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Alternative model of single-bubble sonoluminescence

Kyuichi Yasui
Department of Physics, Waseda University, 3-4-1 Ohkubo, Shinjuku, Tokyo, Japan

~Received 19 May 1997!

A model of single-bubble sonoluminescence~SBSL! is constructed. In the model, the temperature is as-
sumed to be spatially uniform inside the bubble except at the thermal boundary layer near the bubble wall even
at the strong collapse based on the theoretical results of Kwak and Na@Phys. Rev. Lett.77, 4454~1996!#. In
the model, the effect of the kinetic energy of gases inside the bubble is taken into account, which heats up the
whole bubble when gases stop their motions at the end of the strong collapse. In the model, a bubble in water
containing air is assumed to consist mainly of argon based on the hypothesis of Lohseet al. @Phys. Rev. Lett.
78, 1359~1997!#. Numerical calculations under a SBSL condition reveal that the kinetic energy of gases heats
up the whole bubble considerably. It is also clarified that vapor molecules (H2O) undergo chemical reactions
in the heated interior of the bubble at the collapse and that chemical reactions decrease the temperature inside
the bubble considerably. It is suggested that SBSL originates in thermal radiation from the whole bubble rather
than a local point~the bubble center! heated by a converging spherical shock wave widely suggested in the
previous theories of SBSL.@S1063-651X~97!04612-6#

PACS number~s!: 78.60.Mq, 47.55.Bx
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I. INTRODUCTION

Observations of a single-bubble sonoluminesce
~SBSL! were reported less than ten years ago@1,2#. SBSL is
a light emission phenomenon from a single bubble in liq
irradiated by an ultrasonic wave. The light is emitted at
collapse of the bubble. The pulse width of the light is expe
mentally measured to be less than 50 ps@3,4#. The spectrum
is broadband and can be fitted by a black-body formula w
the effective temperatures ranging from 6000 to 25 000
@5–8#. The light pulse is emitted periodically with the fre
quency of the ultrasonic wave@4#.

As the mechanism of light emission, it is widely su
gested@1,9–17# that a spherically converging shock wav
develops inside a bubble at the strong collapse and that g
are ionized when the shock converges at the center of
bubble and that the light is emitted by thermal bremsstr
lung in the plasma. However, Kordomenos, Bernard, a
Denardo@18# observed no microwave from a SBSL bubb
though it should be observed if the light is originated
thermal bremsstrahlung. Additionally, Weninger, Putterm
and Barber@19# reported the deviation from the spherici
about the shape of a SBSL bubble from the experime
observation of the angular correlation of the light. They
ported that the ellipticity, which is defined as (a/b21)
wherea,b are the major, minor axes of a SBSL bubble,
sometimes 20%. This disagrees with the shock-wave the
because the accurate sphericity of the bubble is require
order to develop a spherical shock wave which converge
the center of the bubble. Vuong and Szeri@20# found by their
numerical calculations of hydrodynamic equations includ
the effect of viscosity and thermal conduction in the g
inside the bubble that there is no sharp shock focusing a
bubble center for a noble gas bubble. Finally, Kwak a
co-workers@21,22# found in their theoretical studies that a
most the whole bubble is heated up at the collapse ra
than a local point~the bubble center! being heated by a
spherically converging shock wave. Kwak and co-work
561063-651X/97/56~6!/6750~11!/$10.00
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@21,22# pointed out in their analytical calculations of the co
servation laws of mass, momentum, and energy of gase
side the bubble that the temperature inside the bubble
creases and decreases in a quite short time at the end o
strong collapse due to the sudden increase and decrea
the bubble wall acceleration~R̈, whereR is the bubble radius
and the dot denotes time derivative! at the time when the
bubble wall velocity (Ṙ) suddenly changes to zero. The im
portance of the bubble wall acceleration (R̈) is partly due to
the change of the kinetic energy of gas inside the bubble
heat. This is seen as follows. The velocity profile of gas
inside the bubble is@21#

vg~r !5
Ṙ

R
r , ~1!

wherevg is the velocity of gas inside the spherical bubb
and r is the radius from the bubble center. Thus the to
kinetic energy of gas inside the bubble (K tot) is

K tot5E 1

2
vg

2rdV5
1

2 S Ṙ

RD 2E
0

R

rr 24pr 2dr

>2pS Ṙ

RD 2

r̄
R5

5
5

3

10
MṘ2, ~2!

where r is the density of gas inside the bubble and it
assumed thatr is constant (r̄) throughout the bubble.M is
the total mass of the gas inside the bubble (M5 4

3 pR3r̄).
Thus the change of the kinetic energy (DK tot) in time Dt is
proportional toR̈.

