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Fig. 1. (color online) Sketch of the implementation of

surface tension force.
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Fig. 2. (color online) (a) The sketch of the initial condition for the surface tension validation model; the

configuration of the oscillating fluid a and the velocity vectors inside the surrounding fluid b at different

time: (b) t/Po/pp/L = 0.058; (c) tv/Po/pn/L = 0.286; (d)

t\/Po/pn/L = 1.0.
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FioR, RN T T —Yal KA L IE 5 TR A H a,
H TR IR I ER, £ —Fid KR 2L 1 [F %
JE R AR b rh iR AT f . Jl o W el T
RIMTK S FBININE T2, SN RIELLEL, &
56 2 THI 7 R B R B2 DA KO S B8 AR R S
45 BRI,

KA LLIE T AR Bl a WML K L, %
JE 71 Py = 1 Pafliii &b % FE py, 2 FFAE ) 2
2, A E S B BN, WA IRAR R
Bt pa/pn = 1, B IEMERE 0./, = 1. W
R b IR ) 71 B R Bk N/ (LvpnPo) = 0.5,
PIAH S TH Rk ) R R N B/ (L) = 1.
WA D 30 526 B o T i B, BT
K1), BETEPEMEEZERNO.
R 4 Laplace & #, Wit 37 1% 2 88 € /5, W4 &
JIE W ENTIEN (pa —pv)/Po = (B/RL)/Py =
BT/ (LPy) = 1.772, Hoh Ry Ak a2 B J5
[tz B2 (b)—(d) 44 T t+/Po/pn/L = 0.058,

(p—piie™) / Py

N T @

0 0.46 092 1.38 1.84

tr/Po/pn/L = 0.286, t\/Py/pn/L = 1.0 =AM %I,
TAR B a (0 FEAR K JE BBl 30 32 WD B3 R B oy A, 24
t/Po/py/L = LOK, Jilp il R B+ %, i
B)LT IR BIRE, WiAR a fER K ME M iR
5.

B FEN LA RS A IE 0 2R H 7 )58 AL T B 45
R, S ST A A A TALE A IE
0. i N T = B 3 (a), (b) Bz, AT LA
B NI RAZ IE IS, FAA R a P91 R 75345 58N
B8], MR B IERIER T, TERAAR a4

(TR I N N = g A D o A 1 8
S BT AER, SRR, A% 2 IETR]
FERFANI TR] A R 7 BEAT S S0 A T8, 38 4t L))
AR . B4 (a) A T IR 2 (a) PR AL
BRHSES) (p— pieen) /Py oA, Jerp pprean
AR b B BE, SRR S BT RN
tt, TR BN IE, SPH Bt 4 R

K3 (MFEe) i (a) AR (b) AR IR ML 17516 b

Fig. 3.

(b) without using the artificial displacement.

2.0
(a)  APAAAsSetataArAAR
© 1.5
p
e 10 —— BT
\ fiEtTTfiR
R
1 ) ey o
—0.5
—1.0 —0.5 0 0.5 1.0
HEmNLE «/L

B4 s s IR A A

(color online) The pressure distribution in the flow field: (a) using the artificial displacement;

2.0
AR2 8, AadaAe a8 AR
(b) R!l!!r' "‘!!!!A
© 1.5
gé 1.0 —
I FRATTiFe
ﬁ 0.5 ——H R E T
R
= 0 |
—0.5
—1.0 —0.5 0 0.5 1.0

HEmNE «/L

(a) MHIFRAE FIA TALRAZIE; (b) A 21

Fig. 4. Pressure varies along the horizontal ordinate: (a) using and without using the artificial displacement;

(b) using and without using the interface force.

