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Abstract

The phenomenon of liquid slip has been studiediby many researchers using
the lattice Boltzmann method. However, boundary €onditions for the lattice
Boltzmann simulation of liquid flow are farfrom perfect and how to specify
the boundary conditions for liquid flowmwith slip accurately is still a chal-
lenge. In this work, we introduce four widely used slip boundary conditions
in gaseous flow into the simulation ofliquid flow, two half-way schemes and
two modified schemes. Theoreticalvanalysis shows that all half-way schemes
are equivalent in principle, so are the modified schemes. According to the
equivalence of these schemes, these slip boundary conditions are improved
by expanding the range ofithe combination parameters from [0,1] to [0,2]
to surmount the barfier/of limited simulated slip length. And the relations
between the combinationyparameters and the slip length are deduced strictly
in theory. The_specified combination parameter is decided by the given slip
length and the relaxation time. The discrete effects of these slip boundary
conditiong’are analysed. If the grid is fine enough, the discrete effects can be
ignorable and the local flow at the wall can be approximated as flow with lin-
ear velocity gradient. The accuracy and reliability of our method have been
verified by/the simulations of the Couette flow, the Poiseuille flow and the
unsteady Womersley flow. The cylindrical Couette flow is also implemented
tonexplore the possibility of simulating liquid flows with curved boundary.
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1. Introduction

Friction reduction has always been a hot topic for naval architecture and
marine engineering. With the rapid development of micro-nano-technology,
liquid flow at micro-scale has attracted increasing attention [1, 2]. Smaller
friction force is beneficial to micro devices. One of ways to reduce frietion
is to make use of superhydrophobic surfaces [3, 4, 5. The development of
the chemical science engineering makes it possible to obtain superhydropho-
bic surfaces with special chemical properties and microstructures [6, 7, 8, 9].
Superhydrophobic surfaces possess numerous micro-grooves, which entrap
air when the surfaces are fully submerged in liquid [10, 11]. Sojthe physical
boundary of a liquid flow is composed of liquid-solid and liquid=air interfaces.
Appreciable apparent liquid slip will emerge with{suitable liquid-air inter-
faces [12, 13]. To quantify the boundary slip, Nagier proposed the concept of
slip length’ [14], which is commonly accepted‘by researchers nowadays [15].
With the assumption of the linear slip modelgsliplength is defined as the ratio
of the slip velocity to the absolute value of the'welocity gradient in the normal
direction of the wall. The non-dimensional’fern of the Navier’s slip model is
also presented in the following researches|[16]. To study the phenomenon of
boundary slip, many experiments were carried out with surface force appara-
tus, atomic force microscopy, particle image velocimetry, and Quartz crystal
resonators techniques [17],~These instruments are still not accurate enough
at micro-nano-scale. Numerical methods show their potential to make up
for the deficiency of experiments. Karimipour et al. simulated the water-
Cu nanofluid considering the influences of the nanofluid Richardson number
and the nanoparticles volume fraction [18]. Besides, simulation is necessary
to explore the"mechanism about the slip length. By numerical simulations,
Esfandiaryset “al. studied the Brownian motion and thermophoresis effect
to explore the mechanisms of slip velocity [19]. The conclusion will inspire
researchers to.obtain the desired slip length and utilize the slip phenomenon.

The lattice Boltzmann method (LBM) is a promising tool to simulate mi-
¢ro liquidflow with boundary slip. The lattice Boltzmann equation is derived
from the Boltzmann equation without the continuum assumption and needs
less computing time than the molecular dynamics simulation because of its
kinetic particle nature, local calculation and natural parallelism [20, 21]. In
recent years, researchers have done many work in the slip boundary condi-
tions of the LBM. Nie et al. employed the bounce-back boundary condition
of LBM to simulate fluid flow in Micro-electro-mechanical systems and cap-
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tured the behavior of velocity slip [1]. But later researchers found that it is
because of the discrete effect of the bounce-back scheme [22]. Lim et al. used
the specular reflection boundary condition to simulate microchannel flows [2].
The slip velocity they obtained differs from some analytical results. Then
Succi proposed a combination of bounce-back and specular (BSR) scheme to
capture velocity slip on solid walls [23]. As shown in his work, the degree
of slip is highly dependent on the combination parameter r (0. r < 1).
In order to investigate the gravity effect, Karimipour et al. included"a force
part into the BSR scheme to simulate the slip velocity accurately+24}. Tang
et al. developed a more general diffuse boundary condition’ which'is the com-
bination of the discrete full diffusive and specular reflection(DSR) boundary
condition [25, 26]. Researchers found that slip velocity, predicted by the
DSR scheme is bigger than physical results in some cases [27]. Recently,
Chai et al. and Verhaeghe et al. put forward“a new scheme which is the
combination of the discrete full diffusive and beunce=back (DBB) boundary
condition [28, 29]. What should be mentioned is; analysis indicates that the
BSR scheme can simulate a wider rangewef slip velocity than the DSR scheme
and the DBB scheme [20, 28].

Researchers have found a way to, ebtain the specified accurate combina-
tion parameter for microscale gasfliow [20, 28, 30]. But for liquid micro-flow,
the Knudesn number is so small that the strategy used in gas flow to choose
the combination parameter can not work again. As a matter of fact, the
boundary slip of liquid. flow can be quantified by the slip length. With
given slip length, it4is reasonable to obtain a specified liquid micro-flow.
Karimipour et al{ simulated the nanofluid in a microchannel in slip flow
regime [31, 32], "The,combination parameter was chose from 0.005 to 0.05.
Wang et al. studied the boundary slip phenomenon on the liquid-solid surface
with the half-way BSR scheme and the formula of adhesion force [33]. The
combination parameter was given by trial and error. Ahmmed et al. found
that the slip length (b) can be related to the combination parameter by the
power.law,/ The prefactor and the exponent were determined by numerical
fitting ,[34]. Svec et al. also obtained an approximate equation relating the
combination parameter with the slip length [35]. In fact, Ahmmed et al.
adopted the modified BSR scheme while Svec et al. used the half-way BSR
scheme. They all ignored the discrete effect of the BSR scheme. An accu-
rate relationship between the combination parameter and the slip length are
essential and needs to be deduced strictly in theory. Recently, Wang et al.
studied the BSR scheme for the simulation of slip in liquid flow and they

