Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

X Bjerknes I{ER T SIBR AR IR TS E 1A
Lt HPE HRFE

Volume pulsation and scattering of bubbles under the second Bjerknes force

Ma Yan Lin Shu-Yu Xian Xiao-Jun

5| H15 2. Citation: Acta Physica Sinica, 65, 014301 (2016) DOI: 10.7498/aps.65.014301
7E 28 1% 3L View online: http://dx.doi.org/10.7498/aps.65.014301
2114 7% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2016/V65/11

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

B ) R TR R A0 T ) e P 3 B A R P P 5

Influence of the interfacial properties on guided circumferential wave propagation in the circular tube struc-
ture

PP 22H%.2015, 64(22): 224301 http://dx.doi.org/10.7498/aps.64.224301

e ke ) H ey 0 R G T AT
Measurement of space charges in air based on sound pulse method
PP 22 H%.2015, 64(16): 164301 http://dx.doi.org/10.7498/aps.64.164301

S R AT A ) P S AR AL B
Analysis of decoupling mechanism of an acoustic coating layer with horizontal cylindrical cavities
YE % 4.2015, 64(15): 154301  http://dx.doi.org/10.7498/aps.64.154301

Jey I LR T S 2 A R LB PR )
Mechanism for local resonant acoustic metamaterial
VI 444.2015, 64(15): 154302  http://dx.doi.org/10.7498/aps.64.154302

WFFTIBOGIBOR I 75 3 T 5 A0 RL I 28 T Gk B0 937 RO

Research on the oscillation effect of near-surface metal defect based on laser-generated acoustic surface
wave

PP 2EH%.2015, 64(13): 134302  http://dx.doi.org/10.7498/aps.64.134302


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.65.014301
http://dx.doi.org/10.7498/aps.65.014301
http://wulixb.iphy.ac.cn/CN/Y2016/V65/I1
http://wulixb.iphy.ac.cn/CN/abstract/abstract66016.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract66016.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract66016.shtml
http://dx.doi.org/10.7498/aps.64.224301
http://wulixb.iphy.ac.cn/CN/abstract/abstract65013.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract65013.shtml
http://dx.doi.org/10.7498/aps.64.164301
http://wulixb.iphy.ac.cn/CN/abstract/abstract64806.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract64806.shtml
http://dx.doi.org/10.7498/aps.64.154301
http://wulixb.iphy.ac.cn/CN/abstract/abstract64807.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract64807.shtml
http://dx.doi.org/10.7498/aps.64.154302
http://wulixb.iphy.ac.cn/CN/abstract/abstract64603.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract64603.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract64603.shtml
http://dx.doi.org/10.7498/aps.64.134302

1) 32 % )  Acta Phys. Sin. Vol. 65, No. 1 (2016) 014301

X Bjerknes JI1ER T SBH AT IREh FIELST A 1™
D40 HHED EEED

1) (BePEImYE K%, Bepig s i mstin =, 1% 710062)
2) (T BT B 5 (5 S A%, FR  756000)
(2015 4E 7 A 1 HUHI; 2015 4E 9 A 1 HW BB SR )

HIH Lagrange 77 #2452 1 Ik Bjerknes JJE 1 TR KIARBIREN T 1L, IR T 17X Bjerknes JifEHI FAS
[7) 2 Hon T A BIR S IR IR S TR L A RE IR, BIE ST 1 IRBIATAE L2209 7o A O R/ 2 A R A
SEFEIHEAE. S5 RRW]: Ik Bjerknes {E I J07F, AHAR AR RIEER, 22 7 48 B R m GR I AR 30
PR, S PR A1 A% IR ] R R xS R IR S AT AR AL 2R B R i AR ERARGE  ARAL AR ZE 0 T
AR PRSI AR S P T 5 IR AR AR IR B IR MR L L I B SRS IR ST AE A7 A 5%, 1 75 37 8 P8 B ik
N, SEGALEA IR, HPBIHUN B DA AL R é(kde)Q; AR ] AR BEAR I « AR AL AR [R] A A
AU S SR ARSIAARAL AR RS IR R R SRS A5G, Bl A B B B LIRS, T2y

HIUH P D B AN I 4

XA K Bjerknes /1, AIRENIRIE, SREVHIMLL, B

PACS: 43.20.+g, 43.35.+d, 47.55.dd

1 5 =

A T B SR 20 P R A RO, A8 G
KWz BAEEF. Carstensen Al Foldy ! [
SEIRERAE: E AR R S RIR A A
e () P BELJE R, T Gn S T AT AR A R
W, AR ANUL R T AR, ERIHE — MY
I FE S U8 24 K= /NSO S B VAR B2
TAFEHRE S, AR BN R, 5] W B R
5 WA 5] R 22 O B RT DA AN T R, AR
KEE, RE2— MU EZENRE R, KT K
H AT FE IR RE R BN, DR 2 EE AT T
W70 =190 Flynn L 50 T #4575 BUR X<
PRSI REm; AERAH S O 90 T AR I 22 IR O
1) A Ye 'OV BIF 50T 32 B 00 (00 RIS AR X 7 90 1 5
3, At &I 2 A0 T IR AR N Jd I i 5
(ST fi 08 A A v B 4% ) 2 % ;. Kapodistrias 1
Dahl 1% FISE56 7R 5L T A0 AR# 9 120 kHz ()