DK tot5
dKtot

dt
Dt5

3

5
MṘR̈Dt. ~3!

When the kinetic energy of gas inside the bubble decrea
~whenDK tot,0!, the energy (DK tot) changes to heat and th
6750 © 1997 The American Physical Society
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56 6751ALTERNATIVE MODEL OF SINGLE-BUBBLE . . .
temperature inside the bubble (T) increases. In other words
the kinetic energy of gas heats up the bubble when the
stops their motion at the end of the strong collapse. Thi
one of the reasons for the strong dependence of the temp
ture inside the bubble (T) on the bubble wall acceleratio
(R̈) in the theoretical results by Kwak and Na@22#. In the
present paper the temperature inside the bubble is assum
be spatially uniform except at the thermal boundary la
near the bubble wall even at the strong collapse, based o
theoretical results of Kwak and Na@22# that spatial variation
of temperature inside the bubble is less than a few ten
percent even at the final stage of the strong collapse. In
present paper, the effect of the kinetic energy of gas is ta
into account in a different manner compared with that
Kwak and Na@22# ~see the next section!, which was ne-
glected in the previous papers by the present author@23–26#.
There are three important different points in the present
per compared with those by Kwak and co-workers@21,22#.
One is the different formulation of bubble dynamics.
@21,22#, the conservation equations of mass, momentum,
energy are analytically calculated. However, in their ana
sis, physical meanings of the resultant equations are unc
In the present formulation, the physical meanings are m
more easily understandable. The second point is that the
gon bubble is studied in the present paper based on the
pothesis of Lohseet al. @27# as is described in detail late
while an air bubble is studied in@21,22#. The other point is
that the effect of chemical reactions inside the bubble
taken into account in the present paper, while it is not
@21,22#.

Next the hypothesis by Lohseet al. @27# is briefly re-
viewed. They suggested that a SBSL bubble in water c
taining air consists mainly of argon. By their hypothesis,
strange phenomena known in SBSL experiments@28–30#
concerning mass diffusion are all explained clearly witho
introducing any exotic ideas. They assumed that nitrogen
oxygen molecules chemically react to be soluble spe
such as NOx , HNOx , OH at the strong collapses of th
bubble and that they gradually dissolve into the surround
water, which results in the bubble consisting mainly of arg
that is chemically stable and that is not so easily soluble
water. Barberet al. @28# reported their experimental resul
that a SBSL bubble in water in which air is dissolved
20% of the saturation repeats light emissions with accu
periodicity, which means that the mass diffusion is ac
rately balanced; the amount of gas~noncondensable gas! dif-
fusing out of the bubble into water at the collapses is equa
that diffusing into the bubble from the surrounding water
the expansion„a bubble collapses a few times in one acous
cycle @see Fig. 1~b!#…. However, the classical Eller-Flyn
theory @31# of mass diffusion fails to explain the above r
sults because it predicts the gradual growth of the bub
under the experimental condition of the air concentration
water and the amplitude and the frequency of the ultraso
wave. The hypothesis of Lohseet al. @27# explains this dis-
crepancy because argon is dissolved in water by 0.2% o
saturation under the condition due to the fact that the p
centage of argon in air is 1% and the Eller-Flynn theo
predicts the stable balance of mass diffusion at the degre
saturation~0.2%!. The hypothesis also explains the stran
experimental results of Hilleret al. @29# that the oscillations
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of a nitrogen bubble in the acoustic field are dramatica
stabilized by doping 1% of noble gas. The nitrogen bub
grows gradually under the experimental condition accord
to the Eller-Flynn theory in the time scale of 0.1–10 s wh
the acoustic period is on the order of 1025 s. Finally the
surface oscillations are strongly activated because the bu
is too big to be stably spherical and the bubble breaks up
tiny bubbles@30#. Some of the tiny bubbles recombine at th
antinode of the standing acoustic wave toward which
radiation force~Bjerknes force! acts @32#. The combined
bubble again grows gradually according to the Eller-Fly
theory and this history is repeated@30#; this is the mecha-
nism of the unstable oscillations of pure nitrogen bubble t
are observed@29#. When 1% noble gas is doped in the wate
the physical situation is dramatically changed according
the hypothesis of Lohseet al. @27#. In this case, the bubble
consists mainly of argon and the Eller-Flynn theory predi
the stable balance of mass diffusion concerning argon
cause the degree of saturation for argon is small enough@27#.
Of course nitrogen also diffuses into the bubble at the exp
sion. However, they chemically react with vapor molecu
(H2O) to be soluble species at the collapse and they diss
into the surrounding water. Lohse’s hypothesis also exp
clearly the experimental results of Holt and Gaitan@30# that
the Eller-Flynn~EF! theory cannot explain the stability of th
SBSL bubble in water containing air. They reported@30# that
the SBSL bubble should gradually grow according to the
theory and that the concentration of the gas in water sho
be 1% of the real one in order to explain the stability by E
theory. This contradiction is clearly dissolved by the hypo
esis of Lohseet al. @27# because the concentration of argo
in air is just 1%. As is seen above, the hypothesis@27# ex-
plains clearly the strange experimental results@28–30# of
SBSL concerning mass diffusion. Thus in the present pa
the bubble is assumed to consist of argon and water va
which results in higher temperature in a bubble at the c
lapse because the molar heat of argon~monoatomic mol-
ecules! is smaller than that of air~mostly diatomic mol-
ecules!.

In the present paper, the effect of nonequilibrium evap
ration and condensation of water vapor at the bubble w
that of thermal conduction both inside and outside
bubble, and that of chemical reactions inside the bubble
taken into account. The purpose of the present paper i
investigate the thermal radiation mechanism from the wh
bubble rather than a local point~the bubble center! heated by
shock wave, which is motivated by the theoretical results
Kwak and co-workers@21,22# that the whole bubble is
heated up at the final stage of the collapse.

