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Abstract: In this study, the mixing characteristics in lid-driven cavity flows were studied numerically by using a hybrid
lattice Boltzmann method (HLBM). First, we compared the numerical results from single-relaxation-time (LB-SRT) and
multi-relaxation-time (LB-MRT) models to examine their reliability. In most of the cavity flow, the results from both
the LB-SRT and the LB-MRT models were in good agreement with those using a Navier-Stokes solver for Re=100-
5000. However, the LB-MRT model was superior to the LB-SRT model for the simulation of higher Reynolds number
flows having a geometrical singularity with much lesser spatial oscillations. For this reason, the LB-MRT model was
selected to study the mass transport in lid-driven cavity flows, and it was demonstrated that mass transport in the fluid
was activated by a recirculation zone in the cavity, which is connected from the top to the bottom surfaces through
two boundary layers. Various mixing characteristics such as the concentration profiles, mean Sherwood (Sh) numbers,
and velocity were computed. Finally, the detailed transport mechanism and solutions for the concentration profile in the
cavity were presented.
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Comparison of the properties of the
primary vortex; the stream function w
and the location of the center

Primary Vortex

Re | Reference
Y x/L y/H
LB-SRT -0.103 | 0.6172 | 0.7381
100 LB-MRT -0.103 | 0.6172 | 0.7379
Ghia [4] -0.103 | 0.6172 | 0.7344
Hou [18] -0.103 | 0.6196 | 0.7373
LB-SRT -0.113 | 0.5547 | 0.6055
400 LB-MRT -0.113 0.5547 0.6055
Ghia [4] -0.114 | 0.5547 | 0.6055
Hou [18] -0.112 | 0.5608 | 0.6078
LB-SRT -0.118 | 0.5313 | 0.5661
1000 LB-MRT -0.118 | 0.5313 | 0.5662
Ghia [4] -0.118 | 0.5313 | 0.5625
Hou [18] | -0.118 | 0.5333 | 0.5647
LB-SRT -0.123 0.5183 0.5423
3200 | LB-MRT -0.122 | 0.5187 | 0.5440
Ghia [4] -0.120 | 0.5165 | 0.5469
LB-SRT -0.121 0.5154 0.5353
5000 LB-MRT -0.121 0.5156 | 0.5349
Ghia [4] -0.120 | 0.5117 | 0.5352
Hou [18] -0.121 0.5176 | 0.5373

o]a1 Ut} TESF Table 194+ ZF Regol wE
& 8F 9 (stream-function) 3t = 2529 T4 9

M

LB-SRT

AXY)E 2 A Aae 71E
5. Hou SU8)E 7 Aestel vehhgich

A+ 435 (Ghia

U\:—ﬂjq_ LB-MRT EI_H] AaR 7]}_ O:]:ELQ
s o 1 o] A% e g

Fig. 52

o=

shyell A=
Left, TL)o] A&}~

735oll+=

2 Re%*7} 1000, 3200, 5000

2]
BL, BR)°| "ZAs}H,
Hao B

9}-5(secondary vortices:
A4 7 277t Fohehe
Re<* (Re=1000 ©]
F7F4 Q1 &5 (Top
A9k, Re5=7F 10000] 731
S8t #7449 o)
Res7} 1000 ~

(c) Re = 5000
Fig. 5 Streamlines of the driven cavity flow at
various Reynolds numbers. (left side:

LB-SRT, right side: LB-MRT)

500000 A 2] §-HEZ= LB-SRT =237} LB-MRT
e wE A2 A FARE feIEHE RO
a9l

Fig. 62 Re5*7} 1000, 3200, 5000 w2
LB-SRT¥} LB-MRT F+ R499] 9}%(vorticity) 3
glo]th. Res7F 1000¢] 4 %ol F =g 25
2o o x PFeE Hola o, Red 7} 320091

LB-SRT oAM= AJetke] ¢ 5ol i
Oﬂ*i ool JE7t 85 (jiggle) A= S

ATt 3 ReF 7l SO EMH

Au = ol2ldk Aol F ok
131 Sl o] 2]3k A& LBMQE
TS 7]E 9] Hou H'We] o343}

S —10
Nl

E_o] Z]