DOTI: 10.7498/aps.65.014301

5 NGk AR AN 7K R A ) BRI A 3
B, Szt et AR 45 BAF A 158 4T; Church )
I 8 R S VA 9 1 AR S B Ak U R
PER R . X SR FE I AT kAT 2 BEE L
(B ) AH BLAE A2 TR e A BAE . R
SR AR S IR AR AR R,
% SR B A BAE R 1, Rl s E R E
i P0=22 0 g FRTIR, — S AR Z A
MEAER X B A BB . BT Ak
FH A 43 A0 A0S0 2 Ta) S BRI A B A AR o Ik
Bjerknes /7, & T 330 = 4 H TS 51 HESE
PRy, T A 45 AH A 2 Ta) 7= AR 1 A T 5] BHE
J5 21 9K Bjerknes 77 IAEF R, 2k S
W7 AR AN T A B % 2024 AR
W9t 7 Ik Bjerknes JJ/EH T BRI EFRIRS), 15
1w T Ik Bjerknes 77X} S AR R IIR 3 #i i A1 9% 2 4H
PLFIFEIA, FRE 7T T X Bjerknes J317EH T AN
TEVRAR A B B 3. PO B D&, JR a5 R

* EREHRBHERES (S 11174192, 11374200, 11474192) BRI,

T #E/E#H. E-mail: sylin@snnu.edu.cn
© 2016 FEYIEF S Chinese Physical Society

http://wulizb.iphy.ac.cn

014301-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.014301
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 65, No. 1 (2016) 014301

5 RA R A T L SRR, K
Bjerknes /7 & % X I A HICH 75 3707 AR RO L
AR SCEE R A A AR AR T SR R R IR 50
AR 7 3 (R HICH S 1 T B IR LAtk

2 K Bjerknes 77 1E I T A AR AR K 5
ol
1959 4, Devin 2 #| /] Lagrange J5 f2 4 S 1 9K
SRR LG RE A B AR RR B T

P .
p/ (4T Ro)i + by + 770% — Pyt (1)

b, o AR R & Ry A BT A%,
Py NURE) 3 P SRR p J9RAAR S B w IR E)
FE 3 A Vo RSB IRIGE R R ~ AN
SR ERREESEREREEZ; b AFEHT
¥,

p— SV30P, @)

4mR2

S NBHEHH. (1) RAR 2 By Be 1) Bl 4 5K,
RZ A2 TAREAE (1) N B B EJF R 721k
BT, 58 TIRZ EE LR 10201 N TR
X Bjerknes 7% IEAARIR SN 1) 5200, 25 RS AH
PR dyo RN L, 2, HIGHT A2 70 3N Rig 1 Rao,
A EHT UEE— MRS R 58, W2 AR
MR RN, A — A IR MR 7 R SR A IR
B RGERIIRS). AR BRI A T R4k, =<
ff) Lagrange J7 7% A] AR R A0 R B

(30) (56) ~ 5 + 00
= — [Paelt1o/9 L p 4], (3)

(3) 3\ LOUE MM RS As B H R 8L, €
SCRESIBIE RS REIR 5 RGBIRE, Praa
AR TIIRBI P P AR RS T, ¢ VB v (75
AR v XIS T — B . B AR AR R
2y, G RAR AR — BT 0 O AR BRVRAR S A
Rl oy 22

U;

Ui = 41’(7"2; (4)
A i AR B TE WA b A R ) A
_ P .
Prad = 47‘(7‘1}. (5)

WARAE T AT AR, B AR R 5k
T3, A ERBBAE R G HRES T IR4 R

T 33,

Ep— /(; (Pl P())d?)l /0 (P2 Po)d”l)g, (6)
K, By NERGHIHAE; v1, vo 78 AARIE L, 21
RS P, Py 70300708 1, 2 3R T A I
5 P o 2 BRI 2 11 3K 77, ¥ Devin f#E
Tk, WA RGP RE

nky 20 20 9
E,=—11 —
P 2V10 < + P0R10 371POR10> U1
nFy 20 20 9
1 — . (7
* 2V ( * PyRyy 3nP0R20> vz (7)

AR A H AR, AR A
(1) R RN

" Vi

(8)

U=1uy +uy =

4rr? - 4mrd’

K1 M RRIR S0 GRAE P 3 P AR for
Fig. 1. Relative positions of interacting bubbles.
RGHIBNRE KRN
1
Bic=5p / w?dnr?dr;. 9)