II. MODEL

The physical situation is that of a single spherical bub
in water irradiated by an ultrasonic wave. The contents of
bubble are noncondensable gas~argon! and water vapor. In
the present study, small amounts of chemical products
exist in the bubble as noncondensable gases. Pressurepg)
inside a bubble is assumed to be spatially uniform. The te
perature inside the bubble (T) is assumed to be spatiall
uniform except for a thin boundary layer near the bub
wall even at the collapse of the bubble, which is based on
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6752 56KYUICHI YASUI
theoretical results of Kwak and Na@22#. The thickness of the
boundary layer is assumed to benl wheren is a constant
andl is the mean free path of a gas molecule@23,33#. It is
assumed that the temperature in the boundary layer cha
linearly with radius (r ): from T at r 5R2nl to TB at r
5R, whereR is the bubble radius andTB is the gas tem-
perature at the bubble wall@the origin of the radius (r ) is the
bubble center# @23#. Thus

]T

]r U
r 5R

5
TB2T

nl
. ~4!

The mean free path~l! is calculated by Eq.~5! @34#.

l5
V

A2s8nt

, ~5!

wheres8 is the cross section of a molecule in the bubble~in
this calculation,s850.4310218 m2 is employed!.

As a well known result of the kinetic theory of gase
temperature jump (DT) exists at the bubble wall@35#.

TB5TL,i1DT, ~6!

whereTL,i is the liquid temperature at the bubble wall. Th
temperature jump (DT) is given by Eq.~7! @35#.

DT52
1

2kn8
A pm

2kTB

22a8ae

ae
k

]T

]r U
r 5R

, ~7!

wherek is the Boltzmann constant,n8 is the number density
of gas and vapor molecules in the bubble,m is the mean
mass of a molecule,ae is the thermal accommodation coe
ficient, a8 is a constant~a850.827 @35#!, andk is the ther-
mal conductivity of the gas.

The thermal conductivity~k! is calculated by the follow-
ing equation as a function of temperature@36#.

k50.00913.231025T, ~8!

wherek is in W/m K andT is in K, which gives a reasonabl
representation of measured values over the range from 25
2000 K, which is the only one where data are available
argon@37#.

In the model, the number of water molecules in t
bubble (nH2O) changes with time due to evaporation or co
densation at the bubble wall and chemical reactions.

nH2O~ t1Dt !5nH2O~ t !14pR2ṁDt

1 4
3 pR3Dt@S~production!2S~destruction!#,

~9!

wheret is the time, andṁ is the net rate of evaporation pe
unit area and unit time~when ṁ,0, condensation take
place!. The first sum in the right hand side of Eq.~9! con-
tains the contribution of all reactions producing H2O, and the
second one contains that of all the reactions consuming H2O.
Details of the chemical kinetics are described later. The
of evaporation per unit area and unit time (ṁ) is calculated
by Eqs.~10!–~12! @23–25,38,39#.
es

,

to
r

-

te

ṁ5ṁeva2ṁcon, ~10!

ṁeva5
103NA

MH2O

aM

~2pRv!1/2

pv*

TL,i
1/2 , ~11!

ṁcon5
103NA

MH2O

aM

~2pRv!1/2

Gpv

TB
1/2 . ~12!

Equation~10! means that the net rate of evaporation (ṁ) is
the difference between the actual rate of evaporation (ṁeva)
and that of condensation (ṁcon). In Eqs.~11! and~12!, aM is
the accommodation coefficient for evaporation or conden
tion, Rv is the gas constant of water vapor in J/kg K,pv* is
the saturated vapor pressure at temperatureTL,i , and pv is
the actual vapor pressure.

pv5
nH2O

nt
pg . ~13!

The correction factor~G! in Eq. ~12! is expressed as

G5exp~2V2!2VApS 12
2

Ap
E

0

V

exp~2x2!dxD
~14!

in which

V5
ṁ

pv
S RvT

2 D 1/2

. ~15!

The accommodation coefficient (aM) is calculated as a func
tion of liquid temperature by interpolating the results of m
lecular dynamics simulations by Matsumoto@40#. Details are
described in the Appendix.

As the equation of bubble radius (R), Eq. ~16! is em-
ployed, in which compressibility of liquid and the effect o
evaporation and condensation of water vapor at the bub
wall are taken into account†the derivation of Eq.~16! is
given in Ref.@24# ‡:

S 12
Ṙ

c`
1

ṁ

c`rL,i
DRR̈1

3

2
Ṙ2S 12

Ṙ

3c`
1

2ṁ

3c`rL,i
D

5
1

rL,`
S 11

Ṙ

c`
D FpB2psS t1

R

c`
D2p`G1

m̈R

rL,i

3S 12
Ṙ

c`
1

ṁ

c`rL,i
D 1

ṁ

rL,i
S Ṙ1

ṁ

2rL,i
1

ṁṘ

2c`rL,i

2
R

rL,i

drL,i

dt
2

ṁR

c`rL,i
2

drL,i

dt D 1
R

c`rL,`

dpB

dt
, ~16!

