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75 R R E 2 SR AR AR P 347 A 1) B LR ma IR 3% o MK 1R R AU i Bk
TEARZ), b6 P AR AR A T REOR SOR I AEBR RS RS . sk, BT
Keller-Miksis® ! 7 LA B 2 I BRIG IR, IX 18] ) 2 4- 1 ] 261240, T4k
VHIREN TIARBN 75 A, RILTC RN TN 0.4, 0.5 A1 0.6 X B FRAEL AN
13.8kPa, 14.8kPa #l 15.6kPa. [RIIf, LA FZE 73 FARVE T 10 ms I A BLA
FHEHIBRIEIRS) . RS E MRS 2 AR T AR TUIR 3 DA S T BE A AR R IN T B, 4n ] 2
. A AERERENE ORI SRR (B 2(a), R FARRRS R
5 AR B AL AF A AR AR AR . BEAh, =R Th AR T BRI RS
2422108 50.97 pm, 45.89 pum 1 43.63 pm, BIFEE S EIIR N, < TR
SPREATIRN o DA A (0 BE S BONARAR IR A, x AT I,y Bl L)

IR TS U 2(b) R, BN EE AR R, S R T A AT



125

126

127

128

129

130

131

132

133

134

135
136

137
138
139
140

141

W Tz B A BRI S A2 L AR A AR ALK o P Bl B R A4
[X. i) 3= 4 i AE AN R s 2 T T AR AR R I B, 36 I S T4 ) IR 357 o R e il S 2 °F
ENIER R IR R, HARRRIRY 5T S A s AR R VR R & o 75 ZERp ) i B 7
DRI R A R G P P R, R, ] 2(a) RS A2 [R]— S B 2y B B )
PRGN AR IR NI AT B T AR RS B KT B 1<
W, EATRES AR R FBUBN AT oA k. &S KT R, Rl
RENS DRAFERIR A 18] Be ik, B GRRAINRT, Wb BT 0.5 I LBk IRE)
IR L. TS 50 BB ) MR S) 115k A SR
W BERR EE AN UM AT RS 2 B K R A 0. Bk, B W ARRIE R TR S < 2
AR RARRRE RS, HAl RS2 B30 SO E 5 37 ) 0 R R 4

70 1 —
(a) P=04
50
70 7 S —
[ 3 g » 05F P=05 | 1
m =n X e} . Il 2 e
= 3 M ‘ ‘
B ore < Son %MJ# (R ™
— I 03 P A Y e e R
| e 80 1 A —
P=04
40 3 n n n N " N " n "
0 1 2 3 4 5 6 7 8 9 10
t/'ms
(b) I T L | Vo T
300
£ 2503142
4
~ 200} X
—P=04 e
3 50 F 233,
p= 05 1 253.11 pm
—P=06 100
600
£ so0fF
g J
o 400 107
-
300 F 3nad

200
0

L s s s 4 L s L L
6 7 8 9 10 0 1 2 3 4 6 7 8 9 10

1 2 3 4

t/ ms

t/ ms
K 2 R IR BIAN-T- B AE . (a) RS RCEAERER ] A3R1E: (b)) TR x
RNy s (o) x TR (d) y T7 R
Fig. 2. Radial oscillation and translational behaviors of bubbles. (a) Equivalent radius of the
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Fig. 4. Time-series mode decomposition of bubbles with different modes at a dimensionless

power of 0.3. (a) Initial radius 49.74 pum, (b) initial radius 61.20 um, (¢) initial radius 66.09 um.
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Fig. 8. Bubble surface mode excitation pressure thresholds for modes 3, 4, and 5. The color scale
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Analysis of Factors Influencing the Nonlinear Morphological

Evolution of Bubbles by an Gas Column in a Capillary
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Abstract

Under ultrasonic excitation, bubbles in the liquid within a capillary can exhibit a

variety of dynamical behaviors, including spherical oscillation, modal oscillation, and

irregular surface oscillation. When a gas column is present in the capillary, the gas

column and the capillary wall jointly constrain the bubble motion, leading to strong

coupling between the translational motion and the radial oscillation of the bubble. An

increase in the acoustic pressure amplitude modulates the distance between the bubble

and the gas column, causing the bubble to gradually deviate from sphericity and display

characteristic morphological evolution. By employing parameters such as circularity,

modal dominance, and modal entropy, the bubble morphologies can be classified into

three categories: spherical, regular, and irregular. Experimental observations reveal that

fluctuations in the acoustic pressure modulate the onset of both stable modal vibration

and modal instability in the bubble. In the case of stable modal vibration, the variation

in bubble radius is governed by the radial vibration and the dominant mode:; whereas

under modal instability, the bubble exhibits pronounced non-dominant mode

components. The third-order mode. of the bubble predominantly occurs in regions

relatively far from the gas column, while the fourth- and fifth-order modes are more
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frequently observed in the vicinity of the gas column. Under specific conditions,

transitions between the fourth- and fifth-order modes can take place, indicating that the

bubble morphology is jointly regulated by the gas column and the acoustic pressure.

Theoretical analysis demonstrates that the presence of boundaries influences the

nonlinear response of the bubble to a certain extent. When the bubble radius approaches

approximately 51 um, its sensitivity to acoustic field conditions and ambient pressure

increases significantly. The acoustic pressure threshold for bubble modal excitation has

been revised, and the theoretical threshold curve shows good agreement with the

experimentally predicted threshold distribution. Within the transition region of the

equilibrium radius distributions for bubbles of different modes, fluctuations in the

acoustic pressure may excite switching of the bubble surface vibration mode between

adjacent orders.

Keywords: bubble modes, capillary, mode transition

*Project supported by the National Natural Science Foundation of China (Grant Nos. 12374441,
12534018, 12504538), the Fundamental Research Funds for the Central Universities of Education of
China (Grant No. GK202406034, GK202601015), and the Natural Science Basic Research Plan of
Shaanxi Province, China (Grant No. 2025JC-YBQN-066).

1 Corresponding author. E-mail: kyfeng0205@snnu.edu.cn

1 Corresponding author. E-mail: wangld001@snnu.edu.cn


mailto:wangld001@snnu.edu.cn