B (7), (9) A BN (3) ATFHARRLEI LY, 7T 5y
AR, 2 AR BIRBN TR

= P @)i} +bo
47’(R10 8T(d12 R20 ! !
n nPy (1 n 20 B 20 )v
Vio PoRiy  3nPyRy/
_ _ pyellt-Rufo __P_ 10
A€ 4T(d12 V2, ( )
p p RQO) . .
— b
(41’(R20 + 8T(d12 RlO vz + 002
n nkPy (1 n 20 B 20 )v
Vao PoRyy  3nPoRyy/ °
- _p jw(t—Ra0/c) _ P . ) 11
X i)

LA R 0 2 S A R (1) AT L, A
A A TR £t AMETET, AT 1K
W ETCy — 2 T2 i Bierknes 77

8mdia 19
HOFE F AR TAE X ME TE DR b A i

BEL ORI, X Bjerknes JJ ] Z0g ANit, (10), (11) 3%

014301-2


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

Y18 Z R  Acta Phys. Sin.

Vol. 65, No. 1 (2016) 014301

9% 5 3] Devin I S IEARBIREN TR (1), 3 T7
P2 (10) AT (11) ffiE N

. Py
Rop\ 2
2p2 ( p P 7) 2 9y2
\/w * 4mtRy - 87d12 Rio (wip = )
X ej[w(t—Rw/C)—#Pﬂ’ (12)
o P,
Rip\2
2p2 ( p P 7) 2 92y2
\/w * 41t R * 87td12 Rao (wgo = w?)
% ej[w(t—Rm/C)—Wz]’ (13)

R, o Bl gp N, 2HIBRBI WA B Py, A
Pl A B 1, 2 (04 B TR AR, wio Flwao 4
BRI, 2 BRI, 40, vb HAUET, 2
BB RE R IR, T

o = Ty ,
\/w2b2+( P, P @)2@2 —w?)?2
4T[R10 8T(d12 R10 10
‘ _ wb
ge1 ( P, N P @)(oﬂ —w2)’
4T[R10 8T(d12 RlO 10
= Ty ,
\/w2b2+( P, P @)2(&)2 —w?)?
4T(R20 87’(d12 R20 20
wb
tg 2 = )

p P @) 2 2
(4T[R20 + 87’(d12 RQQ (wu] w )

nPy <1+ 20 20 )
W2 — Vio PyRiyg  3nPyRig

10 — p ) @ )
4TLR10 8T(d12 RlO
nPy (1—1- 20 20 >
2 Vao PoRay  3nFPyRao
Wy = ; o o . (14)
4T(R20 8Tld12 Rzo

3 K Bjerknes 77 X A 78 1K
A

3.1 X Bjerknes 115t 5 i {4 12 ¥x Bh #x 1@

Y

N T W5 3% R IR Bjerknes 77 %F KA 1)
AR YR B B 2w, 0 (12) 20 AT B AL L. A
LA "L 12 Ry = 50 pm,
p = 1000 kg/m3, § = 0.1, ¢ = 0.0725 N/m,
n = 1.33, Py = 1.05 x 10° Pa, X&) 7 ko 4k
i Py = 1.5 x 10° Pa (B 2K 11 (B3R

5 H

MUt WE2FME3TLLEH, £
e — MBI, IR IR EE B < 2
(R34 AR A 38 RE 5 LS L AR FRIR B AR T )
oS, TR A A 2 ) e AR BE % 5 S IR Bjerknes
JIHIERAR, TR Bjerknes 7 18038 2= 5] 2 i AR L
AR, (B FRBLEAE T, SIBIRER BN, <t 2
AR, S LR R R SRR K.

Rop =50 pm
— R20 =100 pm
+—- Ry =150 pm

0 0.5 1.0 1.5 2.0 2.5
t/1075s
2 (MTRE) R 1 AERBCRE Ry KK R
Fig. 2. (color online) Relationship between volume
change of bubble 1 and Rag.

,,,,,,, diz =200 pm
diz = 500 pm
...... diz2 = 1000 pm 4

v/10-13 m3

0 0‘.5 1‘.0 1‘.5 2‘.0 2.5
t/107%s
K3 (MTDEE) SO0 1 ARRBUEEM dig KR

Fig. 3. (color online) Relationship between volume
change of bubble 1 and dj2.

Bl47& Rip = 50 uym, Rog = 100 um, dyz =
200 pm ZAF T, AIE n B 1A SR & 1 R
Wi, nAHEANE, REAF PSR WE 47T L
Eh, ARSI &2 A
BRI, n = 1RFEFIRSFE, n = 1LARTL
W, no= 18RRI IR AR R 1 — o 2.
FEANF AT Al fE b, e i o2 A — e, P
PAAN [A] i 80 7 2 R A A5 i & IR AR R IR 30 1 R
WA ER 5

Bl 54 Rig = 50 pm, Rop = 100 pm, dip =
200 pm ZFF T, A 1 IARB R B IR SR (1

014301-3


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

) I % R Acta Phys. Sin.