where the dot denotes the time derivative (d/dt), c` is the
sound speed in the liquid at infinity,rL,i (rL,`) is the liquid
density at the bubble wall~at infinity!, pB(t) is the liquid
pressure on the external side of the bubble wall,ps(t) is a
nonconstant ambient pressure component such as a s
field, andp` is the undisturbed pressure.pB(t) is related to
the pressure inside the bubble@pg(t)# by Eq. ~17! @24,39#:
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56 6753ALTERNATIVE MODEL OF SINGLE-BUBBLE . . .
pB~ t !5pg~ t !2
2s

R
2

4m

R S Ṙ2
ṁ

rL,i
D2ṁ2S 1

rL,i
2

1

rg
D ,

~17!

wheres is the surface tension,m is the liquid viscosity, and
rg is the density inside the bubble. When a bubble is irra
ated by an acoustic wave the wavelength of which is m
larger than the bubble radius,ps(t)52A sin vt whereA is
the pressure amplitude of the acoustic wave andv is its
angular frequency.

In order to calculatepg(t), the van der Waals equation o
state is employed.

S pg~ t !1
a

v2D ~v2b!5RgT, ~18!

where a and b are the van der Waals constants,v is the
molar volume,Rg is the gas constant, andT is the tempera-
ture inside the bubble. In this model, the van der Waals c
stants~a andb! change with time due to the change ofnH2O

@41#.

a5aArS nAr

nt
D 2

12aAr-H2OS nAr

nt
D S nH2O

nt
D 1aH2OS nH2O

nt
D 2

,

~19!

b5bArS nAr

nt
D 2

12bAr-H2OS nAr

nt
D S nH2O

nt
D 1bH2OS nH2O

nt
D 2

,

~20!

whereaAr and bAr ~aH2O and bH2O! are the van der Waal

constants of argon~water vapor!, aAr-H2O5AaAraH2O,

A3 bAr-H2O5 1
2 (A3 bAr1A3 bH2O) @41#. The values are as follow

@34#: aAr51.34531021 J m3/mol2, aH2O55.536

31021 J m3/mol2, bAr53.21931025 m3/mol, bH2O53.049

31025 m3/mol. In the present calculations, the effect of t
chemical products on the van der Waals constants is
glected, because the amount of the chemical product
small, as seen in the next section.

The temperature inside the bubble (T) is calculated by
solving Eq.~21!.

E5
nAr

NA
CV,ArT1

nH2O

NA
CV,H2OT1

T

NA
(
a

naCV,a

2S nt

NA
D 2 a

V
, ~21!

whereE is the thermal energy of the bubble,nt is the total
number of gas and vapor molecules in the bubble,V is the
volume of the bubble,CV,Ar(CV,H2O) is the molar heat of
argon ~vapor! at constant volume,a denotes species of th
chemical products such as OH, O2, O3, HO2, H2O2, H2, H,
and O, and the summation is for all the chemical produ
considered here. The molar heat is assumed as follows
monoatomic gases such as Ar, H, and O, the molar hea
3
2 Rg , for diatomic gases such as OH, O2, and H2, it is 5

2 Rg ,
for the other gases, it is62 Rg @42#.
i-
h

-

e-
is

ts
or
is

The change of the thermal energy of a bubble (DE) in
time Dt is expressed by

DE~ t !52pg~ t !DV~ t !14pR2ṁeH2ODt14pR2k
]T

]r U
r 5R

Dt

1
4

3
pR3Dt(

r
~r gb2r g f !DHg f1F2

3

5
MṘR̈GDt,

~22!

whereeH2O is the energy carried by an evaporating or co

densing vapor molecule,r g f(r gb) is the forward~backward!
reaction rate of the reactiong per unit volume and unit time
DHg f is the enthalpy change in the forward reaction~when
DHg f,0, the reaction is exothermic!, and M is the total
mass of gases and vapor inside the bubble. The first term
the right hand side of Eq.~22! is the work by pressure~pV
work!. The second term is the energy carried by evapora
or condensing vapor molecules. The third term is the ene
change due to thermal conduction. The fourth term is
heat of chemical reactions inside the bubble. The last term
the effect of the kinetic energy of gas described in the p
ceding section@Eq. ~3!#. The brackets mean that this term
included only when the term is positive, which correspon
to the decrease of the kinetic energy. When the term is ne
tive, it is replaced by zero.

The energy carried by an evaporating or condensing va
moleculeeH2O is calculated by Eq.~23! @26#.

eH2O5
CV,H2O

NA
TB . ~23!

Following is the description of the variation of liquid tem
perature at the bubble wall@24#. Continuity of energy flux at
the bubble wall is given by Eq.~24!.

kL

]TL

]r U
r 5R

5k
]T

]r U
r 5R

1ṁL1
ṁ

NA
CV,H2O~TB2TL,i !,

~24!

wherekL is the thermal conductivity of liquid water,TL(r )
is the liquid temperature at radiusr , andL is the latent heat
of evaporation or condensation.kL and L depend on the
liquid temperature and the liquid pressure. Their formu
are described in Ref.@24#. In this model, (]TL /]r )ur 5R is
calculated by Eq.~24!.

