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Fig. 1. Abridged view of vortex suction-extraction.
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Fig. 2. Mesh generation and boundary conditions
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rotating wall, 3-water region, 4-pressure inlet, 5-
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pressure outlet.
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(a) w = 0.5m rad/s, t = 23.40 s; (b) w=m rad/s, t = 29.80 s;

(¢) w=1.5mrad/s, t = 27.00 s; (d) w = 2m rad/s, t = 22.40 s; () w = 2.5n rad/s, t = 18.10 s; (f) w = 3w rad/s,

t =16.00 s

Fig. 3. (color online) Two-phase fractions profiles in vortex suction stage: (a) w = 0.5mrad/s, ¢t = 23.40 s; (b) w=mrad/s,
t = 2980 s; (¢) w= 15nrad/s, t = 27.00 s; (d) w = 2n rad/s, t = 2240 s; (e) w = 2.5m rad/s, t = 18.10 s;

(f) w=3m rad/s, t = 16.00 s.
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Fig. 6. (color online) Two-phase fractions profiles in vortex extraction stage: (a) w = 0.5m rad/s, t = 24.10 s; (b) w=m rad/s,
t =33.40s; (¢) w=1.5nrad/s, t =29.50 s; (d) w = 2m rad/s, t = 25.00 s; (¢) w = 2.57 rad/s, t = 22.04 s; (f) w = 3w rad/s,

t =20.08 s.

054701-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 65, No. 5 (2016) 054701

(b)

0.6 0.6
0.5 0.5
0.4 0.4
E 03 g o3
> >
0.2 0.2
0.1 0.1
0 0
0.2 0.1 0 0.1 0.2 0.2 0.1
z/m
(d) (e)
0.6 0.6
0.5 0.5
0.4 0.4
E o3 Eos
> >
0.2 0.2
0.1 0.1
0 0
0.2 0.1 0 0.1 0.2 0.2 0.1
z/m

K7 sl U B & AT

z/m

0

z/m

(c)
0.6

0.5

0.4

0.3

y/m

0.2

0.1

0.1 0.2 0.2 0.1 0

z/m

0.1

(0

0.1 0.2 0.2 0.1 0

z/m

0.1 0.2

(a) w=0.5m rad/s, t = 24.10 s; (b) w=m rad/s, t = 33.40 s; (c) w = 1.5m rad/s, t = 29.50 s;

(d) w =2m rad/s, t = 25.00 s; (e) w = 2.5m rad/s, t = 22.04 s; (f) w = 3m rad/s, t = 20.08 s
Fig. 7. Stream line profiles of vortex extraction stage: (a) w = 0.57 rad/s, t = 24.10 s; (b) w=n rad/s, t = 33.40 s;
(¢) w=15mrad/s, t = 29.50 s; (d) w = 2n rad/s, t = 25.00 s; (e) w = 2.57 rad/s, t = 22.04 s; (f) w = 3m rad/s,

t = 20.08 s.

4) A FE R AN N, £ R CIE R e 1 A
V00 R R R R A I B B Ekeman J IR I G106 55
Bk

BB B e 28 1 il A R E B B
JITRE L PR 8 A B AR 0 AT B U ] 8 . fRAF %
AN DA AR OUT, W e AR AR AN
Wi~ ¥, BRI OMAILERS KO ERME,
bR A R e 42 BUE Al LIRS K E AU
M, mERAT TN B HFmBRAERTED A,
A WKL R HE AN 0, MOT I N HER L R 45
F AN AN R e 1) Ekman il RO AR OR Al SR B
AR, BV, Ekman Jili 58 5 855 .

3.3 3DHELRSH T
TE S TR A, V0370 e i A 0 it s i) 32

AR AR S, R, A g HERERE S5 Ekman
RO AR I R AT R ARSI D N 2. T
ISR T B BRI I A J5 o A, BT ARG 224
37 3D FE R AT BUE T

F &V R ANAE HAE LT, X € R w
21 rad/s K 3D 15 EASE BT AT 40 b1, IR
HrpHER VR, AR R FHad F 26 A 9 B
7N, K HH Cooper 53877 3, 5 K A A4 o 0 [X ek idk
AT RSN, A% 4k 343322 4.