T
T
>
>

off |0 4T M HL oX
<, of HE al

odt
L

B

i

o>
o



690 AvgA

(c) Re = 5000

Fig. 6 Contour plots of vorticity at various Reynolds
numbers. (left side: LB-SRT, right side:
LB-MRT)

T Yehda 2tk LB-SRT Edo] A &3l
% | 918 = Mae Zofolsdh,
sh= ghntelAl Wislsioofp gt &
RS okt A e 7Rl SAF
Al HSHEAd mdolgtal & 4 Utk TE
Aol A= ReTe] 572 /1t Hold Hitd
w4stA Wstels ok i dAdskAl fldh
aHA HolAQl doeA= FAE s sk
9ggo g 2lsle] LB-SRT RE& ol% = A
gatA BAbskA] Zgtokar 3 4 Qlrh. ofel] wk
o] LB-MRT E2& LB-SRT RdHcT} %3]
o] zlzo] 7HAsty] wiEe] F&stA FF
9 s

=
o wABtn ¥ 5 Ak

o0

AN

\%\
(a) Re = 1000
\ )
S

(b) Re = 3200

X
=

. \ru
03|

(c) Re = 5000

Fig. 7 Contour plots of pressure deviation multiplied
by 1,000 at various Reynolds numbers. (left
side: LB-SRT, right side: LB-MRT)

Fig. 7 Re7} 1000, 3200, 5000 <]
LB-SRT &3 LB-MRT Xde &g A=A
(pressure deviation, P, = C*(p—p)) EEZ H
A Q1A (visibility) S oI F7] $131¢]
RE gEAA kel 1,000012 Fojste] e
At ¢ E ompel o] Res7F 320090 AS-, &
o] F-to|Ai= LB-SRT Rdo] ¢t% He= A
g Al dE5siA Eshe FdH FAEA S
HAap w3k B2 A3E HolFa k. Reg 7
10000702 F7ghe] wela Holxd Fte A
gk ofe WAk 9500l FAAGoR At
a9tk LBMOIA Sl ofE: AEEA A

(P=pC?) o7 AHoldrt &Awk LB-SRT =

=
Fal



2 ofztel kEA AaRE UM 7] Wi =
Agk Ak Wsyt dAste 5ol oA
A&t 489S 7 7 glA Hof, FAE 2
Fohe AE HRIY o3& frEel HolHo]
EA8 = 4%, =2 waved <l short wave-length
FAo] FAEM O = A FEFS M A
= AL 9 g}l LB-SRT 223} LB-MRT =49
RS kA 2 owlel o] Res7} 10000]8F1 whe

9] long wave-length % ol A= 553 3l

waves~

BeE HolAY, FA He Agieo] FIF
S T =2 waveT8l short wave-length & <<l
¥ LB-SRT 9Kt} LB-MRT Zdo] =& 3
FEE BHoFEr o3 A¥iE EgE 35Y
A fFEoME ReF7b S48l e B8kl LB-

MRT Edo] LB-SRT EdHT} S=xa¢ <¢+AA
7 Aol -F3ittal Al E T

2Ae FX AN,

WAL BE G FE e 2ol
Avslel EFHE FE wAslr. mAbel
AUEg wasts] gl sy wHdA

=]

T =

F2H 4721 3t Sh(Sherwood)E Al4tste] 7]
< Antonini 5(192] A FZAzel w .
Fomo o] Hit shhw tha ) 2ol A9

=
QL
32
o
o

Sh, = % f OL‘Z—jdx (25)
y=0or H

Fig. 82 Re=1000¥0 ul, Pesoll w2 Ho Sh

o] WslE YeldA AHolth Antonini 59 ATA

Fop Ao Ayt AR F XA shE As

o 4= Qlt}h. o]AS F3] HLBE Rdo] F&dAt

5o FEEEE F EARRL oAl & 5 9l

W-oll o] 28 56 B3 A4 AT 691

Sh

Antonini et al.(1981)
O Present

0 PR R ENIR EUR TR |
0 200 400 600 800 1000 1200

Pe

Fig. 8 Average Sherwood number for various
Peclet numbers at Re=1000

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 09 1.0

(c) Pe=500

Fig. 9 Concentration contour of the lid-driven cavity
flow for various Peclet numbers at Re=5000

