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Introduction:

O Interest in the lattice Boltzmann method (LBM) has been steadily increasing.
O Boundary condition (BC) is a necessity for numerical methods.
® Uniquely determine the solution.
® Affect stability and accuracy.
O Various choices for off-lattice velocity BC but rare choice for pressure BC.
® Velocity BC: Bounce backl!! (BB), Bouzidil?! (BFL), Zhao Yong 3! (ZY), Yu [l (YLI) etc.
® Pressure BC: Pressure anti-bounce backl’! (PAB), pressure linear interpolation 1 (PLI).

O Objective: develop an algorithm for off-lattice pressure BC.
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Implementation of BC in LBM
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Common Dirichlet velocity boundary condition (link-wise algorithm)

BBII(1994):  fi(@, ¢ +1) = f1 (57, £) — 20;p0 12

—>

—_ * u
fi&r t +1) = 2qf; (xp, ) + (1 = 29)f; Kpp, ) — 20;p0 lC = q<05
[2] . Es
BFL[2! (2001): B . 20— 1 . & s
ff(xF,t‘l'l) =2_qfi(xp,t)+ Zq —awipo CE q=V.
1- 2 ¢ u,
YLI® (2003): filxp t+1) = f,( Pt +—q +Ff‘ (XpF, ) — T4 q 2P0 2
p— 1-2q L1 4 ci-u,
CLIPI(2008):  fi(xp,t + 1) = f; (G, 1) + 1 fz (Xpr t) — —qwipo 2

+ 2q 1+2

2q B ®
+ 2q 1+2q9 F°

ZY[3] (2017) ff(ﬁ,t+1) = fl( XF, )+

1+ 2¢q



SOUTH FLORIDA

General equations

Ginzburgls (2008):  fi(xXr, t + 1) = ko f;* (%p, t) + kof{ (Xpp t) + ko1 fi Krpp t) + ko1 f7 (X5, t) + k_o f (Xrp £) + @i Gay, t) + 7 (%R, £)

—_— —
..

Zhao, Yong ¥ (2017): fir,t + 1) = @fiC7, 0) + @ /i@, ) + asfi ™ G, 0 + auf (7, ) + aswipp
S
Marson 71 (2021): Gt + 1) = a fr G t) + anf5 Gepr ) + asfi G t + 1) + auf Gon )
o ;fiﬁfi FF fi‘ f ; (s 4 fiﬂfi
fo g R £ fi
Ginzburg Zhao, Yong Marson
Our goal: a single-node pressure BC, so our general equation is: o
— * f—> — * —> — (F : u—))z u—) : u—) -----------
FOGR L+ 1) = Af7 G5, 0) + BGTR, 0 + CF G, 0) + DGR, 0 + Buypp(1 + e — 2 ) S S ¢ 'f‘f ,
i T

Our algorithm 4
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Derivation of Single node (SN) algorithm

filkp, t +1) = Af (&, ) + Bfi(xp, t) + Cff (xp, ) + D fi(xp, | HEwipr(1 +

(€ ) Uy iy

2cd 2c2

Chapman-Enskog expansion Taylor expansion

Make E =2 A+ B —C—D = —1 — Reach 1% order accuracy for velocity
A+ B+ C+ D + E =1—> Reach I* order accuracy for pressure
A—C+qE =0 — Reach 2" order accuracy for pressure

A+ C+TE=0 — Reach 2" order accuracy for velocity

(A=—q-—1 filxp, t + 1)
=(—q—Dffxp, ) + (@ + 71— Dfilxp, ) + (@ — O &p, ) + (T — @) filxp, t)

vyl
O o
n 1 <
A +
[ 1 =
Qa |

—

(Ci ' uw)z Uy * Uy
\ iPr( 20;* 2c52
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Density correction (DC) scheme

1. Apply ZY velocity: 2. Find correction (Ap): 3. Add correction:

@0 |0 O L By
f | P Y,
° @ >0 -
- -
® oo O |06 O
q
fizy(ﬁlt)
=) [0 G t+1) = f7 G ) +
— o D + T G D) pav = ) fiG, AT
Ap = pp — pgy I : incoming direction
2 Ci* thy
T 142¢ P02



SOUTH FLORIDA

Macroscopic velocity and density in the algorithms

Wy
ZC

SN: fikp,+ 1) = (=4 = Of; G, O + (@ + 7= Dfip, ) + @ = DF Ce ) + (¢ = s 8) + 2app (1 + E