Vol. 65, No. 1 (2016) 014301

ALK ZR. T ULE H, ASE HTR B 2 00 A
SRS IR RR B IR, SRS AR, [R5
PR A R IR Bjerknes J3 ok, AH R A0 1
IR IR B IR i AR

v/10-13 m3

t/10-5s

4 (I A1 RS n 1% 5
Fig. 4. (color online) Relationship between volume

change of bubble 1 and n.

f=180000 Hz
\

5
41+ N N / A N
\ ‘/ [ /
3 \
1
2
o
g 1
o
a T -
| 1 N . \
o 0 \ | ! - !
Z \ ! I ! \ i | ] )
~ _ i
S 1 Vool \ | o Voo \
\ ,' \‘ / \ I \ I' \
| o 1
-2 Vol [ [ bl |
I | | I
Vol - Vo Vo \
_3 ! ; \ \ Vo \ 1
\ v v v \
\ ! \ ) W] v/ \
—4 / ¥ ¥ W/ \71
f=40000 Hz  f= 20000 Hz
_5 . " . h .
0 1 2 3 4 5 6

t/10-5s

5 (MTIRE) S 1 ARSCEEEMKEI R K R
Fig. 5. (color online) Relationship between volume

change of bubble 1 and frequency.

3.2 X Bjerknes 1 ¥ 5§ 8 ¥k & #] ¥8 {i

e

X Bjerknes JJ %I IR 3 1) 52 00 AR K —#73
P IAE XTSI IR ST A7 2 e b, xF T o AR B
YER BT &, SR — g, IR
BT 9 H B, 0T AR AR BLAE A 0 0T
5, AU IRS WA AL 2 B E SR R R AT
R AR K AR, Bl 692 Ryp = 100 pm,
[ =40 kHz K564 T, S8 1 IWIAREL o1 BE1E]
PRI 2 MM AR . nTLUE Y, £ 2
B — 2O T, AR 1 MY AL R E S
ETFHERE S A NS e < PN b R [T < N Y A T )

FEARF J3, S B RSB A7 BT T ISE
SIRIARBIVIARGL. 2 PIAS E) BE — e I, <
2 2PAROR, A L MARENAIAR AR . AH AR
W YAoK, FAE N IR e S 7 RO S 1 RS
FROR, (A5 1 I SLR A k)N, AT A A5 1
MPRBIFIAR LGN, [FRE, ORI IR WIAE ALt 22
B8 75 3 SR E R T R A R, 4 IR B A A TR
LRSI, PRBIVIARL K AT BT (A AL
SR LLE B, S B 1K Bjerknes /12 {13
LI LR AR /), 1X 5 SOk (10, 24] 458

2.0

Rip =100 pm Ry =70 pm
1.5

Lo \¥
0.5} N
| Rip =100 pm \

Ryp =50 pm Rip =100 pm
—0.5F
Rip =100 pm
—1.0 \ Ry =90 pm
\/
—1.5F
—2.0

2 3 4 5 6 7 8 9 10
d12/10~4m
6 (MTIRE) " 1 IRIPINNL o1 Al dio FIRHR
Fig. 6. (color online) Relationship between pulsation

initial phase ¢1 of bubble 1 and dj2.

2.0

1.5

1.0 R1p=50 pm

Rf_)g =100 pm
0.5 f W

/

Rip =50 pm

6

f/10* Hz

K7 (MTEE) SIE 1RSI o1 ARSI KSE R
Fig. 7. (color online) Relationship between pulsation

initial phase ¢1 of bubble 1 and frequency.
4 K Bjerknes 77 T F7 A~ A B BR At
77

R A AR AR 2= R A SR I R 3
WESHUS P, 2R R TR AR

014301-4


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

Y18 Z R  Acta Phys. Sin.

Vol. 65, No. 1 (2016) 014301

2R, EEGR T AR R ERES B RAE
IRENYIAHAL AW Z R BE S R, N T iHE
a7 8, R TSR AN TR SR AL 22 0 R 0 31X P A
T L.

