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Time history of bubble radiusTime history of bubble radius

AA
EE

RR 1313AA
BB DD

RR0 0 = 13= 13 ��mm

ffd d = 0.2 MHz= 0.2 MHz

pp0 0 = 100 kPa= 100 kPa

��pp = 50 kPa= 50 kPa
CC

��pp 50 kPa50 kPa

CC
MistMist 240240 840 [K]840 [K]

AA BB CC DD EE

Temperature distribution inside bubbleTemperature distribution inside bubble

AssumptionsAssumptions

(1)(1) Gases inside the bubble and the surrounding liquid move Gases inside the bubble and the surrounding liquid move 
maintaining spherical symmetrymaintaining spherical symmetrymaintaining spherical symmetry.  maintaining spherical symmetry.  

(2)(2) Gases inside the bubble obey the perfect gas law. Gases inside the bubble obey the perfect gas law. 

(3)(3) NonNon--condensable gas obeys Henry’s law at the bubble wall.  condensable gas obeys Henry’s law at the bubble wall.  

(4)(4) Classical theory for generation and growth of mist under quasiClassical theory for generation and growth of mist under quasi--
equilibrium condition is applied, because the temperature inside equilibrium condition is applied, because the temperature inside 
the bubble does not change so rapidly . the bubble does not change so rapidly . 

(5)(5) Coalescence and fragmentation of the mist are ignored.  Coalescence and fragmentation of the mist are ignored.  

(6)(6) Mist has the same velocity as the gas mixture and the effect of Mist has the same velocity as the gas mixture and the effect of 
diffusion by Brownian motion is assumed to be small and diffusion by Brownian motion is assumed to be small and 
ignored. ignored. 

(7)(7) Viscosity of the liquid is ignored except at the bubble wall. Viscosity of the liquid is ignored except at the bubble wall. 

This document is provided by JAXA.
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Governing equations of Governing equations of 
Direct Numerical Simulation (1)Direct Numerical Simulation (1)( )( )

Using simulation code developed by Takemura & Matsumoto (1994)Using simulation code developed by Takemura & Matsumoto (1994)

Full conservation equations in gas phase with mistFull conservation equations in gas phase with mist

Using simulation code developed by Takemura & Matsumoto (1994)Using simulation code developed by Takemura & Matsumoto (1994)

Conservation equation of Mass Conservation equation of Mass 
Conservation equation of Momentum Conservation equation of Momentum 
Conservation equation of EnergyConservation equation of EnergyConservation equation of EnergyConservation equation of Energy

Nucleation rate equation of mist by homogeneous condensationNucleation rate equation of mist by homogeneous condensation

Conservation equation of number density of mistConservation equation of number density of mist

Energy equation in liquid phaseEnergy equation in liquid phase

Diffusion equation of nonDiffusion equation of non condensable gas in liquidcondensable gas in liquidDiffusion equation of nonDiffusion equation of non--condensable gas in liquid condensable gas in liquid 

Governing equations of Governing equations of 
Direct Numerical Simulation (2)Direct Numerical Simulation (2)( )( )

Motion of bubble wallMotion of bubble wall
Equation of bubble wall motion Equation of bubble wall motion Fujikawa & Akamatsu, 1980Fujikawa & Akamatsu, 1980

�� ConsideredConsidered
Liquid compressibility (1stLiquid compressibility (1st order approximation)order approximation)
Phase change at bubble wallPhase change at bubble wall

This document is provided by JAXA.
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Time history of bubble radiusTime history of bubble radius

RR = 13= 13 ��mmRR0 0 13  13 ��mm

ffd d = 0.2 MHz= 0.2 MHz

100 k100 kpp0 0 = 100 kPa= 100 kPa

��p p = 50 kPa= 50 kPa

Bubble motionBubble motion

Comparison between simulation and experimentComparison between simulation and experiment
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Maximum bubble radiusMaximum bubble radius

RR0 0 = 3 ~ 40 = 3 ~ 40 ��mm

ffdd = 0.2 MHz= 0.2 MHz

pp00 = 100 kPa= 100 kPapp00

��p p = 50 kPa= 50 kPa

Time histories of bubble radius, temperature Time histories of bubble radius, temperature 
and mist density inside bubbleand mist density inside bubbleand mist density inside bubbleand mist density inside bubble

RR0 0 = 13 = 13 ��m,m, ffdd = 0.2 MHz, = 0.2 MHz, pp0 0 = 100 kPa,  = 100 kPa,  ��p p = 50 kPa= 50 kPa

This document is provided by JAXA.



