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Single-bubble dynamics in liquid nitrogen
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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 Williamg). Low. Temp. Phys110 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 sonoluminesc¢B8d€63-651X98)03907-5

PACS numbds): 47.55.Bx, 78.60.Mq

I. INTRODUCTION Il. MODEL

Ob i f inale-bubbl lumi The physical situation is that of a single spherical bubble
servations of ~a single-bubble —sSonoiuminescence, liquid nitrogen irradiated by an ultrasonic wave. The

(SB.SL) were re_ported less than ten years gijed. SBSIT IS " bubble consists of helium and nitrogen vapor. Presspgg (
a light emission phenomenon from a stably oscillatingjgige 5 pubble is assumed to be spatially uniform. The tem-
bubble in liquid irradiated by ultrasonic wave. The light is perature inside a bubble is assumed to be spatially uniform
emitted at the collapse of the bubble. The pulse width of theycept at the thermal boundary layer near the bubble wall.
light is experimentally measured to range from 50 to 250 psrhe width of the thermal boundary layer is assumed to be
[2,4,5. The spectrum is broadband and can be fitted by &), wheren is a constant and is the mean free path of a
blackbody formula with the effective temperatures ranginggas moleculg18]. In the present calculations,=7 is as-
from 6000 K to 50 000 K[6-8]|. The light pulse is emitted sumed[18]. It is assumed that the temperature in the bound-
periodically with the frequency of the ultrasonic wavg. ary layer changes linearly with radius)( from T atr=R

The mechanism of the light emission of SBSL is not yet—n\ to Tz atr =R, whereR is the bubble radius anty is
understood, though several theories have been proposeitie gas-temperature at the bubble witlle origin of the ra-
such as the shock-wave thed§~12] in which a spherical dius (r) is the bubble cent¢f18]. Thus
shock wave converges at the center of the bubble and light is
emitted by thermal bremsstrahlung from the plasma formed oT Tg—T
by the shock-wave convergence, and the hot-spot theory ar T (1)
[13-15 where the bubble is heated by quasiadiabatic com- r=R
pression and thermal radiation is emitted. Since most of the .
SBSL intensity is in the ultraviolet in many experimef§, "€ mean free patth) is calculated by Eqe2) [19].
Williams and his co-worker§l6,17] have attempted to ob-
serve SBSL in liquid nitrogen whose absorption in the ultra- - (V—=Vy)
violet is much less than that of water. Single bubbles of V2o'n,
helium gas of radius 10—20m have been stably trapped in
liquid nitrogen for several minutes at the pressure antinod

of the standing acoustic wayé6,17, thoggh_ no SBSL hag of droplets inside the bubbler’ is the cross section of a
yet been observefil7]. The bubble oscillations are moni- /1o iie in the bubblefin this calculation, o’ =0.4
tored by scattering a 100 mW argon-ion laser beam from the, 10 1%m?) is employed, and n, is the total r’lumber of
bubble and the anomalous behavior of the intensity of the, iacules inside the bub'ble.

scattered light is observed as a function of tifa&].

In the present study, computer simulations of bubble 0s;,
cillations in liquid nitrogen are performed in order to study
the anomalous behavior observiel], 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 thewhereT, ; is the liquid temperature at bubble wall. A tem-
bubble. perature jump AT) is given by Eq.(4) [20]:

2

WhereV is the volume of the bubblé/, is the total volume

As a well known result of the kinetic theory of gases,
emperature jumpAT) exists at the bubble wa]R0].

