Chinese Physical Society

Mﬂﬁﬁ Acta Physica Sinica

. Institute of Physics, CAS

85 BRREEELERREKSTREVIEGR
I RAE FHHAE FFE

Formation mechanism of water jets induced by the interaction between bubble and free surface
Zheng Jian Zhang Duo Jiang Bang-Hai Lu Fang-Yun
5| H15 2. Citation: Acta Physica Sinica, 66, 044702 (2017) DOI: 10.7498/aps.66.044702

7E 2% %32 View online: http://dx.doi.org/10.7498/aps.66.044702
23N %% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2017/V66/14

AT RERCH B B S &
Articles you may be interested in

PSR T I 10 B) ) R
Dynamical behaviors of cavitation bubble under acoustic standing wave field
YH 40,2015, 64(12): 124702  http://dx.doi.org/10.7498/aps.64.124702

IR G BE I KR o 45 0KAT A
Freezing behavior of droplet impacting on cold surfaces
YE%24.2016, 65(10): 104703  http://dx.doi.org/10.7498/aps.65.104703

INAIRARN K A LR T 7T
Water-entry cavity of heated spheres
PP 2242016, 65(20): 204703  http://dx.doi.org/10.7498/aps.65.204703

AEERTE BB 95 7% 47 K Bjerknes JJ 52
Influnece of nonspherical effects on the secondary Bjerknes force in a strong acoustic field
YyH % 4.2017, 66(1): 014302 http://dx.doi.org/10.7498/aps.66.014302

T P HUR B K T SRS ) SRR AL
Spatial correlation of underwater bubble clouds based on acoustic scattering
VP 2E4%.2017, 66(1): 014305  http://dx.doi.org/10.7498/aps.66.014305


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.66.044702
http://dx.doi.org/10.7498/aps.66.044702
http://wulixb.iphy.ac.cn/CN/Y2017/V66/I4
http://wulixb.iphy.ac.cn/CN/abstract/abstract64469.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract64469.shtml
http://dx.doi.org/10.7498/aps.64.124702
http://wulixb.iphy.ac.cn/CN/abstract/abstract67319.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67319.shtml
http://dx.doi.org/10.7498/aps.65.104703
http://wulixb.iphy.ac.cn/CN/abstract/abstract68405.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract68405.shtml
http://dx.doi.org/10.7498/aps.65.204703
http://wulixb.iphy.ac.cn/CN/abstract/abstract69071.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract69071.shtml
http://dx.doi.org/10.7498/aps.66.014302
http://wulixb.iphy.ac.cn/CN/abstract/abstract69149.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract69149.shtml
http://dx.doi.org/10.7498/aps.66.014305

1) 32 % ] Acta Phys. Sin. Vol. 66, No. 4 (2017) 044702

K588 %REMEEERFBRKS REHIEMR
W kA hHE SEE

(FEBIR A ROR R E R BT, KD 410073)

(201649 A 8 HikH; 2016 4 11 A 26 HY R &0H )

NBRFURGR S B AR AR ELAE R TR SOK SR IR, T e 550 R Gt B AL 5 = ik sh A K S
WHLGGHAT 7 SEIRWIT. I SO RPIRTR I, 1981 7 AN FJC B4R B 26 18 <5 A i A AR
IR AN RN N f B A R A R I XE A A 00 R KSR TR G R ) R REAT 204, AL Ik
Jiksh 51 R K T L3l 5 — KBl 51 R AR T sl (4 8o 7 A A DK T B0 S se B PEHLER, T~ RE e A
T P G R 4 B 0 X A YR BT ) B I A SRR o e ME RS . WF TS R DO S B B A AR S BOh

ALK L B AR BUB AL AN S 55

KRR M, H BT, SEIR, Pl
PACS: 47.55.dd, 47.55.dr, 47.54.De

15 =

YEZLETO IR A I BB IR, 22 AE /KT e 2
BEFA, AN RIRERAEANA S
Ji 2 Rk 3h, FE2 72 ks i fE v AN b BV, RS
VAR (bubble jet). KTIX—IEHIHFF, BN
S AT R E AR AN E I A, ot TR

12 BkBh 73 Fik sl JE A AR S A B 02

Sty B S DTV RF AT ARk, BEAE K R MR
P8 B 7« b A S s i Tz R, & Rl 5t
A AEAE A IR IS BN A5 5 N 2k, TE R K+
IS BN 1220 DL A gei 2 B 175 K.

