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Water vapor diffusion effects on gas dynamics in a sonoluminescing bubble
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Calculations based on a consideration of gas diffusion of gas dynamics in a sonoluminescing bubble filled
with a noble gas and water vapor are carried out. Xenon-, argon-, and helium-filled bubbles are studied. In the
absence of shock waves, bubble temperatures are found to be decreased, a decrease attributable to the large
heat capacity of water vapor. Peak bubble temperature reductions are seen in bubbles containing Xe or Ar but
not in those containing He. Further extrapolations provide evidence for the occurrence of shock waves in
bubbles with Xe and water vapor. No shock waves are observed in bubbles with Ar or He.
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Intense light emitted from a bubble levitated in a liqu
driven by an ultrasound is known as a single-bubble son
minescence~SBSL! @1#. An intriguing property of SBSL is
its high energy convergence@2#. A lot of theoretical work
@3–8# has indicated that high temperatures can be gener
in a sonoluminescing bubble, and hence light can be indu
from the hot gases trapped in the bubble. Among the theo
that have been proposed to account for the mechanism o
high energy convergence, that relating to heat-induced S
has been most invoked. How to boost SBSL and apply S
SL’s high energy convergence remain areas of immense
terest. A method recently proposed by Apfel to boost sono
minescence involves decreasing the ultrasound freque
This proposal was theoretically ‘‘realized’’ by Hilgenfeld
and Lohse@9#. However, experiments did not obtain the pr
dicted results. It was shown that the SBSL intensity at low
ultrasound frequency was not increased. Recent theore
work attributed this inconsistency between the theory and
experiment to the presence of water vapor in the bubble:
large heat capacity of water vapor might decrease the t
peratures in the bubble. The presence of water vapor was
considered in earlier theoretical calculations.

Some recent studies carried out to study the effects
water vapor include the work of Mosset al. @10#. The SBSL
intensity was found to be sensitive to the quantity of wa
vapor in the bubble. Storey and Szeri included some prim
chemical reactions involving water in their model and co
cluded that the presence of water vapor significantly
creased the temperatures in the bubble@11#.

In previous theoretical work, the possibility of shoc
wave occurrence in a sonoluminescing bubble was noted
disregarding neutral gas thermal conduction and viscosit
their calculations, Wu and Roberts@3# and Mosset al. @4,5#
showed that strong shock waves could occur. Howe
Vuong and Szeri@6# and Yuanet al. @8# presented contrary
results that no shock wave occurrence could be observe
noble gas bubbles as neutral gas thermal conduction and
cosity were considered. Yuanet al. @8# also found that using
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the Keller equation instead of the Rayleigh-Plesset equa
to describe the motion of the bubble wall reduced the occ
rence of shock waves because of the effect of water c
pressibility. The presence of water vapor in the bubble w
largely ignored in these studies. Although Mosset al. con-
sidered the water vapor’s influence on the gas dynamic
the bubble@10#, the neutral gas thermal conduction and v
cosity and the possibility of gas diffusion which should occ
in a gas mixture were not considered.

Some calculations showed that gas diffusion could h
significant effects on the gas dynamics. Diffusion can
driven by the spatial gradient of the species concentrat
temperature, and pressure. Previous calculations showed
gradients of these physical quantities existed in a sonolu
nescing bubble, especially during the final stage of
bubble collapse. If shock waves could occur, the gradie
would even be steeper. Xuet al. considered the plasma dif
fusion in their model and found that a very strong elect
field could be generated in a sonoluminescing bubble du
charge separation@12#. Storey and Szeri carried out a calc
lation of the gas diffusion in a bubble filled with argon an
helium @13#. These studies indicate that gas diffusion m
have significant influences on the gas dynamics in a son
minescing bubble and hence may need to be considere
water vapor is present.

Assuming, as in previous calculations, spherical symm
try of the bubbles, we can simplify the problems to on
dimensional cases. The motion of the bubble wall can t
be described by the Rayleigh-Plesset~RP! equation. The ear-
lier type of the RP equation was derived based on the
sumption of the incompressibility of the liquid around th
bubble. This approximation is valid except for the final sta
of the bubble collapse. During the bubble’s final collapse,
Mach number of the bubble wall is so large that the appro
mation of liquid incompressibility may introduce large e
rors. Yuanet al. @8# compared the influences of the differe
types of the RP equation on the gas dynamics and sho
that the inclusion of liquid compressibility in the equatio
weakened the disturbances of the gas in the bubble. In
paper, we report our studies of bubbles containing a no
©2003 The American Physical Society09-1
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gas and some amount of water vapor. The modified Ke
equation is employed as the equation for the bubble wal