B 10 FRE 11 Rk A S S o il BT 3l 4y 1
w = 2 rad/s B, HEH TR 5 & AN E B R B
(E] R4 2R 5040 #0 S H 4a HE, R B
KA BHER . EXHEEROR, 3R B L R K
KRN S HER B AR AR T 20 s 2 J5 H I ) 2
MRS, H 28 SFK IR B A0 K.

054701-8


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) 32 % %  Acta Phys. Sin. Vol. 65, No. 5 (2016) 054701

A
0.6 -
0.5 E
0.4 i
é 0.3 -
0.2 g
01 3
0 - pe
02 01 0 01 0.2 02 01 0 0.1 0.2
z/m z/m
A (q) L (e) 0.95
06 3 0.85
0.5 - - 0.75
0.4 - — 0.65
é 0‘3; _ 0.55
0.2 - - 0.45
0.1 - : - 0.35
0 :_ g :_ 0.25
TR R R R R o e e e o2 o1 0 o1 o

z/m z/m z/m

B8 (MTIEM) RFEMBHMHRAMNHEE (a) w=0.5nrad/s, t = 24.90 s; (b) w=m rad/s, t = 44.00 s; (c) w = 1.51 rad/s,
t=38.50s; (d) w=2mrad/s, t = 28.24 s; (¢) w = 2.5mrad/s, t = 23.54 s; (f) w = 3m rad/s, t = 22.50 s

Fig. 8. (color online) Two-phase fractions profiles in vortex penetration stage: (a) w = 0.57 rad/s, t = 24.90 s; (b) w=m rad/s,
t =44.00 s; (¢) w = 1.5m rad/s, t = 38.50 s; (d) w = 2m rad/s, t = 28.24 s; (e) w = 2.5m rad/s, t = 23.54 s; (f) w = 3n rad/s,
t = 22.50 s.

ressure-inle 14
Rotating-wall P/ let A
12 |
o0t
Pressure-outlet 2
< 8 [
T 5
Z"‘L‘\X = 61
i
2 o4t
9 (MTIRE) 3D Pk Koy 54 A4 e 5l
Fig. 9. (color online) 3D mesh generation and bound-
ary conditions. 00 10 20 30 40
i) /s
0.7]
06 BI11 AORH AL B I R A% i 2 1)
IZ’D 0.5 Fig. 11. Air phase quantity curve with time variation.
< 0.4
]
£ 03 HE I R b I, A PV I T R W R FE B
0.2 S AN Y N bl
" R B, A HE AR SR K, A W
b L e, TR S, SEUK TR R, ful 12
B /s IR, AR IR R AR IE R oK E L S
10 BURFTEAL R B )2l 2 Uit PR R oz 8 A 2 B AR AR BUROK,
Fig. 10. Liquid phase quantity curve with time variation. Xﬁﬁjﬂ:ﬂ( EI(J :FIFOZI:L% lg DI\IJ %ﬁ%@j&*ﬁ iEE, ﬂF 'EIZ'I %7@,

054701-9


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % 3k Acta Phys. Sin.

Vol. 65, No. 5 (2016) 054701

AR RRREOR. 1B 13 9 B Bms AR I SE AR AL i 2k
K, DL 202 2 it K 1, JF BT i 2
Ekman 2 5 JZ K m B, WEHARENTR. LR
5B 4 (d) 4RI T B Ekman 14 542 T
1E 2 J5 1 LR TARA .

0.95

0.85
0.75

10.65

Water interface

Water zone

Air bubble

K12 (FTR ) U BOp AR AR AR - S 1
Fig. 12. (color online) 3D fraction profile in vortex

suction stage.

Air streamline

13 (PITIR(R) R B PR SR AL i 2
Fig. 13. (color online) 3D stream line profile in vortex

suction stage.

XTI A, AE AR b AR AR I O Y
W, TREHUR AEAE S BB Y A, W) — e AP
RE B AR R W 1) /N B R i g i A i A
FSE, B & R RIE R, I Ha i e
JROBEWA, 7N RUEE IR A B 2 AN EE 1Y, T 4k 22 Al 2
SR/ . T AE KRS S /N R85 25 AN 2R i (1)
T BT AT VG I 1) Py, A — B #0 R AE RE E  R RE
) 50 /N ROBE I PR — 2% 1) B /N — R i A e B 4 AR

FE i i 5 AN T VEEUR K, BRI AR F A KR ]
BRI R T 2, A e R s AR A O
TR IHIPE M. i RS R R D, LK
RIS T 1IN, BEER P/ A&IL, Rk

FHEREHCR AR Bk, B T HH I AR s ok i
T 51 REKE 2 12 $5 Ja B BB FE Al .