(d) Pe=1000

202 35 F Uil Asd fsol TASH
= A 7 S-olm, iRt A4 gt
= Pe(=uwH/ D)3 10, 100, 500,
. Pe7F 1091 A Foll& &

7b w9 Askr] wiized A fE
o

o] el MAL Aol wWl§ Hh =,



—— Pest0
—li— Pe=50
08 08  —w— Pestn0
—O— Pe=500
—8— Pe=1000
08 086
H 3
s =
04 04
02 02
00 1 L L 00 n . L
00 02 04 06 08 10 00 02 04 06 08 10
cico cico
(a) Re=100 (b) Re=1000
10 10
—a— pest0
—a— Pess0
08 08 ——v— Pe=100
—6— Pessio
—e— Pe=t000
08 08
e <
B >
04 04
02 02
00, L 0.0:
00 02 04 06 08 10 00 02 04 06 08 10
cico cico
(¢) Re=3200 (d) Re=5000

Fig. 10 Concentration profiles along the vertical
geometric centerline at various Peclet

numbers
o FEurhs PAFA Ggo] PN &5
22k pure diffusion)?] FHElES Holar Qth
A Pe7h B7hel wheh BAsbie oF
Gl A FE F ol BARE FAf
52 meb FEsk FAsEA Bae Adehs
AL B F Atk PeF7l 5004 wWe] v& HE
= Al g Hdste F o5 5 FEHE €<l
g o AT A dFe IS T UdsS
gheld 4= Atk 53] Pes7l 100091 7 5-ol &=

o ggow 1%

7t Pe=10 Kt} t] YA Fx3)

Attt olelgk AE EQiE A=
ETAAE A B June Ui

WA 7= v% de2 A4S s

lo

2{_1]
tlo
o|N

Fig. 102 7+ Re—’Foﬂ/ﬂ Pe5~E 10914 10007}A]
A (x=0.5)°114¢]

&Y
1%

o
o
M
ofo

T4 FE BEE HoFa rh FFole AW
Hop a4 dwe] it AAS FAVE A A
S B T e o3 Aol AHH Hrh |
Hol| 2] HAeh-g-H(shear stress)©] 73HAl UERY]
wliolebar & 4 vk 1E]al Ret dAE A
T, Pe7b 7V wet et BT 2k A

A% S el ok olne A3
FAZF Pee] SR L‘rE}L}ﬂ )
509 Aol oJstm st 7:1741%
O(Pe ')A reln, ane (Pe ).%
Chal Harshgivh 2 A" A% Trevelyan %‘4 ?ﬂ
AT} M5 SR B AAF FAL
Fol(fiihd EEE Holal glrh E3h ReF7} 100
oA 500002 ZrfebE FE BIEs} okzF gE &
S Holal Q) oA FE A TAlA 3A
shz 7 shgel AEst UM Sl Sk o

Aol HojA= diFFgol oA wAEE dat
ol e} Al

4n Hﬂ
.ﬂ
b
<
[N
§
B

2

5 A
of thsto] <
A3tel LBME F E9(LB-SRT, LB-MRT)S
v w&}le], LB-SRT =€} LB-MRT 24 X% Re
7} 50000]3}2]  FEolAE 71£9  Navier-
Stokes solver®] %A Aol A= F-AFsH
A¥ds HYY 22y ReTo S7hgel whek
LB-SRT =¥ 5o|H oﬂoﬂ‘ﬂl/‘ﬂ TX]‘SHQ =
Aste] FA o R dutE =
ol Fall HolHo] txﬁo}% T"r%}_ﬁ | A
LB-SRT E 9 X Ut}= LB-MRT =

ZAow yewth g E G4 U
=2 OH /\]-1:'4 g]-‘_}

s
a-

oy rlr lo |

oft
o

(o]
)
r>v
&
=
=
o
=
%
¥
)

xS

(1) Burggraf, O.R., 1966, "Analytical and Numerical



ot

5 ARBEL PG o8B

ol

Studies of the Structure of Steady Separated
Flows," Journal of Fluid Mechanics, Vol. 24, pp.
113~151.

(2) Pan, F., and Acrivos, A,, 1967, "Steady Flows
in a Rectangular Cavities," Journal of Fluid
Mechanics, Vol. 28, pp. 643~655.

(3) Shankar, P.N., and Deshpande, M.D, 2000,
"Fluid Mechanics in the Driven Cavity," Annual
Review of Fluid Mechanics, Vol. 32, pp. 93~136.