~12M !RR̈1
3

2 S 12
M

3 D Ṙ2

5~11M !FHb2
1

r lb
PaS t1

R

clb
D G1

R

clb

dHb

dt
, ~1!

whereR, Hb , r lb , andclb are the bubble radius, enthalpy o
the water at the bubble wall, density of the water at
bubble wall, and speed of sound in the water at the bub
wall, respectively.M5Ṙ/clb is the Mach number of the
bubble wall, andPa(t)52Pa8sin(vat) is the pressure of the
ultrasound applied to the bubble wall, wherePa8 andva are
the amplitude and frequency of the ultrasound. The overd
are the derivatives with respect to timet.

The modified Tait form equation of state is applied to t
water:

Pl1B

Pl`1B
5S r l

r l`
D n

, ~2!

wherePl , Pl` , r l , andr l` are the pressure, ambient pre
sure, density, and ambient density of the water, respectiv
B53049.13 bars andn57.15. At the bubble wall, the spee
of soundclb and the enthalpy of the waterHb can thus be
expressed as

clb5An~Plb1B!

r lb
, ~3!

Hb5
n

n21 S Plb1B

r lb
2

Pl`1B

r l`
D . ~4!

The pressure in the liquid at the bubble wall,Plb ,
matches with the pressure of the gas on the other side o
bubble wall,P(R,t), by

Plb5P~R,t !1t rr ~R,t !2
2s

R
2

4nr lbṘ

R
, ~5!

wheret rr , s, andn are the normal components of the g
viscous stress, surface tension of the water, and kinetic
cosity of the water, respectively.

In order to describe the details of the gas dynamics in
bubble, the hydrodynamic equations are applied. Two mo
can be used to describe the diffusion processes. One is
multifluid model which applies the conservative equations
different species in a mixture separately and couples the
cies using some collision assumptions. However, it is har
describe the transport coefficients of a species in the mixt
Hence, we use the other model, the diffusion model, wh
was also used in Ref.@13#, to construct our calculations
Some water vapor is introduced in the bubble filled with
noble gas. Previous calculations showed that the bubble
derwent expansion and collapse prior to light emission. Si
the spatial distribution of the physical quantities in t
bubble shown in previous calculations was nearly unifo
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during the bubble expansion and the early stage of
bubble collapse, we, therefore, only consider the diffus
processes at the start of the bubble collapse. The mass d
sion of the water vapor between the bubble and the surrou
ing water is not considered. This is somewhat reasona
Before the final violent collapse of the bubble wall, ev
though the mass diffusion occurs at the interface, there
enough time for the gases to diffuse and maintain the ne
uniform spatial distributions of all the physical quantitie
During the final collapse of the bubble wall, the collapse
too fast to let significant mass diffusion occur. The ma
diffusion should be included and carefully studied if the e
act amount of water vapor trapped in the bubble is to
known. However, the mass diffusion will not significant
change our qualitative analysis of the effects of diffusion
the gas dynamics in a sonoluminescing bubble. The spe
temperatures are not separated, since it is known that di
ent species collide frequently and reach uniform tempe
tures in a very short time. The gas dissociation, ionizati
and some possible chemical reactions are not included in
model.

The mass, momentum, and energy conservative equa
of the gas mixture in spherical coordinates are

Dr

Dt
1

r

r 2

]

]r
~r 2u!50, ~6!

r
Du

Dt
52

]

]r
~P1t rr !2

3t rr

r
, ~7!

r
D

Dt S e1
1

2
u2D52

1

r 2

]

]r
$r 2@~P1t rr !u1q#%, ~8!

wherer, u, P, t rr , e, and q are, respectively, the density
velocity, pressure, normal stress tensor, internal energy,
heat flux of the gas mixture,r is the radial coordinate, and
D/Dt5]/]t1u]/]r . Equation~7! is derived based on the
relations thatt rr 522tuu522tff in spherical coordinates

The two species in the mixture satisfy the following rel
tions:

r5r11r2 , ~9!