4



115

120

125

130

135

140

145

related the slip length and the relaxation factor to the combined parame-
ter based on the Couette flow and the Navier’s slip model [36]. But it is
challenging to apply the BSR scheme to curved walls. So the BSR scheme
is not enough for the simulation of liquid flow. The DBB scheme has mere
potential in the simulation of fluid flows with complex geometries for. the
nature of its local calculations [37, 38]. However, few simulations employed
the DSR and DBB schemes for liquid flow. The main obstacle i§, that, the
DSR scheme assumes that the two extreme cases of the interaetion between
molecules and walls are the full diffusive and specular reflection=boundary
conditions and the DBB scheme assumes the two extremé cases are the full
diffusive and bounce back boundary conditions [26, 28]. Se the/combination
parameter can only vary from zero to one. As a result, beth of the DSR and
DBB schemes can only realize a limited range of slip length.

In order to break the limit of applying the DSR,and DBB schemes into the
simulation of liquid flow, we theoretically analyse these boundary conditions
in the case of unidirectional liquid flow. Ac¢cording to the analysis, the DSR,
DBB schemes are improved by expanding the'range of the combination pa-
rameter from [0,1] to [0,2]. Then to specify the boundary condition, the rela-
tions between the combination parameter and slip length are deduced strictly
in theory. The discrete effects 6f*heundary conditions existing in nonlinear
flow are discussed. Finally, simulations of Couette flow and Poiseuille flow
are conducted to verify thé accuracy and reliability of our method. We also
apply the DBB schemes.tothe nunsteady Womersley flow and the cylindrical
Couette flow. Numerical'results are very close to the analytical solutions.

The rest of this paper/is organized as follows: in Section.2, we study
the boundary conditions with adjustable slip length for LBM in theory. In
Section.3, welpresent the numerical validation and the discussion of results.
Finally, in“Section.4, we get the conclusions and propose some directions for
future work:

27 Numerical methods

The lattice Boltzmann method is a discrete approximation of the contin-
uous Boltzmann equation. It has been recognized as an effective way for the
simulation of micro-flow [39]. In this section, the lattice Boltzmann method is
simply introduced and slip boundary conditions for liquid flows are proposed
and analysed.
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2.1. The lattice Boltzmann method
The evolution equation of the lattice Botlzmann method is [39]:

JiE B+ A0 = (1) = — (1) — S 0]+ AF AL

where f;(#,t) is the particle distribution function with velocity €; at pesition
Z and time ¢, At is the time step, 7 is the relaxation time, and Fj; is‘a foreing
term accounting for the acceleration d. F; is determined by [39]

& —u (6 ue

1
Fi = wip(1— o

Ja (2)

4
Cs

Eq.(1) can also be divided into colliding step Eq.(3) and streaming step
Eq.(4):

FUE.0) = )~ U, = i DT+ A, ®)

fi(@ + &AL+ Aty=A1,(T, 1) (4)

where f; represents the post-collision distribution function.

Without losing generality, we simiply choose the standard D2Q9 model
for our two-dimensional simulation, The equilibrium distribution f{¢ of the
D2Q)9 is expressed as [22]

ok Gt @@ @
fiq($’ t) —~ wzp[l + 2 + 904 - 202] (5>

Here ¢, is calculated by ¢, = ==, where ¢ = 22 ( Az : lattice spacing). We
set Az = At = in this paper. Besides, w; represents the model-dependent
weight coefficients expressed as

4/9, i=0.
w;=4{ 1/9, i=1,234.
1/36, i=5,6,7,8.

The discrete velocities of the D2Q9 model are given by
(0,0), i=0.

(cos (’721)”, sin (1721)”)0, i=1,2,3,4.
V2(cos (2111)”, sin (2211)”)0, i=5,6,7,8.

—

€; =

6
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The macroscopic variables, density p and velocity @ in the simulation of
LBM are calculated by

p=>_ I pi=) df+

i

At-d

(6)

In order to simulate liquid microflows, 7 is determined by liquid #iscosity
v with the following relation
v 1

T:cht+§

(7)

2.2. Slip boundary conditions for LBM in gaseous flow

Firstly, we describe three half-way slip boundary ‘eonditions, the combi-
nation of half-way bounce back and specular reflection (HBSR) scheme, the
combination of discrete full diffusive and half-way specular reflection (HDSR)
scheme, and the combination of discrete full diffusive and half-way bounce
back (HDBB) scheme.

As shown in Fig.1, boundaries of thesehalf-way schemes locate at j = 0.5
which means the boundary are pladed at the half-way of the nodes. After
colliding step Eq.(3), the moving stepuis conducted. The particle distribu-
tion functions moving from the inner flow are obtained. But the particle
distribution functions moving,fromthe wall are unknown and they need to
be processed with the boundary conditions.

To fulfill boundary/conditions, we need to obtain the unknown distribu-
tion functions fo, fs5, fe

As described below, 7,7, s, 8, q, ¢ are the combination parameters and
they vary from<0 to Thin gaseous flow.

For the HBSR scheme, f5, f5, f¢ are treated as

fo=TJ1 )
fs=rfr+@0—-r)fs (8)
fo=rfs+(1—r)fs

where the particle distribution functions fi, fr, fs are given by colliding step

Eq.(3).
For the HDSR scheme, fs, f5, f¢ are expressed

P=a'+(1—af
fi=afs"+(1—-q)fs (9)
fo=af"+(1—q)f7

7
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For the HDBB scheme, fs, f5, f¢ are constructed as

f2—s +(1—9)fs
fs=sfs +(1—s)f (10)
f6_3 + (1 —s)/fs

Then, we describe three modified slip boundary conditions, the ‘gombi-
nation of modified bounce back and specular reflection (MBSR) scheme;the
combination of discrete full diffusive and modified specular refection (MDSR)
scheme, and the combination of discrete full diffusive and-modified bounce
back (MDBB) scheme.