H VR T A2 7K R R E SR B L 1 5 5%
Pz —, LRI IK 7K T B KR Il A7 . 55 R}
X Cole BVIE H K R IR ME— b, XF7E E H T YT
(1) 35 = ) SIS B 51 S ) 7K T I R A T 1 2 1)
Ui AR IR, W SR I AR R KT B
K R K S A SR A5 i X K T R ) K/
HGI TR 25 bt 245 G PR R BT A2 A, JAAE 5% Il it ) Bt 92
RUETRAEMERTE S MS%. Kendrinskii V) 78
Cole Z 0 7538 TAE BIZEA _b, X /KR HE R 7K 5

T #E/E#H. E-mail: zhangduo@nudt.edu.cn
© 2017 FEYIEF S Chinese Physical Society

DOTI: 10.7498/aps.66.044702

TBL G R — LE B B S S5 RN AR ) SR AT
THBORGUNEE, FF R HEE IR KR 1K
HUBErR 0 2 BELA 3R, 1 o o 0 X Gl 7K
K A RN T L K S LB o T DL
W . DRI, AERIE UK T R IE S B K B R,
A LR e i SRR AT 5 T A A AR
I RE. AEPRTUKGHR M AL, 7T B 25
JEAGL S HRT A AR AR, T HANE RS b
BHIFZA.

Xt T E RIS B R AR AR ) SE R
0, EEA K IELRE s U015 RO < 5
B KRS RN S0 T AR RO L Ak
7 A DR XE S5 [ R P B A, L o o Y SR AT R T
ANTT 3 G, DR T AN 2 7K S UL T AL B 9 FR) .
AP S 56 4 I RE B R VR A AN [R] 2 2273 Dy Ha ok
EARRIRT N R E i U EA N Ao N S ES
DA IR 2 24 A AR S 46 1 07 3, X
B O IS S R PEEEAT 7T, BRI SR
Ji AT SCHR [14, 15] 55, Ho'e B A 7 i E 2
SCHR [16—20]. X EESLI6 7 SR R, #RAEE R
g ., TR MELE, fEIEH USR] T2

http://wulizb.iphy.ac.cn

044702-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.66.044702
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 66, No. 4 (2017) 044702

RLA. PR SR s Ie , H KRS REEAE
10 mm i Ay, SHLKE) A IRE =80 8 4 WOk ki
AR BEAE 1 mm B, SIS A AR &
G S0F Ee PR ARG 792, WO AR R 2% A
SEONTZ]. WA SR B KA 1) 77 XA BUR, ox
S B HREAE BLAE TR K S IR R TR L B
HATHHIE.

s e 8 2 150 1) P Hl K P63 S X LT
HH 321 5 BRI (38 B AR T AR BUR 7L, $048S
BT —RANEW HRAZSEMER LS B HK
A EAEH MBS ER, R4 a4 7 HHR
T AFAE X SIS R S HUN e, et 72T
ENPEE e (RPIEAIE O B R ER d 5
R RIS, 128y = d/R) K E B
RINTHR TR, BrS B 451003985 B BT AH
HAER B FAEE AR T R XRA.

B 50 A1 AE BB A 40007 TR T AR 2 AR,
FESE S B A AR R R 7 sk, A
AR 2 1 2 i T A B8 1934 5 Tt v (bound-
ary element method, BEM), t#x14 1 4 75 ¥4
(boundary integral method, BIM). [E N /ME £ %
F R X PO ERSIB) 5 B EAT TR AR,
A Taib 21 Blake 2 21-231 ' Blake Al Gibson [24,
Zhang % 12°) Wang %5 [26:27]; [5] py Q165 A A0 R0
i P81 gk R 524 P Zhang %5 BOL Al AT A A 1K) i)
R R BB AL A B SELAE B e T AR
BE T R B A RFE . 2R MBS RHESE, X TARE
NARIEH JIF EE F AR T AR A RN R T B
AR F WA 7O, flr, SRS — ka2
Jo B IS ) Y R T 32 3l I R T 46 51 AR AATTI 5%
T (X BB G AE Tk B 8 2 U5) 1) se B ot e i A3 31 T
=48, B LA BUE B P B 78 2D), il Wang
5 B I R T ik gk S T R Rk s
ZJE BN TE] N AR TR (R A, e R T TR A
(0 TE 5145 R 5 S0 B UF R & B Han 25 20 F0
Li % B3] AR 00 55— Ik 3h 2 5 B3 RSB I T
L ARSI K R BIEAR, TS B TE B A R
SR G B A, N T BEARDE
A7KTH IS T LB, A 0 B S — )k
ZJE A A AR AT B 9T