J152J2 , ~10!

wherer i andJi5r iUi ( i 51,2) are the density and diffusio
flux of the i th species, respectively, andUi5ui2u ( i
51,2) is the diffusion velocity of thei th species, whereui is
the velocity of thei th species. Hence, to study the diffusio
processes, we only need to calculate the diffusion of o
species and derive that for the other using Eqs.~9! and~10!.
The diffusion of species 1 can be expressed by the follow
mass conservative equation:

Dr1

Dt
1

r1

r 2

]

]r
~r 2u!52

1

r 2

]

]r
~r 2J1!. ~11!
9-2



ra

i

of

d
ar
ze
ry
re

b

e
h

m
ni
d
of

y
re

e

c

em.
ate,
od
are

The
con-

c-
ter,
Ref.

WATER VAPOR DIFFUSION EFFECTS ON GAS . . . PHYSICAL REVIEW E 68, 016309 ~2003!
The diffusion fluxJ1 is assumed to be generated by the g
dients of the mole fraction of species 1,y1, temperatureT,
and pressureP, and hence satisfies

J152
n2M1M2

r
D12F]y1

]r
1S y12

r1

r D ] lnP

]r
1kT

] lnT

]r G ,
~12!

wheren is the number density of the mixture,Mi ( i 51,2) is
the molecular weight of thei th species,D12 is the binary
diffusion coefficient, andkT is the thermal diffusion ratio.

The normal stress tensor and the heat flux of the gas m
ture can be expressed as

t rr 52
4

3
mS ]u

]r
2

u

r D , ~13!

q52l
]T

]r
1~h12h2!J1 , ~14!

wherem andl are the viscosity and thermal conductivity
the gas mixture, respectively, andhi ( i 51,2) is the enthalpy
of the i th species.

Four transport coefficients,D12, kT , m, andl, are to be
defined. Because the gases in a sonoluminescing bubble
ing the final collapse are under extreme conditions, it is h
to describe these coefficients exactly. Like Storey and S
@13#, we employ the results derived from molecular theo
paying special attention to the corrections due to high p
sures and the polarity of water vapor.

The viscosity of the gas mixture at low pressure can
approximately expressed as@14#

m5m05
y1m1

y1f111y2f12
1

y2m2

y1f211y2f22
, ~15!

wherem i ( i 51,2) in micropoise is the viscosity of the pur
gas of thei th species, and thef ’s are the parameters whic
are calculated from the Brokaw approximation@14#. The cor-
rected expression due to high pressure is@14#

m5m01
1.08

j
@e1.439rr2e21.11rr

1.858
# mP, ~16!

wherer r5r/rc is the pseudoreduced mixture density andj
is defined asTc

1/6/M1/2Pc
2/3, wherePc , rc , and Tc are the

pseudocritical pressure, density, and temperature of the
ture, respectively, and are calculated by modified Praus
and Gunn rules@14#, and M is the mole fraction average
molecular weight of the mixture. The thermal conductivity
the gas mixture at low pressure is approximately@14#

l5l05
y1l1

y1A111y2A12
1

y2l2

y1A211y2A22
, ~17!

wherel i ( i 51,2) in cal/cm s K is the thermal conductivit
of the i th species, and theA’s are the parameters which a
calculated from the formulas in Ref.@14#. The high pressure
correction of the thermal conductivity of the mixture is@14#
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l5l01
1.4031027

GZc
5 ~e0.535rr21! cal/cm s K, r r,0.5,

l5l01
1.3131027

GZc
5 ~e0.67rr21.069! cal/cm s K,

0.5,r r,2.0, ~18!

l5l01
2.97631028

GZc
5 ~e1.155rr12.016! cal/cm s K,r r.2.0,

whereZc5Pc /rcR̄Tc andG5Tc
1/6M1/2/Pc

2/3 are functions of

the pseudocritical parameters, andR̄ is the gas constant. Th
thermal diffusion ratio can be expressed as@15#

kT5
y1y2

6l

S(1)y12S(2)y2

Xl1Yl
~6C12* 25!, ~19!

whereS(1), S(2), Xl , Yl , andC12* are functions defined in
Ref. @15#. The diffusion coefficient adopted here is@14#

D1251.85831023T3/2
@~M11M2!/M1M2#1/2

Ps12
2 VD

cm2/s,

~20!

where s125(s1s2)1/2 in angstrom is the characteristi
length,s i ( i 51,2) is the molecular diameter of thei th spe-
cies, andVD is the diffusion collision integral.