TB:TL,i+AT’ (3)
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wherek is the Boltzmann constam,’ is the number density Meyva— (27R,) Wz 8
)l

of gas molecules in the bubble) is the mean mass of a

molecule,«, is the thermal accommodation coefficieat,is ay  Tp

a constanta’ =0.827[20]), and« is the thermal conductiv- Meon™ 25— =175 - (9)

ity of the gas. (27R,)™ Tg

The thermal conductivityx) is calculated as a function of .

temperature by Eq5) [21]: Equation(7) means that the net rate of evaporati_mn) (s the
difference between the actual rate of evaporatiog, and

Nhe that of condensationnf.,). In Egs.(8) and(9), ay, is the

n, accommodation coefficient for evaporation or condensation,

R, is the gas constant of nitrogen vapor(itkg K), p; is the

saturated vapor pressure at temperaflyre, andp, is the

actual vapor pressure;

k=(0.025+ 4.5% 1O4T)(
t

ny
+(0.0004+ 8.9 10‘5T)(n—2) (5)

t
where k is in WmK andT is in K, and nge (nNz) is the
number of helium(nitrogen molecules in the bubble. Py="—Pg- (10
In the model, the number of nitrogen molecules in the
bubble (nN2) changes with time due to evaporation or CON-T1s correction factofT") in Eq. (9) is

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

_ 02\ _ _i @ _ 2
['=exp —Q3?) Qﬁ(l \/;fo exp(—x2)dx |,

— 2/ A
4 . 10N, where
—3 TPL A'N, (6)
N2 m R T 1/2
_ v
wheret is the time,m is the net rate of evaporation at the P ( 2 ) (12

bubble wall per unit area and unit time in kg/s(whenm

<0, condensation takes placél, is the Avogadro number, The accommodation coefficient(,) is assumed to beyy

My, is the molar weight of nitrogen in g/mals is the radius  =0.1 in the present calculations. The saturated vapor pres-
of a droplet,p, is the liquid density, anad’N is the change sure () is calculated as a function of temperature by the
of the number of droplets in timAt. The prime means that empirical formula given in the Appendix.

it excludes the contribution of the deposit of droplets onto As the equation of bubble radiufk), Eq. (13) is em-

the bubble wall. Details of the droplets formation and reducployed, in which the compressibility of liquid and the effect
tion are described later. The rate of evaporation at the bubblef evaporation and condensation of nitrogen vapor at the
wall per unit area and unit timen) is calculated by Egs. bubble wall are taken into accouhe derivation of Eq(13)

(7)—(9) [22-24: is given in Ref.[24]]:
1 R+r.n RR+ > R2[ 1 F2+—2m)—1 1+F-2 (t+R SRR, M
c cp 2 3¢ 3ep ) p o e\ PETPS TG TR T T e e,
+ R+ m + R L R dpe (13
pL 2p.  2cp_) Cup dt’
|
where the dot denotes the time derivatidddt), ¢ is the 200 4u (- m - 1 1
sound speed in the liquighg(t) is the liquid pressure on the Pa(t)=pg(t)— R R R——/-m*—— —],
. . PL PL Py
external side of the bubble walbg(t) is a honconstant am- (14)

bient pressure component such as a sound fieldpansl the
undisturbed pressur@g(t) is related to the pressure inside whereo is the surface tensiony is the liquid viscosity, and
the bubble] py(t)] by Eq.(14) [23,24: pg is the density inside the bubble. When a bubble is irradi-
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ated by an acoustic wave of which wavelength is much largeevaporation. The last term is the change of the kinetic energy
than the bubble radiug4(t)=—A sinwt where A is the of gases into heat. The brackets mean that this term is in-
pressure amplitude of the acoustic wave ani its angular  cluded only when the term is positive, which corresponds to

frequency. the decrease of the kinetic energy. When the term is nega-
In order to calculatgy(t), the van der Waals equation of tive, it is replaced by zero.
state is employed: The energy carried by an evaporating or condensing vapor
moleculee,\,2 is calculated by Eq(20) [27],
a
Pg(t)+ 2 (v—b)=RyT, (15 Cun,
. eN2: N TB' (20)
wherea and b are the van der Waals constanis,is the A

molar volume R, is the gas constant, aridis the tempera- Following is the description on the variation of liquid