174701-7


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 17 (2015) 174701

ST ARAT & R, IE N T B IR 5 AR R
T 5 SRR R PR A B AT T AR

DNAR FC G 306 2R 7K 7R R T SR R R
Wi, AR5 28 AN R i in ST A1 OL R, i
J& 3 A 1A ) o3 A B A L, B 4 (b) B, AT
it N 5180 A7 JE, AR P AR AL A T s s
W, ERIRMEFERILE 15% LA, S A1 1573 A
5 55 A AR AT £, Bt 796 T 5K 7 (5 i Al

3.2 EERFSBEBERIE

X EAE AR AT IS, R A DL EE R 0 b
L5 S 435 R B A AU 45 RS B AN 1Y), 37

AT ELARRR AR FE (AR Ak il 2R o) Bl 0L il
TSI S A B AN AT 1, DR S A W R A
AN SPH AU 45 B 5 HAth 28 33008 25 kAT X0
bt SCHR [26] 52 g PRSI aG FR A 40 BT
I, F3 0 B = AN AN [R5 /N2 2K FH Eulerian
5%, Lagrangian 575 DL & Lagrangian-Eulerian 5.
R T o AT B 45 B, A SR A SPH 5 X
AT L. RV EFER SPHAIGG R WK 5, ¥
MSHNE L, HrpEHEH

Re = 2pp, R\/2gR /1,

Hotgy
Bo = 4gp, R /8.

#1  EERAGBEERIEE LS R

Table 1. Physical parameters used in the numerical validation models for rising bubbles.

56l po/(kg/m?)  pa/(kg/m®)  p/Pss  ma/Pas  g/(m/s?)  B/(N/m)  Re  Bo
1 1000 100 10 1 0.98 24.5 35 10
2 1000 1 10 0.1 0.98 1.96 35 125

3.2.1 H#l1

YR IPEG L, REPLEER =025 m, i
WIBmE H = 8R, WHEW = AR, SiEH O K
MEE H =2R, XA T 75 x 150 RT3 T
Fitk 7173 5% Fl Monaghan((20) 2) A1 Hu((21) &)
M ARBAT I, SR RIHE I HE R+ 08
U, AT IR Hu B D AR g 1. xt
LB 6 (a), (b) FTRAE H, UK AN TALEEIE
T, BT a R, Tda N IR o A
T A, KT U s A, ORI+ 4
AT, R FH N TALRAE IF JG 80O R i, Xt
K6 (a), (c) AT BLE Y, 73 BE=U0FE S A% B HU) A
FECRLT 10 A IR SRR LR, SRR =
URE 262 BRBO G YEAN I, SRS Al Bl 7 3 =
A KEEARE, FES kR, &8 7 He SPH R
oL SR 55 SCHR [26] H 13 T B A IS 11 FEM 45
BEAT T LG, BT DA H TE 182 15 it A B 12 1F, <
07 B IS A (1048 4k 35 5 STk [26] 45 5+ 1%
&, BRI TS IER, S izl
FEAFAE I RARY . AL HTiX & B TR T A A Y
E) BT AL B S R . AT, X TR

V3 (Re = 35) i) L GRBHI, N TABEIER
WANTT I, MR BB IR+ 70 i, St s
P R B TS BRI . AP Rk Ty i 2=
AL, HEFH 2.

s

Bk

SN

TAAHD

H

bkt w2
R

it o

N

|
| w |

K5 e s gaate e s
Fig. 5. Sketch of the initial condition for the simula-

tion of rising bubbles.
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(a) (b) (c)

6 (MTIEER) H6l1d e = 1.8 s B AR ZJE BERSIE IR  (a) DA TAB B IED, R ek s
ZEHG (b) RMEIMA TAREIE, RS EHIZEEG (o) I TARBIED, R B =R AL AL

Fig. 6. (color online) Comparisons between the bubble shapes and the surrounding flow flied in case 1 :
(a) applying the artificial displacement and using the improved Gaussian kernel; (b) without applying the
artificial displacement and using the improved Gaussian kernel; (c) applying the artificial displacement and

using the cubic spline kernel.

1.1 0.30 -
(a) (b)
1.0 0.25
0.9 —
g £ 0.20 s
o 0.8 £
i : <
= % 0.15
pa) i
g °7 i
0.6 H 0.10
—a— SPHZHR, IRINIEIE —a— SPHZHR, RIS IEIE
0.5% —o— SC7iR[26] HFEMES 4 : 0.05 —e— R[26] HFEMZE 4
—v— SPHEZR, RIBINNFEIE —v— SPHE&R, RIFIMBEIE
0.4 . . . . . 0 . . . . .
0 05 1.0 15 20 25 3.0 0 05 1.0 15 20 25 3.0
1) /s IRTH] /s

7 (a) FEB 1AL E AL E RN A LR (b) S5 1A b BN (8] 4240 fh 25
Fig. 7. (a) Time evolution of the gravity center of the bubble in case 1; (b) time evolution of the rising

velocity of the bubble in case 1.

