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Fig. 1. Schematic diagram of experimental apparatus.
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Fig. 2. Cavitation signal of liquid: (a) Waveform diagram (the red and black curves are the upper and lower envelope lines of the

cavitation field signal, respectively); (b) amplitude spectrum of cavitation signal; (¢) amplitude spectrum of envelope on cavitation

signal.
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Fig. 3. Ring-like cavitation structure evolution time series (representative frame selected from supplementary video 1 (online)), the

red dotted line in the figure is used to distinguish the topography of different regions of the upper ring-like structure distribution.
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Fig. 4. Influence of envelope wave period on evolution behavior of ring structure (the dotted ellipse is used to mark the bubble ag-

gregation area, and the solid circle is used to mark the bubble clusters in the bubble aggregation area, representative frame selected

from Supplementary Video 1 (online)).
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Fig. 5. Trajectory tracking of small bubble clusters in ring-like cavitation structures (representative frame selected from Supple-

mentary Video 1 (online)). The red circle marks the tracked bubble clusters, and other marked lines with arrows represent the

movement direction and trajectory of each bubble cluster.
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Fig. 6. The evolution law of the ring-like cavitation structure and the tracking period are in the first 6 ms of Supplementary Video 1
(online): (a), (b) Schematic diagram of ring-like structure bubble tracking; (c) changes in the position of the top and bottom of the
arc of the ring structure; (d) changes in structural diameter (the left and right vertical dashed lines are used to mark the period of

relatively stable change in diameter.); (e) angle distribution of a ring-like structure where small bubble clusters gather.

084301-5


https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231956
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231956
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231956
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231956
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 73, No. 8 (2024) 084301

TESSF IR S SR S s ], S5 F B o 3
LT Re R AR, A5 AR B AT e kAR T . i
PRIEEIA I G504 /N P B0 £ BE X 35 (1] 6(e))
WATEI, L BORESHN/ING I A B E L
30°—120°2 [i], I 2P Bl &5 44 N /N A oy A 3222
£ PYE-300— —120° 2 [8], HA BAF 0 X frdk, (|
B WM I ] BE R, 3 2 AR B35
AL 2E 5. A AP, PB4
XA g2 RO o a5 F K T, B T2 3
K TSI RS -3 DX sk A A A X 125261,
HA L, IR R, F, RS
SR AR E S w AN T R NS A A
RELI b S e T AR AR (XS0 ) A A FH Y
NSO AEZE A N AR L T DA BB A 7o 1Y)
ST EAEENSEE Y. ST e s K2
18 mm, dEH FEUT K b 40 kHz #8 75 B 2 I K,
AR AR SR 7 RS I, A R S T T, DR, ]
T A L MW A ¢ e T R M O T B i
PN AR B 12247 R A A R T IAR S5
AR B R E PR AR Ty, R, FRATTRE LA
FIFIR A Rl SRR I 5 S R S

3 PR

BT AMNSEEEEER
VR HE A R 2 XS PR A LE T B Y5
i, WiE 7 PR, S L L S O AR TEPTTER
SO i Wl U e s

(1 — My)R;&2; + ;(1 - %)1#

3.1

1
= (1 —‘rMi);[Pli — Poo — Dv _pz(t"i_tRz‘)}

. (2R;R2+ R2R))|i_aja,,)/c
oy, - BT TR osae
Thri, j BRMWHS, Hije1,2),i4j; ()=
S O J5 — TR R 5 AR RS Bk
PR, FTICH Pu/p; pF1 e 5300 0K 5
JERITE G poo N ICTF AL R H RS R, A/ IR
W42 M = Rifcoh Thf Bk, <960 BE S 14
JE 77 pii = pe(R,t) — 4nRi/Ri —20/R,, HthnHflo
S 90 S VR B R R RO R oK T BB pe =
uRT/(V; = b) + py HEHNSEE S, 1 NS
JEE IR B, b SRS L H W B, TN

WHNRRIERE, p AR, v ik
L py M SRR FZE SR, KSR p, =
2pa sin(kx) sin(2n ft), Pk = 2n f /e MR, foR
IRENA A, pa MIESIWEIE, tr, = Ri/c. Ry WAL
WIE2EAE . ST 8 7 Bjerknes 7. ¥K Bjerknes

FIVL A T153 50 R 29
Fs,, = (ViVp,), (2)
P ey ij
Fg,;; = —(ViV; ;
Baij 47[ <VV7> |d1]|3 (3)
Fy; = Fg,; + Fg,ij, (4)

Horrdy; S R A5 10 5 9O, HABRERR <
HOATH SR QS LRIV E R o

z g) el
o |

Idijl

CP 2

7 D A S A A R R
Fig. 7. Diagram of two bubbles located on both sides of the

wave node.
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radial distribution of the equivalent potential.

& 8(b), (c) A T % A AR EE Ty 1) 5l
Fa 1) A Al N ) SRR R TR R R BT
SEBEEU T U ¢ = 1500 m/s, p = 1000 kg/m?,
Poo =1 atm (1 atm=1.01x10°Pa),n=0.001 Pa-s,
o = 0.072 N/m, b = 0.032 L/mol, p, = 2338 Pa,

R =8.314J/(mol -K)» o = 4.5 pm.