As shown in Fig.2, boundary nodes of the modified sehemes locate at
boundaries. The same as the half-way schemes, these modified schemes also
need to treat the unknown distribution functions fa, s, .

For the MBSR scheme, fs5, f5, f¢ are givenias

fo=fa
[5 = T fr F (= 7)fs (11)
Jo =7+ ¥ —7)f7

where fy, f7, fs are given by streaming step Eq.(4).
For the MDSR scheme, f5, f5, f¢-are treated as

fo = qfy" + (1= q)f
fE=afs"+ (1= qfs (12)
fo=afs"+(1—q)f

For the MPBB scheme, fs5, f5, f¢ are constructed as

fo=58f"+(1-3)fs
fs=5f"+(1-3)f (13)
fo=5f"+(1-35)fs

With these slip boundary conditions at hand, the unknown distributions
frem.the wall can be given after streaming step.

The specified boundary conditions are decided by the combination pa-
rameters. The combination parameters for gaseous microflow are decided by
Kn because the gaseous slip should be attributed to the rarefaction effects
(Knudsen number Kn) [20, 28]. However, the liquid slip is mainly controlled
by the characteristic of the wall [10, 11].

9
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There are two obstacles for applying these schemes to simulate liquid
microflow. One is that the HDSR, HDBB, MDSR, MDBB schemes can
only obtain a limited range of slip length [20, 28]. The other one is that
the combination parameters for liquid slip should be specified with the slip
length but not Kn. We will solve these problems in the next subsection.

2.3. Analysis of slip boundary conditions for simulation of liquid flow

In this subsection, through theoretical analysis, these slip beundary con-
ditions are introduced from gas flow to simulate liquid slip. “Wespropose a
method to specify the combination parameters with the slip length-instead of
the Knudsen number. Researchers have studied the numerical stability of the
slip boundary conditions for gas flow [20, 28]. The numerical stability and
the accuracy of these boundary conditions for liquidsflow are consistent with
gas flow in nature [36]. It can be concluded from the)following simulations
that the numerical stability and the accuracy of.theimproved slip boundary
conditions for liquid flow are not worse than, gas flow.

2.3.1. Basic assumptions of unidirectional steady liquid flow

It is difficult to analyse the slip boundary conditions in complex flows. So
some basic assumptions shouldbesgiven. Guo et al. [20] and Tao et al. [38]
adopted the unidirectional steady“gas flow to obtain the relations between
the combinations parametérs and the Knudsen number. Results show that
the relations are accurate and reliable enough to simulate complex gas flows
with slip boundary cendition.” Wang [36] used the unidirectional liquid flow
to deduce the relation hetween the combination parameter of BSR scheme
and the slip length:y, Simulations demonstrate that the relation is suitable
even for unstéady Womersly flow with liquid slip boundary condition. In the
following analysis, for simplicity, we also consider a unidirectional liquid flow
as shown inFig.1 and 2. The assumptions are expressed as:

9¢ 9¢
7 t =0 =0 — =0 — =0 14
p .= const, Uy , @y ; o7 ) ot (14)
where’ ¢ represents an arbitrary flow variable, u, is the y component of the
velocity, a, is the y component of the body force d.

According to Eq.(6), the velocities at place j can be calculated by

4 S A
puy = c(fi = fi+ f = fi+ f - )+ 5 pa (15)

10
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where ff means the distribution function at place j and velocity €;, and a is
the x component of the acceleration a.
The unidirectional property of this flow suggests that

R-B=A-H (16)

Considering the streaming rules Eq.(4) and these above assumptions, we
have

B-fi=K~f L-h=FE-F (17)

2.3.2. Improvement for four of these slip boundary conditions

With Egs.(3), (5), (15), (16), (17) at hand and following the procedures
of Guo [20], we can derive the relation between u; and ugy where u; denotes
the velocity at location j in Fig.1. For the HBSR scheme, we obtain

1—27+42r(r —2) 6(27 — 1) +4(872 — 207 + 11)
= u

1—2r+2r(r—1) " (27 — Dfle=2r.+ 2r(7 — 1)]
For the HDSR scheme, we get
1 =274 q(T — 2)u 6(27 = 1)4 0.5¢(87% — 207 + 11)
T 121 +q(r—1) " (27 SD)[1 — 27 + (1 — 1)]
For the HDBB scheme, we have

1—27+(2—s5)(142) 6(27 — 1) + 0.5(2 — 5)(872 — 207 + 11)
= u

1-2r+2—s)(r =10 @r—1D[1—-2r+2—5)(r—1)]

U2

Ata  (18)

Uz

Ata  (19)

Ata

(20)

It is observed/that if we set ¢ = 2r, Eqgs.(18) and (19) are identical, which
means that the HBSR and HDSR schemes are equivalent. It agrees well with
the conclusiontef Guo [20]. Guo [20] also found that if » = 0.5, the HBSR
scheme can realize the discrete full diffuse boundary condition (¢ = 1), which
meangthe HBSR scheme with r = 0.5 is equivalent to the discrete full diffuse
boundary gondition.

Similarly, if we set s = 2 — 2r, Eqgs.(18) and (20) are identical. Following
the procedure of Guo [20], it is also proved that the HBSR scheme with
r = 0.5 is equivalent to the discrete full diffuse boundary condition.

Based on this equivalence, we can have the following derivation:

U2

o fi )
50 =4 05f7+0.5f3
fea 0.5fs + 0.5

11
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So the HDSR scheme can be equivalent to the following relations:

afs+ (1 —q)fa )
q(0.5f740.5f5)+(1 —q) fs

f fs)
q(0.5f740.5fs) +(1 —q) f7
fi .
<= ¢ 0.5¢f7+(1—0.5q) fs
0.5¢fs+(1 — 0.5q9) f7

The conventional HDSR scheme assumes that the, two extreme cases of
the interaction between molecules and walls are theidiscrete full diffusive and
the specular reflection boundary conditions{26)sand the conventional HDBB
scheme assumes that the two extreme cases are.the discrete fully diffusive and
the bounce back boundary conditions [28}mTherefore, for the conventional
HDSR and HDBB schemes, the conibination parameters are limited to [0, 1].