4.1 REMBMEE n W SIEXHEH ES

PSRBT 24270 T8 Rao A1 Roo, FRENA
fr 2208 o, BRI 1 IRBIBIARL 1, 73 2
HIARAL A o1 —m, AR P TIAHEEAR L B Ry A1
Rog HHEAK, Mt Fiz P (K1) imnE,
HIUH P 1

P
- 47’(7’1 vt 47'(7’2

Y V2

e cos 0, (15)

(15) b o A e W 1R, M (15) SNATBLE
RS A 22 o 0 7 AN A0 1) RS 75 o B 2 s Ll
W, T HAUR S 0 a0k, b 0 A
H IR P AR KA R M. A T T SRR A A
B2 08 T I UM B Re B, Jeth B AT A O
PIANTIE I HUN A 5

T
I, = % /0 Re(P)Re(u), (16)

(16) 2 B Re R 7w BUCSEF, w A WA 5T R 4R
AT (4), (5) A1(15) IBLFTT

viw3dyq cos c Teo(t—T)— o1
B

(17)
W (15) A1 (17) AR (16) X, AT PR dyo A1
A7 288 T BRI MUARTR SR B, FLHUH A 5a A

'2, 6 72
_ puywidiy

v = 393,0,3 cos(2¢p1)cos?6, (18)
HIUN B D30
2 672
— _ pviwtdyy
Wey = //Ide = i cos(2¢1).  (19)

4.2 BEFEMEE. RAVIELLEENSE
RIS E 17

TR PSS B8 1 A2 AR [ IR ZNHTAE 7 A4 [F)
N1, XTimy P S EA
R P
o 4’['(7’1U1 + 47'(7‘2
pv’1w2 ej[w(t—i)—w]

_ wdqo
= - cos( 5% cos@). (20)

U

FERXFPR O, 1377 IS i RE U R 2%, Hfg
THEBLITE. BRI Z BB AR H D, (45

d ot
”2012 < 1, W (20) AL A
/2
_ _pnw ej[w(tfg)fcpd. (21)
2nr

M (21) ZCAT A, 5 T4 AH R B AR A R
Bl AHPEAR T AN NSRBI BUN B3 S, B
RE BB ALE U, fEIXF AT, A
I Z B IR Bjerknes 11 9We 51 77, 13BN/ NS
TBAER SR [F R B, 7 AR B U A G
P, A EIRIE NS

¥ (21) EKSL (4), (5) R, ARG B AEAAE—
IR A

w= =S (1 Y elutet)al (o)

 2mre jrw
PN EARAH E] S IRZ) AR ALAH [R] | AH BRAR T ) /NS
TAARRR S AU 7 Th 3N

v/ 3wl
Wy, = //IdS = p21}(c cos(2¢p1). (23)

4.3 R Bjerknes 71X S /R ESH B AR F M

N T W FTIR Bjerknes J3%8 T HUN B RE R
(a2, AT DARE ST B B 7 3 S AL R
XFEE. RSB A AR Ry (5 GEX B F)
IRENVIARBLN o BIARSL THLAE AN w K )
AR RRIR S, B A 1K 5y

/1,2
pP— _plei eilw(t=%)—¢o] (24)

(24) Rt oo R BIHH48N Rao HIPR L3R 2 A
TR s, HoAeik A A T

Yo =

wb

nPy 20 20 p
(i i)
Vio PyRig 3nPyRyo 4nRyg

(25)

HARAR I YRBNAAALAE ZE o A ERAR T 1 <9

N FE AR [F] B BR B A AR [ B 47 B = AR ) R o
IS = R 2 N

& = 7j7wd12 el (Po=¢1) o5 0. (26)

P c
FARN Ryo~IRBIAHALAH R AH PR AR T 1 < XS
FEAH [F] B SR Bh A 2 | AH B A7 B B 7= AR 1) R 5 5 0

arctg

SRR R R EE N
% — 9 llpo—¢1) (27)

014301-5


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

) I % R Acta Phys. Sin.

Vol. 65, No. 1 (2016) 014301

P8 2 AR AR | IRBNAR AL 2 m IR X 7E
FEi o =0, r fL BN P,/ P FE/NE SR R
(200 um < di2 < 1000 pm) (A8 4k, AT LLE H,
AMRBIAACLARZ 8 o B 75 3 R 3, AR
RSN, — DR, — Kk, R ARfE
F 23946 % 73, BT 00 IE He AR DX R 47 s A X AR
HARH, #HUR S RS BAMIGLAIEA L, L RZ,
an 1 8 A SR A it AR PR, BRBNAE O 40 kHz ) A
Yk, AR S 100 pm. [H I, 2455
990 pm, 80 pm Y — XA, FHAUH R A
PALAIHI1/100 2247, IS shar e i 28 7T LU
t, AR RS 508 100 pm, 90 um B, H
B 7 TR R AL A0 1/25 ot I BAES
YA EE A 333.8 wm Ab H B IE £ R IR IR AR, X i
Wk Bjerknes 1/ fx /1, -l =H0x] 75 37 ) L
5, SRR BE S AR K AR SRSl g 1 AR R
AR G, FERE SRR AR e, 2GR
RIFEIRIIZ KT (N T) BREIER, P, /P ~ 0; 24
A FE A AL A B R A SRR A5 2 45 T IR B A
I, WAE N R AE LRI, IR Bjerknes 71 & 4
GRAR | AF A B 7 R HH BILE 6 R R (5 AE.