4 HERITH
4.1 CEVENSEZ TS

SRy A s SO B 4 R IR TR 24
SO AT AR IR SR B TSR T BRSO R
38.15 kHz. A4 18] 4 th o i BRIR 25 fh 45 40 18
10 ms ISP RASE A LRI 5 He, 25T 2(a)
1023 AT 5 1 BE 70 B il S P TR DR AL LD B RT3
BTN FORZS A ZE A R A TR IR A - 25
B TEZ) M 1.310 atm, S pa = 0.655 atm . 7E5F
W S A/436 Bl 25 A6 T %2 E Bjerknes £ 1
42505, BVELE 3 Bjerknes #7522 401 3 X
(i), D] AL 7 5 I8 7 A 40 18 U i 1 T) ) o Bt o

AR AT R I AN [F] 0z B AS A i A B 5] 9(a)
RWETT (2 = 20.7 cm) M 3 Bjerknes J7 %/ H.
FEAR RGP I sZ 1T A I, TR
FRARGE ¥4 313 118 0 1] oA 08 T P 3 45 AR A — 1
J122 65, B AT GEAE I AS B B A Ty 1), A
X T8 49 T Y 3 B B AR Ak S 2 B 52 .
& 9(b) AKX Bjerknes JJ#E/NF & Bjerknes JJ, {H
SEAEP A B AL IR Bjerknes 77 Bl i 8] #E A /)N
T b e I 2T 3 Bjerknes J1. K, 76310
T A3 R /I 8 DX RPN, T ) R B A P 32 2
X Bjerknes Ji¥atil, HWAZ 107 AR, —#
ZIa RIS I, SR, Bl RS ) /MR K
A1) B AH BLAE AR PR I 21 3 Bjerknes 775 3
S A H R I B HEFR BT, 3R T
RT3 280 L WS¢ 3 S SR AR B AL, T fET 9(c) N
R R, IF B, TR LLAMG XS, Bl <00
(i) E 4 K, St 1] (A B FH A B Rk R
AR E RS, B AR R B R T4 8 mm
Ja (BT (2 = 20.7 cm) AMAGEE—NME(E ), HE
JF T2 55, 2R I R T X, H i, FRAT

-(a)

]

[\~]
T

z z = s
2 3 =] ~
| i | ©
o 0 o o 0 —
ot = = N
=~ z' > . < |
@ 1 £ J f_ €
—2r E_ 20.67 20.70 ;ofm 20.69 —2r 20.6720.69
19 20 21 22 22 19 20 21 22
z/cm z/cm
B9 B BN X FRAR A SR TEIE I S iz 1B B (a) T2 19 & Bjerknes J7; (b) ¥X Bjerknes J1; (c) & Bjerknes J1 5k

Bjerknes 7189 & f1
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Fig. 10. The distribution of the equivalent potential in the € direction along the circumference of the ring bubble chain: (a) The dis-

tribution on the circumference; (b) distribution near 90°; (c) distribution near 270°.
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Abstract

Multi-cavitation bubble system can easily produce cavitation clouds with various structure types, including
ring-like cavitation structures. Nonetheless, the evolutionary behavior of the structure and the physical
mechanism of its formation are less investigated. In this work, high-speed photography and image analysis
techniques are used to study the evolution of ring-like cavitation bubble aggregation structure in an ultrasonic
cleaning tank with a frequency of 40 kHz. The ring-like structure usually appears near the pressure nodule, and
its radius is less than a one-eighth wavelength. The structure involves establishment, stability and disappearance
during an envelope wave period, and its morphology is stable. The ring-like cavitation structure exists as a
bubble transport phenomenon, and the formed small bubble clusters flow to the outside of the ring and become
discrete cavitation bubbles, or the bubble nuclei rejoin the cycle of bubble transport in the main accumulation
area of the bubble. The size of the ring structure and the bubble accumulation area oscillate slightly, and there
exists the whole structure rotation phenomenon, which depends on the interaction of the main sound field and
the secondary radiation field with the bubbles. Furthermore, in this work, a mathematical model of two bubbles
is used to investigate the physical mechanism behind the formation of a ring. It is found that the sound field is
a key factor in ring formation. The ring chain model is used to analyze the structural stability by taking into
account the time delay caused by the secondary acoustic radiation of the bubble. The numerical results show
that the equivalent potential energy distribution of a ring bubble chain with a one-eighth wavelength in radius
can stabilize each bubble in the potential well, and the radial distribution presents a ring-like barrier structure.
The higher the sound pressure, the greater the equivalent potential, and the more the bubbles are clustered.
The higher the driving sound field, the more complete the ring chain structure is. However, high sound pressure
may cause the agglomeration of bubbles with high number density to disintegrate the stability of the ring
aggregation of bubbles and evolve into other types of bubble aggregation structures. The theoretical results are

in good consistence with the experimental phenomena.
Keywords: ultrasonic cavitation, ring-like bubble structure, equivalent potential energy, stability
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