For actual liquid flow, velocity slip may range from no slip to nearly full
slip. Comparing the equivalence.form of the HDSR scheme with Eq.(8),
we can find » = 0.5¢q. Formyvaries from 0 to 1, we can naturally obtain
that 0 < ¢ < 2. The numerical results below also prove our improvements.
Similarly, the combination parameters of the HDBB, MDSR and MDBB
schemes can be expanded from [0,1] to [0,2]. In the physical sense, these
schemes are improved based on the equivalence to the BSR scheme, and the
two extreme cases of the interaction between molecules and walls change to
the bouncesbaek and the specular reflection boundary conditions.

Our improvement has three advantages comparing with the conventional
schemes: The first one is that it can realize a wider range of velocity slip. The
second one)is that we make it possible to apply these schemes to simulate
liquid flew. The third one is that the HDBB and MDBB schemes have
the potential to simulate liquid flow with complex geometries for their local
computations.

In order to simulate specified velocity slip of liquid flow, we still need to
relate the slip length to the combination parameters.

12
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2.3.3. Relating slip length to the combination parameters

For liquid flow, Navier’s slip model has been accepted by many researchers [14],

having the form of

du
%Lﬂall
where u, is the slip velocity at the wall, b is the slip length, and % means
the velocity gradient in the normal direction of the wall.

The slip length can quantify the velocity slip of liquid flowsand ean be
measured by experiment [17]. In order to get a specified boundary-eondition
for liquid micro-flow, we adopt a widely used linear slip model, the Navier’s
slip model, as the base to deduce the relationships between the slip length
and the combination parameters of the formerly discussed slip boundary
conditions.

Firstly, we analyse three half-way schemes; Egs.(8), (9) and (10). Wang
et al. [36] adopted the Couette flow with linearwvelo€ity gradient to deduce
the relation between the combination parameters of BSR scheme with the
slip length. Results show that the relations they obtained are accurate and
reliable enough even for unsteady nonlinear flow. So we also take the Couette
flow in the following derivation.

For the Couette flow (linear velocity gradient, a = 0), the equation can
be written as

us =b (21)

u = [y + us (22)

where [ is a parameter, y is‘theé distance from bottom wall and wu, is the slip
velocity at the walls

Substituting #vand uyof the Couette flow into Eqgs.(18), (19), (20) respec-
tively, we can get the relations between the slip velocity and the combination
parameters,of the half-way schemes:

Uus = 5% (23)

Based on Egs.(21) and (23), we can deduce the relations between the slip
length and the combination parameters of the half-way schemes:

(1—-r)(27-1)
2r
(17%)(2771)

b= . (24)
5(27-1)
2—s

13
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From Eq.(24), we can obtain the relations between the combination pa-
rameters and the slip length:

1

T = —=
1+27231
2
q= 25 25
(25)

Eq.(24) shows that the slip length is decided by the combination parame-
ter and relaxation time. It can be seen from Eq.(24) that with alwider range
of ¢ and s ([0, 2]), the range of the slip length that the HDSR and HDBB
schemes can simulate is also larger.

It can be noted from Eq.(25) that there is no«diserete lattice effect for
linear flow and the combination parameters can be ‘specified by given slip
length and the relaxation time.

For more general flow, there may be diserete effects caused by different
lattice numbers. We will analyse the discrete effects of the slip boundary
conditions with the case of the Poiseuille flow. below.

For the Poiseuille flow (non-linear,velocity gradient, a # 0), the equation
is »

u= oSyl —y) +us (26)

where H is the gap between two fixed plates.
Substituting Eq.(26) inte  Eqs.(18), (19), (20) respectively, we find that
the slip velocity is détermined by

aH (1-1)(27-1) + aH (27-1)2-3/4

2v (1 q%& 1 2v ( 3]){2 /
aH 1—3)(@7— aH (27-1)*-3/4
2v q + 2v 3H (27)
aH 3(27-1) + aH (27-1)2-3/4

2u  2-—s 2v 3H

Ug =

for the Poiseuille flow.
Combining Eq.(21) and Eq.(27), we can find the slip length is determined
by

(1-r)(27-1) + (27—1)2-3/4

(1*5% -1) |, @ 311){2 3/4

b = (22 ql) + ] 3H (28)
5(27— (27-1)2-3/4
st 3H

for the Poiseuille flow.

14
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From Eq.(28), we can obtain the relations between the combination pa-
rameters and the slip length:

1

= T G2/ GH) L1/ (2H)

1+ 227'—1

q= |4 20=202r =12 /GH)+1/(2H) (29)
+ 227'71

s = it 2r—1

26—2(27—1)2/(3H)+1/(2H)

for the Poiseuille flow.

For the Poiseuille flow, it is observed from Eq.(28) that theyslip length
is influenced by two parts: a physical part depending on the combina-
tion parameter and relaxation time, and a numerical part“depending on
the relaxation time and the value of H related tosthe grid size. If we set
1 =1— 3 =1, the half-way scheme equals 6 the pure half-way bounce-
back scheme. According to Eq.(28), this pure half~way bounce-back scheme
generates a nonzero slip length, due to the“diserete effect. Moreover, it
also shows that all of the three half-way schemes can not be applied to the

)2-3/4

Poiseuille flow with b < (QT_éH when, 0" <2r, q, s < 2. The relative error

of the slip length caused by the discrete effect can be quantified by

r =

97— 1) — 3/4
Ler‘ror - ( 3bH (30)

In order to obtain an accurate boundary condition for liquid flow, the
discrete effects should be- corrected or reduced greatly. For the Poiseuille
flow, the discrete €rror ean  be analysed and calculated. So we can consider
the influence of ‘the'discrete effect on the slip length when calculating the
combination<parameters, as what has been done in Eq.(29). In this way,
the discrete effeets can be corrected and we can simulate the slip length
accurately:

