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Effect of liquid temperature on sonoluminescence
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Computer simulations of bubble oscillations are performed under conditions of sonolumine&8enge
water for various liquid temperatures. It is clarified that at almost all acoustic amplitudes, the bubble tempera-
ture at the collapse is higher in a colder liquid because a lesser amount of water vapor is trapped inside a
bubble at the collapse due to the lower-saturated vapor pressure. Accordingly, at relatively low-acoustic
amplitudes, the SL emissions from plasma inside a bubble are much stronger in a colder liquid. However, at
higher-acoustic amplitudes, the SL emission originates in chemiluminescence of OH and the intensity is
smaller in a colder liquid because a lesser amount of excited OH radicals are created inside a bubble. In actual
experiments of multibubble sonoluminescerib#BSL) in water, the light consists of plasma emissions from
low-acoustic amplitude region and chemiluminescence of OH from high-acoustic amplitude region. Usually,
MBSL in a colder liquid is stronger because of the much stronger plasma emissions. The liquid-temperature
dependence of single-bubble sonoluminescence is also discussed.
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I. INTRODUCTION ration and condensation of water vapor at the bubble wall, of
thermal conduction both inside and outside a bubble, of
When a liquid is irradiated by a strong ultrasound, manychemical reactions of gases and vapor inside a bubble, of
tiny gas bubbles appear, which is called acoustic cavitatiomonization of gases inside a bubble, and of liquid compress-
[1]. The bubbles emit light at the collapse, which was dis-ibility are taken into account. The present model is basically
covered about 70 years ago and is called multibubble sonolihe same as that described in Rdf3] except a few modifi-
minescencéMBSL) [1,2]. Single-bubble sonoluminescence cations.
(SBSL) is a light-emission phenomenon from a stably oscil- As in Ref.[13], it is assumed that the pressure and the
lating bubble trapped at the pressure antinode of a standirtgmperature are spatially uniform inside a spherical bubble
ultrasound, which has been studied intensively for a decadexcept at the thermal boundary layer near the bubble wall.
[3]. Both for MBSL and SBSL, it has been reported that theThe thickness of the thermal boundary layeniswheren is
light intensity increases as the liquid temperature decreases constant if=7) and\ is a mean free path of molecules
[4-8]. However, the mechanism of the liquid-temperatureinside a bubblg¢13,17.
dependence is still unclegt,4,9,10Q. In the present paper, it As the equation of bubble radiug], the modified Keller
is investigated by computer simulations of bubble oscilla-equation is used.
tions both for MBSL and SBSL.
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For the bubble collapse under SL conditions, there are 1 R R MR R
two theoretical models; the shock-wave mofiel,12] and = 1+ c. Ps—Ps| t+ c. P |t —| 1= o
the guasiadiabatic compression mofd]. The shock-wave PL= * - PL, *
model [11_,12_ is that a spherically symmetric shock wave m mn [ . m mR R dpy
develops inside the bubble at the collapse and converges at + o +—| R+ 5o + e o dt'
the bubble center. The quasiadiabatic compression model =PLil  PL PL =PLi PLi

[13] is that no shock-wave develops inside the bubble and
the whole bubble is heated up by the quasiadiabatic compres- — P
sion (“quasi” means that appreciable thermal conduction Copr; dt
takes place between the bubble and the surrounding )iquid
In 1998, Chenget al.[14,15 showed by the computer simu- where the dot denotes the time derivativ#dt), c., is the
lations of the fundamental equations of fluid dynamics insidesound speed in the liquid at infinityn is the rate of evapo-
a collapsing bubble that no shock wave is formed inside a Slration of water at the bubble wall per unit area per unit time,
bubble and the spatial-variations of temperature and pressupe i (pL ) is the liquid density at the bubble walt infin-
inside a bubble are both only a few tens of percent. Thdty), pg(t) is the liquid pressure on the external side of the
reason for no shock formation was theoretically clarified bybubble wall,pg(t) is a nonconstant ambient pressure compo-
Vuong, Szeri, and Young in 19996]. Thus, in the present nent such as a sound field, apd is the undisturbed pres-
computer simulations, a quasiadiabatic compression modsure. When a bubble is irradiated by an acoustic wave whose
[13] is used. wavelength is much larger than the bubble radjugt) =

In the present model, the effect of nonequilibrium evapo-— p, sin(2xf,t) where p, is the pressure amplitude of the

MR dpL,i) R dps "

