TR
Acta Aerodynamica Sinica
ISSN 0258-1825,CN 51-1192/TK

(BB 22ERD) MEERRX

H - I EH T 2S5 5 00 IR E B AT N BUE R

= EIML, EETT. A, EEX, 6

WA 2023-06-21

M E R HE:  2023-12-29

g1 g FIOML, EET, A, EER, Fh. EEREERSEE SN kK

B EAT ABAERAU[IOL]. 2R3 11524
https://link.cnki.net/urlid/51.1192.TK.20231227.1626.002

@n(rr@;»m

www.cnki.net

P ER: EHmBE LIRS, ffk NSRRI 2 DR R HEBUER . BN S & R S5
B HEMBARCLE, HEEFRATIF B8 FE TR HEROE i de 5 H e fa 4 )
TURFE RGN CBIEMZ LI HBUS IR, AT AEE MAREE . &, WIS, B g % R de
AR 2 HL DU Y CUfh E ) BV s R P B e 1 o S P S8 Al I 2% 1 AR A B e AUAF £ (il
R ERZEB) A1 CITI AR BAE Y A RE s 2 ARWE TR A B . Bl Rl 77 &g
BB TUSCSR R, AR ARANGGAT 9 S AR ABUT s R fh N 2 LA R 15 [ A R 5T i
HURR AR AR, IERAE MG IVEIE 5307 155 87 ANCTRE e TR AL R IR TE S
N ERF ERAI A BRI, SR ERG — 25, AMRBSOESCEH | 1EH . HUE A FRAER A2,
FURTEE T g A HEAT > B0 IE K

HREEIN : AU TR EE I S (R E2EARIT OsfiBoO) By REHARAREL, £ (hHE
FARWIH (MZRREO) HARESRE T & LA 5 405 T N 7 — SR i, DL BRI RO 30, A2 BRI
AR BT HI AR SO AT E R . HERROE RS . BN E R . B (o B AR (RIZRRO) A2 B 5l
FIR) FL A SR A R I 4 S R R (ISSN 2096-4188, CN 11-6037/Z), It LAZE 2 3T 1) 099 4% i 9 24 27
RSN IE AR



2023-12-29 13:55:26
https://link.cnki.net/urlid/51.1192.TK.20231227.1626.002

5428 551 = 5 % Hh ¥ FE R Vol.42, No.1
2024 41 H ACTA AERODYNAMICA SINICA Jan. , 2024

STEH S 0258-1825(2024)01-0001-10

LB HAEESZRESH CRKE
ST A B ERE

v, 2 1,34, % w3 a1 1,23
IIme 81 BB, ERR, I
(1. FE BB SERERCAT, JE5 1001905 2. 7 E RF2E Bk 2 KRB AR, Jb5 1001905
3. E R R K TRERFESE, b5 100190; 4. T RS REHEWER B, T 511458)

W B NS5 EAEE ST, WA SR AR E MR, RIS KA B A 1 55 A
YER . M 0EEIn H TR, Pig RmREBEEMEER, RIS HES. BB kU EKZE A&7 0 R4 1F
FH o A5 SCHR I BB A AT T SRR A R Ik 2 A 4T 8 . BT TR Y OpenFOAM “F & 1) 2 AH 7T i 45 3R it 2%, %
FA A PR A4 BV B 82 KR iR Navier-Stokes 77 F2, I3 FH U 44t UL SR A AR SO SR T o 45 SRR W, 4180 < ¢ gk N 25 38 1 1) 1)
I 5 TG 2 A P By AL R 858 7 (K 38 I i D KK 2 P A e P TG R A P I B I T 8, 3 PR T R 7 190 184 0 v
koD o BRI KR S A4, SRS T IE A BT S A S Gk KZ AL, 32 B K 2 B K 2= A 3R B, i
H, KJZ A& BR 58 5 1 2 -0.92 BIRE R R