M B 13 BT iR B ZOY #% TH IR 2k 5 A &
Bl 4 (d) FI B 7 (d) iT LAE Y, ST 25 48 R M Ak K
JBE W A0 Bl 24 1) /NI, 52 B 45 2% S Ekman 121
FHZREVER SR, S RAL B AR e, AR
ge-rim v, HILZ B EASRRINR. HIE& D
BUALZR SO0 B W S B AR B L 2R, B
AW B )3 2 25 £E 2 B AH S AN Bl BN 1) (%) 2% 44 T
AR Ak FE I A ) ) A2k, BE AOTRORE S AR BE
PRI HE, Ekman il WA #85A K A4 e, /)
Ekman W 5 B2 KN S H & 2 /D TR, %45
55 Andersen % 119200 ) S 06 U AT — B0, ok
Ah, FEIR B R JE WA IR B B Bl & 1Y) Ekman 122 53
JZEEZ10.1 em, HILHE T Ekman 3% 5] 42 1
TR, % TR R L B 4 A 5 Lewellen 1)
Fil Batchelor (301 fity 256 45 AR

3000

~t=18.40s

2500  ~t=22.40s

t=23.00 s

~t=24.00 s

§ 2000  —t=25.00s

< £=26.00 s

= ~—t=27.50 s

1500 ~t=28.24s
R

1000

500

1 1 1
0 0.04 0.08 0.12 0.16 0.20

Ly AsfR /m

14 (MTRE) A RHERBAE [ 570 4
Fig. 14. (color online) Radial pressure profiles in dif-

ferent drainage stages.

K 14 I BUR LS 1 E 2 = 0.15 m 7 &
BE o AL 2R 1. %A I BUAE AR R o A s A )
JEJIFEAAAR, t = 18.40 s I [ 5 /7 W] & v T HoAh
I 2 & DAL A R I F) e s 0 s A T3l IR 70,
e 3 e s BB R FA e 220 s R A R [ U A
NI, B B, Sk 5
HEA R, B H T B, Rl A LR R AN
A2, BT LB I RE S IS 7y 20 K SRR A R
ERBGUH, 577 HER IS S T Ekman $li
VEFIREMAAN R 2, IS 0 LT 5, Pl id e o 2
ARG I O 2 S, T it 3 9 P2 AN AR R DL R
Ekman 14 52 5 LI AN KA, PR g 1
B .

054701-10


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 65, No. 5 (2016) 054701

4 % @

H HVCIAUE % Ekman J2 8 & S AL HLEE B A
HE M RIHE S S bR TR & S AR SCE X
iR BT 2 A0 VOF f 8 ke BAY, 37 T
THI 1) e i Ekman $iltWRIE A 8 75 AHB) ) 27 B8
SR8 T TH 7)€ i Ekman Jl1 W 88 40 72 (0 H 8 07 5
THRE, TSI E 250,

1) FEXI R 3 oy BB AN RSO T, TEIR e
AT Hih AL B 25 28 e T 320 77 1) v B2 R
ANAR s WS B AL T AR A A S L7 [
(A SRR VA= RS ITpuR e

2) LEWTAR VLB ISR AR AT, W R B ) T e
BRI IN, Ekman 34 52 5 AR RN,
VAR FIYE B R #hi B3 % B B Ekman fif
LSSV CEER

3) 1E & Fd AU IR LA AR I B R, ANEIL
g AL AE WA & FE B BE, Ekman il R #AS
RASAE, B Ekman W & R/ 5 HER & 2 />
TR,

B EH VI B I Tl W T 3 B 1P A A
PR — AR 2R R AR Bl ) 2 0], A SCHE 77
BT T A w2, Frs it R 4 51 v o 3 Hil
eI T OV LIE 7 T B AR I 2 2%, ATl
BB ARE EaM B AL AL TR 8 KA
TR G U Jie e 428 1) £ AL ) BRSSO AL
AR B B So R T 0 TR VL i [ SR s AL |
T4% T Boltzmann J7 1% ¥ 311 75 3 W AH 3% 38 B3 77 THI
TFRE.