AR SCAE S ke B v 2 U5) SOt ) e K TR REAR, B
ITHEEE T KA SEIR AN &, #it 7 — &

I A SR SR, JF A B e SRR R R K
IR SIS AN KT B ARSI R #EAT T
8¢IRER T ORE S0 IR AN X S IR
AR MR M, APEEh 0 A BEXS SCHR [15] B 51l
RN AR R I GGEAT T e, HFa /i T
TR EINSERL. i a R RIS S
H V0 T A LA P B AR BBl ) 8 0 R AN TR KA
PR ARSI, BT BB B e R AR
PRI, 58— IR B AN R ksl A 1K SR
TR FRER A B8 2 R AR AL, IXEE R R 3L
RE T KSR B ARITEA. Fri3E5enT DO
YT R SIS TERE I TSR AURT AL A AN 2%

2 EIRhFEGZBRRE

AL CH KL B A, BITHE T
7 5% B H K A8 SR AN T &, F DA<t
58 A LS NS R %S
MCH-K1205D %Y B jfife & L . FASTCAM-SA1.1
R AR AL, 3 120 W LED 47 SR #2 4t 3% 45
TSR, AR BEAE 0.1 mm FI4HEH 22

Bl 1S B s E B P & Bl YA
SR B E AR B AR AR A
L R, B PR H R SR (AC) F AL A B
(DC), I ARG A4z ) F s i e e, AT R B e H
JEBITE RN 0 2 120 V; 55 35 MK AE, 2440 H Ak
TEACRRRIT, N AR U B TSI, FF4 B
AT E AN R B ReAl K H T (8 AR R S
THT 49 e JEE 42 1 0 i A0 5 7K S I g 2 =30
Gy RYERISEE, AT LA A4 ) A Y AR s A e £
Sl s SR VU 43 A e AR AR, SRR S a6 i
FE B 7K LA K T I Gk AT [R50 3%

LED/T A =

K1 AT anEl

Fig. 1. The bubble experimental platform.
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(a) (b)
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(d) (e)

()

(RTIR ) TR I S = 2.154 F f9 K 6 6 it 72

(2) (h) ® 6)

(k)
(a) t = 0ms; (b) t = 1.3 ms; (¢c) t = 1.6 ms;

(d) t =2.0ms; (e) t = 2.4 ms; (f) t =5.7 ms; (g) t = 11.9 ms; (h) ¢t = 23.5 ms; (i) ¢ = 31.5 ms; (j) ¢ = 45.5 ms;

(k) t = 54.5 ms

Fig. 2. (color online) The dynamic process of the formation of water jets for 4y = 2.154: (a) t = 0 ms; (b) t = 1.3 ms;
(¢)t =1.6 ms; (d) ¢t =2.0ms; (e) t =24 ms; (f) t =5.7ms; (g) t = 11.9 ms; (h) t = 23.5 ms; (i) t = 31.5 ms;

(j) t =45.5 ms; (k) t = 54.5 ms.
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[Tt

(a) (b) (c) (d) (e)
3 (MTRG) TREMNEE ¢ = 1.571 N FKHRIERIERE

E

TS

() () (h) ® 6) (k)

(a) t =0ms; (b) t =1.3ms; (¢c) t = 1.8 ms; (d) t = 2.4 ms;

(e) t=3.7ms; (f) t =6.2 ms; (g) t =11.2 ms; (h) t = 14.7 ms; (i) t = 21.2 ms; (j) t = 36.2 ms; (k) ¢t = 53.2 ms
Fig. 3. (color online) The dynamic process of the formation of water jets for vy = 1.571: (a) t = 0 ms; (b) ¢ = 1.3 ms;
(c)t=1.8ms; (d)t =2.4ms; (e) t =3.7Tms; (f) t =6.2ms; (g) t = 11.2ms; (h) ¢t = 14.7 ms; (i) ¢ = 21.2 ms; (j) t = 36.2 ms;

(k) t = 53.2 ms.