N 2 Ci Uy wi
DC: fi(xp, t +1) = 1+2q —— i) + o 1+2q G ) — Tr2q LiPo lcsz + szlvi (PF = Pzv)
Extrapolation of u,, link-wise: Interpolation of pg in 7 direction:

2
pr =5—(pw — Prrn) + PrEN

w, = qQuF ~ ) + 77 T

Has fluid neighbor:

No fluid neighbor:
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Simulation setup

Tested flow cases:

(1) Poiseuille flow; (2) Taylor-Couette with axial flow; (3) Poiseuille flow (arbitrary orientation);

= b yﬂ_.
Ly L S €4

Simulation setup:

D_

ol 30; = 1; Incompressible BGK.

Other comparison algorithms:

(Ciuw)®  uwuy
2cd 2¢2

Guol®¥): fi(Xs, t) = £ (pw, W) + £ (X7, t), where 1, = (U - B)7i

PABBEL fi(xp, t + 1) = —f (X, ) + 2w;p,, (1 +
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Accuracy with different q

No-slip wall

Simulation setup: Pressu\‘

ow direction

sure out ‘ ______
i @

q=0,0.25,0.5,0.75,and 1.
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Poiseuille flow in a cylinder

Velocity profile
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~—a Rotating wall

Taylor-Couette flow with axial velocity
‘ Axial flow

Velocity error field Pressure error field Pressure out

Simulation setup: Pressufe in
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Quantitative results

Poiseuille flow

Pressure error field

Unit: %

z
X
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Poiseuille flow in a cylinder with arbitrary orientation
Velocity error field

> 7

Algorithm  Normal flow  Tangential flow

Arbitrary orientation

Guo
PAB
SN
DC

\/

X
X
N

Taylor-Couette flow with axial velocity

Poiseuille flow with arbitrary orientation

Algorithm V L2 norm error P L2 norm error

Algorithm V L2 norm error P L2 norm error

Algorithm V L2 norm error P L2 norm error

Guo 7.42% 1.06%
PAB 0.17% 0.90%
SN 0.05% 0.86%

DC 0.41% 0.96%

1.32%
nan

nan
0.36%
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° e Algorithm SN DC Benchmark SN Difference DC Difference
Bifurcation flow Point 3
Inlet Q (m"3/s) 1.01E-08 1.01E-08 1.01E-08 0.61% 0.45%
Outlet 1 Q (m"3/s) -4.80E-09 -4.80E-09 -4.82E-09 0.44% 0.37%
Pressure out 1
Point 2 Outlet 2 Q (m"3/s) -5.32E-09 -5.32E-09 -5.33E-09  0.31% 0.13%
. X . f Point 1 V (m/s) 4.09E-04 4.09E-04 4.11E-04 0.43% 0.59%
Simulation setup: Point 1 .
Point2 V (m/s) 2.37E-04 2.39E-04 2.38E-04 0.17% 0.41%
'Y & Pressure out 2 Point3 V (m/s) 5.57E-04 5.56E-04 5.56E-04 0.13% 0.02%
— Point 4 Point4 V (m/s) 4.48E-04 4.49E-04 4.47E-04 0.16% 0.43%
Pressure in Point2 P (Pa) 9.27E-02 9.27E-02 9.28E-02 0.13% 0.09%
. numpp gy — NUME
difference = uent
NUME]yent
ANSYS Fluent benchmark SN DC
Vclod%héfﬂéqyimd: -
F/ 70e04 & - —
500052 lo.oooe E / /
000035 — 0.0004 gﬂ
0.00017 [~ 0.0002 %.
Mid plane velocity contou 000400 € \ \
[ws] >

Static Pressure
01

0083 ! 008

0.065
—0.06

[ 0.04
3.0e.02

Pressure (Pa)

0.047

i, Mid plane pressure contou
[Pa]
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Conclusion:

* Two off-lattice pressure boundary condition are developed and compared to existing algorithms.
* The proposed SN algorithm has smaller error in all presented flow cases.

* The proposed DC algorithm is applicable in arbitrary orientation with reasonable error.

Future work:

* Improve SN algorithm to support the boundary with arbitrary orientation.

* Analyze the stability and accuracy of the two proposed algorithms under various relaxation time (),
Mach number, and resolution.

14
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