7東京大学　ロケットエンジンモデリングラボラトリー（JAXA社会連携講座）　シンポジウム

Distributions of temperature, vapor Distributions of temperature, vapor 
concentration and mist densityconcentration and mist densityyy

AAAA
RR00 = 13 = 13 ��mm00 ��
ffd d = 0.2 MHz= 0.2 MHz
pp00 = 100 kPa= 100 kPapp00 100 kPa100 kPa
��p p = 50 kPa= 50 kPa

Distributions of temperature, vapor Distributions of temperature, vapor 
concentration and mist densityconcentration and mist densityyy

BBBB
RR00 = 13 = 13 ��mm00 ��
ffd d = 0.2 MHz= 0.2 MHz
pp00 = 100 kPa= 100 kPapp00 100 kPa100 kPa
��p p = 50 kPa= 50 kPa
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Distributions of temperature, vapor Distributions of temperature, vapor 
concentration and mist densityconcentration and mist densityyy

CCCC
RR00 = 13 = 13 ��mm00 ��
ffd d = 0.2 MHz= 0.2 MHz
pp00 = 100 kPa= 100 kPapp00 100 kPa100 kPa
��p p = 50 kPa= 50 kPa

Distributions of temperature, vapor Distributions of temperature, vapor 
concentration and mist densityconcentration and mist densityyy

DDDD
RR00 = 13 = 13 ��mm00 ��
ffd d = 0.2 MHz= 0.2 MHz
pp00 = 100 kPa= 100 kPapp00 100 kPa100 kPa
��p p = 50 kPa= 50 kPa
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Distributions of temperature, vapor Distributions of temperature, vapor 
concentration and mist densityconcentration and mist densityyy

EEEE
RR00 = 13 = 13 ��mm00 ��
ffd d = 0.2 MHz= 0.2 MHz
pp00 = 100 kPa= 100 kPapp00 100 kPa100 kPa
��p p = 50 kPa= 50 kPa

Distributions of temperature, vapor Distributions of temperature, vapor 
concentration and mist densityconcentration and mist densityyy

FFFF
RR00 = 13 = 13 ��mm00 ��
ffd d = 0.2 MHz= 0.2 MHz
pp00 = 100 kPa= 100 kPapp00 100 kPa100 kPa
��p p = 50 kPa= 50 kPa
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Maximum bubble radiusMaximum bubble radius
RR0 0 = 0.3 ~ 4 = 0.3 ~ 4 ��mm
ff = 2 MHz= 2 MHzffdd = 2 MHz= 2 MHz
pp0 0 = 100 kPa= 100 kPa

Spherical bubble modelSpherical bubble model

Internal thermal phenomena are consideredInternal thermal phenomena are considered
�� Mass andMass and heat transfer through the bubble wallheat transfer through the bubble wall
�� Phase change at the bubble wallPhase change at the bubble wall
�� Counter diffusion of vapor and nonCounter diffusion of vapor and non condensable gascondensable gas�� Counter diffusion of vapor and nonCounter diffusion of vapor and non--condensable gascondensable gas
�� Mist condensation and evaporationMist condensation and evaporation

Matsumoto, Matsumoto, Trans. of JSMETrans. of JSME, 1986., 1986.

�� Temperature gradient model at the bubble wallTemperature gradient model at the bubble wall
Preston et al., Preston et al., CAV2003,CAV2003, 2003.2003.

Mist

This document is provided by JAXA.
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Governing equationsGoverning equations

The motion of the bubble wall (Fujikawa & Akamatsu equation)
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The energy conservation equation in gas phase with mist
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The energy conservation equation in liquid phase                                
The diffusion equation of non condensable gas in liquidThe diffusion equation of non-condensable gas in liquid 
The nucleation rate equation of mist

Present model vs. DNSPresent model vs. DNS

Internal gas: nitrogenInternal gas: nitrogen
Initial bubble radius: 2 Initial bubble radius: 2 ��mm
Initial pressure:Initial pressure: 100 kPa100 kPa
I iti l t t 293 KI iti l t t 293 KInitial temperature: 293 KInitial temperature: 293 K

DNS: Takemura and Matsumoto, DNS: Takemura and Matsumoto, 
JSME I JJSME I J 19941994JSME Int. J.JSME Int. J.,, 1994.1994. 100 kPa � 90 kPa � 100 kPa100 kPa � 90 kPa � 100 kPa

100 kPa � 50 kPa � 100 kPa100 kPa � 50 kPa � 100 kPa 100 kPa � 10 kPa � 100 kPa100 kPa � 10 kPa � 100 kPa
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Heating Mechanism of Microbubbles  Heating Mechanism of Microbubbles  
Energy affecting the heat near the bubble
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Energy escaping to large distanceslc : sound speed