The spatial distribution of the liquid temperature@TL
5TL(r )# should satisfy the following boundary conditions

TL~R!5TL,i , ~25!

]TL~r !

]r U
r 5R

5
]TL

]r U
r 5R

, ~26!

TL~r→`!5T` , ~27!

]TL~r !

]r U
r→`

50, ~28!
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whereT` is the ambient liquid temperature. In the prese
model, the temperature profile in the liquid is assumed to
exponential@Eqs.~29! and ~30!#.

When

~TL,i2T`!
]TL

]r U
r 5R

,0,

~29!

TL~r !5~TL,i2T`!expS 2

]TL

]r U
r 5R

~T`2TL,i !
~r 2R!D 1T` .

When

~TL,i2T`!
]TL

]r U
r 5R

.0,

~30!

TL~r !5A exp@2B~r 2C!2#1T` ,

where

A5~TL,i2T`!exp~Be1
2!,

B5

]TL

]r U
r 5R

2~TL,i2T`!

1

e1
,

C5R1e1 ,

e15e0UTL,i2TB

]TL

]r U
r 5R

U ,

where e0 is a parameter which was determined to fit t
calculated results of the radius-time curve with the exp
mental data by Barber and Putterman@43# in the previous
paper by the presant author@24#. The value ise05131023

@24#. Both Eqs.~29! and~30! satisfy the boundary condition
@Eqs.~25!–~28!#.

In the present model, a boundary layer is assumed in
uid phase near a bubble. The thickness of the layer (dL) is
assumed as Eqs.~31! and ~32!.

When

~TL,i2T`!
]TL

]r U
r 5R

,0,

~31!

dL5
T`2TL,i

]TL

]r U
r 5R

.

When

~TL,i2T`!
]TL

]r U
r 5R

.0,

~32!

dL5
1

AB
1e1 .
t
e

i-

-

Variation of the liquid temperature at the bubble wa
(TL,i) is calculated by Eq.~33!.

TL,i~ t1Dt !5TL,i~ t !1
4pR2 j 1Dt24p~R1dL!2 j 2Dt

4
3 p@~R1dL!32R3#rL,icp

,

~33!

where j 1( j 2) is the energy flux atr 5R(r 5R1dL) per unit
area and unit time, andcp is the specific heat of liquid wate
at constant pressure.j 1 and j 2 are calculated by Eqs.~34!
and ~35!.

j 152kLur 5R

]TL

]r U
r 5R

, ~34!

j 252kLur 5R1dL

]TL

]r U
r 5R1dL

. ~35!

The assumed profile of liquid temperature@Eqs. ~29! and
~30!# is used only in the calculation ofj 2 in Eq. ~35!.

Physical quantities of liquid depend on the liquid tem
perature and the liquid pressure. Formulas of the quant
employed in the calculations are described in Ref.@24#.

Following is the description of the chemical kinetics.
Table I the chemical kinetic model@36,44# used in the
present calculations is shown. The scheme of Table I
been partially validated by hydrogen frame studies@36#.
Here we consider a simple reaction~g!,

aA1bB→mM1nN,

wherea,b andm,n are the number of molecules contribu
ing to one reaction~g! of the speciesA,B andM ,N, respec-
tively. The forward reaction rate per unit volume and u
time (r g f) is calculated from@36,44#

r g f5kg f@A#a@B#b, ~36!

where

kg f5Ag fT
bg fexp~2Cg f /T!, ~37!

whereAg f , bg f , and Cg f are given in Table I.@A# is the
concentration of the speciesA. The backward reaction rat
per unit volume and unit time (r gb) is calculated in the same
manner.

r gb5kgb@M #m@N#n, ~38!

where

kgb5AgbTbgbexp~2Cgb /T!, ~39!

whereAgb , bgb , andCgb are given in Table I.
The number of each species (na) changes with time due

to chemical reactions.~As described above, for H2O, the
number of molecules changes mainly by evaporation or c
densation.!

na~ t1Dt !5na~ t !

1 4
3 pR3Dt@S~production!2S~destruction!#,

~40!
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TABLE I. The chemical kinetic model used in the calculations@36,44#. The concentrations of each species are expressed in moles pe3.
@ThusAf ~or Ab! is expressed in m3/mol s for a two-body reaction~in m6/mol2 s for a three-body reaction!.# b is dimensionless, andC is in
K. For some of the backward reactions, the constants are not listed. Those backward reactions are neglected in the present calculDH f

is the enthalpy change in the forward reaction in kJ/mol at 1 atm and 1000 K. WhenDH f,0, the forward reaction is exothermic.

No. Reaction Af b f Cf ~K! Ab bb Cb ~K! DH f ~kJ/mol!