ture inside the bubble. In Fhis _model, the van der Waals CONfamperature at the bubble wdR4]. Continuity of energy
stants(a andb) change with time due to the change of the fux at the bubble wall is given by Eq21):

nitrogen content in the bubble by evaporation or condensa-

tion, according to Eqs(16) and (17). T, oT . 103m
, ) KL? ) :KE ) +mL+WCV,Nz(TB_TL,i)-
nHe nHe nN2 nN2 r=R r=R 2
—and ) 2ane | o] [ 2] 4 ay | 2 (21)
a=auel HeNol ) | T, No\ |

wherek, is the thermal conductivity of liquid nitrogen, and
T, (r) is the liquid temperature at radius In this model,

_ Ne| 2 Nie| [ N, N, 2 dT_ldr|,—g is calculated by Eq(21).
b=Dbye n, +2bpen, n J\ ng +by, n ) The spatial distribution of the liquid temperatufd,
(17)  =T.(r)] should satisfy the following boundary conditions:
where aye and by (ay, and by,) are the van der Waals TLUR)=TyL, (22
. . _ 3
constants (3)f heliunnitrogen, auen,= \/@nedn, +/bHe-n, aTL(1) aT,
=3 (Ybpet\by,) [25]. The values are as followd9]: aye or == (23
=3.4x<1073(J n?/moP), ay,=1.39<10 *(J nP/moP), bye R =R
=2.37x10"°(m%¥mol), by,=3.913x 10" %(m¥mol). TU(r—o)=T,, (24)
The temperature inside the bubbl€&)(is calculated by
solving Eq.(18): aT(r)
or =0, (25

r—ow

NN 2
E= N_T Cv hel + N_A2 CV,NZT_(N_;) V' (18)  whereT., is the ambient liquid temperature. In the present
model, the temperature profile in the liquid is assumed to be

whereE is the thermal energy of the bubbl@y ;;{Cy,y,) is  exponentialEgs.(26) and (27)].
the molar heat of heliuntnitrogen at constant volume. The ~ When (T i=T.)dT /dr|,_r<0,
molar heat is assumed as followS;, = 3R, and Cu.n, T, 1]
= gRg [26]. The change of the thermal energy of a bubble TL(r)z(TL,i—Tw)exp( — ﬁ
(AE) in time At is expressed bj15] =

(r—-R)|+T..

(26)
. 16°N _
AE(t): _pg(t)AV(t)+47TR2m Vi A eNzAt When (rL,i Toc)aTL/ﬂr|r=R>0
N
2 T.(r)=A exd—B(r—C)4]+T.., 27)
aT 4
+47R%k - At+ 3 rp LA'N where
r=R A=(T i~ T.)expBe)),
3 -
+| — 3 MRR|At, (19 T lor|—r 1

2(TLi—Tx) €
whereey, is the energy carried by an evaporating or con-
densing vapor moleculd, is the latent heat of evaporation, C=R+e,,
andM is the total mass of the gases inside the bubble. The
first term in the right hand side of E¢L9) is the work by the
surrounding liquidpV work). The second term is the energy
carried by evaporating or condensing vapor molecules. The
third term is the energy change due to thermal conductionwhere e, is a parameter, which was determined to fit the
The fourth term is the latent heat of droplets formation orcalculated result of a radius-time curve with the experimental

Ti—Ts

=€y = 7 —
YUE0OT Lo g
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data[28] of a bubble in water in the previous paper by thewhereN is the total number of droplets inside the bubble.
author[24]. The value ise,=1x 102 [24]. Both Egs.(26) The first term of right-hand side of E¢34) is the nucleation
and(27) satisfy the boundary condition&gs.(22)—(25)]. of droplets by condensation of nitrogen vapor inside the
In the present model, a boundary layer is assumed in ligbubble. The second term is the reduction due to the deposit
uid phase near a bubble. The thickness of the layg) (s  of the droplets onto the bubble w&B80]. The second term is