KRR SULE A E B il KE S BUE R

FE S 2S:0352 SCHEARIRAS: A doi: 10.7638/kqdlxxb-2023.0112

Numerical study on the behaviors of bubble ventilation and splash closure
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Abstract: When the distance between a bubble and a free surface is far, the direct interaction between the
two interfaces will not occur, showing a weak coupling effect with liquid water as an indirect medium between
the interfaces. When a bubble is extremely close to the free surface, their interfaces are fused, showing a strong
coupling effect of bubble ventilation, free surface splash and closure. In this paper, numerical simulation is used
to investigate the behaviors of the splash closure under the strong coupling effect. Based on the compressible
multiphase solver in the framework of open-source software OpenFOAM, the finite volume method and volume
of fluid method are used to solve the Navier-Stokes equations and precisely capture the gas—liquid interface,
respectively. Numerical results show that the time of external air entering the bubble decreases with the increase
of dimensionless standoff distancey and ambient pressure. The height of splash closure increases with the
increase ofy and continuously decreases with the increase of ambient pressure. By analyzing the forces on the

splash, we obtain the closure mechanism of the splash induced by a bubble near the free surface. It is mainly
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driven by the pressure difference between the two sides of the splash and, moreover, the closure time of splash

satisfies a —0.92 power law relationship.

Keywords: cavitation bubble ventilation; free surface splash; splash closure; numerical simulation
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Fig.1 Computational modelling ( In the modelling, a cylindrical
coordination system O —rfz is set up with the origin O located at
the bubble center, where the r-axis is along the radial direction
pointing outwards and the z-axis represents the axial direction
pointing upwards)
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Fig. 10 Morphology of splash closure for different ambient

pressure conditions at y = 0.15

400
350
300
250
200
150

Ventilation time/ps

100
50

0 2

4

——Ventilation time
—s—Splash reclosure height

6 8 10

Ambient pressure/(10° Pa)

