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Time history of bubble radius
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(1) Gases inside the bubble and the surrounding liquid move
maintaining spherical symmetry.

(2) Gases inside the bubble obey the perfect gas law.
(3) Non-condensable gas obeys Henry’s law at the bubble wall.

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

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

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

(7) Viscosity of the liquid is ignored except at the bubble wall.
OF FEL
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Governing equations of
Direct Numerical Simulation (1)

O Full conservation equations in gas phase with mist

- Conservation equation of Mass

- Conservation equation of Momentum

- Conservation equation of Energy
O Nucleation rate equation of mist by homogeneous condensation
O Conservation equation of number density of mist

O Energy equation in liquid phase

O Diffusion equation of non-condensable gas in liquid

. FEL

Governing equations of

Direct Numerical Simulation (2)

Motion of bubble wall

O Equation of bubble wall motion (Fujikawa & Akamatsu, 1980)
— Considered
» Liquid compressibility (1st order approximation)
- Phase change at bubble wall
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Time history of bubble radius

Ry=13 pm
fy =0.2 MHz
P, = 100 kPa

Ap =50 kPa
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Maximum bubble radius

0. Ry=3~40 um
fy =0.2 MHz
- po= 100 kPa
sl Ap =50 kPa
1.0_6 10 %, ) - 30 40x10°
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Time histories of bubble radius, temperature

and mist density inside bubble

Ry=13 um, f; = 0.2 MHz, p,= 100 kPa, Ap =50 kPa
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Radius (R/R,), Temperature (777,

Distributions of temperature, vapor

concentration and mist density
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Distributions of temperature, vapor

concentration and mist density
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Maximum bubble radius
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Spherical bubble model

Internal thermal phenomena are considered
» Mass and heat transfer through the bubble wall
» Phase change at the bubble wall
» Counter diffusion of vapor and non-condensable gas

» Mist condensation and evaporation
Matsumoto, Trans. of JSME, 1986.

» Temperature gradient model at the bubble wall
Preston et al., CAV2003, 2003.

FEL
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Governing equations

I The motion of the bubble wall (Fujikawa & Akamatsu equation) I
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c pc) 2 3pc 3¢

as 3 3 3 . . _ R'
_mR[l_zhm]_m[mmjﬁm Pue _Rbre g
P C pAc) p 2p, P pe

mz(pvi + Pgi _pl)204M[RmJ

P (pvi + Pgi ) R, R P
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 liquid
The nucleation rate equation of mist

e FEL

Present model vs. DNS

. - 104 I I —l Presentlmodef
Internal gas: nitrogen E100 oo DNS |
Initial bubble radius: 2 um ©
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Initial temperature: 293 K ® 0981 : . : : T
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Heating Mechanism of Microbubbles

Energy affecting the heat near the bubble [

,l
-
: thermal conduction
: temperature
: viscosity
: density

Heat deposition
a
or
Viscous dissipation

WV:4M%R.47zR2

W, =— 47R?

Acoustic emission
(RR +2R?f

W, =p -47R’

: sound speed

Energy escaping to large distances

FEL
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Properties of Microbubbles

Bubble radius
//_\ / (~ 10um)

Shell (material, thickness ...)

Internal gas
microbubble B———

Specific Gas Heat
heat ratio|| constant |conductivity
[-] [J/kg=K] | [mW /m-K]

Argon (Ar) 1.67 208.1 18.2
air 1.40 287.0 26.9
Sulfur Hexafluoride (SFs) 1.09 56.9 14.8
. FEL

Ar bubble
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SF¢ Bubble
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Acoustic emission from a microbubble

Acoustic velocity of water
o \/ n(p + B)

PL
n="7.15, B =3.049 x 103(Pa)

=1.478 x 103(m/s)

Emitted acoustic pressure from micro bubble in far field
(Fujikawa, 1979)

p = L [ZRRQ + R
T
- — (PPR + 6R*RR + QRRS)] + o(c)
Coo
o FEL
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Nonlinear oscillation of a microbubble

Ry =1.5um, p, =101.3 kPa, f, =2 MHz, Ap =100 kPa
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7 Time history of ambient pressure, bubble radius
o 4 and acoustic pressure from the bubble FEL

