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Single-bubble dynamics in liquid nitrogen

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

~Received 2 February 1998!

Computer simulations of bubble oscillations induced by an ultrasonic wave in liquid nitrogen are performed,
including the effect of evaporation and condensation of nitrogen vapor at the bubble wall, that of droplets
formation inside the bubble, and that of thermal conduction both inside and outside the bubble. Baghdassarian,
Cho, Varoquaux, and Williams@J. Low. Temp. Phys.110, 305 ~1998!# monitored the oscillations of a helium
bubble in liquid nitrogen by scattering an argon-ion laser beam from the bubble and observed anomalous
behavior of the intensity of the scattered light as a function of time. The results of the computer simulations in
the present study indicate that the anomalous behavior observed is due to the light scattering from fine droplets
created inside the bubble. It is also clarified that the bubble collapse under a condition of stable oscillations in
liquid nitrogen is much milder than that in water at room temperature due to the much larger saturated vapor
pressure of liquid nitrogen. As the result, the maximum temperature attained in the bubble in liquid nitrogen is
much lower than that required for single-bubble sonoluminescence.@S1063-651X~98!03907-5#

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

Observations of a single-bubble sonoluminesce
~SBSL! were reported less than ten years ago@1–3#. SBSL is
a light emission phenomenon from a stably oscillati
bubble in liquid irradiated by ultrasonic wave. The light
emitted at the collapse of the bubble. The pulse width of
light is experimentally measured to range from 50 to 250
@2,4,5#. The spectrum is broadband and can be fitted b
blackbody formula with the effective temperatures rang
from 6000 K to 50 000 K@6–8#. The light pulse is emitted
periodically with the frequency of the ultrasonic wave@4#.

The mechanism of the light emission of SBSL is not y
understood, though several theories have been propo
such as the shock-wave theory@9–12# in which a spherical
shock wave converges at the center of the bubble and lig
emitted by thermal bremsstrahlung from the plasma form
by the shock-wave convergence, and the hot-spot the
@13–15# where the bubble is heated by quasiadiabatic co
pression and thermal radiation is emitted. Since most of
SBSL intensity is in the ultraviolet in many experiments@6#,
Williams and his co-workers@16,17# have attempted to ob
serve SBSL in liquid nitrogen whose absorption in the ult
violet is much less than that of water. Single bubbles
helium gas of radius 10–20mm have been stably trapped
liquid nitrogen for several minutes at the pressure antin
of the standing acoustic wave@16,17#, though no SBSL has
yet been observed@17#. The bubble oscillations are mon
tored by scattering a 100 mW argon-ion laser beam from
bubble and the anomalous behavior of the intensity of
scattered light is observed as a function of time@17#.

In the present study, computer simulations of bubble
cillations in liquid nitrogen are performed in order to stu
the anomalous behavior observed@17#, including the effect
of evaporation and condensation of nitrogen vapor at
bubble wall, that of droplets formation inside the bubble, a
that of thermal conduction both inside and outside
bubble.
PRE 581063-651X/98/58~1!/471~9!/$15.00
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II. MODEL

The physical situation is that of a single spherical bub
in liquid nitrogen irradiated by an ultrasonic wave. Th
bubble consists of helium and nitrogen vapor. Pressure (pg)
inside a bubble is assumed to be spatially uniform. The te
perature inside a bubble is assumed to be spatially unif
except at the thermal boundary layer near the bubble w
The width of the thermal boundary layer is assumed to
nl, wheren is a constant andl is the mean free path of a
gas molecule@18#. In the present calculations,n57 is as-
sumed@18#. It is assumed that the temperature in the bou
ary layer changes linearly with radius (r ): from T at r 5R
2nl to TB at r 5R, whereR is the bubble radius andTB is
the gas-temperature at the bubble wall@the origin of the ra-
dius (r ) is the bubble center# @18#. Thus

]T

]r U
r 5R

5
TB2T

nl
. ~1!

The mean free path~l! is calculated by Eq.~2! @19#.

l5
~V2Vd!

&s8nt

, ~2!

whereV is the volume of the bubble,Vd is the total volume
of droplets inside the bubble,s8 is the cross section of a
molecule in the bubble@in this calculation, s850.4
310218(m2) is employed#, and nt is the total number of
molecules inside the bubble.