7

S W e

Splash reclosure height/mm

w

E11 y=0.15H=aBSHEMNBKEAESERSSEN

Fig. 11

MR

The evolutions of bubble ventilation time and splash

closure height under different ambient pressure at y = 0.15

BE, AR UCHE G R AL, 22 3 AT RER IR T Se I
AN AU 7K 2 P 5 T 000 B R 2



14 EHEE: T E SR S SR IR Z S AT BB A 9
N @ Splash reclosure time a free surface[J]. Ocean Engineering, 2018, 169: 469-483.
r —_—p 2 doi: 10.1016/j.oceaneng.2018.09.032
[6] ZHANG A, CUI P, CULJ, et al. Experimental study on bubble dynamics
subject to buoyancy[J]. Journal of Fluid Mechanics, 2015, 776: 137-160.
doi: 10.1017/jfm.2015.323
ERTE (7] E527%, XU, EfAT, 5. B AT iR g <08 FHm i
g R IT (J]. 23 %544k, 2020, 38(4): 820-827.
= WANG Y F, LIU Y Q, WANG J Z, et al. Interfacial evolution of a two-
dimensional elliptical bubble induced by underwater pressure wave[J].
Acta Aerodynamica Sinica, 2020, 38(4): 820—827. (in Chinese)
(8]  Fkusdr, sk, AEE . VI KL RE h My d RE M BT 0. =<3 )
2254, 2020, 38(4): 807-813.
1 S ZHANG L X, ZHANG J, SHAO X M. The analysis of pressure wave
! 10 energy during the collapse of the cavitation bubble[J]. Acta
Ambient pressure/(10° Pa) Acrodynamica Sinica, 2020, 38(4): 807—813. (in Chinesc)
12y =015 YRR RAGHERTRENNEE [9] ZHANG S, WANG S P, ZHANG A M. Experimental study on the
Fig. 12 The evolutions of splash closure time under different interaction between bubble and free surface using a high-voltage spark
ambient pressure at y = 0.15 generator [J]. Physics of Fluids, 2016, 28(3): 032109.
3 Qﬂ: . doi: 10.1063/1.4944349
A TE [10] ZHANG A M, WANG C, WANG S P, et al. Experimental study of
interaction between bubble and free surface[J]. Acta Physica Sinica,
ARSI E B AR AR T R oK 2012, 61(8): 084701,
EWEATAEAT THERM . ETIFED doi: 10.7498/aps.61.084701
OpenFOAM S éT , % % ;ﬁ- IKE TZ'S @:{ {z E T% :k ﬁﬁ N-S 77— [11] WANG G H,‘DU Y, XIAO Z 7, f?t a?. Numencal‘ study on forfn'at?on ofa
splash sheet induced by an oscillating bubble in extreme vicinity to a
FE, I8 VOF J5 ikl e Ul A i . 5 2040 T 4548 water surface[J]. Journal of Hydrodynamics, 2022, 34(6): 1021-1031.
1 & AR 7 P et A o 0 3 9 R ) Rk R doi: 10.1007/542241-023-0088-x
W FE 2 F7, & F7. F2T8K 77 15255 BH A7 5 AT DL 2 [12] LIT, ;HANG A M, WANG S P, et a'l. BubbleA interactions and bursting
behaviors near a free surface[J]. Physics of Fluids, 2019, 31(4): 042104.
27 /@,ﬁ% i (] BJE% %%éﬁl JEEl _‘%— ’Y;FH EZN ﬁhﬂi jj i doi: 10.1063/1.5088528
W, KIRKZE AR S E S T e N [13] TIAN Z L, LIU Y L, ZHANG A M, et al. Analysis of breaking and re-
P, BRI RIS, S 2 o i o i
K Z P A I 8] 5 75 5 0 2 TR i A e ~ pm092 3% doi: 10.1016/j.compfluid.2018.04.028
R, GRITERE SN KEE( ~ p—l YAEARL o [14] ROSSELLO J M, REESE H, OHL C D. Dynamics of pulsed laser-
. N o, N N induced cavities on a liquid—gas interface: from a conical splash to a
Z'KI ﬁ[’fﬁ*ﬁm s Y@ﬁ/_:h\ Kz & YD&E ] %% o ‘bullet’ jet[J]. Journal of Fluid Mechanics, 2022, 939: A35.
R, BIEN_HWBMEERRRARESE ., EARK doi: 10.1017/fm.2022.223
E,:Jﬁﬂ:%tpy éﬁ%’g %I A*ﬁ%{%{muﬁ%&j{’ %%Uﬂ”% [15] MARSTON J O, MANSOOR M M, THORODDSEN S T, et al. The
@’ﬁﬂ%’j’;ﬁ‘]ﬁ}%%@i%, ?yﬁ{ﬁ*ﬁ?&ﬁﬂ?ﬁ%ﬁ%%%ﬁ ;if;ztri(r);anrzlsb::;tliirj:’szroel(;il:;;:;:;e:l6sl;eets from free-surface ablation[J].
PEoxf b o Ay, 72 AR BT T, B RS KR A doi: 10.1007/500348-016-2141-9
VAT R IR A0, B8 S — 2 0 ) SR o ) TR A R [16] DUEZ C, YBERT C, CLANET C, et al. Making a splash with water
repellency [J]. Nature Physics, 2007, 3(3): 180—183.
3 doi: 10.1038/nphys545
%jt % jc I-ﬁk : [17] MARSTON J O, TRUSCOTT T T, SPEIRS N B, et al. Crown sealing
[1] HOLT M. Underwater explosions[J]. Annual Review of Fluid and buckling instability during water entry of spheres[J]. Journal of
Mechanics, 1977, 9: 187-214. Fluid Mechanics, 2016, 794: 506—529.
doi: 10.1146/annurev.f1.09.010177.001155 doi: 10.1017/jfm.2016.165
[2] COLE R H, WELLER R. Underwater explosions [J]. Physics Today, [18] YIL, LIS A, JIANG H C, et al. Water entry of spheres into a rotating
1948, 1(6): 35. liquid[J]. Journal of Fluid Mechanics, 2021, 912: R1.
doi: 10.1063/1.3066176 doi: 10.1017/jfm.2020.1147
[3] ZHANG A M, LI S M, CUI P, et al. A unified theory for bubble [19] ARISTOFF J M, BUSH J W M. Water entry of small hydrophobic
dynamics[J]. Physics of Fluids, 2023, 35(3): 033323. spheres[J]. Journal of Fluid Mechanics, 2009, 619: 45-78.
doi: 10.1063/5.0145415 doi: 10.1017/s0022112008004382
[4] PLESSET M S, PROSPERETTI A. Bubble dynamics and cavitation[J]. [20] ESHRAGHI J, JUNG S, VLACHOS P P. To seal or not to scal: the