RPN

[1] Tan D P, Zhang L B 2014 Sensor. Actuat. B: Chem.
202 1257

[2] Ji S M, Weng X X, Tan D P 2012 Acta Phys. Sin. 61
010205 (in Chinese) [TFEMS, FHE, HHS 2012 P82
it 61 010205]

[3] Mazzaferro G M, Piva M, Ferro S P 2004 Ironmak. Steel-
mak. 31 503

[4] Ji S M, Xiao F Q, Tan D P 2010 Sci. China: Technol.
Sci. 53 2867

[10]

(1]

(12]

13]

[14]

[15]

[16]

[17]

054701-11

Gai J, Xia Z H, Cai Q D 2015 Chin. Phys. B 24 104701
Koria S C, Kanth U 1994 Steel Res. 65 8

Santos F, Gomez-Gesteira M, de Castro M, Alvarez I
2012 Cont. Shelf. Res. 34 79

Chen G J, Zhang Y J, Yang Y S 2013 Chin. Phys. B 22
124703

Chen J L, Xu F, Tan D P, Shen Z, Zhang L B, Ai Q L
2015 Appl. Energ. 141 106

Tan D P, Ji S M, Li P Y, Pan X H 2010 Sci. China:
Technol. Sci. 53 2378

Tan D P, Li P Y, Ji Y X, Wen D H, Li C 2013 IEEE
Trans. Ind. Electron. 60 4702

Li C, Ji S M, Tan D P 2013 IEEE Trans. Power Elec-
tron. 28 408

Tan D P, Ji S M, Jin M S 2013 IEEE Trans. Educ. 56
268

Tan D P, Li P Y, Pan X H 2009 J. Iron Steel Res. Int.
16 1

Zhang L, Huang S X, Du H D 2015 Pure Appl. Geophys.
172 2831

Han Y Q, Zhong Z, Wang Y F, Du H D 2013 Acta Phys.
Sin. 62 049201 (in Chinese) [# AL, #id, T =g, F1
¥i 2013 #HEH 62 049201]

Wang Y F, Gu C M, Zhang X H, Wang Y S, Han Y Q,
Wang Y F 2014 Acta Phys. Sin. 63 240202 (in Chinese)
[Ez g, UM, skiver, ERI, &5, TR 2014 ¥
2R 63 240202

Lundgren T S 1985 J. Fluid Mech. 155 381

Andersen A, Bohr T, Stenum B, Rasmussen J J, Lautrup
B 2003 Phys. Rev. Lett. 91 104502

Andersen A, Bohr T, Stenum B, Rasmussen J J, Lautrup
B 2006 J. Fluid Mech. 556 121

ZhaoZ Y, GuZ L, YuY Z, Li Y, Feng X 2003 J. Xian
Commun. Undv. 837 85 (in Chinese) [BX7K&, WJEHK, Al
KE, 22, 5T 2003 P28l K4 37 85)

Osher S, Sethian J A 1988 J. Comput. Phys. 79 12
Tan D P, Ji S M, FuY Z 2015 Int. J. Adv. Manuf. Tech.
(Published online, DOI: 10.1007/s00170- 015-8044-8)

Li C,Ji SM, Tan D P 2012 Int. J. Adv. Manuf. Tech.
61 975

Shapiro A H 1962 Nature 196 1080

Jeong J T 2012 Theor. Comp. Fulid. Dyn. 26 93

Ma W, Liu J, Wang B 2009 Wear 266 1072

Zhao Z Y, Gu Z L, Yu Y Z, Feng X 2002 J. Hydraul.
Eng. Asce. 12 1 (in Chinese) [k, IR, iK%, 5
B 2002 /KF2R 12 1]

Lewellen W S 1962 J. Fluid Mech. 14 420

Batchelor G K 1967 An Introduction to Fluid Dynamics
(Massachusetts: Cambridge University Press)