0.05

0.04 /
0.03}
0.02} R1p =90 pm
0.01 Rzg =80 pm
8 o1l
s or
—0.01F
—0.02} Ry =100 pm
« RQ[] =90 pm
—0.03} 1
—0.04| _/\/”

—0.05
2 3 4 5 6 7 8 9 10

di2/10~% m
K8 (MTIER) P,/PYdis XA
Fig. 8. (color online) The curves of Py/P and dy2.

BoSHIRMES P,/PIIKR, BN
HNdiz = 500 pm. ME9 T LLE H, P4k, 3R
B AHAL g oAU R BRSSP S I K Bl A AR
Ao N =AKIR. BLRyp = 100 pm ) — %K
HAB), S 1LE die = 500 pm b 3R R A
fa = 40.890 kHz, T [F] 4 245 (1 9L < 1) 2L 4R
BN fs = 42.891 kHz. LA, 4O HIZR T /N T
AN LIRS (20 kHz < f < 40.89 kHz) I,
P,/P < 0 HiaT 0; 4IKzh 2 AL TSR LR
A 5 PSSR A 2 [A] (40.89 kHz < f <

42.891 kHz) i}, P, /P > 0; 4IKSNAE K TIL S
HILIRAT (f > 42.891 kHz) i, P,/P < 0.

e 8 FIE 9 AT RIS tH AR 4518 AR
PRBNAENLAE 220 T BRI, FAE A AR
7 R 5 L SRR Z A B BUR 5 RN F, S
8 22 8] R AH B AR F 77 B8 B S 52 e IR 0 PR HC
R, S R 2R T AR R AR L AR A EE R
KA. HWWENINE f > fa > fSBf < fa < fs
W, P,/P ~ 0, 4 fq > f> fif, P,/P > 0; I
AR SE T SRR, WA IE | $707S e i) R A8 A
P,/ P 2 HE BT a0 i) 25 4. LR B
N 4 BREN R T S AT A R AT R
I, 225 EIRM LR, F1#EIK Bjerknes 1 () RAE,
A3 B IR B A AL ZE N AR R —m, AT A3 A5 K
S5 7 s DA 7 TR T A A R T AL

0.20 T n r
0.15 R1p =100 pm
Rop =90 pm
0.10
0.05
Q,
~ 0
Q
—0.05}
—0.10 Ryp =50 pm
Ryp =40 pm
—0.15
—0.20

f/10* Hz

Klo (MTEE) P,/P SIKEIIRKK R
Fig. 9. (color online) The curves of P,/P and fre-

quency.

2.5

2.0

1.5

Rip = Rop =90 pm

1.01

P,/P

0.5
or Rip = Ry =100 pm
—0.5F

—1.0¢

~15 —_—
2 3 4 5 6 7 8 9 10
d12/1074 m
F10 (MTIEMR) P/P 5dis KR
Fig. 10. (color online) The curves of P;/P and di2.

P10 AR 11 99 0 & AR M TR S 3R B AR A2 A [H]
MARATERE R0 = 0, r B EUH RS

014301-6


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

Y18 Z R  Acta Phys. Sin.

Vol. 65, No. 1 (2016) 014301

AR 25 A1 T OIS AU AE 75 3% HR O 75 e 1 LU AE
P,/ P BESIAIAEE . SRENSTR A b, B S5
) b S EARE AT DU, AR AR ) R B
AR AH ] AH PE AR T ) SO 7E 75 3 TR IR B,
T2 A1 IK Bjerknes JJUR 2 AW 5] 77, B 155G
IE SIS, P/ P ~ 2, XU 2 1A
W 51 7 RE 0% BH S U S U S TR, S (R
PSR I e 10 1) 242 A0TRL TR) BE AN SR Bl A0 R
WINZE f > fa > fsBUf < fa < [ B, P/P =~ 2;
MIRINE fo > f > f W, P/P <0; X fqg=f
I, IR Bjerknes [1) R 45 AN IR IR S WA 7
M1 2B R —py, AT R R 25 AL 46 T
RN K, AT A A5 B A e A T T 5 AR Ry
FUH.

2.5

NS

Rip = Ry =100 pm

—0.5¢ Rao = Rop =50 pm/

f/10* Hz

K11 (MTRG) P/ P SIREIHR R
Fig. 11. (color online) The curves of P;/P and fre-

quency.
A2 N Ryo BARSL A 51 R AR AT — KUY
PRE N

v 1w?

