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Lattice Boltzmann simulation of three-dimensional
particle group settlement
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( State key Laboratory of Coal Combustion, Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract The motion of particle group has been a hot and difficult problem in the field of
multiphase flow, and lattice Boltzmann (LB) method is a natural parallel mesoscopic method which
is apt to handle complex boundaries. In this work, LB-EBF method is used for simulation of three-
dimensional particle group settlement, and we give detailed analyses of the settlement laws of 1 152
particles in three aspects: velocity analysis and statistics analysis of three-dimensional multi-particle
sedimentation, position analysis and statistics analysis of three-dimensional multi-particle
sedimentation, and analysis of the interaction between particle group and flow field in the
sedimentation.
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Fig.2 Trajectories of two particles
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Fig.3 Distance between the two particles versus time
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3.2 =Z#sHHinEALERSFITES T
Sy 25 S OB AE P BURL A3 A AN 3 50 M AR Sk
T%fﬁ%ﬁ%’—"*ﬂ’]”’“‘a?ﬁ%#i_ X HL {7 A 21
S R, KR P R Bl AR B RO B i gt

(n, = n)*/N,

ik 25 5 R HE X Co = VX

A, n 3 A1 X P B BORE K (LR
O RLPTTE T IR 1) N O 7 X B, 0 oA
T DX P P 2 R K H L AR S AR BT AT R 3R



244 o [ B2 B K2 2 4

% 33 &

TN RIURE 43 A0 I AR 3 AP A R R ) SRR AR 34
PERR R L (E R 0 B R /R 76 T X0 2 19 3 BER T
Gr A e A
1O FIIE 10 KR x .y J7 [n] 722 5 22 H5 Bl B[R]
AR AL R, T AR IR oy T ) AR — 2, X
WG oy D7 R AR 1 s 22 )5 i 0RO A B
FERT, 3 0 DKT 33 A8 1 5% me , UKL FF 4G 1) 0y O
]38 3l , EANI IR 16 O0 T 321 5% J 40 1 25 s, DTG 9
ANT AR AIVE  Z 05 T URL R (1) B AH B 48 45 5
UM E AR (45 WOk R G W A 50 fa T
FRAR R 73z s RS WOmT AR 35 20 M E— A v
y A5 R A 2L
0.7
0.6

0.5
0.4
0.3
02

Cv,

0.1

T S
/s

B9 xAEERRH

Fig.9 Coefficient of variation in x direction

B1L 7% 2 5 i) 19 742 S 28 5 o i) 9 22 1
KA VIR Bey 1 F 2 748 S 550 2 JoURE (] ik 2 bl
Or IR B, T 6 2 R SE PR S, i R A T
JRIE , Wik JURE 16 3o 2 AR 22 A8 R, SEORH X £
AR, Co (HAZ A K, Z J5 T BURL 59 A1 5.
YRR BIEAEE , 3 3500 1 22 5, TG 3 B0 A6 5 22 5, B

t=0.7s =14s

0.7,
0.6
0.5
- 0.4
0.3
0.2
0.1

Cv

t/s

10 yFRAEREH

Fig. 10 Coefficient of variation in y direction

t/s

E1l zFRAERRE

Fig.11 Coefficient of variation in z direction

FECCo LIV ZIRREARELE 0.2 oA
3.3 Z4zHANRESKNRAEEER
S

P12 I 75 A ) Bk 20 UKL A ) 328 8l o7 5 e 2
00 e T TR AR R 0 Sk AR SR R O, R
BB E AR A B2 3R b R R TE &
13(a) W94 AR, ¢ =0 s I, J0RLAE A 14 24 4b
TR RS 2 )5 WORLTT 4R 32 3l , 3 8 52 R v 8] 3

=2.1s

12 A [E) B % 50 e o ) TR 7 5K

Fig.12 Fluid and particle velocity in the middle section at different times



552 ) AR OB TR (UK T Boltzmann 545 245

velocity magnitude

38
3575
385
3125
29
26.75
245
2225
20

(a)