assumed as Eq§28) and(29). included only wheN>0 andm< 0, otherwise it is replaced
When (T, ;—T.)dT /dr|,—g<O0, by zero. The third term is the reduction of droplets by evapo-
ration. The third term is included only whed>0 andm
T Ty >0, otherwise it is replaced by zero. In the present model,
6L_19TL/0F|r:R' (28) the radius of a droplet is assumed to be a condtaptr,.
=1.0x 10" ° m] for simplicity. For rigorous discussions, the
When (T ; —T.)dT lor|,—g>0 change of the size of a droplet due to evaporation or conden-
sation should be taken into accolig®,3d. A’N in Egs.(6)
1 and (19) is expressed by the first and the third terms of the
=—+e;. ight- i :
oL N e (29 right-hand side of Eq(34):
4 47r2m
Variation of the liquid temperature at bubble wall(;) A'N= 3 7RAIAt—| —— At]. (39
is calculated by Eq(30), 37T PL
47R%j [ At—4m(R+ 5,) %) At The total volume of droplets\{y) in Eqg. (2) is calculated
T i(tHAD) =T () + 7 , simply by
3 TL(R+ 51°=R%lpLc, Vy=4mr3N. (36)

(30 Following is the calculation method of bubble shape os-
wherej,(j,) is the energy flux at=R(r=R+ &,) per unit  Ccillations. In the present study, the formulation of Brenner
area and unit time, ang}, is the specific heat of liquid nitro- et al.[32,33 is employed. A distortion of the spherical in-
gen at constant pressurp. and j, are calculated by Eqgs. terface is expressed I8(t) +a,(t)Y,, whereY, is a spheri-
(31) and(32): cal harmonic of degrea and a,(t) is the distortion ampli-

tude. The dynamics o, (t) is given by[32,33

. aT .. .
=R (3D B0+ Ba(1)ay~ Ag(1)2,=0, 37
r=R
where
j | ar (32 R
J2= —Kilr=R+s5, Bno
LN _Res, An(t)=(n—1) ﬁ_pL_nRg
The assumed profile of liquid temperaturiggs. (26) and S 2M|'q
(271 is used only in the calculation g% in Eq. (32). —|(n=1)(n+2)+2n(n+2)(n—1) ﬁ} e

Next the calculation method of droplet formation and re-
duction inside the bubble is described. The nucleation rate of (38
fine droplets is given by the kinetic theory of liquid29,3Q:

3 (ZU*mNZ)UZ 1 (pv
B pL

and

2 471'!’(2:0'* '
_ R
eXp( 3KT ) JCE) By()=3 5+

whereo, is the effective surface tension of liquid nitrogen,
My, is the mass of a nitrogen molecule, ands the critical where8,=(n—1)(n+1)(n+2), and§ is the thickness of

droplet radius. Kawada and Mo81] reported that the ex- the thin layer around the bubble where fluid floj@2,33:
perimental nucleation rate agrees with the theoretical value

obtained by the classical theory using reduced surface ten- 5=min( \/E 5) (40)
sion. In the present calculationgr, =0.70 is assumed ®' 2n

[30,31]. In the present calculations,=1.0X 10" °(m) is as- i ) ) )

sumed for simplicity though rigorously it depends on tem-In ordgr to take into account microscopic fluctuatlong, a ran-
perature and vapor pressi9,30. The change of the num- dom dlsplaceme_nt of size O._l nm is added to the distortion
ber of droplets inside the bubbleAN) in time At is  @n(t) after each integration time st¢g3].

calculated by Eq(34):