But for general flow without known equations, it is difficult to obtain
the.equation of discrete effect part. So we can not consider the influence
of the discrete effect on the slip length when calculating the combination
paranieters. Even though we cannot eliminate the discrete effect completely,
we- still have other ways to reduce the discrete effects. The discrete effect
is controlled by the relaxation time and the lattice numbers H. One way
is to adjust the relaxation time. If a suitable 7 is given, the relative error
can be reduced greatly. But a fixed 7 will bring much inconvenience to the
choice of the grid size and the characteristic velocity in the lattice Boltzmann

15
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simulation. The other way is to refine lattice. Increasing H will greatly
reduce the error. Moreover, in order to ensure 0 < 2r,¢,s < 2, b should
be no smaller than (277;)# for the half-way schemes. If H is big enough,
the range of the simulated slip length will be expanded and Eq.(28) will
recover to Eq.(24). So refining lattice is necessary and effective to reduce
the discrete effects for the lattice Boltzmann simulation of liquid slip flow.
With refining grids, Eq.(29) for the Poiseuille flow will recover to Eg.(25) for
the Couette flow and the general flow can be simulated with Eeu(25)of the
half-way schemes.

Similarly to the analysis of the half-way schemes, the slip length in the
modified schemes is decided by

7(1-7)
7’7
T7(2—q
h— (ﬁ q) (31)
T8
2-5
for the linear liquid flow, and
T2 | \r2—=2r—1
7 GH
2-g 29
b = T( q Q) _,_287' 6[?[7‘ 1 (32>
s 8r2-—2r—1
55, 6
for the Poiseuille flow.
The combination parameters for the modified schemes are given by
r= 1i§
2
s 2
5= 1z
for the'linear liquid flow, and
_— 1
r= 1+b—(872—27—1)/(6H)
_ 27
1= e eru/em (34)
5= 2.

=
1+ b7(87‘§72771)/(6H)

for the Poiseuille flow.
For the Poiseuille flow, with 0 < 27,¢,5§ < 2, the smallest simulated
slip length is % The modified schemes with Eq.(34) are incapable
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of simulating the Poiseuille flow with b < &Qg% when 0 < 27,4,5 < 2.
But increasing H can help expand the simulated slip length and reduce the
discrete effects. If H is large enough, Eq.(32) for the Poiseuille flow will
recover to Eq.(31) for the linear flow and Eq.(34) for the Poiseuille flow will
recover to Eq.(33) for the linear flow. So it is reasonable to simulate more
general flows with Eq.(33) of the modified schemes.

For more general cases, it is difficult to deduce the exact functions between
the combination parameters and the slip length. Some researchers used the
Poiseuille flow to approximate the actual flow near the wall 37,3840, 41].
In fact, if the grid is fine enough, the discrete effects cau be ignerable and
the local flow at the wall can be approximated as flow with linear velocity
gradient [36]. It is also proved by the numerical results.below. The Eq.(25)
of the half-way schemes and Eq.(33) of the modified schemes are deduced
based on the flow with linear velocity gradient.

With Eq.(25) of the half-way schemes, we have

ho=
_ 1 r 1 r

o=z i+ (U ) s (35)

fo = —1+21531f8 % (b —1+21331) 7

for the HBSR scheme;

5 e B (L )

f5=ﬁ §q+(1—ﬁ)fs (36)
/3 eq 3 7

f6_1+%'6 +(1 _1+27?E1)7

for the HDSR, scheme;

sz@ §q+(1—@)74

f5=¢§q+(1—ﬁ)7 (37)
_ 27 req 1— 2 r

fo =t fo' + (1= =) fs

for the HDBB scheme.
With Eq.(33) of the modified schemes, we obtain

fa=fa
f5:ﬁf7+(1_ﬁ)f8 (38)
Jo = ﬁfs + (1 - ﬁ)]"}
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for the MBSR scheme;

for the MDSR scheme;

SR

) f (40)

SR

SR

for the MDBB scheme.

The slip boundary conditions (Eq.(35) toA40)),are designed to simulate
the general liquid flow with slip velocity. . Thesabove analysis shows that
the Eq.(29) of the half-way schemes and the Eq.(34) of the modified schemes
depend on the model of the Poiseuille flowsEFor the Eq.(29), the smallest sim-

ulated slip length is (277;)#. For the Eq.(34), the smallest simulated slip

length is %. For the slip boundary conditions (Eq.(35) to (40)), with
refining grids, the discrete effectstare ignorable and the simulated smallest
slip length is extremely closé te.zero. Among these slip boundary conditions,
the specular reflection parts of the HBSR, MBSR, HDSR and MDSR are
not computed locallyy/makingit difficult to use these four schemes for curved
boundaries [38]. On'thecontrary, the HDBB Scheme Eq.(37) and the MDBB
scheme Eq.(40) aresuitable for the simulation of liquid flows with complex
geometries for the nature of their local computations.

3. Numerical validation and discussion

In the above section, the slip boundary conditions are introduced for
liquid miero-flow. The combination parameters of the HDSR, MDSR, HDBB,
and MDBB schemes are expanded from [0,1] to [0,2]. The relations between
the combination parameters and the slip length are deduced theoretically.

In this section, the proposed slip boundary conditions are tested care-
fully through these cases: the plane Couette flow, the Poiseuille flow, the
unsteady Womersley flow, the channel flow with constant inlet velocity and
the cylindrical Couette flow.

18



ACCEPTED MANUSCRIPT

S
O
y 0)

Figure 3: Schematic of the
Figure 4: Dependence of the combination parameter on b and 7 for the half-way schemes

19



420

425

430

435

leny i ‘|
1 3 38%eeS)
~ 06y |l
X
S04 ““\\\\“\‘t"“q«:‘%‘“:'&‘
. ST S
O PSSO
: TRISESESESSSSSSss
COSISSSISSESSESSSSES
Sz WEESSSESEaaaa s
S S S S S S S S S SSSSSS
- S0
I~ S SN
S S S I I I S S I I I S S S S s s
0 S
S S S SIS S SIS SIS
0 — =

X
X
0

&
@
i
W

W
X
o
o

W
S
o
W

W
o
o
!