As a well known result of the kinetic theory of gase
temperature jump (DT) exists at the bubble wall@20#.

TB5TL,i1DT, ~3!

whereTL,i is the liquid temperature at bubble wall. A tem
perature jump (DT) is given by Eq.~4! @20#:
471 © 1998 The American Physical Society



a

f

he
n

tio

e

,

t
t

uc
bb
.

ion,

res-
he

ct
the

472 PRE 58KYUICHI YASUI
DT52
1

2kn8 S pm

2kTB
D 1/2 22a8ae

ae
k

]T

]r U
r 5R

, ~4!

wherek is the Boltzmann constant,n8 is the number density
of gas molecules in the bubble,m is the mean mass of
molecule,ae is the thermal accommodation coefficient,a8 is
a constant~a850.827@20#!, andk is the thermal conductiv-
ity of the gas.

The thermal conductivity~k! is calculated as a function o
temperature by Eq.~5! @21#:

k5~0.02514.531024T!S nHe

nt
D

1~0.000418.931025T!S nN2

nt
D ~5!

wherek is in W/m K andT is in K, and nHe (nN2
) is the

number of helium~nitrogen! molecules in the bubble.
In the model, the number of nitrogen molecules in t

bubble (nN2
) changes with time due to evaporation or co

densation at the bubble wall and to formation or evapora
of fine droplets inside the bubble:

nN2
~ t1Dt !5nN2

~ t !14pR2ṁ
103NA

MN2

Dt

2
4

3
pr

*
3 rL

103NA

MN2

D8N, ~6!

where t is the time,ṁ is the net rate of evaporation at th
bubble wall per unit area and unit time in kg/m2 s ~whenṁ
,0, condensation takes place!, NA is the Avogadro number
MN2

is the molar weight of nitrogen in g/mol,r * is the radius

of a droplet,rL is the liquid density, andD8N is the change
of the number of droplets in timeDt. The prime means tha
it excludes the contribution of the deposit of droplets on
the bubble wall. Details of the droplets formation and red
tion are described later. The rate of evaporation at the bu
wall per unit area and unit time (ṁ) is calculated by Eqs
~7!–~9! @22–24#:
e
-

e

-
n

o
-
le

ṁ5ṁeva2ṁcon, ~7!

ṁeva5
aM

~2pRv!1/2

pv*

TL,i
1/2 , ~8!

ṁcon5
aM

~2pRv!1/2

Gpv

TB
1/2 . ~9!

Equation~7! 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.~8! and ~9!, aM is the
accommodation coefficient for evaporation or condensat
Rv is the gas constant of nitrogen vapor in~J/kg K!, pv* is the
saturated vapor pressure at temperatureTL,i , and pv is the
actual vapor pressure;

pv5
nN2

nt
pg . ~10!

The correction factor~G! in Eq. ~9! is

G5exp~2V2!2VApS 12
2

Ap
E

0

V

exp~2x2!dxD ,

~11!

where

V5
ṁ

pv
S RvT

2 D 1/2

. ~12!

The accommodation coefficient (aM) is assumed to beaM
50.1 in the present calculations. The saturated vapor p
sure (pv* ) is calculated as a function of temperature by t
empirical formula given in the Appendix.

As the equation of bubble radius (R), Eq. ~13! is em-
ployed, in which the compressibility of liquid and the effe
of evaporation and condensation of nitrogen vapor at
bubble wall are taken into account@the derivation of Eq.~13!
is given in Ref.@24##:
S 12
Ṙ

c
1

ṁ

crL
DRR̈1

3

2
Ṙ2S 12

Ṙ

3c
1

2ṁ

3crL
D 5

1

rL
S 11

Ṙ

c D S pB2psS t1
R

c D2p`D1
m̈R

rL
S 12

Ṙ

c
1

ṁ

crL
D

1
ṁ

rL
S Ṙ1

ṁ

2rL
1

ṁṘ

2crL
D 1

R

c`rL

dpB

dt
, ~13!
di-
where the dot denotes the time derivative (d/dt), c is the
sound speed in the liquid,pB(t) is the liquid pressure on th
external side of the bubble wall,ps(t) is a nonconstant am
bient pressure component such as a sound field, andp` is the
undisturbed pressure.pB(t) is related to the pressure insid
the bubble@pg(t)# by Eq. ~14! @23,24#:
pB~ t !5pg~ t !2
2s

R
2

4m

R S Ṙ2
ṁ

rL
D2ṁ2S 1

rL
2

1

rg
D ,

~14!

wheres is the surface tension,m is the liquid viscosity, and
rg is the density inside the bubble. When a bubble is irra
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ated by an acoustic wave of which wavelength is much lar
than the bubble radius,ps(t)52A sin vt where A 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, ~15!