The equation of state is also required to solve the syst
Here, we use the van der Waals form of the equation of st
which is commonly used in SBSL simulations as a go
approximation when dissociation and ionization of gases
not considered,

P5
nkT

12br
, ~21!

e5
kT

r S n1

g121
1

n2

g221D , ~22!

wherek is the Boltzmann constant,b is the excluded volume
of the gas mixture, andni and g i ( i 51,2) are the number
density and specific heat ratio of thei th species.

As proposed by Vuong and Szeri@6#, a heat flux exists
across the bubble wall due to the temperature gradients.
temperature in the water can be described by the energy
servative equation

DTl

Dt
5

l l

r lcPlr
2

]

]r S r 2
]Tl

]r D , ~23!

whereTl , l l , andcPl are the temperature, thermal condu
tivity, and specific heat at constant pressure of the wa
respectively. We use the same technique as that used in
@6# to manipulate this equation. Equation~23! can then be
rewritten as
9-3
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DTl

Dt
5

l l

r lcPl

]

]s F ~3s1R3!4/3
]Tl

]s G , ~24!

which introduces a Lagrangian coordinates5(r 32R3)/3.
At the bubble wall, the continuity of the heat flux leads to

l
]T

]r U r 5R5l l

]Tl

]r U
r 5R

, ~25!

which is a physical boundary condition applied to the bub
wall.

We employ the second-order MacCormack scheme
solve Eqs.~6!, ~7!, ~8!, and ~11! numerically. An implicit
central finite difference method is applied to Eq.~24! in or-
der to stabilize the calculations. The bubble interior is
vided into 400 grids and 200 points are applied to the s
rounding water.

The following parameters are chosen in our calculatio
Pa851.35 atm, va52p326.5 kHz, R054.5 mm, Pl`

51 atm, T05300 K, r l`5996.6 kg/m3, s50.0725 N/m,
n50.85731026 m2 s21, l l50.609 W m21 K21, and cPl
54179 J kg21 K21. The noble gases studied are He, Ar, a
Xe. In a gas mixture, the heavier gas tends to move to
cooler region due to diffusion. Intuitively, we can imagin
that diffusion may be more significant in a gas mixture fill
with gases with larger differences in molecular weigh
Therefore, the Xe and He bubbles should exhibit stron
diffusion behavior and should be representative models
the question about gas diffusion in SBSL.

The water vapor concentration is varied in order to o
serve the influence of the amount of the water vapor on
gas dynamics. Figure 1 shows five snapshots of the sp
profiles of the density, velocity, temperature of the mixtu
and the mole fraction of water vapor in a bubble filled w
90% ~mole fraction! Xe and 10% water vapor during th
bubble’s final collapse and the first rebound. No shock wa
are produced. Only some wavy disturbances propagate
as those described in Refs.@6,8#. The water vapor accumu

FIG. 1. The spatial profiles of the densityr, velocity u, mole
fraction of water vapory2, and temperatureT in a bubble filled with
90% Xe and 10% water vapor. The temporal sequence of the
curves ist1 ~solid line!, ,t2 ~dotted line!, ,t3 ~dashed line!, ,t4

~long dashed line!, ,t5 ~dot-dashed line!. No shock waves are ob
served.
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lates at the bubble center as the waves propagate inwa
which can be seen more clearly in Fig. 2~a!. This is consis-
tent with the diffusion, because Xe has a larger molecu
weight than water vapor and the bubble center is hotter t
that at the periphery. Since no shock waves occur, the g
are compressed quasiadiabatically. Water vapor has sm
specific heat ratio compared to noble gases. The presen
water vapor thus decreases the temperatures. In Fig. 2~b!, the
temperatures at the bubble center for three cases are
pared: pure Xe, a mixture of Xe and water vapor witho
diffusion, and a mixture with diffusion. The temperature
the pure Xe bubble is the highest. Diffusion leads to t
lowest temperature among these three cases, because
water vapor congregates at the bubble center. The pres
of water vapor can significantly decrease the temperature
shown in Fig. 2~b!, which can explain the failure of the
method to boost SBSL by decreasing the driving frequen
If the driving frequency is decreased, the time for bubb
expansion is now longer. More water vapor can diffuse in
the bubble, which can greatly decrease the high temperat
that can be achieved in a pure noble gas bubble. For n
gases with larger molecular weights than water vapor, e
more water vapor enters the hot regions due to diffusion
therefore decreases the temperatures further. Accordin
the assumption of heat-induced SBSL, any increase in l
intensity cannot be achieved.