Uy =

(14 oy ellel=8)=el (25)

4dmire jrw

Bl D Fe 4 I I D7V AR

. pv' 2wt

Wsq = //IdS = WCOS(ZQDQ). (29)

FE—E IR T, % X Bjerknes /1 &,
PN SIE BB D2 (—HARN AR ZE A, 55—
FARLAH [F]) 55 AH [R] 242 B AL 0 B B D 32 1 e
(ERAR AU

—_— 2,72
Wsy W diq

1
~ = ~(kdq2)?
w78d 602 6 ( 12) ) (30)
Wst
~ 4. 31
— (31)

(30) b, kO BCBEL M (30) AT LAFR H, 4
PRSI Z AL AE 22 0 o, AR IRBPIRES

B AR, —NMEY K, —NMEERSE, WA
] B IR Bjerknes 71 9 HEF 71, 1EXFHE LT, P4
AL IR U T 2 RS AN IS AR 1 B S gk /)
(kdya < 1); AN (31) ATELE H, AN (AR
BABALAR RIS, AN SV B IRBNFD, SRIRAS
A, PIAS S 2 T8 IR Bjerknes /1 N 51 77, 15
XFE DL, PSS I HU Th R H B AN S
RULIEIN T 4 1.

5 %

SRR, S R % R AR
RS2 HOT 2 B, BRI, 0.2 18] (AR 51 i
{5 AL TP 0 30 9 2 RS O 75 5
01 R A, AR Lagrange I, 7
51 7 A HL7E VK Bierknes 1 A 1 F 1 AR 3 7 72
B 7 58, oA R B9 2 1B
Bierknes 71 %4 1 B 15 30 45 0 00 4 Ao 145 B
M. X Bjerknes JJMEA T, ANEHSIZ i H
AL O 0 B R B (A A
B S AR S SRR A AR 3 3.

Y Bjerknes 79 %03 117 B 7 8 77 2 K
U, AREE AR I« R S AR 0 2 9 00 7 2 W
(B 7 R 5 B SR BRI AR
17, WP 5 B L, R S,
S B 7S R IS A T 7 AR e, 20
SRS K T (N T) IREE, W P,/ P ~ 0;
L R 2 T ORI, WIZE R S
HRE, ¥ Bjerknes WHEFE 8675 193] 7, f4S
SRR 2 M 2y — 1, O P9 M BLEE L 6%
FERI%E,

S5 T 9 50 A A B AR £
A, SUHOH 75 5 R VB BREN A G 3, B
A T R It P
UNT) BEEDSE, T PP ~ 2; %50 B 3EHR A
st 2te T ORI, WIE SR SE AR, 4
VLN o0 50 — oy, AU 75 FE L B

X Bjerknes JJ % S [ BSUR A5 D 27 AR BOKR
SO, £ IR R AR, B AR, F
AT A e, SLF O T R oA
%%ﬁﬁ%%%%%gmm%%%@ﬁ%w%¥
IR, ISR/, SRR R AT, Eo A
75 T 2 M AT A A 75 T 1 4 45

S B8 T LU 4 A 2
HBR R I, 0015 1 A2 [ 7K Bierknes

014301-7


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

) I % R Acta Phys. Sin.

Vol. 65, No. 1 (2016) 014301

T3, B 2R R AR B A A AR R P A AR OK R
i, £ A KRB R , BAT AT DL 4%
) R B AR U A B SR B AR SR R FR R
SRR TR A 7 I S

TR R B HAR e

RPN

(1]

2]
(3]
(4]

(5]
[6]
[7]

(8]

Carstensen E L, Foldy L L 1947 J. Acoust. Soc. Am. 19
481

Devin C J R 1959 J. Acoust. Soc. Am. 31 1654
Himmelblau D M 1964 Chem. Rev. 64 527
Kapodistrias G, Dahl P H 2001 J. Acoust. Soc. Am. 110
1271

Kohanvosky A A 2004 Am. J. Phys. T2 258

Cai L W 2004 J. Acoust. Soc. Am. 115 986
Kapodistrias G, Dahl P H 2000 J. Acoust. Soc. Am. 107
3006

Farmer D M, Deane G B 2001 [EEE J. Oceanic Eng.
26 113

[9]
[10]

(11]

014301-8

Flynn H G 1975 J. Acoust. Soc. Am. 57 1379

Qian Z W 1981 Acta Phys. Sin. 30 442 (in Chinese) [£%
HLISC 1981 YB3k 30 442]

Wang Y, Lin S Y 2014 Acta Phys. Sin. 63 034301 (in
Chinese) [E 5, #$E 2014 M 2EH 63 034301]

Wang C H, Cheng J C 2014 Acta Phys. Sin. 63 134301
(in Chinese) [Ei2x, FEEH 2014 PRAR 63 134301]
Wu J, Fan T B 2014 Chin. Phys. B 23 104302

Wang L, Tu J 2014 Chin. Phys. B 23 124302

Ye Z 1996 J. Acoust. Soc. Am. 100 2011
Sadighi-Bonabi R, Rezaee N, Ebrahimi H, Mirheydari
M 2010 Phys. Rev. E 82 016316