0
o
R

{
!
A
3
0
W
XX
i
\
X
4§

=

X
X

&
&
0
i
R
\t‘\
N
o
N

AX

&
&
i
W
N
\
X

=

Figure 5: Dependence of the combination parameter on b and'q forthe modified schemes

3.1. Plane Couette flow with slip boundary

A plane Couette flow model is used to validate the slip boundary con-
ditions for linear flow. The sketch of ‘thisyliquid flow is shown in Fig.3.
Simulations are performed with a gap. H\= 32. The upper plate is given a
constant speed U = 0.01 with.me-slip boundary condition. Slip boundary
condition is employed for the still'bottom plate. The combination parame-
ters of the slip boundary cenditions ‘are determined by predefined slip length
through Eq.(25) and Eq:(38). The periodic boundary conditions are applied
to the inlet and outlet. Gridrindependence has been verified by cases with
different length of/plate. Bor the following simulations, the length of plate
L = 32 is adopted.y, All ‘variables are in lattice units if there is no special
mention. With these given boundary conditions and the linear slip model,
Eq.(22) of the Couette flow can rewritten as

Y b

ael TaaY (41)

At first, we examine the relative error between the predefined slip length
and_the slip length produced by each slip condition when simulating this
plane Couette liquid flow. Without losing generality, 7 is set from 0.6 to 2
and the predefined slip length varies from 0 to 25. Fig.4 and Fig.5 depict the
combination parameters as a function of the given slip length and the relax-
ation time for the half-way schemes and the modified schemes respectively.
Since the three half-way schemes are equivalent and produce nearly the same
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Figure 6: Velocity distribution of the Couette flow for ¢ = 2 — s =2, 0.04, 0.02, 0.008,
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results here, we only display one set of data“in=Fig.4. For the same reason,
we also do this for the modified schemes in Fig.5. Totally 1152 individual
simulations are conducted to test the slip, boundary conditions. Results show
that the relative errors between inputislip\lengths and corresponding output
slip lengths are nearly zero.

Then, we test the performance of the combination parameters of the
HDSR, MDSR, HDBB andMDBB schemes within the range of [0, 2]. 7 = 0.6
is used here. Besides, weset,g =/2—s = 2,0.04, 0.02, 0.008, 0.004, 0.002, 0.00002,
and ¢ = 2 — 5 = 2,042, 0:08,0:04, 0.02,0.008,0.00002. The simulated veloc-
ities for different combination parameters are shown in Fig.6 for the HDSR
and HDBB schemes, and Fig.7 for the MDSR and MDBB schemes. Nu-
merical results are in’excellent agreement with the analytical results given
by Eq.(41)~Fig.6 and Fig.7 also show that slip lengths change slowly with
0.2 < g 432/~ 9,2 — 5 < 2 but rapidly with 0 < ¢,¢,2 — 5,2 —5 < 0.2. It is
consistent with the conclusion obtained from Fig.4 and Fig.5.

In addition, discrete effects in the slip boundary conditions are examined
in linear liquid flow. Simulations are carried out with H=32, 8, 4, respec-
tively,/ 7 is set as 0.6. The simulated velocities obtained by three half-way
schemes are almost exactly the same for the same case. So we use one set of
data named 'Half-way’ in Fig.8 to represent the results of all three half-way
schemes. Similarly, the results of three modified schemes are shown as one
set of data named "Modified’. As shown in Fig.8, the numerical results are in
excellent agreement with the analytical results given by Eq.(41) for b/H=0,
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Figure 104 Model of the Poiseuille flow (a: a constant acceleration)

0.4, 1 and~3. "It is noticed that the simulated velocities are still accurate
enough eyen™in, cases with only four lattices. There is nearly no discrete
effectAn-the,proposed slip boundary conditions for linear liquid flow. This
agrees well with Eqs.(24) and (31). The dimensionless slip velocities of the
Couetteflow for b/H=0, 0.4, 1 and 3 are depicted in Fig.9. Excellent agree-
ment gan be found between the numerical results and the analytical solutions
given by Eq.(41).

3.2. Poiseuille flow with slip boundary

Poiseuille flow is simulated to test the slip boundary conditions for non-
linear liquid flow. As shown in Fig.10, the gap between two still plates is
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H = 32. The flow is driven by a constant bédyforce a = 1075. The inlet and
outlet of the channel employ the periodic boundary conditions. The length of
the channel is set as 32. Combining Eqgs.(21)%and (26), the analytical velocity
profiles of the Poiseuille flow can be expressed as

With the characteristicispeed u. = aH?/8v, the above equation can be
rewritten as

uly) Y y b

U(y)y= w 4E(1 E) + 4E (42)

We examine the improved HDSR, HDBB, MDSR and MDBB schemes for
the Poiseuille flow with 7 = 0.6 (v = 1/30). Here, we set ¢ =2 — s = 2, 0.4,
0.2, 0.1,70:06, 0.03, 0.02, 0.013, and § = 2—5 =2, 1.2, 0.6, 0.4, 0.2, 0.15, 0.10,
0.07,/0.05. The simulated velocities are depicted in Fig.11 for the half-way
schemes and Fig.12 for the modified schemes. Clearly, these four improved
schemes can ensure the accuracy and reliability of the lattice Boltzmann
simulation of the Poiseuille flow with slip boundary. It is noted that the
distances between two adjacent velocity profiles along the horizontal direction
in Fig.11 and Fig.12 are the same. This phenomenon can be explained by
Eq.(42). For the same a, H, v and y, the first part of Eq.(42) is constant,
and the second part is only decided by b. Fig.11 and Fig.12 also indicate
that the slip velocities at two still plates become larger when ¢,2 —s,q,2 —§
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become smaller. It is consistent with the analytical results of Eqs.(28) and
(32).