Previous calculations@10# showed that the presence o
water vapor in a gas bubble could promote the occurrenc
shock waves due to water vapor’s low specific heat ratio. T
mole fraction of the water vapor is thus increased to tes
shock waves can occur in our models. Figure 3 shows
spatial profiles of the density, velocity, and temperature
the gas mixture, and the mole fraction of the water vapor
a bubble filled with 70%~mole fraction! Xe and 30% water

e

FIG. 2. The time evolutions of~a! mole fraction of water vapor
at the center (r 50) and wall (r 5R) of a bubble filled with 90% Xe
and 10% water vapor and~b! temperatures at the bubble center f
three cases: a bubble filled with pure Xe~dotted line!, a bubble
filled with 90% Xe and 10% water vapor without diffusion~dashed
line!, and a bubble filled with 90% Xe and 10% water vapor w
diffusion ~solid line!.
9-4
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WATER VAPOR DIFFUSION EFFECTS ON GAS . . . PHYSICAL REVIEW E 68, 016309 ~2003!
vapor. During the initial collapse of the bubble, the inwa
disturbance is much stronger than that in Fig. 1 and deve
into a weak shock wave as it propagates towards the bu
center. The shock wave becomes more obvious after
reflected from the bubble wall and becomes stronger a
propagates towards the bubble center again. From Fig.~b!
we can see that a peak temperature up to nearly 110 00
which is much higher than the highest temperature we ob
in the pure Xe bubble@see Fig. 2~b!#, is achieved when the
shock wave is reflected from the bubble center. This te
perature peak has a narrower time width. The mole frac
of the water vapor at the bubble center also undergoes
abrupt surge due to the shock wave’s reflection, which
shown in Fig. 4~a!.

In Fig. 5, we plot the mole fraction and diffusion flux o
water vapor across the shock front. The lighter gas is m

FIG. 3. The spatial profiles of the densityr, velocity u, mole
fraction of water vapory2, and temperatureT in a bubble filled with
70% Xe and 30% water vapor. The temporal sequence of the
curves ist1 ~solid line!, ,t2 ~dotted line!, ,t3 ~dashed line!, ,t4

~long dashed line!, ,t5 ~dot-dashed line!. Shock waves are ob
served.

FIG. 4. The time evolutions of~a! mole fraction of water vapor
at the center (r 50) and wall (r 5R) of the bubble and~b! tempera-
ture at the bubble center. The bubble is the same as that in Fig
01630
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easily propelled in front of the wave front. Hence, in th
mixture of Xe and water vapor, the diffusion flux of wate
vapor is in the same direction of the wave propagation.
the shock front, the diffusion flux of water vapor reaches
peak which leads to the congregation of water vapor here
peak water vapor concentration is thus produced at the sh
front. Since water vapor has a lower specific heat ratio co
pared to the noble gases, the congregation of water va
dramatically decreases the speed of sound at the shock f
The decrease of the speed of sound increases the Mach
ber of the wave. The shock wave is thus strengthened.
congregation of water vapor and the development of sh
wave promote each other during the propagation of the sh
wave. This can be seen from Fig. 3. As the shock wave
the origin of the bubble, the strength of the shock wave a
the water vapor fraction both reach their maxima.

Similar calculations for a bubble filled with 70%~mole
fraction! Ar and 30% water vapor are carried out. No sho
wave is found in this case. Because the difference in
molecular weight between Ar and water vapor is not so la
as that between Xe and water vapor, the congregation
water vapor at the bubble center is not remarkable. T
maximum mole fraction of water vapor at the bubble cen
is only about 33%, as shown in Fig. 6~a!. This means that the
diffusion in this bubble is not strong and can be neglect
The inclusion of water vapor cools the bubble. Since
diffusion is weak, the temperatures at the bubble center w
and without diffusion are only slightly different, as shown
Fig. 6~b!. Although no shock waves are observed in this ca
their absence in an Ar bubble undergoing SBSL cannot
be ruled out.

Unlike Xe and Ar, He has a smaller molecular weight th
water vapor. The water vapor diffusion in a He bubble
therefore, predictably different from that in the Xe and A
bubbles. In Fig. 7, we plot five snapshots of the spatial p
files of the density, velocity, and temperature of the gas m
ture, and the mole fraction of water vapor in a bubble fill
with 70% ~mole fraction! He and 30% water vapor durin

e

3.