BlAFT R N EENEEE 1.0 < v < 12071
KSR G AR, 5 SR [15] FR A vk R B K R X
L EAREE B KT EE B8 9 mm, KL
N8 mm, XN TC AR B vy N 1.125. B4 A
LER, £t =010 ms A, K, H dR
6. H T Bjerknes 2B, < T o 4% H
W B AR I, fE¢ = 1—1.8 ms ], <Lk
45, H S S AE R, SR TE M T 1)
R ASLE AL, YT BB S TR HE TR R (1 B
). fEt = 1.8-3.5 ms W], K4S kA MK

(a)
B 4
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(R 6) etk SR B e = 1125 I B K S JE A 72

2y, W RSN, I £ HET R ™ A i B AL
t = 3.5 ms ZJ5, J& BISHIE EL R B IR PLEh K
RIHETE, JFIZ0T 0 2w B SR R EERN
gitly. ZJami#E — LIt IFAE63.3 ms 2RIk E
RS, 29876 mm. EREASREF, Kk
T BRI 5 B 56 i 56 45 7R R K 3h T B HE T TR
P8 R A JRy S B N, S ] v (631 P A IR 5 4
ZJa, ORGSR B HTAE L O [ A, B Z A R Ay
TR B AL A SR KA.

Z

A~
=

B

..

(g)
(a) t

(h) () ©) (k)
0 ms; (b) ¢t = 1.0 ms; (¢) t = 1.5 ms;

(d)t=18ms; () t =2.0ms; (f) ¢t = 3.5 ms; (g) t = 4.7 ms; (h) ¢t = 10.1 ms; (i) ¢ = 21.1 ms; (§) t = 32.4 ms;

(k) t = 63.3 ms

Fig. 4. (color online) The dynamic process of the formation of water jets for 4y = 1.125: (a) t = 0 ms; (b) t = 1.0 ms;
(¢)t=15ms; (d) t = 1.8 ms; (¢) t = 2.0 ms; (f) t = 3.5 ms; (g) t = 4.7 ms; (h) ¢ = 10.1 ms; (i) ¢ = 21.1 ms;

(j) t =32.4 ms; (k) t = 63.3 ms.
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(a)

(b) () (d) (e)

K5

(£)

(MFIEME) RNy = 0.857 I {1 7K 5 i i 72

(g) (h) () 3
(a) t =0ms; (b) t = 0.9 ms; (c) t = 1.3 ms;

(k)

(d)t=16ms; (e) t =18 ms; (f) t =25 ms; (g) ¢t =3.7ms; (h) t = 9.3 ms; (i) t = 14.1 ms; (j) ¢ = 20.4 ms;

(k) t = 28.4 ms

Fig. 5. (color online) The dynamic process of the formation of water jets for 4y = 0.857: (a) t = 0 ms; (b) t = 0.9 ms;
(¢)t=13ms; (d) t =16 ms; (¢) ¢t = 1.8 ms; (f) ¢t = 2.5 ms; (g) ¢t = 3.7 ms; (h) ¢ = 9.3 ms; (i) ¢t = 14.1 ms;

(j) t = 20.4 ms; (k) t = 28.4 ms.

Bl 5 s N R ENEE R 0.6 < ¢ < LOBF K
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t = 1.3—2.1 ms #AMH, KA IRSEIKS), I
15 19 B 5 I 51 S 5 O M I S B R 1R
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PRET Y, o B B 42 A0 380 f5 RS v
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14 mm, %R EPIE B v 9 0.071. HE 77 LA
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PUF AR R ERR, JEAWTIZIK, 75t = 24.7 ms
RB K, BRI Am i i i ik NIk
W KSP. WRTH B TR SR AT R, T R A )
W, HEJETEEJIER TR, [IRIEF e
T, JKEBHA T, B wF (t = 38.7 ms); &G = 1E
PR F R el sk i, I 3 AE R F kR
. AR AR R ARG IRk sh, AAFAE IR
a5 | 2SR E .
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(b) (c) (d) (e)

Kl 6

()

(MTIR ) TR AEE R vp = 0.500 I (¥ 7K 4T 0T pl i 72

(g) (h) (i) (k)
(a) t = 0ms; (b) ¢t = 0.7 ms; (c) t = 0.9 ms;

(d)t=13ms; (e) t =1.7ms; (f)t =21 ms; (g t =28 ms; (h)t =47ms; (i) t =83 ms; (j) t = 12.3 ms;

(k) t =20.7 ms

Fig. 6. (color online) The dynamic process of the formation of water jets for 4y = 0.500: (a) t = 0 ms; (b) t = 0.7 ms;
()t =09 ms; (d) t =13ms; () t =1.7ms; (f)t = 2.1 ms; (g) t = 2.8 ms; (h) t = 4.7 ms; (i) t = 8.3 ms;

(j) t =12.3 ms; (k) t = 20.7 ms.