2
R’
(39

w kT

(n+2)(2n+1)—2n(n+2)? g}

Ill. RESULTS

4
AN=§ TR3JAt+

: 2
3mN At)—( Amrim At) (34) In the experiments of Baghdassarian, Cho, Varoquaux,
R 1
L

tardp, and Williams[17], the amplitude of the acoustic wave was
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TABLE |. Physical quantities of liquid nitrogen used in the minescencd6,9,15. In Fig. 1(d), the liquid temperature at
calculations.u is the viscosity,o is the surface tensiorg is the  bubble wall (T, ;) is shown with the same vertical axis as
sound speedy, is the density, is the thermal conductivityl. i that of Fig. 1c). It is seen thafl_; is also almost constant
the latent heat of vaporization, ang is the specific heat at constant gn( that the maximum temperatdre rise is less than 5 K. The
pressure. low temperature rise 6f and T, ; at the collapse is due to
the low speed of the collaps¢R|) shown in Fig. 1e) com-

2 —7

p (M77S) 233)(192 pared with the recently measured val@®0 m/9 of a SBSL

o (N/m) 1'0X1002 bubble in wate35]. It is due to the higher saturated vapor
¢ (n?(/sl)mg 89'58&02 pressure of liquid nitrogen at 66.5 Kp}=2.3x10" Pa)
ZL ((Vslm )K) 1.4><10*1 compared with that of water at room temperatupé € 2.3
LL(J/kg) 2'0<105 X 10° Pa). The pressure inside the bubblg,) is always
¢, (kg K) 2:(}(103 larger than the saturated vapor pressysg)(and the col-

lapse is made milder by the higher pressure inside the bubble
in liquid nitrogen. It should be noted that even at the freezing

varied from the lowest one to the highest one in the range foPint of liquid nitrogen(63 K) the saturated vapor pressure
trapping a bubble at the pressure antinode of the standinfgt-3% 10* Pa) is much larger than that of water at room tem-
wave in a cylindrical flask filled with liquid nitrogen. Only Perature (2.X 10? Pa). Thus it seems difficult to observe a
relative values of the acoustic amplitude are given and th&BSL in liquid nitrogen. o ,

absolute values are not given in REE7]. The frequency of In Fig. 1(f), the number of molecules inside the bubble is
the acoustic wave is 28.5 kH27]. The ambient liquid tem- shown with the logarithmic vertical axis. It is seen that

A. Higher acoustic drive

perature and pressure afe=66.5 K andp..= 1.2 bar, re- strong evaporgtion of nitrogen t_akes place at the expansion
spectively[17]. The physical quantities of liquid nitrogen of the bubble in order to maintain the vapor pressure to the
used in the present calculations are listed in Table I. FirstlySaturated one. On the contrary, strong condensation takes
we will see a case of the higher acoustic drive, though th@lace at the bubble collapse in order also to maintain the
anomalous behavior of the light scattering from the bubble/@POr pressure to the saturated ¢86]. The number of he-
was observed in the lower drive cagag]. lium molecules inside the bubble is assumed to be constant
in the present study because the diffusion of gas is a very
slow process compared with the bubble oscillatifit®,34).
In Fig. 1(g), the pressure inside the bubblgyj is shown
When the amplitude A) of the acoustic waveultra-  with the logarithmic vertical axis. It is seen that the pressure
sound is above 1.0 bar, the computer simulations show thatise at the collapse is much smaller than that of a SBSL
a bubble of any size suffers the shape instability and that ibubble in water{18,36], which is again due to the milder
seems to be destroyed when the criterion is give 38} collapse. In Fig. th), the vapor pressurep() inside the
bubble is shown with the same vertical axis as that of Fig.
ma>< || =1 (41) 1(g). It is seen thap, is maintained nearly to the saturated
R ' value at 66.5 K p* =2.3x 10 Pa). At the collapsep, in-

_ ) ) ) _ creases a little due both to the nonequilibrium effect of con-
where a, is the distortion amplitude of the spherical har- gepsation and to the increase of the liquid temperature,
monic of degreen. The highest amplitude of the acoustic yhich results in the higher saturated vapor pressps (
wave for spherical oscillations is 1.0 bar and the largest equi- the numper of droplets created inside the bubble is less
librium bubble radiusRo) is 3 um under the condition. The 5 5 i this case and the effect of the droplets formation is
cglculated results foh= 1.0 bar a_nd?O=3 um are shqwn in " hegligible on bubble dynamics.