3.2.2 HBl2

X 1R RER] 2, SR R = 0.25 m, fifk
W H =8R, 5EW = 4R, SR O BR R &
FEH' =2R. AR 100 x 200 AN RLF 3T,
14 7743 32K FH Monaghan A1 Hu #A AT A,
THE I T A B A8 1 T AR R AL T 7E 3% 4 3
5153, Mt = 3 s, [IETRRWE 8 frs, AT LA
% i Monaghan &4 71+ 5 45 F b, ST 7 )LF
WA /NI BEYE, 1X 550k [26] U E 25 R
AAHFFA, T Hu 264 7485 5 SCHk [26] 285 B AR

(a) (b)

E8 (MTIEM) HEl2dt =3 s HISIEEIR  (a)
Monaghan %14 77; (b) Hu it 7)

%% Hu %ﬁﬁjjﬁrﬁﬁ‘]%l@,ﬁ%jﬁ'ﬁi#ﬂ( [26] EP%H: Fig. 8. (color online) The bubble shape at ¢ = 3 s in
s P10 A 88 SR 0 bt 11 9 Fﬁﬂ—%, Ry s case 2 : (a) using the viscous force of Monaghan; (b)
10 F% SPH 45 31 5 ik [26] A A E D using the viscous force of Hu.
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AN AR AL il 2 R AT XS L, AT LA A R Rk N, HAR S5 SCHR [20] 45 R AT
TEINET, AR E O BB &, Xl B ARTEERRIFE S A N Bos B
b, P AR D A R R Y, (HE AT BTS20 K, Hu (3515 77 REZe 500 e
A E 10 (b) 7T LAE H, Hu B REE D01 1 5 45 gk

t=0.8s 1.8s =22s

t=24s 26 s t=28s t=3s

Ko (MTIRE) AR Z5EG 2 RERS FEM 458 26 fxfth: 204 SPH 45 5% 17014 FEM 4 4t [26]
Fig. 9. (color online) Comparisons between the SPH results (left) and the FEM results [26] (right) for the

bubbles in case 2.

1.1 0.30
(a)
1.0 0.25
0.9 —
g < 020
@ 08 £
. ~
& o 0.15
2 o7 B
L B
06 4 0.10 |} 1
’ ——SPH, MonaghanZi1t: 1 ] 5 ——SPH, Monaghanf&ilt: 1
05 e FEMI26] | 0.05 ¥ —e—FEMI26] 1
——SPH, HufZ% )y ——SPH, HulBkH
04 1 1 1 1 1 0 1 1 1 1 1
0 05 1.0 15 20 25 3.0 0 05 1.0 1.5 20 25 3.0
18] /s Hif i) /s

10 (a) 550 2 RGO A7 BB ) AR I 26 (b) 540 2 A b v 2 EE B N 1) Fry 38 £ A 2
Fig. 10. (a) Time evolution of the gravity center of the bubble in case 2; (b) time evolution of the rising

velocity of the bubble in case 2.
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BASBHEIR A SPH &

SCHR [4] SHE B PR A SO VT 4R Bl R T
IS AEAE T, W A SO HIA B 1L AR 4l K
FIRIE — 453, T %3 Re = 35843, 5 3.2+
Re = 35 ML, Z B PR AE FIm AR B 1 oK
N, HHEARRAE . L5 SPH J7 VRS & T v BUR B
I 34 75 B 5 N BRSNSk i A T 4 A
B8], PR A AR 10 (E X T RIRER
IR, B 7 e i i BV R R IR AR
AZ RFE R AR K, P WL SCHR [2).