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1016/j.snb.2014.06.014
http://dx.doi.org/10.1016/j.snb.2014.06.014
http://wulixb.iphy.ac.cn//CN/abstract/abstract18967.shtml
http://wulixb.iphy.ac.cn//CN/abstract/abstract18967.shtml
http://dx.doi.org/10.1179/030192304225019315
http://dx.doi.org/10.1179/030192304225019315
http://dx.doi.org/10.1007/s11431-010-4046-9
http://dx.doi.org/10.1007/s11431-010-4046-9
http://dx.doi.org/10.1088/1674-1056/24/10/104701
http://dx.doi.org/10.1016/j.csr.2011.12.004
http://dx.doi.org/10.1088/1674-1056/22/12/124703
http://dx.doi.org/10.1088/1674-1056/22/12/124703
http://dx.doi.org/10.1016/j.apenergy.2014.12.026
http://dx.doi.org/10.1007/s11431-010-4073-6
http://dx.doi.org/10.1007/s11431-010-4073-6
http://dx.doi.org/10.1109/TIE.2012.2213559
http://dx.doi.org/10.1109/TIE.2012.2213559
http://dx.doi.org/10.1109/TPEL.2012.2188043
http://dx.doi.org/10.1109/TPEL.2012.2188043
http://dx.doi.org/10.1109/TE.2012.2212707
http://dx.doi.org/10.1109/TE.2012.2212707
http://www.chinamet.cn/Jweb_gtyjxb_en/CN/abstract/abstract145220.shtml
http://www.chinamet.cn/Jweb_gtyjxb_en/CN/abstract/abstract145220.shtml
http://dx.doi.org/10.1007/s00024-015-1063-4
http://dx.doi.org/10.1007/s00024-015-1063-4
http://dx.doi.org/10.7498/aps.62.049201
http://dx.doi.org/10.7498/aps.62.049201
http://dx.doi.org/10.1017/S0022112085001860
http://dx.doi.org/10.1103/PhysRevLett.91.104502
http://dx.doi.org/10.1017/S0022112006009463
http://dx.doi.org/10.1016/0021-9991(88)90002-2
http://dx.doi.org/10.1007/s00170-011-3621-y
http://dx.doi.org/10.1007/s00170-011-3621-y
http://dx.doi.org/10.1007/s00162-011-0226-x
http://dx.doi.org/10.1016/j.wear.2009.01.051
http://dx.doi.org/10.1017/S0022112062001330

# 32 % R  Acta Phys. Sin. Vol. 65, No. 5 (2016) 054701
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Abstract

The suction-extraction phenomenon occurs in the formation process of free sink vortex (bathtub vortex), and it is
a complex gas-liquid coupling matter. The Ekman layer coupling and its evolution mechanism involved in the above
matter possess important scientific value and practical engineering significance. To address the above issue, a modeling
and analytical method for the Ekman suction-extraction evolution mechanism of free sink vortex is proposed.

Based on the multiphase volume of fluid model and turbulent kinetic energy-dissipation (k-¢£) model, a gas-liquid
two-phase fluid dynamic model for free sink vortex Ekman suction-extraction is set up. Considering the rotating and
shearing characteristics of sink vortex, a two-phase surface is reconstructed by piecewise linear interface construction
method. Based on the above models, the internal relations between initial rotation velocity component, drainage capacity
and Ekman suction-extraction are investigated, and the corresponding flow field profile regularities are revealed.

According to the results of a series of numerical instances, some regularities are obtained as follows. 1) If the initial
velocity disturbance is variable, the distances of the suction and extraction holes from the container bottom both keep
constant. In the suction stage, the suction hole is located at a fixed position above the container bottom surface, and the
extraction hole is in the plane of the bottom surface. 2) If the initial disturbance is enhanced, the rotation velocity of the
suction stage increases, and the suction and extraction heights and Ekman layer thickness become larger, while Ekman
suction-extraction intensities of suction, extraction and penetration stages turn weaker. 3) If the initial disturbance is
invariable, the heights of Ekman suction and extraction remain unchanged, and are independent of drainage capacity.
4) The small-scale vortexes separated from the large-scale ones in the bottom corner of container take on a phenomenon
of flow around by a right-angle, which is caused by the viscosity of Ekman boundary layer and the potential flow of the
sink hole. 5) Considering the stream line profiles of suction and extraction stages, the dispersion of stream lines keeps
constant with the time going by, and the stream lines near the central region of vortex tend to be converged by increasing
the gas-liquid coupling.

In general, the results can offer useful reference to the research work of free sink vortex formation mechanism,
and provide technical supports for vortex suppression control of the areas of metallurgy pouring, chemistry separation
and hydraulic drainage. The subsequent researches of the fractal based sink vortex evolution mechanism and lattice

Boltzmann based phase surface tracing will be carried out.
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