Annual Review of Fluid Mechanics, 1977, 9: 145—185.
doi: 10.1146/annurev.f1.09.010177.001045
[5] LIS,KHOOBC,ZHANG A M, et al. Bubble-sphere interaction beneath

closure dynamics of a splash curtain[J]. Physical Review Fluids, 2020,
5(10): 104001.
doi: 10.1103/physrevfluids.5.104001



10 o =) BN B S EHEVES
[21] WANG Y F, WANG Z Y, DU Y, et al. The mechanism of surface-seal reduction of an axisymmetric body in oscillatory motions[J]. Journal of
splash during water entry[J]. Physics of Fluids, 2022, 34(4): 042110. Hydrodynamics, 2021, 33(5): 1007-1018.
doi: 10.1063/5.0085761 doi: 10.1007/s42241-021-0089-6
[22] ZENG Q Y, GONZALEZ-AVILA S R, TEN VOORDE 8, et al. Jetting [27] WANG S P, ZHANG A M, LIU Y L, et al. Bubble dynamics and its
of viscous droplets from cavitation-induced Rayleigh-Taylor applications [J]. Journal of Hydrodynamics, 2018, 30(6): 975-991.
instability [J]. Journal of Fluid Mechanics, 2018, 846: 916-943. doi: 10.1007/s42241-018-0141-3
doi: 10.1017/jfm.2018.284 [28] HUANG J, WANG G H, WANG Y W, et al. Effect of contact angles on
[23] WANG J Z, LI H C, GUO W L, et al. Rayleigh-Taylor instability of dynamical characteristics of the annular focused jet between parallel
cylindrical water droplet induced by laser-produced cavitation bubble[J]. plates[J]. Physics of Fluids, 2022, 34(5): 052107.
Journal of Fluid Mechanics, 2021, 919: A42. doi: 10.1063/5.0090696
doi: 10.1017/jfm.2021.401 [29] GART S, CHANG B, SLAMA B, et al. Dynamics of squeezing fluids:
[24] WANG G H, HUANG J, WANG J Z, et al. Study on the entrainment Clapping wet hands[J]. Physical Review E, 2013, 88(2): 023007.
behaviors of the droplet jet between plates considering the doi: 10.1103/physreve.88.023007
hydrophobicity of the plate[C]//Proceedings of ASME 2022 Fluids [30] VINCENT L, XIAO T B, YOHANN D, et al. Dynamics of water
Engineering Division Summer Meeting, Toronto, Ontario, Canada. 2022 entry[J]. Journal of Fluid Mechanics, 2018, 846: 508—535.
doi: 10.1115/FEDSM2022-86006 doi: 10.1017/jfm.2018.273
[25] TANG H, LIU Y L, CUI P, et al. Numerical study on the bubble [31] LEE M, LONGORIA R G, WILSON D E. Cavity dynamics in high-

[26]

dynamics in a broken confined domain[J]. Journal of Hydrodynamics,
2020, 32(6): 1029-1042.

doi: 10.1007/s42241-020-0078-1

ZHAO X J, ZONG Z, JIANG Y C. Numerical study of air layer drag

speed water entry [J]. Physics of Fluids, 1997, 9(3): 540—550.
doi: 10.1063/1.869472

(A% R %)