(e)

(MR ) ToaAEE R v = 0.071 B R 7K 5 5 % B 72
(d) t =84 ms; (e) t =24.7 ms; (f) t = 38.7 ms; (g) t = 54.3 ms; (h) t = 66.3 ms; (i) t = 82.2 ms; (j) ¢ = 99.7 ms;
(k) t = 139.7 ms
Fig. 7. (color online) The dynamic process of the formation of water jets for 4y = 0.071: (a) t = 0 ms; (b) t = 1.4 ms;
(¢) t=2.4ms; (d) t =84 ms; (e) t =24.7 ms; (f) t = 38.7 ms; (g) t = 54.3 ms; (h) ¢ = 66.3 ms; (i) t = 82.2 ms;
() t =99.7 ms; (k) t = 139.7 ms.
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Fig. 8. The graph of the velocity of the first water jets

versus dimensionless distance.

(a) (b) (c) (d) (e)

Ho Viecona J9 )5 BIGTHFLHEE, BAH m/s; v N
TR AR

B9 B & eR 8 (2) Hh 4 5 S v Bk
GBI R, WEIARRTBLE Y, i), )5 2
S K R BOR, SRS B i KE N 3.2 m/s /e
A, FITHCT R E SIS R 3.6 A,
ve < 0.4, W BERA T A KBk E), BA
FAAE 5 RIS, LB 8 T O Hh i 2 11 5 ], %
T GAIE T I SO K AL TR A 2 AN B N AR B 18
WA

407777 T T T 7

3.5 SN
AR (2) 2k

3.0 |

2.5 -

cond/m-s ™!

2.0 -

1.5 F

1.0 -

JEEN R Vie

0.5

O 1 1 1 1 1 1 1 1
04 06 08 1.0 12 14 16 18 20 22
FEARAE v = d/R

19 5 BS54 e S 1 AR Ak
Fig. 9. The graph of the velocity of the second water

jets versus dimensionless distance.
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Fig. 10. Different type of superposition of the water jet induced by the first and second bubble pulse: (a) All-fit

type; (b) partial-fit type; (c) catch-up type; (d) run-after type; (e) non-superposition type.
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Fig. 11. (color online) The corresponding relationship between the superposition type and the form type of water jet.
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Abstract

Explosion in shallow water or small depth water will generate upward water jet, mainly because bubbles generated
by explosion will interact with the surface of water. Different underwater depths can result in upward water jets with
different kinds of shapes, such as water column, water plume, jet, spall dome, splash, spike, etc. To reveal the formation
mechanisms of different types of water jets, a spark bubble experiment platform is set up, and the motions of bubble and
free surface are studied experimentally by high-speed photography. The dynamic images for the formation process of
the water jets under different initial depths of bubble are obtained. Through theoretical analysis and direct observation
of the experimental data, the interaction process between the oscillating bubble and free surface are clarified, and the
evolution rule of water jets is obtained. It is found that the key factor affecting the formation of different shapes of
the water jets is the superposition of the disturbance of the second bubble pulse and the simple-shape jet induced by
the first bubble pulse. Five types of the superpositions are summarized: 1) All-fit type, with a large depth of initial
bubble, the first and the second bubble impulse fit well to form a smooth and slightly arched water dome; 2) partial-fit
type, with a less large depth of initial bubble, higher arched water dome is formed due to the raising effects of second
bubble pulse partially fit the initial water dome shape; 3) catch-up type, with a mediate depth of initial bubble, the
free-surface jet caused by first bubble pulse will be caught up from the bottom by the second pulse, and form a thin
and high velocity jet; 4) run-after type, with a smaller depth of initial bubble, the free-surface jet caused by first bubble
pulse will be raised from the bottom by the second pulse, and form a jet with thin head and thick pedestal, sometimes
form a crown-type splash; 5) non-superposition type, the depth of initial bubble is so small that the bubble will break
up, and no superposition will happen. In summary, the ratio of the initial depth to the maximum radius of bubble
is found to be a decisive factor of the superposition type. The initial bubble is described by a dimensionless distance.
These conclusions well explain the phenomena observed in experiment, and can provide a new vision and reference to

the understanding of the formation mechanism of water jets induced by the interaction between bubble and free surface.

Keywords: bubble, free surface, experiment, mechanism
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