Figs. Ab)-1(h) as functions of time for one acoustic cycle
(35.1us). The time axes are the same throughout Figa).-1 B. Lower acoustic drive
1(h). In Fig. 1(a), the pressure of the acoustic wadyg(t)] is '
shown. In Fig. 1b), the bubble radiusK) is shown; the line For lower amplitude of the acoustic wave, the anomalous
is the calculated result and the dash-dotted line is the experbehavior of the intensity of the scattered light is observed in
mental datg17]. It should be noted that the experimental the experimen{17], which is shown in Fig. @) by the
data in Ref[17] are normalized to the maximum radius and dash-dotted line. Baghdassarian, Cho, Varoquaux, and Will-
in Fig. 1(b) they are converted to the real values by the scaléams[17] converted the observed intensity of the scattered
1—-9.5um. It is seen that the calculated result and the exJaser beam from the bubble to the bubble radius by Mie
perimental data fit well especially at the collapse phase of théheory of scattering that the scattered intensity is propor-
bubble oscillation. The bounces after the strongest collapséonal to R?. The experimental data in RefL7] is normal-
are much smaller than those observed for a SBSL bubble itzed to the maximum “radius” and in Fig.(B) the data are
water[24,28. It is due to the small siz€ um) of the bubble  converted to real values by the scale-25.0um. In Figs.
which results in the stronger damping of oscillations by ther-2(b)—2(e), the calculated results foA=0.7 bar andR,
mal conductior{34]. =10um are shown as functions of time for one acoustic
In Fig. 1(c), the temperature inside the bubbl&)(is cycle (35.1 us). When Ry>10um, a bubble suffers the
shown. It is seen that the bubble oscillation is nearly theshape instability.
isothermal process and that the maximum temperature rise is In Fig. 2(a), the pressure of the acoustic wavg,(t)] is
only 5 K, which is much lower than that required for sonolu- shown. The time axes are the same throughout Figs—2
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FIG. 1. Calculated results for one acoustic cycle for a case of the higher acoustic Ak bar). The equilibrium bubble radius is
3 um. The time axes are the same throughout the figae3.he pressure of the acoustic wayg,(t)]. (b) The bubble radiusR). The line
is the calculated result and the dash-dotted line is the experimental Iddtdc) The temperature inside the bubbl€)( (d) The liquid
temperature at the bubble wall( ;) with the same vertical axis as that(@j. (e) The bubble wall velocity R). (f) The number of molecules
inside the bubble with logarithmic vertical axis. The solid line is the total number of moleangstfie dash-dotted line is the number of
vapor moIecuIesr(Nz), and the dotted line is that of helium moleculeg,). (g) The pressure inside the bubblgg] with the logarithmic
vertical axis.(h) The vapor pressure inside the bubbje ) with the same vertical axis as that @.

2(e). From Fig. 2b), it is seen that the calculated result of the created inside the bubble is much larger than that estimated
radius-time curvdine) and the experimental ddtmsh- in the present calculation because the nucleation rate of
dotted ling differ even qualitatively. The behavior of the smaller droplets is much larger than that of droplets of 1 nm
experimentally obtained “radius”-time curve is very strange in radius assumed in the present calculation, according to Eq.
because it changes wildly and it takes large values when th@3). The Rayleigh scattering by a single fine droplet of 1 nm
pressure of the acoustic wayEig. 2(a)] is large though it radius or less is negligible compared to the light scattering
usually results in smaller radius. This mystery is solved byby a bubble of 1Qum radius[37,3§. However, the concen-
Fig. 2(c). It is seen that an appreciable amount of fine drop4ration fluctuations of such many fine droplets in regions
lets are created inside the bubble when the raflinge in  comparable to the wavelength of the ligiit5 um) in size