(4) Ghia, U., Ghia, K.N., and Shin, C.T., 1982,
"High-Re Solutions for Incompressible Flow
Using the Navier-Stokes Equations and a
Multigrid Method," Journal of Computational
Physics, Vol. 48, pp. 387~411.

(5) Nguyen, N.-T., and Wu, Z., 2005, “Micromixers

2

- A Review,” Journal of Micromechanics and
Microengineering, Vol.15, pp. R1~R16.

(6) Alkire, R.C, Deligianni, H., and Ju, J.B, 1990,
"Effect of Fluid Flow on Convective Transport In
Small Cavities," Journal of the Electrochaemical
Society, Vol. 137, pp. 818~824.

(7) Occhialini, JM. and Higdon, JJ.L, 1992,
"Convective Mass Transport from Rectangular
Cavities in Viscous Flow," Journal of the
Electrochaemical Society, Vol. 139, pp. 2845~2855.

(8) Trevelyan, P.M.J., Kalliadasis, S., Merkin, J.H.,
and Scott, S.K., 2001, "Circulation and Reaction
Enhancement of Mass Transport in Cavity,"
Chemical Engineering Science, Vol. 56, pp.
5177~5188.

(9) Shin, M.S., Byun, S.J., and Yoon, J.Y., 2010,
"Numerical Investigation of Effect of Surface
Roughness in a Microchannel,” Trans. Korean
Soc. Mech. Eng. B, Vol. 34, No. 5, pp. 539~546.

(10) Shin, M.S., Byun, S.J., Kim, J.H., and Yoon,
J.Y., 2011, "Numerical Investigation of Pollutant
Dispersion in a Turbulent Boundary Layer by
Using Lattice Boltzmann-Subgrid Model,” Trans.
Korean Soc. Mech. Eng. B, Vol. 35, No. 2, pp.
169~178.

T B WFelM e 8 5460 B3 A AT 693

(11) Chen, S. and Doolen, G.D., 1998, “Lattice
Boltzmann Method for Fluid Flows," Annual
Review of Fluid Mechanics, Vol. 30, pp.
329~364.

(12) McNamara, G., and Alder, B., 1993, "Analysis
of the Lattice
Hydrodynamics," Physica A, Vol. 194, pp.
218~228.

(13) Shan, X., 1997, "Simulation of Rayleigh-Bénard
Convection Using a Lattice Boltzmann Method,"
Physical Review E, Vol. 55, pp. 2780~2788.

(14) Lallemand, P., and Luo, L.S., 2003, "Hybrid

Thermal  Lattice

Boltzmann  Treatment  of

Finite-Difference Boltzmann
Equation,"  International Journal of Modern
Physics, Vol. 17, pp. 41~47.

(15) Treeck, C.V., Rank, E., Krafczyk, M., Tolke,
J., and Nachtwey, B., 2006, "Extension of a
Hybrid Thermal LBE Scheme for Large-Eddy
Simulations Of Turbulent Convective Flows,"
Computers & Fluids, Vol. 35, pp. 863~871.

(16) Bhatnagar, P.L, Gross, E.P. and Krook, M.,
1954, "A Model for Collision Processes in Gases.
I : Small Amplitude Processes in Charged and
Neutral ~ One-Component  System,"
Review, Vol. 94, No. 5, pp. 511~525.

(17) d'Humieres, D., 1992, "Generalized Lattice

Boltzmann Equation," in Rarefied Gas Dynamics:

Physical

Theory and Simulations, ed. by Shizgal, D, and
Weaver, D.P, Progress in Astronautics and
Aeronautics, Vol. 159, AIAA, Washington DC,
pp. 450~458.

(18) Hou, S., Zou, Q., Chen, S., Doolen, G., and
Cogley, A.C., 1995, "Simulation of Cavity Flow
by Lattice Boltzmann Method," Journal of
Computational Physics, Vol. 118, pp. 329~347.

(19) Antonini, G., Gelus, M., Guiffant, G., and
Zoulalian, A., 1981, "Simultaneous Momentum and
Mass Transfer Characteristics in Surface-Driven
Recirculating Flows," International Journal of Heat
and Mass Transfer, Vol. 24, pp. 1313~1323.



