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Fig. 1. Schematic illustration of simulation problem.
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Table 1.  Bubble terminal deformation at different values of Eo and Ga: (a) Eo = 200; (b) Ga = 3.0.
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Table 2.
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K2 A EoF Ga FFALSRE n X UELEEREIE  (a) Eo = 5; (b) Eo = 10; (¢) Eo = 20; (d) Eo = 30
Fig. 2. Effects of Ga and power-law index n on bubble terminal velocity at different Eo numbers: (a) Eo = 5; (b) Eo = 10; (¢) Eo =
20; (d) Eo = 30.
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B 3 Eo MIFASTE AL n WA WA NHE MM (a) Ga = 22; (b) Ga = 32; (c) Ga=39; (d) Ga= 45
Fig. 3. Effects of Eo and power-law index n on bubble terminal velocity: (a) Ga = 22; (b) Ga = 32; (¢) Ga = 39; (d) Ga = 45.
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LI/ 1.48%10°2, 1.78%10°2, 1.87x10°2,
1.91x102, 1.92x10°2, 435I KT 20.27%, 5.06%,
2.14%, 0.52%; 1M Eo = 30 W}, S0 433 4
1.49%10°2, 1.73x10°2, 1.85x10°2, 1.91x10°2, 1.94x
10°2, BEEAR O 16.11%, 6.94%, 3.24%, 1.57%.
ZE LR, XA ) 2R 0L B2 %) BY D) 34 B 3t
W, SR EFE Ga Fl Eo AR /NI It A8 F5
Bon YGRS RGN, ez, A2 i i i Fifi
TASTEEL n BRI R. AT A5, 02 i
JEE A3 R B8l N AN B — B T 17K IR R
FEERTAK T, ML 3 R s BAEH.

4.3 RHHEVIEE

RATHT Eo, Ga Fl n X308 BBl B U158 R 1)
. K 4 BR T A Eo ([B15E Ga = 22) LLRAS
[ Ga (% Eo = 5) 1HHLT, Koo & Jenf 5y
VIR R AR5 n Rk WA 4 Fos, Xt
T Eo fl Ga WIEHL, BIVIHZRE n (135K
K, 8K nfHAL (1.6, 1.8) B 47) 35 2 434 M AH X
B 5. 0l 4(a) 1, 24 Eo = 30 I, B n M\ 1.0 4
3 1.8, BIIBHERIMIH 6.85%10 4, 7.90x10 4, 8.44x

(a) —+* Fo=5
3.7F —— FEo=10

y/107%

1.0 1.2 1.4 1.6 1.8

n

K4 BIYIE R Ga, Eo Fl n iRk #

104, 1.29x10°3, 2.25% 1073, HAEIEA> 5 H 15.35%,
6.87%, 39.35%, 75.10%; MAEE 4(b) 1, 24 Ga =
39 BF, n A 1.0 8 % 1.8 B REH, BYUIER A
1.43x1073, 1.71x 103, 1.99x10°%, 3.46x 103, 6.21 x
1073, HEIES>58 19.58%, 16.60%, 73.53%, 79.51%.
ME 4(b) & AT LR B, Ga = 45 BIRHZRTE n 30K
(1.6, 1.8) B JL-F5# /R Ga = 39 Mk E A, X
&t T REE B EFERNRE K, 7716 By U R 1)
i AR AR

% 3 B TR/ Ga) Eo TEARRIAE TR
B n S B ST DI AR A ], o A EIX
B, HAR A 3R BT DI AR AR BT 76 X 8. nz&erp
SERLFTR, UL ) s st FE R e A A
JEEP B AR SR BB b e, S8 D) s K HL
Oy ARANYEYS) ELAH A PR B L) 3 3 A g 1) DX 3k
RAFBE Eo, Ga WI¥ERIMIIGA, (HFE n A3 R SeH
KGR/, G561 4 =055 U7 258 11 2 A B i
K, R RVSIRLE R BTUD R A XU I
A —E 5B U R i R AEAE . W3 3 R, Y
n < 1.4 B, = 55 Y)Y FEIBRE n A3 R
KIZ  14 < o< L8 B, 5T R Y B
n P I AT 8. 33 2 PR A X BT I AR E A= 1
TR, TR EE Bl 5 ) SR B 3G R K, FERK
1) n B OCT, BYUIE BRI BB RERCE R, &
B0 Y T84 3 B ) 4 k.

