions. Besides that, Fig. 3 (right) seems
to present some obvious differences between the numerical
results and analytical solutions, but after a careful observation,
one can find that the numerical results are of order 10—, which
is very close to the analytical solution (z,, = 0). In addition,
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0.2 T T T T T T

FIG. 2. Profiles of velocity component u, at different positions
(solid lines, analytical results; symbols, numerical results).

the results in Fig. 3 also show that the forcing term effect
on the shear stress seems to be invisible; the reason for this
observation is as follows. The acceleration a = (ay,a,) given
by Eq. (47) can be expressed as

1/1 1
a:u-Vu—vV2u=u~Vu—§(——E)Mvzu. (49)

Sy

If we substitute Eq. (49) into Eq. (31) and use the relation
F = pa, we find that the terms associated with F in Eq. (31)
have the same order as those we omitted in the process of
deriving Eq. (31). For this reason, we can conclude that the
forcing term effect on the shear stress can be neglected, and
also that the four-roll problem considered here is not a typical
problem to reflect the importance of the forcing term effect.

PHYSICAL REVIEW E 86, 016705 (2012)

To test the convergence property of the MRTLBE in
computing the velocity and shear stress or strain rate tensor,
the following global relative error (£) is used, and defined by

Doy Ui, Y) — g a(x,3)

Zx,y |uk,(l(-xsy)|
2oy 1T, y) = Tija(x, )

> el

where i,j,k = x or y, and the subscripts a and n denote
analytical and numerical solutions, respectively. We also
carried out several numerical simulations with different lattice
sizes, ranging from 17 x 17 to 129 x 129, and show the
results in Fig. 4. In our simulations, the Reynolds number
(Re = Luy/v, L = 2m) and the relaxation factor s, are fixed
to be 10 and 1.11, which can be used to derive the desired
kinematic viscosity v. As shown in Fig. 4, we find that, like
BGK model [20], the MRT model is also a second-order
scheme for computing the velocity and shear stress including
or without including the forcing term effect. In addition, for the
fixed Reynolds number and relaxation factor s,, one can also
conclude that the MRT model is second-order accurate in the
Mach number (Ma = ug/c;) based on the following equation:

guA = ’ (50)

£, = , 1)

Ma ﬁ - %
Re /3N’

where N = L/éx is the grid number.
We further tested whether there is any deviation from
the second-order convergence of the MRTLBE in computing
the velocity and shear stress when the Reynolds number is
increased to a critical value at which the numerical method is
unstable. To this end, we first derive such a critical Reynolds
number (Re, = 50) for the case of 6x = 1/16 and 5, = 1.11
where the Mach number is about 0.72, and we then perform
several numerical simulations when the Reynolds number and
relaxation factor s, are fixed to be 50 and 1.11, and present
the global relative errors under different grid sizes in Fig. 5.

(52)

FIG. 3. Profiles of shear stress components t,, (left) and 7., (right) at different positions (solid lines are analytical results; symbols A, ¢, o,
and v are numerical results including the forcing term effect; e, %, X, and + are numerical results without including the forcing term effect).
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(right) with different grid sizes (dx =

21 /16, 27 /32, 21 /64, 27 /96, and 27 /128). ¢ and * are the results including and without including the forcing term effect, respectively; the
slope of the line is 2, indicating a second-order accuracy of the multiple-relaxation-time lattice Boltzmann equation in computing velocity and

shear stress.

As seen from this figure, the velocity and shear stress obtained
by the MRTLBE are also second-order accurate in the lattice
spacing éx or equivalently Ma [Eq. (52)] at such a critical
Reynolds number.

Finally, we also give a special discussion of the relaxation
factor s, because of its great influence on the accuracy of
the lattice Boltzmann equation [20,34]. Following the method
proposed in the previous work [20], the Reynolds number
and Mach number are first specified at some reasonable
values without changing the physics of the problem, and then
according to Eq. (52), one can study the effect of the relaxation
factor s, by changing the grid number. Some numerical
simulations with different relaxation factors or equivalently

10

107} 1

Euy

@)

107} 1

107" 10
oz

grid numbers are conducted, and the results are presented in
Fig. 6.

When the Mach number is small enough (for example,
Ma = 0.003 or 0.03), the errors of the velocity and shear stress
shown in Fig. 6 decrease with decrease of the relaxation factor
sy; the reason is that a smaller s, leads to a larger grid number
(or smaller éx), and also to more accurate results. However,
the effect of the relaxation factor s, is relatively small for a
large Mach number (Ma = 0.3); this may be because the error
induced by a smaller s,, at alarge Mach number is compensated
by a higher grid resolution. From the results in Fig. 6 we can
also find that the Mach number should be small enough if one
wants to obtain more accurate results.