KRR LN N FEE R, 46 N1
MRS IEBAR, fEAR A4t N TR oL R,

3.3

'z'- ‘!. v
.\\___'o .
‘H.

(a) (b) ()
K11

BT SCHR [4) B SR 50 26 1R, IR AR ) 4R 1k 1 B
SE5MEL, SRR = 0.0254 m, A
B H = 12R, 58[EW = 10R, il 0 FE R TH &
[ H = 4R, FFH200 x 240 ki T HEAT 5, &6
PR HHu Y A 38, K3 185 B, = 0.001
Pa-s, /K% N p, = 1000 kg/m?, F 7k /1 2%
B = 0.0728 N/m, EJJINEE g = 9.8 m/s?, K
Bt n. /= 0.0177, ZE L pa/pp, = 0.001. A
I i 22 < b B A B R IR a1 11 (a)—(F) BT
N, ATULE H, 1820 VR B 2R
FEAR, SPH R4 B35 5 SL 3G B R AHL. S 5

(d) (e) ()

(MFLEM) (a) t = 0.0107 s; (b) t = 0.0574 s; (c) t = 0.0898 s; (d) t = 0.1724 s; (e) t = 0.2125 s; (f)

t = 0.2625 s (TR, L7 9Bttt 1, R 77 SPH UM
Fig. 11. (color online) The bubble shapes at different time: (a) ¢t = 0.0107 s; (b) t = 0.0574 s; (c) t = 0.0898
s; (d) t =0.1724 s; (e) t = 0.2125 s; (f) t = 0.2625 s; on the top are the experimental results (4] and on the

bottom are the SPH results.
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K12 (a) SIETIERALEE BEIN AI 220 B 2R (b) X Ficdh b 8 FEE B IR 1122 04 28
Fig. 12. (a) Time evolution of the position on the top of the bubble; (b) time evolution of the thickness at

the axis of symmetry of the bubble.
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Fig. 13. (color online) The numerical results of the bubble chasing and merging at different time: (a) t = 0;
(b) t =144 ms; (c) t = 28.8 ms; (d) t = 43.2 ms; (e) t = 57.6 ms; (f) ¢ = 72.1 ms; (g) t = 72.1 ms; (h)

t=283.2ms; (i) t =91.2 ms; (j) t = 103.2 ms.
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Abstract

Based on the principle of virtual works, a multiphase smoothed particle hydrodynamics (SPH) model is further
developed from the foundation of Hu X Y et al. (2006) and Grenier N et al. (2009). In the present model, the
surface tension force implementation suitable for the multiphase flows with a large density ratio is applied, and this
allows a good continuity at the multiphase interface. Artificial displacement correction is applied to keep the particles
distributing uniformly in the whole flow field, and therefore any artificial viscous term is never needed; this is very
important in the numerical simulation of viscous flows since the introduction of artificial viscosity changes the Reynolds
number. Background pressure and interface sharpness force are added in the equation of state and the equation of
momentum respectively to ensure the multiphase interface stability and smoothness; this is essential in the simulation of
multiphase flows with large density difference at the multiphase interface. Two types of viscosity expressions suitable for
multiphase flows are introduced and analyzed; the conclusion is that the formula proposed by Morris et al. (1997) and its
similarly derived forms can give more accurate results. In the numerical validations, an oscillating droplet test is applied
first to confirm the accuracy of the surface tension model and good results are achieved. This demonstrates that the
artificial displacement and the interface sharp force will make negligible effects to the surface tension implementation.
After that, two classic quantitative benchmarks of rising bubbles are simulated and the results of SPH agree well with
the reference data. Moreover, in the two numerical benchmarks, the effect of the artificial displacement, the choice of
the viscosity expression, and the type of the kernel function are compared and finally an optimal combination of these
numerical aspects is recommended. Based on the above numerical investigations, the splitting process of an initially
circular bubble is simulated and the numerical results agree well with the experimental data. In the last numerical case,
the process of chasing and merging between two rising bubbles in vertical direction is simulated, based on which the
mechanisms of these interesting interactions between two rising bubbles are analyzed. It is demonstrated in the present

work that further improved multiphase SPH model may provide a potential method for the research of bubble dynamics.
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