1 H1O2→O1OH 1.923108 0 8270 7.183105 0.36 2342 69.17
2 O1H2→H1OH 5.0831022 2.67 3166 2.6431022 2.65 2245 8.23
3 OH1H2→H1H2O 2.183102 1.51 1726 1.023103 1.51 9370 264.35
4 OH1OH→H2O1O 2.13102 1.4 200 2.213103 1.4 8368 272.59
5 H21M→H1H1M

Coef. H2:2.5, H2O:16.0
4.5831013 21.4 52500 2.453108 21.78 480 444.47

6 O1O1M→O21M
Coef. H2:2.5, H2O:16.0

6.173103 20.5 0 1.5831011 20.5 59472 2505.40

7 O1H1M→OH1M Coef. H2O:5.0 4.723105 21.0 0 4.6631011 20.65 51200 2436.23
8 H1OH1M→H2O1M

Coef. H2:2.5, H2O:16.0
2.2531010 22.0 0 1.9631016 21.62 59700 2508.82

9 H1O21M→HO21M
Coef. H2:2.5, H2O:16.0

2.003103 0 2500 2.463109 0 24300 2204.80

10 HO21H→H21O2 6.633107 0 1070 2.193107 0.28 28390 2239.67
11 HO21H→OH1OH 1.693108 0 440 1.083105 0.61 18230 2162.26
12 HO21O→OH1O2 1.813107 0 2200 3.13106 0.26 26083 2231.85
13 HO21OH→H2O1O2 1.4531010 21.0 0 2.1831010 20.72 34813 2304.44
14 HO21HO2→H2O21O2 3.03106 0 700 4.533108 20.39 19700 2175.35
15 H2O21M→OH1OH1M

Coef. H2:2.5, H2O:16.0
1.231011 0 22900 9.031021 0.90 23050 217.89

16 H2O21H→H2O1OH 3.23108 0 4510 1.143103 1.36 38180 2290.93
17 H2O21H→H21HO2 4.823107 0 4000 1.413105 0.66 12320 264.32
18 H2O21O→OH1HO2 9.55 2 2000 4.6231023 2.75 9277 256.08
19 H2O21OH→H2O1HO2 1.003107 0 900 2.83107 0 16500 2128.67
20 O31M→O21O1M 2.483108 0 11430 4.1 0 21057 109.27

Coef. O2:1.64 Coef. O2:1.63, H2O:15
21 O31O→O21O2 5.23106 0 2090 2396.14
22 O31OH→O21HO2 7.83105 0 960 2164.95
23 O31HO2→O21O21OH 13105 0 1410 2121.92
24 H1O3→HO21O 93106 0.5 2010 135.65
25 H1O3→OH1O2 1.63107 0 0 296.20
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where the first sum on the right hand side of Eq.~40! con-
tains the contribution of all reactions producinga, and the
second one contains that of all reactions consuminga. For
example, whena5A in the reaction~g!, arg f contributes to
the second sum in Eq.~40! ~in this stage,arg f should be
expressed in molecules/m3 s!. In Table I,M denotes the col-
lision partner or the third body in a three-body reactio
which acts only as catalyst in the reaction. The listed val
in Table I are those forM5Ar. In case of the other specie
(MÞAr), the valueAg f ~or Agb! for M5Ar should be mul-
tiplied by the coefficient listed in the table. For unlisted sp
cies, the valueAg f ~or Agb! for M5Ar is employed in the
present calculations.

III. RESULTS AND DISCUSSIONS

Calculations are performed under a condition of SB
@30#. The initial bubble radius is 5mm @30#. The frequency
and the amplitude of acoustic wave are 20.6 kHz and 1
bars, respectively@30#. The ambient liquid temperature (T`)
and the ambient pressure (p`) are chosen to be 20 °C and
,
s

-

5

atm, respectively. The initial number of chemical produ
(na) is chosen to be zero (na50). As in the calculations in
Refs. @23–26,33#, n53 is assumed, which determines th
thickness of the thermal boundary layer inside a bub
(nl). ae in Eq. ~7! is assumed to beae51.0 @39#.

Calculated results for one acoustic cycle~0–48.5ms! are
shown in Figs. 1~b!–1~f!. In Fig. 1~a!, the acoustic field
@ps(t)# applied on the bubble is shown as a function of tim
The time axes in Figs. 1~a!–1~f! are the same. In Fig. 1~b!,
the bubble radius (R) is shown as a function of time. It is
seen that the bubble expands when the acoustic pressureps)
is negative and that it collapses strongly whenps becomes
positive. After the strongest collapse, it oscillates softly
few times with its own frequency@32#. In Fig. 1~c!, the pres-
sure inside the bubble (pg) is shown as a function of time
with logarithmic vertical axis. It is seen thatpg increases up
to 10 GPa at the strongest collapse and that soft oscillat
follow due to the soft oscillations of the bubble radius.
Fig. 1~d!, the temperature inside a bubble (T) is shown as a
function of time with logarithmic vertical axis. It is seen th
the expansion of the bubble is the isothermal process w
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FIG. 1. Calculated results under the condition of SBSL@30# for one acoustic cycle. The time axes~the horizontal axes! are the same for
all the figures.~a! The pressure of the acoustic field@ps(t)# employed in the calculation.~b! The bubble radius (R). ~c! The pressure inside
the bubble (pg) with logarithmic vertical axis.~d! The temperature inside the bubble (T) with logarithmic vertical axis.~e! The liquid
temperature at bubble wall (TL,i) with the same logarithmic vertical axis with that in~d!. ~f! The number of molecules in the bubble wit
logarithmic vertical axis. The line shows the total number of molecules in the bubble (nt), the dotted line is the number of argon molecul
(nAr), and the dash-dotted line is that of vapor molecules (nH2O).
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the collapses are rather adiabatic ones. It is seen tha
temperature increases up to 10 000 K at the strongest
lapse. In Fig. 1~e!, the liquid temperature at the bubble wa
(TL,i) is shown as a function of time with the same logari
mic vertical axis with that in Fig. 1~d!. It is seen thatTL,i is
identical to the ambient liquid temperature (T`) except at the
two strong collapses. At the strongest collapse,TL,i increases
dramatically up to the same order of magnitude with
he
ol-