Nonlinear oscillation of a microbubble

um, p, =101.3kPa, f, =2MHz, Ap =100 kPa
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p = % Asin(2zf,t)x10° + p,,

o

Calculation Conditions

Initial Bubble Radius, R, 2.0 [um]
Initial Ambient Pressure, p..q 101.3 [kPa]
Initial Temperature 293 [K]
Waveform of Ambient Pressure sinus
Ultrasound Frequency, f, 1.34 [MHZ]

Amplitude of Ambient Pressure

0 [kPa] ~ 1 [MPa]

Formula of ambient ultrasound pressure

2
time [ms]

FEL
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Acoustic Turbulence

frequency, f /! fO
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Power spectrum of bubble radius

e

Power spectrum of acoustic pressure
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Experiment of PMs in Water (pepth = 30 m)

FEL
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Simulation Model

 Assumption

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

(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.

o FEL

Time History of Bubble Radius
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Time History of Pressure Distribution (poco=400kPa)
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Time History of Pressure Distribution (pco=400kPa)
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Time History of Emitted Pressure at 0.7 m
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Bubble Collapse and Shock Wave Formation

00.0msec
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Model of a bubble cloud

The following phenomena are considered.

» Compressibility of the liquid

» Evaporation and condensation
of the liquid at the bubble wall

) Spherical
» Evaporation and bubble cloud

condensation of the mist 05"}
inside the bubble

Re: cloud radius

» Heat transfer through _ i
Ry’ bubble radius
the bubble wall it S
quid
Shimada, Kobayashi and Matsumoto (1999)

o FEL
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Assumptions for a bubble cloud

Assumptions for each bubble

» The bubble cloud oscillates maintaining spherical symmetry.

» Bubbly liquid inside the cloud is treated as a continuum fluid.

» 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.

» The temperature of the liquid in the cloud is constant.

» 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.

» 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.

FEL

Governing equations 1

The motion of the bubble cloud interface

3 R lg. 1 R, R d R
1—R 1+ =+ — 4 —=
E D a3 G LY

The mass and momentum conservation equations

o {rz(l—a)p,u,} =0

1 a pu 10 ap
— r—zg{rz(l—a)p,ulz}+5=0

The conservation equation of the number density of bubbles

—+——{r2nub}:0

The governing equations for each bubble (The motion of the bubble wall,
The energy conservation equation, The nucleation rate equation of the mist

FEL
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Governing equations 2

I The motion of the bubble wall (Fujikawa & Akamatsu equation) !
Rﬁ[l—2R+mj+ 3 R2(1+4m_4 Rj

. 2 m) m(. - RE
_mR[l_ZR+mJ_m[R+m]+ P Pe Rbn
c pc) p 2p, el Ac

mZ(Pvi + Pgi _P|)_26_4/1|{R_mj
P (pvi +pgi) R, R Pi

Pirr =Pyt Py —

I The energy conservation equation in gas phase with mist I

T M, d
(C M +CWMV+CV|MC)£_M&_LMV%

Vg g

dM, dMm
+
dt

+Am(

dt or

r=R

I LM g, I

The nucleation rate equation of mist

% FEL

4
10 —+ Ap= 10kPa
3 ! N —+— Ap= 25kPa
— 10 ARy “x Ap= 50kPa
% 5 ! \ Ap= 75kPa
= 10 / /\ Ap = 100 kPa
A% o (&% / §\77‘+Ap=125 kPa
o / YR
I>-< 10!; /Y ‘4553%‘ i % p= _'_
2 10 -
10-2 L1 T

! 10° 10° 10*
frequency [kHZz]

10

Maximum pressure inside the bubbles in the cloud
% FEL
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Natural modes (Ap = 10 kPa)
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radial coordinate, r/ R, [-] radial coordinate, r/ R, [-]

Water pressure inside the bubble cloud

/_(Natural mode shapes)

- 1.0 7 T T T T \
Linearized analysis of a spherical bubble f::Fﬂls L
cloud (d’Agostino & Brennen, 1989) E
« Continuity equation Eoof —"=1 =
* Momentum equation % = i |
\ " Rayleigh-Plesset equation " radalcoonnate, 1R, H )
o FEL
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Maximum pressure inside the bubbles in the cloud fgf
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Pressure wave in the bubble cloud
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