Fig. 2(b)] is small. In reality, the number of fine droplets cause much stronger light scattering than that by a single fine
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FIG. 2. Calculated results for one acoustic cycle for a case of the lower acoustic @7 bar). The equilibrium bubble radius is 10
um. The time axes are the same throughout the figuaeShe pressure of the acoustic wayg,(t)]. (b) The bubble radiusK). The line
is the calculated result and the dash-dotted line is the experimenta]idaidc) The number of droplets inside the bubblg)( (d) The
temperature inside the bubbl&)(with the same vertical axis as those of Fig&)®and Xd). (e) The number of molecules inside the bubble
with logarithmic vertical axis. The solid line is the total number of molecutg}, (the dash-dotted line is the number of vapor molecules
(ny,), and the dotted line is that of helium molecules,J).

droplet[37,38. Thus it is suggested that the anomalous be-experimental datddash-dotted line in Fig.(®)] may be ex-
havior of the intensity of the scattered liglitash-dotted line plained. However, it should be noted that the shape oscilla-
in Fig. 2(b)] is due to the scattering by fine droplets insidetions of a bubble might alternatively cause the anomalous
the bubble. In order to discuss more quantitatively the scatlight scattering.

tering by droplets, improved numerical simulations of drop- In Fig. 2(d), the temperature inside the bubble is shown
lets formation and reduction are required, including the efwith the same vertical axis as those of Fig&)lnd Xd). It

fect of growth or shrinkage of droplets by condensation oris seen that the bubble oscillation in this case is also a nearly
evaporation using the rigorous critical radius)( given in  isothermal process. In Fig.(®, the number of molecules
Refs.[29, 30. By such the simulations, peaks seen in theinside the bubble is shown with the logarithmic vertical axis.
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TABLE Il. The coefficients for Eq(A1). Cho, Varoquaux, and WilliamgL7]. It is also clarified that
the speed of the bubble collapse in liquid nitrogen under a

N;=—-5.07 condition of stable oscillations is much less than that of a
N,=13.68 SBSL bubble in water. The milder collapse in liquid nitrogen
N,=-11.94 is due to the larger saturated vapor pressure and it results in

Ng=2.64 much lower maximum temperature attained in the bubble
N,o=—0.378 than that required for SBSL.

N,3=0.076
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ltis seen that evaporation Fakes place at the expansion of tr{ﬁe experimental data of radius-time curves of a bubble in
bubble and that condensation takes place at the collapse as I

the case of the higher acoustic drive. The effect of drople?ryogenIC fluids.

formation and evaporation is negligible on the change of the

number of nitrogen molecules because the total number of APPENDIX: THE SATURATED VAPOR PRESSURE
nitrogen molecules forming the droplets is less thaf 10 OF LIQUID NITROGEN

The saturated vapor pressung}{ of liquid nitrogen is
IV. CONCLUSION calculated as a function of temperature by the empirical for-

Computer simulations of bubble oscillations in liquid ni- mula given in Ref[39:

trogen are performed for a single helium bubble, including

the effect of evaporation and condensation of nitrogen vapor  pX/P.=(T/T,)(1+N;y7+ N, 759+ Ny 724+ Ng 750

at the bubble wall, that of droplets formation inside the

bubble, and that of the thermal conduction both inside and + N>+ Nygr) (AL)
outside the bubble. It is clarified that in the case of the lower

acoustic drive A=0.7 bar) an appreciable amount of fine wherer=[(T./T)—1], andP. and T, are the critical pres-
droplets are created inside the bubble, which may result iisure and temperature, respectively. The valueBoand T,

the enhancement of the scattering of laser beam monitoringsed for this equation are 3.3978 MPa and 126.193 K, re-
the bubble oscillations in the experiment of Baghdassariarspectively. The coefficientd\|) are listed in Table II.
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