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 of t
nitrogen content in the bubble by evaporation or conden
tion, according to Eqs.~16! and ~17!.

a5aHeS nHe

nt
D 2

12aHe-N2S nHe

nt
D S nN2

nt
D 1aN2

S nN2

nt
D 2

,

~16!

b5bHeS nHe

nt
D 2

12bHe-N2S nHe

nt
D S nN2

nt
D 1bN2

S nN2

nt
D 2

,

~17!

where aHe and bHe ~aN2
and bN2

! are the van der Waal

constants of helium~nitrogen!, aHe-N2
5AaHeaN2

, A3 bHe-N2

5 1
2 (A3 bHe1A3 bN2

) @25#. The values are as follows@19#: aHe

53.431023(J m3/mol2), aN2
51.3931021(J m3/mol2), bHe

52.3731025(m3/mol), bN2
53.91331025(m3/mol).

The temperature inside the bubble (T) is calculated by
solving Eq.~18!:

E5
nHe

NA
CV,HeT1

nN2

NA
CV,N2

T2S nt

NA
D 2 a

V
, ~18!

whereE is the thermal energy of the bubble,CV,He(CV,N2
) is

the molar heat of helium~nitrogen! at constant volume. The
molar heat is assumed as follows;CV,He5

3
2 Rg and CV,N2

5 5
2 Rg @26#. The change of the thermal energy of a bubb

(DE) in time Dt is expressed by@15#

DE~ t !52pg~ t !DV~ t !14pR2ṁ
103NA

MN2

eN2
Dt

14pR2k
]T

]r U
r 5R

Dt1
4

3
pr

*
3 rLLD8N

1F2
3

5
MṘR̈GDt, ~19!

whereeN2
is the energy carried by an evaporating or co

densing vapor molecule,L is the latent heat of evaporation
andM is the total mass of the gases inside the bubble.
first term in the right hand side of Eq.~19! is the work by the
surrounding liquid~pV work!. The second term is the energ
carried by evaporating or condensing vapor molecules.
third term is the energy change due to thermal conduct
The fourth term is the latent heat of droplets formation
er

-

a-

-

e

e
n.
r

evaporation. The last term is the change of the kinetic ene
of gases into heat. The brackets mean that this term is
cluded only when the term is positive, which corresponds
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
moleculeeN2

is calculated by Eq.~20! @27#,

eN2
5

CV,N2

NA
TB . ~20!

Following is the description on the variation of liqui
temperature at the bubble wall@24#. Continuity of energy
flux at the bubble wall is given by Eq.~21!:

kL

]TL

]r U
r 5R

5k
]T

]r U
r 5R

1ṁL1
103ṁ

MN2

CV,N2
~TB2TL,i !,

~21!

wherekL is the thermal conductivity of liquid nitrogen, an
TL(r ) is the liquid temperature at radiusr . In this model,
]TL /]r ur 5R is calculated by Eq.~21!.

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

TL~R!5TL,i , ~22!

]TL~r !

]r U
r 5R

5
]TL

]r U
r 5R

, ~23!

TL~r→`!5T` , ~24!

]TL~r !

]r U
r→`

50, ~25!

whereT` is the ambient liquid temperature. In the prese
model, the temperature profile in the liquid is assumed to
exponential@Eqs.~26! and ~27!#.

When (TL,i2T`)]TL /]r ur 5R,0,

TL~r !5~TL,i2T`!expS 2
]TL /]r ur 5R

~T`2TL,i !
~r 2R! D1T` .

~26!