87 rT

10 10™ 10
ox

FIG. 5. The global relative errors of the velocity u, (left) and shear stress 7., (right) with different grid sizes (dx =
21 /16, 21 /32, 2 /64, 27 /96, and 27 /128). The slope of the line is 2, indicating that the shear stress derived from the multiple-relaxation-time

lattice Boltzmann equation is second-order accurate.
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FIG. 6. The global relative errors of the velocity u, (left) and shear stress 7, (right) with different relaxation factors (o, Re = 1, Ma = 0.003;

>, Re = 10, Ma = 0.03; ¢, Re = 100, Ma = 0.3).

B. The forcing term effect in the multiple-relaxation-time lattice
Boltzmann equation on the shear stress or strain rate tensor

To test the forcing term effect on the shear stress or the
strain rate tensor, the problem of two-phase Poiseuille flow in a
two-dimensional channel is adopted since one can easily obtain
its theoretical solution [16]. The problem under consideration
is illustrated in Fig. 7, where the flow is driven by an external
force F = (pG,0) (G is a constant) and assumed to be periodic
in the x direction; the length (L) and height (H) of the channel
are set to be 1.0. Following the work of Gross et al. [16], the
theoretical solution for the shear stress can be derived,

)
() = —G / POy +C =7y +C. (53)
0

where C is a constant and is given by

H 2,()) 7./
fO () dy

C=——"7—.
H ’
Jo" 7oy

(54)

Vapor

Liquid
|

FIG. 7. Configuration of two-dimensional two-phase Poiseuille
flow driven by a constant acceleration G.

To simulate two-phase Poiseuille flow, the Shan-Chen
(SC) single-component multiphase lattice Boltzmann equation
coupled with the MRT model (see Refs. [27,35] for details)
is used for its simplicity. In the following simulations, the
interaction strength Gy, in the SC multiphase model is fixed
to be —5.0, the equilibrium densities of liquid and vapor
are 1.8884 and 0.1194 by including the interaction between
the fluid and the solid wall. The parameter G and the lattice
size are set to be 1.0 x 1070 and 64 x 64, and the elements of
the relaxation matrix S are given as s, = s; = 0.0, s, = 5, =
sy, = 1.1, and 5, = 1.9. We present numerical results for the
shear stress including and without including the forcing term
effect in Fig. 8.

As seen from this figure, the numerical result agrees well
with the theoretical solution once the forcing term effect
is included. On the contrary, if the forcing term effect is
not incorporated into the computation of the shear stress,
the numerical result will present a serious oscillation at the
interface between liquid and vapor and deviate from the
theoretical solution.

To measure the deviation of the shear stress between ana-
lytical solutions and numerical results quantitatively, we also
carried out numerical simulations under different interaction
strengths (Giy), and present the global relative errors in
Table I. As shown in this table, the forcing term indeed has a

TABLE 1. The global relative errors of shear stress t,, between
analytical solutions and numerical results. £; is the global relative
error without including the forcing term effect, and p, and p; are the
vapor and liquid densities.

Ginl Pv 12 gfxy g':r,\-

—4.5 0.2330 1.4704 5.0042 x 1074 0.3266
—4.8 0.1560 1.7313 4.8377 x 1074 0.3756
-5.0 0.1194 1.8884 6.1021 x 10~ 0.3966
—54 0.0670 2.1794 6.1784 x 107* 0.4234
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FIG. 8. The distribution of the shear stress component t,, in the y direction; left, 7, including the forcing term effect; right, ., without
including the forcing term effect (solid lines, theoretical results; symbols, numerical results).

very serious effect on the shear stress and must be included in
practical computation.

IV. CONCLUSIONS

In this paper, the effect of the forcing term in the multiple-
relaxation-time lattice Boltzmann equation on the shear stress
and the strain rate tensor is studied. The theoretical analyses
and numerical simulations demonstrate that the proposed
scheme [Egs. (31) and (30)] in computing the shear stress and
the strain rate tensor is also second-order accurate in space. We
further show that the effect of the forcing term is significant and
must be included in calculating the shear stress or the strain rate
tensor with the nonequilibrium part of the distribution function.
Based on the advantages of the MRTLBE and the role of the
shear stress and the strain rate tensor in practice, the present
work may promote the MRTLBE in studying the blood flows,

non-Newtonian flows, and multiphase flows, to name but
a few.
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