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Table 1.  Potential energy parameters of SPC/E ri-

gid molecular model.

type ¢/ (kcal-mol 1) a/A qle
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H 0 0 0.4238
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Fig. 1. Schematic diagram of nanobubble impact process.
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Table 2.

and impact velocity under different conditions.

Corresponding results of particle velocity

up/(km‘s’l) U Uso Us3 Uexp Usim 5/%

1.0 3.21 326 3.17 357 3.61 9.8
1.5 4.06 4.14 416 440 4.30 6.4
2.0 5.07 5.06 5.16 525 5.18 2.9
2.5 589 593 599 593 5.51 0.6
2.0
(b) -0- 2.5 km/s-1.5 ps
18" o - 2.5 km/s-3.0 ps
v -0- 3.0 km/s-1.5 ps
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i
E 14l
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<
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0.8 . . .
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(a) 1.0—2.0 km/s; (b) 2.5—3.0 km/s

Fig. 2. One-dimensional density distribution along the zaxis in the pure water system under different impact velocities:

(a) 1.0-2.0 km/s; (b) 2.5-3.0 km/s.
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Fig. 3. One-dimensional density distribution curves along the z-axis in the pure water system under different impact velocities:

(a) 1.0 km/s; (b) 1.5 km/s; (¢) 2.0 km/s; (d) 2.5 km/s; (e) 3.0 km/s.
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Fig. 4. Hugoniot shock compression diagram of w,-u,.
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Fig. 5. Normalized Q(f) curves of nanobubble volume as a
function of impact time: (a) Different impact velocitys;
(b) different nanobubble sizes.
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Table 3. Breakdown time of nanobubble at differ-

ent particle velocities and sizes.

BT SR SRS 7/ps
u,/(kms')  D/nm MD  Rayleigh  2ff
8 3.3 3.8 0.5
1.0 10 4.2 4.7 0.3
12 46 5.7 1.0
8 2.2 2.5 0.3
L5 10 2.7 3.1 0.4
12 3.4 3.7 0.3
8 1.8 2.1 0.3
2.0 10 2.2 2.3 0.1
12 2.6 2.8 0.2
8 14 15 0.1
2.5 10 1.9 1.8 0.1
12 2.1 2.2 0.1
8 1.2 11 0.1
3.0 10 1.6 14 0.2
12 1.9 1.7 0.2
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Fig. 6. Changes in nanobubble structure at different times
(D = 10 nm, u, = 3.0 km/s).
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Fig. 7. zdirection velocity distribution before and after the collapse of the nanobubble: (a) Different impact velocities; (b) different

bubble sizes.

S 05 7 R S-SR DA R R i e YN A
I 2 Bl 77 1] RS L 70, PR 8 ARl A, STk
JEE B e W s, R T [ AU ) SN R
R, T R/NEHIE R ZE 5.0 km/s. lT AL,
BTGRP RS S SRS Y . Zhang
A5 P R R A L RV RE AR 2 Tt K
MRS, i — DBl TR AR R HER 1. 75
FUEAFULHTAR, AR T R AE 2 R Y
SYRARIE. TR M R AR, S
HIAMHADAE , (H S AR ST AR
ARSI R E R, T332 B A S B
FIRRSE AR, )40 /N 25 B0 FE AR 58 42
BB T AR, IS i T R R
SBIGAK AR I 7™ A 14 S O R T s
AR

B8 1.4—3.0 ps K I IMZ W 1913 S B3l i £ (5
fi7: km/s)

Fig. 8. Motion trajectory curve of outer liquid film of
1.4-3.0 ps nanobubble (unit: km/s).
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Fig. 9. Velocity vector distribution of two-dimensional flow field (y-z plane) of nanobubble with u, = 3.0 km/s and D = 10 nm:

(a) 1.3 ps; (b) 2.2 ps; (c) 2.8 ps; (d) 3.4 ps (unit: km/s, due to proportional issues, the bubble is elliptical in shape).
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Fig. 10. Velocity distribution of the bubble flow field at different bubble sizes and impact velocities: (a) Different bubble sizes;

(b) different impact velocities.
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Fig. 11. One dimensional distribution curves of system po-
tential energy PE (a) and kinetic energy KE (b) along the
zaxis at different impact velocities (3.3 ps).
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Fig. 12. One dimensional distribution curve of water mo-

lecule mass density around nanobubble along the zaxis.
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Fig. 13. Two dimensional cloud map of 3z plane of water molecule mass density around nanobubble: (a) Different nanobubble sizes;

(b) different impact velocities.
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Fig. 14. Two dimensional cloud map of the front 2~y plane (radial) of the nanobubble jet (unit: km/s).
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Fig. 15. Two dimensional cloud map of y-z plane generated local pressure by nanobubble jet: (a) Different nanobubble size; (b) dif-

ferent impact velocity.
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calculation of impact pressure results.
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Analysis of nanobubble collapse process by
molecular simulation method
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(Key Laboratory of Enhanced Oil and Gas Recovery, Ministry of Education, Northeast Petroleum University, Daging 163318, China)
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Abstract