When (TL,i2T`)]TL /]r ur 5R.0

TL~r !5A exp@2B~r 2C!2#1T` , ~27!

where
A5~TL,i2T`!exp~Be1

2!,

B5
]TL /]r ur 5R

2~TL,i2T`!

1

e1
,

C5R1e1 ,

e15e0U TL,i2TB

]TL /]r ur 5R
U ,

where e0 is a parameter, which was determined to fit t
calculated result of a radius-time curve with the experimen
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data@28# of a bubble in water in the previous paper by t
author@24#. The value ise05131023 @24#. Both Eqs.~26!
and ~27! satisfy the boundary conditions@Eqs.~22!–~25!#.

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.~28! and ~29!.

When (TL,i2T`)]TL /]r ur 5R,0,

dL5
T`2TL,i

]TL /]r ur 5R
. ~28!

When (TL,i2T`)]TL /]r ur 5R.0

dL5
1

AB
1e1 . ~29!

Variation of the liquid temperature at bubble wall (TL,i)
is calculated by Eq.~30!,

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

4

3
p@~R1dL!32R3#rLcp

,

~30!

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 nitro
gen at constant pressure.j 1 and j 2 are calculated by Eqs
~31! and ~32!:

j 152kLur 5R

]TL

]r U
r 5R

, ~31!

j 252kLur 5R1dL

]TL

]r U
r 5R1dL

. ~32!

The assumed profile of liquid temperature@Eqs. ~26! and
~27!# is used only in the calculation ofj 2 in Eq. ~32!.

Next the calculation method of droplet formation and
duction inside the bubble is described. The nucleation rat
fine droplets is given by the kinetic theory of liquids@29,30#:

J5S 2s* mN2

p
D 1/2

1

rL
S pv

kTD 2

expS 2
4pr c

2s*
3kT D , ~33!

wheres* is the effective surface tension of liquid nitroge
mN2

is the mass of a nitrogen molecule, andr c is the critical
droplet radius. Kawada and Mori@31# reported that the ex
perimental nucleation rate agrees with the theoretical va
obtained by the classical theory using reduced surface
sion. In the present calculations,s* 50.7s is assumed
@30,31#. In the present calculations,r c51.031029(m) is as-
sumed for simplicity though rigorously it depends on te
perature and vapor pressure@29,30#. The change of the num
ber of droplets inside the bubble (DN) in time Dt is
calculated by Eq.~34!:

DN5
4

3
pR3JDt1S 3ṁN

rLR
Dt D2S 4pr

*
2 ṁ

4
3 pr 3 rL

Dt D , ~34!
*

-

-
of

e
n-

-

whereN is the total number of droplets inside the bubb
The first term of right-hand side of Eq.~34! is the nucleation
of droplets by condensation of nitrogen vapor inside
bubble. The second term is the reduction due to the dep
of the droplets onto the bubble wall@30#. The second term is
included only whenN.0 andṁ,0, otherwise it is replaced
by zero. The third term is the reduction of droplets by evap
ration. The third term is included only whenN.0 and ṁ
.0, otherwise it is replaced by zero. In the present mod
the radius of a droplet is assumed to be a constant@r * 5r c
51.031029 m# for simplicity. For rigorous discussions, th
change of the size of a droplet due to evaporation or cond
sation should be taken into account@29,30#. D8N in Eqs.~6!
and ~19! is expressed by the first and the third terms of t
right-hand side of Eq.~34!:

D8N5
4

3
pR3JDt2S 4pr

*
2 ṁ

4
3 pr

*
3 rL

Dt D . ~35!

The total volume of droplets (Vd) in Eq. ~2! is calculated
simply by

Vd5 4
3 pr

*
3 N. ~36!

Following is the calculation method of bubble shape o
cillations. In the present study, the formulation of Brenn
et al. @32,33# is employed. A distortion of the spherical in
terface is expressed byR(t)1an(t)Yn , whereYn is a spheri-
cal harmonic of degreen andan(t) is the distortion ampli-
tude. The dynamics ofan(t) is given by@32,33#

än1Bn~ t !ȧn2An~ t !an50, ~37!

where

An~ t !5~n21!
R̈

R
2

bns

rLR3

2F ~n21!~n12!12n~n12!~n21!
d

RG 2mṘ

R3

~38!

and

Bn~ t !53
Ṙ

R
1F ~n12!~2n11!22n~n12!2

d

RG 2m

R2 ,

~39!

wherebn5(n21)(n11)(n12), andd is the thickness of
the thin layer around the bubble where fluid flows@32,33#:

d5minSAm

v
,

R

2nD . ~40!