Energy Radiation  Energy Radiation  

Frequency    : 1.0 MHz

Amplitude    : 100 kPa

Initial radius : 1 10 �mInitial radius : 1 - 10 �m

Internal gas   :     air

This document is provided by JAXA.
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Properties of Microbubbles  Properties of Microbubbles  

Bubble radius
10�m

Shell

�

material, thickness …

Internal gas
microbubble

Specific 
heat ratio

Gas 
constant

Heat 
conductivityheat ratio

[-]
constant     
[J / kg K]

conductivity 
[mW /m K]

Argon (Ar) 1 67 208 1 18 2Argon (Ar) 1.67 208.1 18.2
air 1.40 287.0 26.9

Sulfur Hexafluoride (SF6) 1 09 56 9 14 8Sulfur Hexafluoride (SF6) 1.09 56.9 14.8

Ar bubble  Ar bubble  

Frequency    : 1.0 MHz

A lit d 100 kPAmplitude    : 100 kPa

Initial radius : 1 - 10 �m

Internal gas   :     Ar
(Air bubble)(Air bubble)

e a gas :

This document is provided by JAXA.
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SFSF66 Bubble  Bubble  

Frequency    : 1.0 MHz

A lit d 100 kPAmplitude    : 100 kPa

Initial radius : 1 - 10 �m

Internal gas   :     Ar
(Air bubble)(Air bubble)

e a gas :

Acoustic emission from a microbubbleAcoustic emission from a microbubble

Acoustic velocity of water

=1.478 103(m/s)

Emitted acoustic pressure from micro bubble in far field

Fujikawa, 1979Fujikawa, 1979

This document is provided by JAXA.
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Nonlinear oscillation of a microbubbleNonlinear oscillation of a microbubble

RR00 = = 1.51.5 ��m, m, pp0    0    = = 101.3101.3 kPa,  kPa,  ff00 = = 22 MHz,  MHz,  ��p  p  = = 100100 kPakPa
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Time history of ambient pressure, bubble radius Time history of ambient pressure, bubble radius 
and acoustic pressure from the bubbleand acoustic pressure from the bubble

Nonlinear oscillation of a microbubbleNonlinear oscillation of a microbubble
RR00 = = 1.51.5 ��m, m, pp0    0    = = 101.3101.3 kPa,  kPa,  ff00 = = 22 MHz,  MHz,  ��p  p  = = 100100 kPakPa
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Time history of bubble radius and acoustic Time history of bubble radius and acoustic 
pressure, and spectrum of the acoustic pressurepressure, and spectrum of the acoustic pressure

This document is provided by JAXA.
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Calculation Conditions Calculation Conditions 

2.0 [�m]Initial Bubble Radius, Rb0

293 [K]Initial Temperature
101.3 [kPa]Initial Ambient Pressure, p�0

1.34 [MHz]Ultrasound Frequency,  f0

sinusWaveform of Ambient Pressure
[ ]q y, 0

0 [kPa] ~ 1 [MPa]Amplitude of Ambient Pressure

tf

Formula of ambient ultrasound pressureFormula of ambient ultrasound pressure

� � 0
5

0
0 102sin

500 �� ��� ptfA
tf

p �

Bubble RadiusBubble Radius

Time history of bubble radiusTime history of bubble radius

Bifurcation diagram of bubble radiusBifurcation diagram of bubble radius

This document is provided by JAXA.
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Acoustic TurbulenceAcoustic Turbulence

Power spectrum of bubble radiusPower spectrum of bubble radius Power spectrum of acoustic pressurePower spectrum of acoustic pressurePower spectrum of bubble radiusPower spectrum of bubble radius Power spectrum of acoustic pressurePower spectrum of acoustic pressure

Experiment of PMs in Water Experiment of PMs in Water (Depth = 30 m)(Depth = 30 m)

This document is provided by JAXA.
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Simulation ModelSimulation Model

• Assumption
(1) Gases inside the bubble and the surrounding liquid 

move maintaining spherical symmetry. 
(2) Pressure and temperature inside the bubble are(2) Pressure and temperature inside the bubble are 

uniform except the thin boundary layer near the 
bubble wall.

(3) Non-condensable gas obeys Henry’s law at the 
bubble wall.  

(4) Viscosity of the liquid is ignored except at the 
bubble wall.