(b)

E 13 (a)4.9s B BAEEHREMAE;
(b)4.9 s B HHLBEIE B K 2 L E
Fig.13 (a) Top view of the particle group at 4.9 s;

( b) motion vectors at 4.9 s

Gy 0 =0. 7 s i, rp (6] A H 52 95 03 J R UL
FONERISE A TISIARRINE F R S S-S0 O S E Uk R i
Ak 25 At i AR AH ELAR T BOK B 22 1) URE 2E A
H T 8 2E 1 52 0 v ] 8 R R BIR L L e = 1. 4
s WA B 20 UKL B 3 - 15 v (8] 3 3 80 IR —
Boo=2. 1 s, AN CAHER 14 s BhiE A7
A R A 5 T R UL e ) T AL 2L
R 5 U0 AR =2 18] 119 3 B8 2 S o Mok /), MU L
KA, ATLIRHEOA Y ¢ =2.1 s B RGO 4 T HE
23 ) A A AR A . 225 0K 22 1] A Ll A,
— AR S (8] 3k B AR E , AR A BORE B R 4
PR AR T B AR T s sh L, REOE Y
AYT SR AARZS , an i 13 FR.

Kl 14 (a) FIE 14 (b) 73500 45 1 152 0K Al
114 JURE A5 Jo e — I 20 i 0 B 1], e 144 50
LI 590 G 175 DL IR 1155 X ORI 2% D 1) B 0K $ H
AR 1152 ORLAY — 40, HoR I T2 . I IA
Tl UKL AR B R iR R, S
Wang " 4550y & . 36 7] 7t , 76 [5) B 40 4 1 AR 43
BT, 1000 B UMUK T2 B B i UKL 1
(4 T SR AT AR 100 %5 2% 1 J0RE A1 o 4 42 21
TWURLAYG DKT B4 MUURL A 1) 2R 4R 47 0, (A R 4
MABA K, 20 3. 4 A B0RL. JOf HLE & UKL H Y
B, R 2 6] Bl 5 Sy S A R LR S 4 B
TGS, TR X 28 A B 52 0 T L /D UL B H g L

T, b R 2 S ALY M A R
UKL 22 8] A Az 5 20 A9 AR EL A .

|:| \-)
y X :
{
veloci itude /
8]
36

(a) 1 15250k (b) 1145BikL

B 14 muRsEhEadsmmERE
Fig.14 Vorticity map in middle section of 1 152
particles (a) and 114 particles (b)

4 i

AR H] LB-EBF J7 2k X = 4 2 15 0k #F F
ITa i B BE B L, & 2 B0 1 152 iR
(1 000%K £ 9% ) , %F = 4k UKL A DT R it F2 S L
TG AR EAE AT 70 0, 45 R R 0

1) WORLRE x oy J7 ) Bk 3l B IR B & FEAR R
—F,x oy J7 1) 6] e B TR N 4% 1 TR
ZJEMORAHBEAEH 2 (KT« .y 7 .

2) URLAE R Guab TR ARAS B, BB A A K
R IET & A R, a2, WSk D
UL 2 B 38 A TR A ) PR A MR R R

3) w.y HIAES REOEHEA B, vy I
el 2%, Co, | Co, 28 [y 26 0870 J5 35 K P50l /s 19
. Co, RENG Py Je i KR 72

4) 1000 it Lt 100 it 9 Uk #E BE 45 %)
L IR St PR AR 1 P SR AT SR, JOURL X S Ak 1 5 i)
ORI R H BT 8, L R B 2 2
ZEAL A FLI Y s

S 2% 3k

[ 1] Aidun C K, Clausen J R. Lattice-boltzmann method for
complex flows [ J]. Annual Review of Fluid Mechanics,
2010, 42, 439-472.