In order to take into account microscopic fluctuations, a r
dom displacement of size 0.1 nm is added to the distort
an(t) after each integration time step@33#.

III. RESULTS

In the experiments of Baghdassarian, Cho, Varoqua
and Williams@17#, the amplitude of the acoustic wave wa
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varied from the lowest one to the highest one in the range
trapping a bubble at the pressure antinode of the stan
wave in a cylindrical flask filled with liquid nitrogen. Only
relative values of the acoustic amplitude are given and
absolute values are not given in Ref.@17#. The frequency of
the acoustic wave is 28.5 kHz@17#. The ambient liquid tem-
perature and pressure areT`566.5 K andp`51.2 bar, re-
spectively @17#. The physical quantities of liquid nitroge
used in the present calculations are listed in Table I. Firs
we will see a case of the higher acoustic drive, though
anomalous behavior of the light scattering from the bub
was observed in the lower drive cases@17#.

A. Higher acoustic drive

When the amplitude (A) of the acoustic wave~ultra-
sound! is above 1.0 bar, the computer simulations show t
a bubble of any size suffers the shape instability and tha
seems to be destroyed when the criterion is given by@33#

maxS uanu
R D>1, ~41!

where an is the distortion amplitude of the spherical ha
monic of degreen. The highest amplitude of the acoust
wave for spherical oscillations is 1.0 bar and the largest e
librium bubble radius (R0) is 3 mm under the condition. The
calculated results forA51.0 bar andR053 mm are shown in
Figs. 1~b!–1~h! as functions of time for one acoustic cyc
~35.1ms!. The time axes are the same throughout Figs. 1~a!–
1~h!. In Fig. 1~a!, the pressure of the acoustic wave@ps(t)# is
shown. In Fig. 1~b!, the bubble radius (R) is shown; the line
is the calculated result and the dash-dotted line is the exp
mental data@17#. It should be noted that the experiment
data in Ref.@17# are normalized to the maximum radius a
in Fig. 1~b! they are converted to the real values by the sc
1→9.5mm. It is seen that the calculated result and the
perimental data fit well especially at the collapse phase of
bubble oscillation. The bounces after the strongest colla
are much smaller than those observed for a SBSL bubbl
water@24,28#. It is due to the small size~3 mm! of the bubble
which results in the stronger damping of oscillations by th
mal conduction@34#.

In Fig. 1~c!, the temperature inside the bubble (T) is
shown. It is seen that the bubble oscillation is nearly
isothermal process and that the maximum temperature ri
only 5 K, which is much lower than that required for sonol

TABLE I. Physical quantities of liquid nitrogen used in th
calculations.m is the viscosity,s is the surface tension,c is the
sound speed,rL is the density,kL is the thermal conductivity,L is
the latent heat of vaporization, andcp is the specific heat at constan
pressure.

m (m2/s) 2.3331027

s (N/m) 1.031022

c (m/s) 9.843102

rL (kg/m3) 8.573102

kL (W/m K) 1.431021

L (J/kg) 2.03105

cp (J/kg K) 2.03103
r
ng

e

,
e
e

t
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i-

ri-
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le
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e
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-

e
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minescence@6,9,15#. In Fig. 1~d!, the liquid temperature a
bubble wall (TL,i) is shown with the same vertical axis a
that of Fig. 1~c!. It is seen thatTL,i is also almost constan
and that the maximum temperature rise is less than 5 K.
low temperature rise ofT andTL,i at the collapse is due to
the low speed of the collapse (uṘu) shown in Fig. 1~e! com-
pared with the recently measured value~350 m/s! of a SBSL
bubble in water@35#. It is due to the higher saturated vap
pressure of liquid nitrogen at 66.5 K (pv* 52.33104 Pa)
compared with that of water at room temperature (pv* 52.3
3103 Pa). The pressure inside the bubble (pg) is always
larger than the saturated vapor pressure (pv* ) and the col-
lapse is made milder by the higher pressure inside the bu
in liquid nitrogen. It should be noted that even at the freez
point of liquid nitrogen~63 K! the saturated vapor pressu
(1.33104 Pa) is much larger than that of water at room te
perature (2.33103 Pa). Thus it seems difficult to observe
SBSL in liquid nitrogen.