Discrete effects of the slip boundaries\forthe Poiseuille flow are also stud-
ied. Considering the discrete effects, the combination parameters are calcu-
lated by predefined slip length aecording to Eqs.(29) and (34). Simulations
will diverge if the predefined slip length is smaller than a specific value. It
can be explained by Eqs.(29) and (34). We define these specific values as the
smallest simulated slip lengths (b). If b < by, the combination parameters
will be out of the range of [0,2] and these slip boundary conditions are not
effective any mores b, % H/as a function of 7 are depicted in Fig.13. It is
observed from Fig.13 that the smallest simulated slip lengths of the half-way
schemes are gmaller than the modified schemes for cases with the same H
and 7. SoAif Hvand 7 are given, the half-way schemes can simulate a wider
range of“slip’length than the modified schemes. If 7 < \f +3 1 the half-way
schemtes can'bé applied to liquid flow with slip length from zero to infinite. In
this sense, the half-way schemes are better choices than the modified schemes
for the Poiseuille flow. Fig.13 also shows that larger H is beneficial to obtain
aywider range of simulated slip length with the same 7.

Discrete effects have influence not only on the application scope of the slip
boundary conditions, but also on the accuracy and reliability of simulations.
To examine the discrete effects of the slip boundary conditions, simulations
are carried out with 7 = 2, b)/H = 0.5 and H =4, 8 and 64. The combina-
tion parameters are calculated by Eqgs.(25) and (33). It is because that the
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parts with H in Eq.(29) and Eq.(34) can be negleeted if H is large enough.
Then Eq.(29) will recover to Eq.(25) and Equ(34). will recover to (33). The
simulation results are depicted in Fig.14. It is.clear that the discrete effects
have great influence on slip velocities if theplattice number is not enough.
The velocity profiles simulated with ' Eqs.(25) and (33) are closer to the an-
alytical solution with larger H.e WhenyH{ = 64, the numerical results are
almost the same as the analytical'solution. So grid refinement is meaningful
and effective for decreasing-diserete effects. Besides, for the same H, velocity
distributions simulated with Egq.(25) (Half-way schemes) are closer to the
analytical results than Eq.(38) (modified schemes) in Fig.14. The discrete
effects have less influence on the results of the half-way schemes than that
of the modified gchemes.” From this point, the half-way schemes have more
advantage than the modified schemes. We also conduct the simulations of
Poiseuille flow with b/ H =0.1, 0.2, 0.3, 0.4. H is set as 64. The slip velocities
at the wall of the Poiseuille flow are depicted as the function of dimensionless
slip length in Fig.15. It can be observed that the numerical results obtained
by, the half-way schemes Eq.(25) and the modified schemes Eq.(33) are in
good agreement with the analytical solutions predicted by Eq.(42).

The results obtained by Eq.(25) and Eq.(33) also indicate the possibility
of simulating complex flows with fine enough grid. We will explore this
direction in the next subsection.
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3.3. Unsteady Womersley flow with slip boundary

Although the improved slip boundary conditions are validated by the
simulation of the Couette flow and the Poiseuille flow in the above subsec-
tions, the generality of our improved slip boundary conditions for simulating
complex flow still needs to be verified. In this subsection, we simulate the
Womersley flow, which is unsteady and strongly nonlinear. And the direc-
tion of the velocity may be different at different time. The model of. the
Womersley flow is similar to the Poiseuille flow in Fig.10, exeept that the
constant acceleration a is replaced by a periodic one a(t). In this'simulation,
we set a(t) = apcos(wt), where a,, is the amplitude and @ is thefrequency.
The frequency is related to the period of the acceleration by w = 2?” The
analytical solution of the Womersley flow with slip, beundary condition can
be expressed as [306]

Qi cos(2XY —W\)
= Real|i—(1 —
uly) calli w ( COSN=2BXsin\
where 7 is the symbol of imaginary number and Real is the real part. Besides,
Y is the dimensionless form of y with Y\ y/H and B is the dimensionless
form of the slip length b with B = b/H. The parameter X is defined as

) (43)

wH?
4v

N = —ilWg, W3 = (44)
where W) is the Womersley,number.

In this simulation; we-take the improved DBB schemes to simulate the
liquid slip at the wall. Wang et al. [36] tested the BSR schemes with H = 100
in the simulation of the unsteady Womersley flow, and found that H=100 is
find enough for this problem to obtain accurate and reliable results. So we
also use "= 100. The kinematic viscosity is set as 0.001 and the Womersley
number isset ag2.0. The Reynolds number is defined as Re = w,, H/v, where
Uy, 19 calculated by u,, = “*’éﬁp. We simulate the case with Re = 10000 to
test. the improved DBB schemes. The combination parameters are given
according to Eq.(25) and Eq.(33) for B =0, 0.03, 0.05. The velocity profiles
ofione’period are presented in Fig.16. The numerical results obtained by the
HDBB and MDBB schemes are in excellent agreements with the analytical
solutions given by Eq.(43). It can be observed that the velocity profiles at
T, T/4, T/2 and 3T /4 are different, varying periodically with time. When
the time difference is half a period, any two velocity profiles have the same

amplitudes but inverse directions.
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As shown in Fig.16, the slip length has great.effeet on the velocity profiles.
In Fig.17, the slip velocities of the Womersley-flow are depicted as functions
of time in tenth period. It can be observed that the slip velocities are zero
at any time for B =0, while the slip velogities for B =0.03 and 0.05 vary
with time. This phenomenon can be explained by the Navier’s slip model
Eq.(21). If the slip length is bigger tham zero, the slip velocity varies with
the velocity gradient at the nornial direction of the wall. For the unsteady
Womersley flow, the velocity“gradient varies with time. So the slip velocities
for B =0.03 and 0.05 vary with time. The analytical solutions of the slip
velocities at different/time are” also shown in Fig.17. Excellent agreements
can be observed between the results predicted by the MDBB scheme and the
analytical solutiens:

The numerical results of the Womersley flow demonstrate the generality
of our improved DBB schemes. Although the combination parameters are
deduced<based on the linear Couette flow, they are suitable for nonlinear
flows avith fine’enough grid.