4.4 Ga, Eo K n X EZTEMNZIMIEEXTLE

NG ESCH Ga, Eo Fil n X BT )3 R HI
LR P AC B, I 3 NS E N E AR
W, RHIER LR E I LR e T 5y 4]
TR T2 Uy T 1) 5 M

7.6

(b) —*— Ga =45
—— Ga =39

—— Ga =32
—o— Ga =22

1.0 1.2 1.4 1.6 1.8

n

(a) Ga=22; (b) Eo=5

Fig. 4. Effects of Ga, Eo and power-law index n on shear rate distribution: (a) Ga = 22; (b) Eo = 5.
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3 AMRFE YRS
Table 3. Shear rate distribution around the

bubble.

0 0.001 0.002 0.003 0.004

Fa HEKEE
Table 4. Table of factor levels.

K- =
n Ga Fo
) 1.0 22 5
@ 1.2 32 10
©) 1.4 39 20
@ 1.6 45 30
® 1.8 — —

F 4 JREZKFE, 5% n, Ga fl Eo 3 MHE,
HE n 18 5 DKF, ER Ga, Eo KN 4, il
P 25 AR B0 1F 22 R IF Xk g 4 SR b A7 A0 B2, 4
F5—R 8 PR, Hh k5.8 7455 H T KR
TR PR 20T iz 1Y) 5 D) R A A i s, 3R 6 FIER 8
Gyt 5 M T BRI AR, Hob k1—
k5 AT HARAR 455 i R 2 00 O—& 7K - i 5
IR 2 % 035906, R AT 80X b 45 K
NIRRT B U % /2 v o 5 A0 (E (A A 2% . B8
e 280/ T 3 7R B0 32 06 By R 2R A A AN 2
RIZIPR R S R BRI fez, S e B B ey

5 EIXTYIHAR IR A

Table 5. Orthogonal table of tests for shear rate.

U = L

n Ga Eo (x107)
1 1.0 22 5 718
2 1.0 32 20 1152
3 1.0 39 30 1443
4 1.0 45 10 1743
5 1.0 45 30 1673
6 1.2 22 30 798
7 1.2 32 10 1325
8 1.2 39 30 1659
9 1.2 45 5 2078
10 1.2 45 20 2035
11 14 22 30 837
12 14 32 5 1625
13 14 39 20 1904
14 14 45 30 2033
15 14 45 10 1872
16 1.6 22 20 1464
17 1.6 32 30 1747
18 1.6 39 10 2532
19 1.6 45 30 2732
20 1.6 45 5 3707
21 1.8 22 10 3329
22 1.8 32 30 2903
23 1.8 39 5 6200
24 1.8 45 20 4016
25 1.8 45 30 3519

K6 BRI OTUIEAR AR ST
Table 6. Data analysis for shear rate.
W&
IR /02

n Ga Eo

k1 1345.8 1429.2 2865.6

k2 1579.0 1750.4 2160.2

k3 1654.2 2747.6 2114.2

k4 2436.4 2540.8 1934.4
k5 3993.4 — —

R 2647.6 1318.4 931.2

k6 Frw, AEIKFEE n, Ga 1 Eo Xf W 8Y
VI - BIE R 225 51 0 2647.6, 1318.4, 931.2,
AR o X B U R R e K, Ga k2, Eo ¥
e 7 B2 g /0N s X T BE, % 8 Y n, Ga Ml Eo
X L KSR 22 43 51 h 517.6, 1967.6, 114.3, H
1967.6 > 517.6 > 114.3 BHEF, W51 Ga Xf 874
BRI, n IR, Eo L /.
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TR R IESSR
Table 7. Orthogonal table of tests for terminal

speed.
S
(RE2/ YLz (X 10 )
n Ga Eo
1 1.0 22 5 479
2 1.0 32 20 976
3 1.0 39 30 1487
4 1.0 45 10 2001
5 1.0 45 30 2007
6 1.2 22 30 575
7 1.2 32 10 1163
8 1.2 39 30 1734
9 1.2 45 5 2250
10 1.2 45 20 2322
11 14 22 30 614
12 1.4 32 5 1181
13 1.4 39 20 1889
14 1.4 45 30 2654
15 1.4 45 10 2581
16 1.6 22 20 565
17 1.6 32 30 1322
18 1.6 39 10 1906
19 1.6 45 30 2787
20 1.6 45 5 2677
21 1.8 22 10 467
22 1.8 32 30 1326
23 1.8 39 5 1948
24 1.8 45 20 2924
25 1.8 45 30 2873

S XA i R T

Table 8. Data analysis for terminal speed.