This study employs molecular dynamics simulations to investigate the process of nanobubble gradual
indentation and eventual collapse. The research primarily focuses on the mechanisms by which impact velocity
and bubble size influence the dynamic characteristics of nanobubble collapse. The results indicate that
nanobubble collapse generally proceeds through three stages. Initially, there is a compression phase of water
molecules surrounding the bubble, followed by a phase where the shock wave disrupts the stable structure of the
liquid film, and finally, the complete collapse of the bubble. At higher impact velocities, smaller bubbles collapse
more rapidly due to stronger shock effects. Post-collapse, a high-speed jet forms a protrusion on the right end of
the velocity contour. The degree of protrusion increases with bubble size and impact velocity. Water molecules
converge towards the bubble center, forming vortex structures above and below the bubble, effectively
enhancing internal mass transfer. As bubble size and impact velocity increase, the density around the bubble
gradually rises, reaching approximately 1.5 g/cm?® in localized areas upon complete collapse. When the bubble
system decays to half its original size, a water hammer effect occurs. This effect becomes more pronounced with
increasing bubble size and impact velocity. For a nanobubble structure with u, = 3.0 km/s and D = 10 nm, the

local pressure formed by the water hammer impact of the jet after collapse can reach 30 GPa.
Keywords: nanobubble, molecular dynamics simulations, bubble collapse, water hammer effect
PACS: 47.55.dd, 47.11.Mn, 47.40.—x DOI: 10.7498 /aps.73.20241105

CSTR: 32037.14.aps.73.20241105

1 Corresponding author. E-mail: fanzhenzhong@163.com

204701-12


http://doi.org/10.7498/aps.73.20241105
https://cstr.cn/32037.14.aps.73.20241105
mailto:fanzhenzhong@163.com
mailto:fanzhenzhong@163.com
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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

T4 TR T ERPKR BRI T
KEA Tkt &2XF Mg
Analysis of nanobubble collapse process by molecular simulation method

Zhang Xue-Song  Fan Zhen-Zhong  Tong Qi-Lei  Fu Yuan-Feng

55 &, Citation: Acta Physica Sinica, 73, 204701 (2024) DOI: 10.7498/aps.73.20241105
TEZE [T View online: https:/doi.org/10.7498/aps.73.20241105
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

R oK P AR RIS A o

Molecular dynamics analysis of shock wave—induced nanobubble collapse in water

WIBEAEA. 2021, 70(13): 134702 https://doi.org/10.7498/aps.70.20210058

Ao TR R BRI 7 T O 1k
Machine learning in molecular simulations of biomolecules

YIFIE4. 2023, 72(24): 248708 https://doi.org/10.7498/aps.72.20231624

FETFHE T Boltzmann 5 1 A0 HE AL FRAR L

Lattice Boltzmann method based simulation of two dimensional bubble group ripening process

PyFEEEAR. 2022, 71(11): 110504 https:/doi.org/10.7498/aps.70.20212183

AN T AT AR [ A SR AT 3l 2547 897313 )~ A
Molecular dynamics simulation on dynamic behaviors of nanodroplets impinging on solid surfaces decorated with nanopillars

PPz, 2021, 70(13): 134704 https:/doi.org/10.7498/aps.70.20210094

FAJEMoSSe JJ FE B 1 531 801 1 “ERAUAIT 5

Molecular dynamics simulation study on mechanical properties of Janus MoSSe monolayer

YrH2E 4. 2023, 72(4): 046201  https://doi.org/10.7498/aps.72.20221815

N7 A [ ] 55 R A5
Synthesis and pressure study of bubbles in hexagonal boron nitride interlayer

YIBR2A AR, 2021, 70(6): 069801  https://doi.org/10.7498/aps.70.20201482


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.73.20241105
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20210058
https://doi.org/10.7498/aps.72.20231624
https://doi.org/10.7498/aps.70.20212183
https://doi.org/10.7498/aps.70.20210094
https://doi.org/10.7498/aps.72.20221815
https://doi.org/10.7498/aps.70.20201482

	1 引　言
	2 计算方法
	2.1 初始模型构建
	2.2 冲击模拟设置

	3 模拟结果讨论与分析
	3.1 SPC/E模型可行性验证
	3.1.1 冲击速度定义法
	3.1.2 Rankine–Hugoniot 公式法
	3.1.3 质心位置法
	3.1.4 SPE模型模拟冲击过程可行性分析

	3.2 气泡溃灭时间
	3.2.1 冲击速度和气泡尺寸的影响
	3.2.2 气泡溃灭阶段

	3.3 气泡溃灭流场速度分布
	3.3.1 气泡溃灭前后速度变化
	3.3.2 纳米气泡溃灭射流验证
	3.3.3 二维速度矢量分布

	3.4 气泡溃灭能量和密度分析
	3.4.1 气泡溃灭能量分析
	3.4.2 气泡溃灭密度分析

	3.5 径向射流和水锤冲击作用分析
	3.5.1 径向射流作用
	3.5.2 水锤冲击作用


	4 结　论
	参考文献

