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AN IMMERSED BOUNDARY LATTICE BOLTZMANN METHOD BASED ON IMPLICIT
DIFFUSE DIRECT-FORCING SCHEMED

Tong Ying * Xia Jian* Chen Long *? Xue Haotian *
: ( Key Laboratory of Unsteady Aerodynamics and Flow Control of Ministry of Industry and Information Technology, College of Aerospace
Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract When the immersed boundary-lattice Boltzmann (IB-LB) model with the direct-forcing scheme is used to
analyze the viscous fluid dynamics of the flow around a moving boundary, the interaction interface and the boundary
force format directly affect the numerical accuracy and computational efficiency of the flow solver. Based on the implicit
diffuse interface, an improved IB-LB model with the direct-forcing scheme was presented. The boundary force
expression is derived based on Eulerian/Lagrangian variable identities. The interaction interface described by the transfer
matrix couples the asynchronous movement between Lagrangian points. Use Richardson iteration to numerically solve

the linear equations related to the boundary force and the non-slip velocity constraint. It not only overcomes the
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calculation efficiency problem caused by matrix inversion in the traditional velocity correction scheme, but also gets rid
of the dependence of algorithm stability and Lagrangian point distribution. According to the Taylor-Green flow with
analytical solution, the numerical accuracy of the present model is evaluated. The results show that the improved IB
model can retain the second-order numerical accuracy of the background LB model. The numerical results of the flow
over a stationary cylinder and an oscillating cylinder show that the model can provide reliable numerical predictions in
the flow simulation involving complex geometries and moving interfaces. The IB-LB model yielded the force identity
can effectively suppress the non-physical oscillation of the predicted hydrodynamic forces. The simulation of the flow

around the undulating airfoil verifies the practicability of the current model, and can be further popularized in the fluid-

structure coupling simulation of large-deformation flexible bodies.

Key words

deformable moving boundary

51 &

RWIA S (immersed boundary, 1B) JyikE{E N —
Tt 0 280 REZR N T VR AE B3 S B8 ) b T
2 N U NG A [ b T VAR L, B0 A A A
T JUARTAA 22 )3 K AR T B [ R 5 50 g 2 1) 7, 1B 77
VRAE VE S0 AN Y A T T 2 W LA, B
JE PR WA 55—, 1B J7 VAR ] P B A 57 6 14
1% 23 ) I O AR NN B B, AT 4 T B
e D A 2B AN P AR R R 5 T, AR — M A%
3, 1B Iy i i) it A4 s 8 7 e P s A ) TR AIE
FHba S, Jod sl K s A AT 2 0, 2
Vi S aw iy INGES

AR, FEF A W% T Boltzmann #:7Y (lattice
Boltzmann, LB) & &t 8l =K il 45 (11 F SR ) 2407
% (computational fluid dynamics, CFD) #%{if FH &b £
FIRE IRV B )i 10L AR EE T S8 CFD 58
KA WS TR, LB ASE Y 58 5 A W A4 T 1 Al
FERIT A R AR S) ) s Al B, #5007 R X
St Sy T gt AL BT AR Ak O
AT PR SE L. T A S R AR A% ) L R, T 5
HIX B LB 55 IB ARl — il R Ak B 5 2 7t
i) JL (K] CFD J5¥2. 2004 4, Feng A1l Michaelides!'!!
R i IB B 5 LB BIURE A, ¥ kB Y IB-LB A2,
- TR FH T BUORL L. XA J7 VAR ] —Fof e Bt L o
o TR DA AP T2 50 B 5 ), S R R P AR T K
BIHREIN A BSE, MR TR R
ARG BE. Bt e, B4 Dy hs 3U 1B B A 51N
LB 8021 B ARZ BN BR T H S HOM I )25 K
(2 AL, AR BT EH 51N NS 7 R b S 2 IR I,
LB AL R 3R, 2006 45, Niu 030 42 H ) i

lattice Boltzmann model, immersed boundary model, implicit diffuse interface, direct-forcing scheme,

AT ¥k U IB-LB A, BT 73 A1 bR 45 1) 3)) A8 ke
HENTHR A ), SR T LB BB v AL
RN, X L% 40 1B-LB A b, 8 QB (R R AN
FEWCSICIRAS T PRAIE I 5 3306 2 JC M B 4 AU, 5380
Bgol 4 IR 4k B W R DA ) B .

N T R FEY, 1 15 kO ARET
K Pk ) IB-LB #i%. Wu AT Shul's) 47 H—FfBa
I w2 A B 15 I IB-LB A, i )ik
i ] R ARV ROt T G I R o TC W B A . R
RS0 T YR By, SRR R B R AT 5 K )
PIAT o, L o 7 R T A 2 i At T s s B H
ARG Luo A5US 4 2 By 4 J) 1B B, i g
it N 2 T B D) st oI B 29 R, AT e B A IR AR
RSk, HAR e AN 52 s B3 H 5 20 A BR . Kang
1 Hassanl! 7R SCHR [16] (192 BL EL# 7 1B B8 53
k00 LB R A, KR T Ry B At
FL$ ) 1B-LB iR (LB 6} sl S 9ei i) i, B4~
I ) 2w 22 ] s A0 R AU N 1y 1 5 0 7 A T
KIRJEFR S ) B T 5803 Dash 2508 B hn 2
B R S REAS I [R) 25 T i 5 D) (R AR IR B, AR AR
HEJCH A 4 R Al b sk D VH SRR, Yang 2601
TERRA Y BT 1 50 Fodt T 3R AS #k 1B-LB AR
B J5 JLFP LAY A1 oR BN BEVEXT % 1) 1B-LB A5 7 (20-22]
PR, FHEE T DLZAR o 0 4, XS 1 Ty
FEHOIN T JEAT 1B AR S fdH.

R FI& IB-LB AR [ A{E T i 0 70 W 1 A
LEI R DA T BRI, (HAE AT AR 31
Frae i ) f b AT A A G, i an A i AR PR
YIEERE . W 1 TR, bk B H AR SRR R
8 A LAY SRR T, BR R AR A (1
AR ) B R AT R 37 A 0 T e A AT RN



96 Ji &5 it 2022 4 5 54 A5
L R R B I 22
( % it S & ': r 1 {prERal
| _( .__ ': Moy
= H;ﬁf % Wi 1 PR oYU TS 50N 1B A IR
8- 5804 1T &f___ ‘merp"iaﬁ"“ W, A Q SR TR R A B, RN TR TR ) A4
SSaoumn I ia T SR T PR S 0 i PR B LSRR B
. i 1 r VAR A B AN R B 34 A T K T BR RO
B, AHEAER 7R R

spreading %Kzﬂmgmzjﬁquu—anmx (1)

B 2B TR BRI o PR B 0 A A of Rk !

A

Fig. 1 Schematic diagram of the immersed boundary method. f@x.n = f F(s,1)6[x — X(s,1)]qds 2

o indicate the Lagrangian boundary point; e indicate the Eulerian
fluid node
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Fig.2 An overview of one cycle of the IB-LB algorithm with the direct
force scheme. The light grey box shows the output sub-step of the surface
variables
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Fig. 3 Numerical error L, of velocity versus mesh spacing / for Taylor-

Green flow using the present IB-LB model with different ¢ and the
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drag coefticient with the previous results at Re = 20 and 40
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present (40Dx40D) 4.60 1.572
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Table 2 Comparison between the present model and other
methods at Re = 100
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Ref. [17] 1.368 0.346 0.162
Ref. [19] 1.418 0.367 0.166

present 1.445 0.359 0.163
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