34 Cylindrical Couette flow with slip boundary

The above simulations have tested the slip boundary conditions for liquid
flow with simple straight walls. For complex flows with curved walls, there
are no accurate relations between the combination parameters and the slip
length. Without other better choices, we use the relations deduced based
on the Couette flow to simulate the local flow near complex walls approxi-
mately [37, 38, 40, 41]. Among these slip boundary conditions, the specular
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reflection parts of the HBSR, MBSR, HDSR and MDSR are not computed lo-
cally, making it difficult to use these four schemes for curved boundaries [38].
On the contrary, the HDBB and MDBB schemes have the nature of local cal-
culation. Results of the Poiseuille flow demenstrate that the MDBB scheme
will introduce more discrete effects¢ghan'the HDBB scheme. Therefore the
HDBB scheme is employed to obtain houndary slip at curved walls in this
subsection. The HDBB scheme speé¢ifies the unknown distribution function
as [37]

fi=sfi+ (1—9)f; (45)
where i is the opposite direction of i.

The cylindrical‘Couetteflow is a classical benchmark problem of complex
flows and we take itito test the HDBB scheme for liquid slip at curved walls.
As shown in&'1g.18, two cylinders are concentric. The inner cylinder with
radius R; rotates at a constant anticlockwise angular velocity w and the non-
equilibritm extrapolation method is adopted on it. The outer one with R,
keeps/stationary and the slip boundary condition is employed on it. The
density at the wall is given following the former’s work [37]. In a cylindrical
polar coordinate (R, ), this flow can be expressed as

dQUQ 4 d(UQ/R)
dR? dR

—0 (46)

where uy is the tangential velocity and R is the radius.
With the linear slip boundary condition Eq.(21), the velocity at R = R»
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can be given as
du u
Ue\R:RQ = - (—6 - —9)’R=R2 (47>

dR R

Then, the theoretical velocity profiles can be calculated as

Up 1 1
= AR — — 48
wRy, (AR, — R%)( 7 (48)

with A = RLS( - é—’;).

In our work, we set R;=30, Ry=50, w = 10~® and 740.6. The combi-
nation parameters are calculated according to Eq.(25), Ifb/(Ry — Ry) is no
more than 0.005, the combination parameters are within,[0, 1]. Besides, if
b/(Ry — Ry) is larger than 0.005, the combination parameters will fall into
the range of [1, 2]. Three sets of simulations with,b/(Ry — R1) =0, 0.03, 0.05
are conducted to test our improved HDBB schemefor curved walls. Fig.19
depicts the numerical velocity profiles and.the“analytical results given by
Eq.(48). It is noted that the numerical sesults agree well with the analytical
solutions.

We notice that the cylinder Couette flow with R;=30 and Ry=>50 is close
to a linear flow. In order to testiour slip boundary condition for flows with
higher non-linearity, we simulate the cylinder Couette flow with R;=30 and
R>=150. The results are showniin Fig.20. It can be observed that the velocity
profiles obtained by the HDBB scheme are consistent with the analytical
results given by Eq.(48) Kig:19 and Fig.20 also show that the differences
between the numetical zestlts and the analytical solutions become a little
bigger with incréased slip length. After all, the local flow around the curved
wall is approximated ‘with the linear flow and some differences can not be
avoided. Fig.195and Fig.20 suggest that the differences are very small and
the results,can be acceptable. Therefor, we can conclude that the improved
HDBB schemeé with Eq.(25) is suitable for the simulation of liquid slip with
curved walls.

4.nConclusion

The slip length defined firstly by the Naviers slip model is a characteristic
quantity describing the slip property of a specific liquid-solid surface. In this
work, we have introduced two half-way schemes and two modified schemes
with adjustable slip length for the lattice Boltzmann simulation of liquid
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flow. Through theoretical analysis of the simple unidirectional liquid flow, we
discover that the half-way schemes are equivalent and the modified schemes
are also equivalent. Based on the principle of equivalence, ranges of the
combination parameters of the HDSR, HDBB, MDSR and MDBB schentes
are improved from [0,1] to [0,2]. This improvement is beneficial to obtain
a wider range of slip length. Moreover, relations between the combination
parameters and the slip length are deduced strictly in theory. Ameng these
slip boundary conditions, the HDBB and MDBB schemes aressuitable for
the simulation of liquid flows with complex geometries for the nature-of their
local computations.

The simulations of the Couette flow and the Poiseuille flow show that the
theoretical analyses are reliable and accurate. For linear«flow, the combina-
tion parameter is decided by the relaxation time ‘and the given slip length
without discrete effects. But for non-linear flow,discrete effects exist in all
four slip boundary conditions. The discrete effects*influence not only the
range of the simulated slip length but also. the accuracy of the numerical
results. If the grid is fine enough, theydiscrete effects will be significantly
reduced and even can be ignored. So the/combination parameters deduced
based on the linear Couette flow are suitable for nonlinear flow with enough
fine grid.

The generality of our method iswyerified by the simulation of the Womer-
sley flow, which is unsteady and strongly nonlinear. Simulations show that
the velocity profiles ofsthey Womersley flow vary with time. And the slip
length has great effeet,on thevelocity profiles. The slip velocities are zero at
any time for B =0, while the slip velocities for B = 0.03 and 0.05 vary with
time. The numeéricalyresults are in excellent agreements with the analytical
solutions.

In addition, the HDBB scheme is applied to simulate the curved walls
of the c¢ylindrical Couette flow for its local calculations and less discrete
effects than the modified schemes. The local flow near the curved wall is
approximated by the Couette flow. The numerical results demonstrate the
accuracy and reliability of the improved HDBB scheme.

These boundary conditions with adjustable slip length are proposed and
analysed for the two-dimensional simulation with the LBGK model. Fol-
lowing our procedure, present methods can be easily extended to the three-
dimensional simulation and the multiple relaxation time (MRT) model. Be-
sides, the potential of these methods in turbulence modeling needs to be
explored. We will focus on these problems in the future work.
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