Gaunaurd G C, Huang H S 2000 J. Acoust. Soc. Am.
107 95

Kapodistrias G, Dahl P H 2012 J. Acoust. Soc. Am. 131
4243

Church C C 1995 J. Acoust. Soc. Am. 97 1510
Zabolotskaya E A 1984 Sov. Phys. Acoust 30 365

Ida M, Naoe T, Futakawa M 2007 Phys. Rev. E 76
046309

Yuan L, Katz J 2013 Phys. Fluids 25 073301
Alibakhshi M A 2011 J. Acoust. Soc. Am. 130 3321
Mettin R, Akhatov I, Parlitz U, Oho C D 1997 Phys.
Rev. E 56 2924


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://scitation.aip.org/content/asa/journal/jasa/19/3/10.1121/1.1916508
http://scitation.aip.org/content/asa/journal/jasa/19/3/10.1121/1.1916508
http://dx.doi.org/10.1121/1.1907675
http://dx.doi.org/10.1021/cr60231a002
http://dx.doi.org/10.1121/1.1390335
http://dx.doi.org/10.1121/1.1390335
http://dx.doi.org/10.1119/1.1621030
http://dx.doi.org/10.1121/1.1643362
http://dx.doi.org/10.1121/1.429330
http://dx.doi.org/10.1121/1.429330
http://dx.doi.org/10.1109/48.917943
http://dx.doi.org/10.1109/48.917943
http://dx.doi.org/10.1121/1.380624
http://wulixb.iphy.ac.cn//CN/abstract/abstract1934.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract57823.shtml
http://dx.doi.org/10.7498/aps.63.134301
http://dx.doi.org/10.1088/1674-1056/23/10/104302
http://dx.doi.org/10.1088/1674-1056/23/12/124302
http://dx.doi.org/10.1121/1.417911
http://dx.doi.org/10.1103/PhysRevE.82.016316
http://dx.doi.org/10.1121/1.428356
http://dx.doi.org/10.1121/1.428356
http://dx.doi.org/10.1121/1.3703060
http://dx.doi.org/10.1121/1.3703060
http://scitation.aip.org/content/asa/journal/jasa/97/3/10.1121/1.412091
http://fjour.blyun.com/views/specific/3004/FJourDetail.jsp?dxNumber=165092441134&d=BC884E2CD20772EC4133A6B1DE1A8931&s=interaction+of+gas+bubbles+in+a+sound+field
http://dx.doi.org/10.1103/PhysRevE.76.046309
http://dx.doi.org/10.1103/PhysRevE.76.046309
http://dx.doi.org/10.1063/1.4812279
http://dx.doi.org/10.1121/1.3626129
http://dx.doi.org/10.1103/PhysRevE.56.2924
http://dx.doi.org/10.1103/PhysRevE.56.2924

32 % R Acta Phys. Sin. Vol. 65, No. 1 (2016) 014301

Volume pulsation and scattering of bubbles under the
second Bjerknes force”

Ma Yan?? Lin Shu-Yu?" Xian Xiao-Jun?

1) (Shaanxi Key Laboratory of Ultrasonics, Shaanxi Normal University, Xi’an 710062, China)
2) (School of Physics and Information Technology, Ningxia Normal University, Guyuan 756000, China)

( Received 1 July 2015; revised manuscript received 1 September 2015 )

Abstract

The interaction of bubbles must be taken into consideration in the investigation of sound wave in the liquid containing
gas bubbles, particularly in the case where the gas content is high. The force between two air bubbles due to the secondary
sound fields radiated by the bubbles is called the secondary Bjerknes force, which makes the dynamics and scattering
of bubbles different from a single bubble’s. In order to investigate the influence of secondary Bjerknes force on bubbles’
pulsation and scattering, we obtain the universal expression of bubbles’ pulsation under the secondary Bjerknes force
by Lagrange’s equation. The influences on volume amplitude and initial phase of different parameter under the second
Bjerknes force are discussed, and the scattering of bubbles with phase differences of  and 0 is studied. The results show
that the radius of neighbouring bubble, distance between two bubbles, polytropic coefficient and the phase can change
the volume amplitude of pulsation under the secondary Bjerknes force. The mean radius of bubbles, distance and the
frequency of sound have a significant effect on initial phase; the scattering of two bubbles of small distance and phase
difference of m is directional and decreases with distance 7, which is related to the volume amplitude, initial phase and
distance between two bubbles. The mean scattering power of bubble pairs of phase difference T is g(kdlg)Q of single
bubble’s. The scattering of two bubbles with small distance and same phase also decreases with the distance r and
relates to the volume amplitude, initial phase and distance between two bubbles. The mean scattering power of bubble
pairs of same phase is 4 times as bigger as the mean scattering power of single bubble. It is expected that the mean

radiuses, driving frequency and distance between bubbles can be used to change the scattering of bubbles.

Keywords: the secondary Bjerknes force, volume amplitude, pulsation phase, scattering
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