-

e

temperature inside the bubble (T). This means that chemica
reactions take place not only inside a bubble but also out
it as was clarified in the previous study by the present aut
@24# under a different physical condition. The heated liqu
layer is very thin, on the order of 0.01mm, for the region
where the temperature is above 500 K@dL defined in Eq.~31!
is 0.004mm#. In Fig. 1~f!, the number of molecules inside
bubble is shown as a function of time with logarithmic ve
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FIG. 2. Calculated results at around the minimum bubble radius as a function of time for 2000 ps~0.002 us!. The time axes are the sam
throughout the figures.~a! The bubble radius (R). ~b! The pressure inside the bubble (pg) with logarithmic vertical axis.~c! The temperature
inside the bubble (T). ~d! The blackbody radiance (r r). ~e! The number of molecules inside the bubble with logarithmic vertical axis.
vertical axes are the same and the solid line is the total number of molecules (nt) throughout~e!–~h!. The dash-dotted line is the number o
vapor molecules (nH2O), the dotted line is that of argon molecules (nAr), and the dashed line is that of OH radicals.~f! The number of O
molecules~dotted line!, that of O2 molecules~dashed line!, and that of O3 molecules~dash-dotted line! inside the bubble.~g! The number
of H molecules~dotted line! and that of H2 molecules~dash-dotted line! inside the bubble.~h! The number of HO2 molecules~dotted line!
and that of H2O2 molecules~dash-dotted line! inside the bubble.
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tical axis. The solid line is the total number of molecule
The dotted line and the dash-dotted line are the numbe
argon molecules and that of water molecules~vapor! inside
the bubble, respectively. It is seen that the number of va
molecules changes dramatically due to evaporation and
densation. It is seen that evaporation takes place at the
pansion of the bubble because the pressure inside the bu
is low and that condensation takes place at the collap
because the pressure inside the bubble is high.

In Figs. 2~a!–2~h!, the calculated results at around th
minimum bubble radius are shown as a function of time
2000 ps~0.002ms!. The time axes are the same througho
Figs. 2~a!–2~h!. In Fig. 2~a!, the bubble radius (R) is shown.
It is seen that the strong collapse stops suddenly due to
sudden increase of pressure inside the bubble (pg) shown in
Fig. 2~b!. The pressure increases three orders of magnit
in the last 1000 ps of the collapse and the time derivative
the pressure is very large, especially at the minimum bub
radius. It is because the strong collapse is ended when al
molecules in the bubble undergo van der Waals hard c
collisions. As is seen in Fig. 2~a!, the bubble wall velocity
.
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(uRu) increases up to 1900 m/s, which is larger than
sound velocity of gas inside the bubble at the time (cg
51500 m/s), which is calculated by

cg5S dpg

drg
D 1/2

5F S 2
RgT

~v2b!2 1
2a

v3 D dv
drg

G1/2

, ~41!

dv
drg

52
v2

@MH2O~nH2O/nt!1MAr~nAr /nt!#31023 ,

~42!

whererg is the density inside the bubble. Thus the assum
tion of the spatial uniformity of pressure inside the bubble
out of order at this strongest collapse. Thus the calcula
results at around the minimum bubble radius are not accu
in a quantitative sense. Nevertheless, the qualitative con
sions in the present paper are correct because the sp
variation of pressure inside the bubble at the strong colla
is not so large~a few tens of percent! according to the theo-
retical results by Kwak and co-workers@21,22#.
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FIG. 2. ~Continued!
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In Fig. 2~c!, the temperature inside the bubble (T) is
shown. It is seen thatT increases from 2000 to 10 000 K i
the last 1000 ps~0.001ms! of the collapse. Numerical result
reveal thatT increases from 6000 to 10 000 K in the last 1
ps ~0.000 12ms! of the collapse and that it is due to bothpV
work by the surrounding liquid and the effect of the kine
energy of gases inside the bubble. In the last 120 ps,
increase of the thermal energy of the bubble bypV work is
2.331029 J, while that by the effect of the kinetic energy
1.331029 J. It means that the kinetic energy of gases he
up the bubble considerably at the end of the collapse. In
last 120 ps, the thermal energy inside the bubble is redu
by 1.431029 J by chemical reactions and by 0.631029 J by
thermal conduction. The reduction by the thermal radiat
~blackbody radiation! is negligible (0.000231029 J). Thus
the net increase of the thermal energy inside the bubbl
1.731029 J in the last 120 ps of the collapse. It is clarifie
that the thermal energy of the bubble is reduced consider
by endothermal chemical reactions. The chemical react
decrease the temperature inside the bubble considerably
to the following two reasons; the reduction of the therm
energy by endothermal reactions and the increase of
number of molecules due to the dissociations of water~va-
por! molecules. It is concluded that the effect of chemic
reactions should be taken into account in the estimation
the temperatue inside the bubble at the strong collapse
Fig. 2~d!, the blackbody radiance is shown, which is calc
lated by the Stefan-Boltzmann law of radiation.
e

ts
e

ed

n

is

ly
ns
ue
l
he

l
of
In
-

r r5
p2k4

60c2\3 T434pR2, ~43!