In Fig. 1~f!, the number of molecules inside the bubble
shown with the logarithmic vertical axis. It is seen th
strong evaporation of nitrogen takes place at the expan
of the bubble in order to maintain the vapor pressure to
saturated one. On the contrary, strong condensation t
place at the bubble collapse in order also to maintain
vapor pressure to the saturated one@36#. The number of he-
lium molecules inside the bubble is assumed to be cons
in the present study because the diffusion of gas is a v
slow process compared with the bubble oscillations@18,34#.

In Fig. 1~g!, the pressure inside the bubble (pg) is shown
with the logarithmic vertical axis. It is seen that the press
rise at the collapse is much smaller than that of a SB
bubble in water@18,36#, which is again due to the milde
collapse. In Fig. 1~h!, the vapor pressure (pv) inside the
bubble is shown with the same vertical axis as that of F
1~g!. It is seen thatpv is maintained nearly to the saturate
value at 66.5 K (pv* 52.33104 Pa). At the collapse,pv in-
creases a little due both to the nonequilibrium effect of co
densation and to the increase of the liquid temperatu
which results in the higher saturated vapor pressure (pv* ).

The number of droplets created inside the bubble is l
than 2 in this case and the effect of the droplets formatio
negligible on bubble dynamics.

B. Lower acoustic drive

For lower amplitude of the acoustic wave, the anomalo
behavior of the intensity of the scattered light is observed
the experiment@17#, which is shown in Fig. 2~b! by the
dash-dotted line. Baghdassarian, Cho, Varoquaux, and W
iams @17# converted the observed intensity of the scatte
laser beam from the bubble to the bubble radius by M
theory of scattering that the scattered intensity is prop
tional to R2. The experimental data in Ref.@17# is normal-
ized to the maximum ‘‘radius’’ and in Fig. 2~b! the data are
converted to real values by the scale 1→25.0mm. In Figs.
2~b!–2~e!, the calculated results forA50.7 bar andR0
510mm are shown as functions of time for one acous
cycle ~35.1 ms!. When R0.10mm, a bubble suffers the
shape instability.

In Fig. 2~a!, the pressure of the acoustic wave@ps(t)# is
shown. The time axes are the same throughout Figs. 2~a!–
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FIG. 1. Calculated results for one acoustic cycle for a case of the higher acoustic drive (A51.0 bar). The equilibrium bubble radius i
3 mm. The time axes are the same throughout the figures.~a! The pressure of the acoustic wave@ps(t)#. ~b! The bubble radius (R). The line
is the calculated result and the dash-dotted line is the experimental data@17#. ~c! The temperature inside the bubble (T). ~d! The liquid
temperature at the bubble wall (TL,i) with the same vertical axis as that of~c!. ~e! The bubble wall velocity (Ṙ). ~f! The number of molecules
inside the bubble with logarithmic vertical axis. The solid line is the total number of molecules (nt), the dash-dotted line is the number o
vapor molecules (nN2

), and the dotted line is that of helium molecules (nHe). ~g! The pressure inside the bubble (pg) with the logarithmic
vertical axis.~h! The vapor pressure inside the bubble (pv) with the same vertical axis as that of~g!.
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fine
2~e!. From Fig. 2~b!, it is seen that the calculated result of th
radius-time curve~line! and the experimental data~dash-
dotted line! differ even qualitatively. The behavior of th
experimentally obtained ‘‘radius’’-time curve is very stran
because it changes wildly and it takes large values when
pressure of the acoustic wave@Fig. 2~a!# is large though it
usually results in smaller radius. This mystery is solved
Fig. 2~c!. It is seen that an appreciable amount of fine dro
lets are created inside the bubble when the radius@line in
Fig. 2~b!# is small. In reality, the number of fine drople
he