FIG. 5. The spatial profiles of the mole fractiony2 ~solid line!
and mass fluxJ2 ~dotted line! at the shock front. The dashed line
the profile of the velocity of the shock wave. All the parameters
the same as those in Figs. 3 and 4.
9-5
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the bubble’s final collapse and the first rebound. Unlike
Fig. 1, the mole fractions of water vapor have positive g
dients. There exists a tendency for the water vapor to c
gregate at the periphery of the bubble, because the molec
weight of water vapor is much larger than that of He and
temperatures in the bubble have negative gradients. It is
to generate shock waves in a pure He bubble due to the s
molecular weight of He. Although the presence of water
por can help lower the speed of sound, unlike what is
served in the bubbles filled with Xe, the diffusion proce
decreases the concentration of water vapor just ahead o
wave front~the direction of the flux of water vapor is oppo
site to the direction of wave propagation! and reduces the

FIG. 6. The time evolutions of~a! mole fraction of water vapor
at the center (r 50) and wall (r 5R) of a bubble filled with 70% Ar
and 30% water vapor and~b! temperatures at the bubble center f
three cases: a bubble filled with pure Ar~dotted line!, a bubble filled
with 70% Ar and 30% water vapor without diffusion~dashed line!,
and a bubble filled with 70% Ar and 30% water vapor with diff
sion ~solid line!.

FIG. 7. The spatial profiles of the densityr, velocity u, mole
fraction of water vapory2, and temperatureT in a bubble filled with
70% He and 30% water vapor. The temporal sequence of the
number marked curves ist1 ~solid line!, ,t2 ~dotted line!, ,t3

~dashed line!, ,t4 ~long dashed line!, ,t5 ~dot-dashed line!. No
Shock waves are observed.
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possibility of shock wave occurrence. As can be seen, th
are only some wavy disturbances in the bubble. In Fig. 8~a!,
we plot the mole fraction of water vapor at the bubble cen
and the bubble wall. In contrast to those shown in the Xe a
Ar cases, the water vapor concentration at the bubble wa
higher than that at the bubble center. Figure 8~b! compares
the temperatures at the bubble center of three cases: pur
a mixture of He and water vapor with diffusion, and a mi
ture without diffusion. It is still the case that the inclusion
water vapor lowers the temperatures in the absence of sh
waves. However, diffusion reduces the concentration of w
ter vapor at the bubble center. The temperatures in bub
with diffusion are thus higher than those without diffusion

Calculations of gas dynamics in bubbles filled with
noble gas and water vapor, with a focus on gas diffusion,
carried out. The following conclusions can be drawn fro
the results of the calculations:~i! the presence of water vapo
decreases the peak temperatures in a noble gas bubble d
the large heat capacity of water vapor if only weak compr
sional waves propagate;~ii ! in the Ar and Xe bubbles, wate
vapor tends to congregate around the bubble center du
the bubble’s final collapse, while in a He bubble, water vap
tends to diffuse to the outer layers of the bubble;~iii ! water
vapor helps to strengthen the disturbances in the bubble
to its low specific heat ratio;~iv! water vapor diffusion in the
Xe and Ar bubbles can enhance the disturbances further
to water vapor’s congregation in front of the wave fron
while in a He bubble it weakens the disturbances becaus
the reversed diffusion behavior;~v! shock waves are ob
served in a bubble filled with 70% Xe and 30% water vap
~vi! in the absence of shock waves, water vapor diffus
decreases the peak temperatures in the Xe and Ar bub
while increasing the peak temperatures in a He bubble.

ve

FIG. 8. The time evolutions of~a! mole fraction of water vapor
at the center (r 50) and wall (r 5R) of a bubble filled with 70% He
and 30% water vapor and~b! temperatures at the bubble center f
three cases: a bubble filled with pure He~dotted line!, a bubble
filled with 70% He and 30% water vapor without diffusion~dashed
line!, and a bubble filled with 70% He and 30% water vapor w
diffusion ~solid line!.
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The conclusion that no shock waves can occur in a no
gas bubble made from previous calculations@6,8# is not com-
prehensive. The inclusion of water vapor and the diffus
process increases the possibility of shock wave occurre
as was also noted in Ref.@11#. Transient high temperature
can be induced by the compression of shock waves. We
not include the light emission mechanisms in our pres
calculations, but we can predict that these high temperat
01630
le

n
e,

do
t

es

will not significantly influence the SBSL spectra, becau
they occur over a very short time and only exist in the th
layers around the bubble center, as shown in our calculati
Hence, water vapor and its diffusion are important in det
mining the gas dynamics in a SBSL bubble, and may prov
us a better understanding of SBSL.
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