wherer r is the blackbody radiance,k is the Boltzmann con-
stant,c is the light velocity, and\5h/2p where h is the
Planck constant. The half-width of the blackbody radiance
250 ps, which is slightly larger than the experimentally o
served pulse width of SBSL~50 ps! @4#. However, the total
energy emitted in one pulse by the blackbody radiation
calculated to be 3 pJ (53310212 J), while the experimen-
tally measured value is 0.1–0.5 pJ@45# though the physical
conditions are a little bit different. It means that the therm
radiation~blackbody radiation! is enough to account for the
light emission of SBSL. In other words, the thermal radiati
from the whole bubble cannot be neglected under the co
tion of SBSL. However, the thermal equilibrium of radiatio
with materials~gases! is assumed in the Stefan-Boltzman
law of radiation@Eq. ~43!#. This assumption may be invalid
in such a short time scale as 50 ps@4#. Thus for further
discussions the nonequilibrium radiation field should
studied precisely. In the present study, the temperatur
assumed to be spatially uniform inside a bubble except at
boundary layer near the bubble wall though the numer
results of Kwak and Na@22# show a slight spatial variation
of temperature inside a bubble in the order of a few tens
percent. It is possible that the temperature near the bu
center is a few tens of percent higher than the calcula
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temperature in the present study~it is a completely different
situation from that of the shock-wave theory because in
case the difference of temperature between the center an
surrounding region is a few orders of magnitude!. The higher
temperature attained near the bubble center shortens the
width of the thermal radiance becausedrr /dT is propor-
tional to T3 @see Eq.~43!#; at higher temperature the chang
of the radiance with unit temperature is larger. The hig
temperature near the bubble center also increases the
of radiance itself because it is proportional toT4 @Eq. ~43!#.
From these considerations, it is suggested that SBSL o
nates in the thermal radiation~or quasithermal radiation
which means the radiation at quasithermal equilibrium! from
the whole bubble rather than the local point~the bubble cen-
ter! suggested by the shock-wave theory@9–15#.

In Figs. 2~e!–2~h!, the numbers of molecules inside th
bubble are shown with the same logarithmic vertical ax
The solid line shows the total number of molecules inside
bubble (nt) throughout Figs. 2~e!–2~h!. From Fig. 2~e!, it is
seen that almost all the water molecules (H2O) undergo
chemical reactions at the strong collapse because of the
pressure and temperature shown in Figs. 2~b! and 2~c!. It is
seen from Figs. 2~e!–2~h! that appreciable amounts of OH
O, O2, O3, H, H2, HO2, and H2O2 molecules are create
inside the bubble at the strong collapse.

IV. CONCLUSION

A model of single-bubble sonoluminescence is co
structed. In the model, the temperature is assumed to be
tially uniform inside the bubble except at the thermal boun
ary layer near the bubble wall even at the strong colla
based on the theoretical results of Kwak and co-work
@21,22# that the whole bubble is heated up rather than a lo
point ~the bubble center! by the converging spherical shoc
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wave suggested by the previous theories@9–15# of SBSL. In
the present model, the effect of the kinetic energy of ga
inside the bubble is taken into account, which changes
heat when the gases stop their motions at the end of
strong collapse, in a different manner from that in@21,22#. In
the model, a bubble is assumed to consist mainly of ar
based on the hypothesis by Lohseet al. @27#. Numerical cal-
culations under a condition of SBSL reveal that the kine
energy of gases heats up the bubble considerably at the
stage of the strong collapse. It is also clarified that almost
the water vapor molecules undergo chemical reactions at
strong collapse, which decreases the temperature inside
bubble considerably due to the endothermal nature of
reactions and the increase of the number of molecules in
the bubble. It is suggested that SBSL originates in the th
mal radiation ~or quasithermal radiation! from the whole
bubble rather than a local point~the bubble center! by a
converging spherical shock wave suggested widely in
previous studies@9–15# of SBSL.

APPENDIX: THE ACCOMMODATION COEFFICIENT
FOR EVAPORATION „aM…

The accommodation coefficient (aM) for evaporation or
condensation of water vapor is calculated as a function
liquid temperature at bubble wall (TL,i) by interpolating the
results of molecular dynamics simulations by Matsumo
@40# by the Gregory-Newton formula of interpolation@46#.

aM50.3520.05k~1!20.05k~2!10.025k~3!,

where k5@TL,i(K)/50#27, k(m)5k(k21)•••@k2(m21)#.
The equation is valid only when 350 K<TL,i<500 K. The
value (aM) above 500 K~below 350 K! is assumed to be
that at 500 K~350 K! in the present calculations.
,
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