y
-

created inside the bubble is much larger than that estim
in the present calculation because the nucleation rate
smaller droplets is much larger than that of droplets of 1
in radius assumed in the present calculation, according to
~33!. The Rayleigh scattering by a single fine droplet of 1 n
radius or less is negligible compared to the light scatter
by a bubble of 10mm radius@37,38#. However, the concen
tration fluctuations of such many fine droplets in regio
comparable to the wavelength of the light~0.5 mm! in size
cause much stronger light scattering than that by a single
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FIG. 2. Calculated results for one acoustic cycle for a case of the lower acoustic drive (A50.7 bar). The equilibrium bubble radius is 1
mm. The time axes are the same throughout the figures.~a! The pressure of the acoustic wave@ps(t)#. ~b! The bubble radius (R). The line
is the calculated result and the dash-dotted line is the experimental data@17#. ~c! The number of droplets inside the bubble (N). ~d! The
temperature inside the bubble (T) with the same vertical axis as those of Figs. 1~c! and 1~d!. ~e! The number of molecules inside the bubb
with logarithmic vertical axis. The solid line is the total number of molecules (nt), the dash-dotted line is the number of vapor molecu
(nN2

), and the dotted line is that of helium molecules (nHe).
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is.
droplet @37,38#. Thus it is suggested that the anomalous
havior of the intensity of the scattered light@dash-dotted line
in Fig. 2~b!# is due to the scattering by fine droplets insi
the bubble. In order to discuss more quantitatively the s
tering by droplets, improved numerical simulations of dro
lets formation and reduction are required, including the
fect of growth or shrinkage of droplets by condensation
evaporation using the rigorous critical radius (r c) given in
Refs. @29, 30#. By such the simulations, peaks seen in t
-

t-
-
f-
r

experimental data@dash-dotted line in Fig. 2~b!# may be ex-
plained. However, it should be noted that the shape osc
tions of a bubble might alternatively cause the anomal
light scattering.

In Fig. 2~d!, the temperature inside the bubble is show
with the same vertical axis as those of Figs. 1~c! and 1~d!. It
is seen that the bubble oscillation in this case is also a ne
isothermal process. In Fig. 2~e!, the number of molecules
inside the bubble is shown with the logarithmic vertical ax
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It is seen that evaporation takes place at the expansion o
bubble and that condensation takes place at the collapse
the case of the higher acoustic drive. The effect of drop
formation and evaporation is negligible on the change of
number of nitrogen molecules because the total numbe
nitrogen molecules forming the droplets is less than 104.

IV. CONCLUSION

Computer simulations of bubble oscillations in liquid n
trogen are performed for a single helium bubble, includ
the effect of evaporation and condensation of nitrogen va
at the bubble wall, that of droplets formation inside t
bubble, and that of the thermal conduction both inside a
outside the bubble. It is clarified that in the case of the low
acoustic drive (A50.7 bar) an appreciable amount of fin
droplets are created inside the bubble, which may resu
the enhancement of the scattering of laser beam monito
the bubble oscillations in the experiment of Baghdassar

TABLE II. The coefficients for Eq.~A1!.

N1525.07
N2513.68

N45211.94
N652.64

N10520.378
N1350.076
J.

S.

n-

et

g,

s

he
s in
t
e
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g
or

d
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in
ng
n,

Cho, Varoquaux, and Williams@17#. It is also clarified that
the speed of the bubble collapse in liquid nitrogen unde
condition of stable oscillations is much less than that o
SBSL bubble in water. The milder collapse in liquid nitroge
is due to the larger saturated vapor pressure and it resul
much lower maximum temperature attained in the bub
than that required for SBSL.
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APPENDIX: THE SATURATED VAPOR PRESSURE
OF LIQUID NITROGEN

The saturated vapor pressure (pv* ) of liquid nitrogen is
calculated as a function of temperature by the empirical f
mula given in Ref.@39#:

pv* /Pc5~T/Tc!~11N1t1N2t1.91N4t2.41N6t3.5

1N10t
5.51N13t

7! ~A1!

wheret5@(Tc /T)21#, andPc andTc are the critical pres-
sure and temperature, respectively. The values ofPc andTc
used for this equation are 3.3978 MPa and 126.193 K,
spectively. The coefficients (Ni) are listed in Table II.
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