Time History of Bubble RadiusTime History of Bubble Radius

This document is provided by JAXA.
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Time History of Pressure DistributionTime History of Pressure Distribution (p�=400(p�=400 Pa)Pa)

Time History of Pressure Distribution Time History of Pressure Distribution (p�=400(p�=400 Pa)Pa)

This document is provided by JAXA.



20 宇宙航空研究開発機構特別資料　JAXA-SP-10-010

Time History of Emitted Pressure at 0.7 mTime History of Emitted Pressure at 0.7 m

Bubble Collapse and Shock Wave FormationBubble Collapse and Shock Wave Formation

This document is provided by JAXA.
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•

•

•

•

•

Model of a bubble cloudModel of a bubble cloud

The following phenomena are consideredThe following phenomena are consideredThe following phenomena are considered.The following phenomena are considered.

�� Compressibility of the liquidCompressibility of the liquid

�� Evaporation and condensation Evaporation and condensation 
of the liquid at the bubble wallof the liquid at the bubble wallof the liquid at the bubble wallof the liquid at the bubble wall

�� Evaporation and Evaporation and 
condensation of the mistcondensation of the mist

�� ff

condensation of the mist condensation of the mist 
inside the bubbleinside the bubble

�� Heat transfer through Heat transfer through 
the bubble wallthe bubble wall

Shimada, Kobayashi and Matsumoto (1999)

This document is provided by JAXA.
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AssumptionsAssumptions

Assumptions for a bubble cloudAssumptions for a bubble cloud
� The bubble cloud oscillates maintaining spherical symmetry.
� Bubbly liquid inside the cloud is treated as a continuum fluid.
� Bubbles move with the surrounding liquid.� Bubbles move with the surrounding liquid.
� Coalescence and fragmentation of bubbles in the cloud are ignored. 
� Viscosity of bubbly mixture is ignored in the cloud.
� Th t t f th li id i th l d i t t� The temperature of the liquid in the cloud is constant.

� Each bubble oscillates maintaining spherical symmetry.
Assumptions for each bubbleAssumptions for each bubble

� Each bubble oscillates maintaining spherical symmetry.
� The pressure and temperature inside the bubble are uniform except 
for the thin boundary layer near the bubble wall.
� Temperature at the bubble wall is equal to that of liquid� Temperature at the bubble wall is equal to that of liquid.
� Mass of non-condensable gas inside a bubble is constant.
� Gases inside a bubble obey the van der Waals gas law.
� Coalescence and fragmentation of mist inside a bubble are ignored. 

Governing equations 1Governing equations 1
The motion of the bubble cloud interface
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The conservation equation of the number density of bubbles 
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The governing equations for each bubble (The motion of the bubble wall, 
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The energy conservation equation, The nucleation rate equation of the mist
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Governing equations 2Governing equations 2

The motion of the bubble wall (Fujikawa & Akamatsu equation)
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The energy conservation equation in gas phase with mist
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The nucleation rate equation of mistq

Frequency response of a bubble cloudFrequency response of a bubble cloud

Maximum pressure inside the bubbles in the cloudMaximum pressure inside the bubbles in the cloud
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Natural modes (Natural modes (��pp = 10 kPa)= 10 kPa)

ff = 200 kHz= 200 kHz ff = 600 kHz= 600 kHz

Water pressure inside the bubble cloudWater pressure inside the bubble cloud

Natural mode shapesNatural mode shapes
Linearized analysis of a spherical bubble Linearized analysis of a spherical bubble 
cloud (d’Agostino & Brennen, 1989)cloud (d’Agostino & Brennen, 1989)

Natural mode shapesNatural mode shapes

( g , )( g , )
•• Continuity equationContinuity equation
•• Momentum equationMomentum equation

R l i hR l i h Pl t tiPl t ti•• RayleighRayleigh--Plesset equationPlesset equation

Frequency response of a bubble cloudFrequency response of a bubble cloud

Maximum pressure inside the bubbles in the cloudMaximum pressure inside the bubbles in the cloud

This document is provided by JAXA.
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Pressure wave in the bubble cloudPressure wave in the bubble cloud

��pp = 75 kPa, 190 kHz= 75 kPa, 190 kHz��pp = 10 kPa, 200 kHz= 10 kPa, 200 kHz

Collapse of the cloud Collapse of the cloud ((��pp = 125 kPa, 160 kHz)= 125 kPa, 160 kHz)
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Water pressure inside the bubble cloudWater pressure inside the bubble cloud
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•

•

•

•

•
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Cavity Velocity(|u|) Pressure

6.0deg,6 ��� ��

�

CFD �

This document is provided by JAXA.
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(1) ( )
( ) ( )

( )(2) 
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