R 1E 2
n Ga Eo
k1 1390.0 540.0 1707.0
k2 1608.8 1193.6 1623.6
k3 1783.8 1792.8 1735.2
k4 1851.4 2507.6 1737.9
k5 1907.6 — —
R 517.6 1967.6 114.3
5 % %

R FHAS AT 3E A= 45070 AR S P AR A% - Bol-
tzmann FERIAIFSE T 55 DI EFR AR H A S
THTM, 5307 T HAEFEE n, Eovos 2 (Eo) 1 Galilei

B (Ga) Xz SR s B, 3 DL
e

1) Y n—@f, AR Eo, Ga B34
KGR, Hrp o XML NS Gaf XK.
M Ga BB, B n 38R, SRR B B K
G H—Ir A Ga kLK, KWL EREE
B n MYIG KA RIS,

2) XTI aR ) 4 #F Eo BTG DL, i Lk
FERE GaBERIMIGH, H n X0 Lk B 152
WK T Ga, TN Ga BRI LS B n 8
KAGEHATEGE. 55— H, X T4E Ga WIEN,
M Ga WUEHB/ N, B2 BT VTR A= i A R M
FERUVE 3858, Eo BUE AL/ INS 1) A0 28 i 8 3
SeHG RISV, T Eo BUB RN < i T 32 31
HYTF TR, DRI 26 vt o 2 B m 385 AR 1 K
XIF Ga WUHE KGO, AIF] Eo XTI A8 B #h
LRI n B KB S — L2 .

3) LA BY UGB AAR TR A A P S A
TEBY Y BOR B 1 X, i X3RS Rf Eo, Ga Iy
BRI 73—, O TEK n {6 T 571351
R NIVES TR0 6l N = T TR ) B e 375 P e i
n WIS RS KI5 4 vk

4) FIHIEZIRE LA T Ga, Eo, n =A%
BT B U RN L vl B R B 52, AT R AR
B MB YIRS R K, Ga 30K, Fo B
Mo A2 5 B /0N 6 T L B2, s AR Bl KRN/ iy
RZKIK K Ga, n, Eo.
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Lattice Boltzmann method for studying dynamics of single
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Abstract

Bubble motion in non-Newtonian fluids is widely present in various industrial processes such as crude oil
extraction, enhancement of boiling heat transfer, CO, sequestration and wastewater treatment. System
containing non-Newtonian liquid, as opposed to Newtonian liquid, has shear-dependent viscosity, which can
change the hydrodynamic characteristics of the bubbles, such as their size, deformation, instability, terminal
velocity, and shear rate, and ultimately affect the bubble rising behaviors. In this work, the dynamic behavior of
bubble rising in a shear-thickened fluid is studied by using an incompressible lattice Boltzmann non-Newtonian
gas-liquid two-phase flow model. The effects of the rheological exponent n, the Estvos number (Eo), and the
Galilei number (Ga) on the bubble deformation, terminal velocity, and the shear rate are investigated. The
numerical results show that the degree of bubble deformation increases as Fo grows, and the effect of n on
bubble deformation degree relates to Ga. On the other hand, the terminal velocity of the bubbles increases
monotonically and nonlinearly with Ga for given Eo and n, and the effect of n on the terminal velocity of the
bubbles turns stronger as Ga increases. When Ga is fixed and small, the terminal velocity of the bubble
increases and then decreases with the increase of n at small Fo, and increases with the increase of n when FEo is
large; but when Ga is fixed and large, the terminal velocity of the bubbles increases with the increase of n in a
more uniform manner. In addition, regions with high shear rates can be found near the left end and right end of
the bubble. The size of these regions grows with Fo and Ga, exhibiting an initial increase followed by a decrease

as n increases. Finally, the orthogonal experimental method is used to obtain the influences of the
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aforementioned three factors on the shear rate and terminal velocity. The order of influence on shear rate is n,

Ga and FEo which are arranged in descending order. For the terminal velocity, Ga has the greatest influence,
followed by n, and Fo has the least influence.
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