[ 2] AvciB, Wriggers P A. DEM-FEM coupling approach for the
direct numerical simulation of 3D particulate flows [ J].
Journal of Applied Mechanics, 2012, 79 (1). 10 901-
10 907.

[ 3] FengZ G, Michaelides E E. The immersed boundary-lattice



246

Hh [ k2 B R 2 2 4l

% 33 &

[10]

[11]

Boltzmann method for interaction
problems[ J].

(2): 602-628.

solving  fluid-particles

Journal of Computational Physics, 2004, 195

Fortes A F, Joseph D D, Lundgren T S. Nonlinear mechanics
of fluidization of beds of spherical particles [ J]. Journal of
Fluid Mechanics, 1987, 177 . 467-483.

Lomholt S, Stenum B, Maxey M R. Experimental verification
of the force coupling method for particulate flows [ J].
International Journal of Multiphase Flow, 2002, 28(2) . 225-
246.

Feng J, Hu H H, Joseph D D. Direct simulation of initial
value problems for the motion of solid bodies in a Newtonian
fluid. Part 1. Sedimentation[ J]. Journal of Fluid Mechanics,
1994, 261 95-134.

Glowinski R, Pan T W, Hesla T I, et al. A fictitious domain
approach to the direct numerical simulation of incompressible
viscous flow past moving rigid bodies: application to
particulate flow[ J]. Journal of Computational Physics, 2001,
169(2) : 363-426.

Gao H, Li H, Wang L. Lattice Boltzmann simulation of
turbulent flow laden with finite-size particles[ J]. Computers
& Mathematics with Applications, 2013 ,65(2) : 194-210.
Johnson A A, Tezduyar T E. 3D simulation of fluid-particle
interactions with the number of particles reaching 100 [ J].
Computer Methods in Applied Mechanics and Engineering,
1997, 145(3) . 301-321.

Pan T W, Joseph D D, Bai R, et al. Fluidization of 1 204
spheres: simulation and experiment [ J]. Journal of Fluid

Mechanics, 2002, 451 169-192.

Kajishima T. Influence of particle rotation on the interaction

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

between particle clusters and particle-induced turbulence[ J].
International Journal of Heat and Fluid Flow, 2004, 25(5)
721-728.
Yin X L, Koch D L. Hindered settling velocity and
microstructure in suspensions of solid spheres with moderate
Reynolds numbers[ J]. Physics of Fluids,2007,19 :093302.
Cao C S, Chen S, LiJ, et al. Simulating the interactions of
two freely settling spherical particles in Newtonian fluid using
lattice-Boltzmann method [ J].
Computation, 2015, 250.533-551.
SPHRSL FRAE G, AR, AF. TR ) 1 % A% T Boltzmann J
M. 2D WA 2 R T At 2002 1-6.

Kandhai D, Koponen A, Hoekstra A, et al. Implementation

Applied Mathematics and

aspects of 3D lattice-BGK : boundaries, accuracy, and a new
fast relaxation method[ J]. Journal of Computational Physics,
1999, 150(2) : 482-501.

Wu J, Aidun C K. Simulating 3D deformable particle
suspensions using lattice Boltzmann method with discrete
external boundary force [ J ]. International Journal for
Numerical Methods in Fluids, 2010, 62(7) : 765-783.
Lucci F, Ferrante A, Elghobashi S. Modulation of isotropic
turbulence by particles of Taylor length-scale size[ J]. Journal
of Fluid Mechanics, 2010, 650 5-55.

Mordant N, Pinton J F. Velocity measurement of a settling
sphere[ J ]. European Physical Journal B, 2000, 18 (2):
343-352.

Apte Sourabh V, Martin M, Patankar N A. A numerical
method for fully resolved simulation ( FRS) of rigid particle-

complex flows [ ] ].

Computational Physics, 2009, 228(8) . 2712-2 738.

flow interactions in Journal of