Coch,OO dt ’
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acoustic wave and, is its frequency. By the fundamental ecules inside a bubbleZy ; is the molar heat of the gas
theory of fluid dynamic$18], it can be shown that the speed species (i=0H, H, O, G, H,, HO,, H,0,, Oy), n; is the

of the bubble collapse never exceeds the sound velocity aiumber of molecules of the gas spediésside a bubbleN

the liquidat the bubble wal(c,_g) (see Appendix whichis is the Avogadro numbes is the van der Waals constant, and
a function of the liquid pressure at the bubble wabk]; V is the bubble volumd13]. The molar heat of the gas
cLg=7.15(ps+B)/p_; whereB=3.049<10° Pa andp,_;  specied is assumed as follows; for monoatomic gases such
is the liquid density at the bubble wdll9]. Thus, in the as H and O, the molar heat is (3F), for diatomic gases
present computer simulations, the bubble wall velocity is resuch as OH, @ H,, it is (5/2)Ry, for the other gases, it is
placed byc, g when it exceeds, g in the numerical calcu- (6/2)Ry [20]. As has been clarified previous|y3,17, the
lations of the modified Keller equation, which is the mostsecond term, which is determined by the number of water-

important modification in the present model. vapor molecules inside a bubble, affects the bubble tempera-
The change of the thermal energy of a bubhiEf in  ture at the collapse considerably.
time At is expressed by The thermal conductivityk) of the gas inside a bubble is
estimated by Eq(4):
AE(t)=—pg(t)- AV(t) +47R?Mey oAt
k= Ko T)(Nu,0/Ne) + ka(T) (Nac /Ny, 4
aT
+A47R?AL: Kol F §7TR3At27 (Tyb=Ty1) where x,,0(T) and ka(T) are the thermal conductivity of
R water vapor and that of argon at temperatlireespectively.
N N The thermal conductivity of water vapor and that of argon
XAH,i+| — g MRR]At- Z Xeeai AN (D are estimated by iy o(T)=—0.012+ 1.0x10 *T and

kar(T)=0.009+3.2x 10 °T, where Kio and ko are in
wherepy is the pressure inside a bubblkY is the volume  \W/mK andT is the temperature in K.
change of the bubbld is the bubble radiusn is the rate of Another modification made in the present model is the
evaporation of water at the bubble wadi, o is the energy inclusion of the dissolution of chemical products such as
carried by an evaporating or condensing vapor moleauie, OH, O, H, etc. into water. The rate of dissolutiong) is
the thermal conductivity of the gasT/dr|,_y is the tem- calculated for each species by the following equation:
perature gradient at the bubble wall(r ;) is the forward
(backward reaction rate of the reactiof per unit volume =0 [ KTg N < 47R? ®)
and unit time,AH ; is the enthalpy change in the forward di™ 2mm; V R
reaction(when AH <0, the reaction is exothermicM is
the total mass of the gases and vapor inside the bubble, ttvherer g ; is the rate of dissolution of the chemical spedies
dot denotes the time derivativel/dt), x,eq; is the reduced (i=OH, H, O, G, Hy, O3, HO,, H,0,), O is the probability
ionization potential of the gas specieby the extreme high of dissolution of a molecule per collision to the liquid sur-
density, andAn;” is the change of the number of positive face(®=0.001[21]), kis the Boltzmann constariTg is the
ions of the species The first term in the right-hand side of gas temperature at the bubble wati, is the molecular mass
Eq. (2) is the work by pressurgV work). The second term Of the species, n; is the number of molecules of the species
is the energy carried by evaporating or condensing Vapdrinside a bubbleV is the bubble volume, aridis the bubble
molecules. The third term is the energy change due to thefadius.
mal conduction. The fourth term is the heat of chemical re- Now, we discuss the ionization of gases inside a bubble.
actions inside the bubble. The fifth term is the change of thdn dense gas, the ionization potential of the gas is reduced by
macroscopic kinetic energy of the gas that is transferred téhe overlap of the electron wave functions of gas molecules
heat[13]. The brackets mean that this term is included only[22,23. The reduced ionization potentiayy is estimated
when the term is positive, which corresponds to the decread®y Eq. (6) [22,23:
of the kinetic energy. When the term is negative, it is re-
placed by zero. The last term is the heat of ionization. As has Xred=X(1—1/x), (6)
been clarified in the previous studi¢$3,17], the heat of

chemical reactions, especially the endothermal heat of vapé’\r/here
dissociation, affects the bubble temperature considerably. 1 3 v

The molar heatC,) of gases and vapor inside an argon X= —,\/: (7
bubble is 2agk’ V ny

) x is the ionization potential of the gas in vacuuag, is the

a 3) Bohr radius (5.2% 10 ! m), k' is the ratio of the atomic

A radius of the gas to that of hydrogéki = 1.57 for argon, and
1.27 for oxygen atom V is the bubble volume, andl is the

where Ry is the gas constanh,, is the number of argon total number of molecules inside a bubble.

atoms inside a bubbley, is the total number of particles In the present calculations, the ionization of argon, oxy-

inside a bubblen,, o is the number of water-vapor mol- gen, and hydrogen atoms are taken into account because al-

Ny, 6 MHoO n; (nt

oo, 2R "4 Coin IR,

3
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most all water-vapor molecules are dissociated to oxygewf oxygen and hydrogen atoms in vacuum are both 13.6 eV.
and hydrogen atoms when ionization takes plpt®. The  The number of free electrons() is estimated by Saha equa-
ionization potential of argon in vacuum is 15.8 eV and thosetion [24].

V _
ne=5[- g 2e KT {J(n g Ze ¥KT)24 AN [ 3(npe Xreaa kT4 n e Xred /KT e Xred /KTy V], (8)

whereV is the bubble volumey.=h/\27mkT is the ther-  wheren, is the number of electrons inside a bubblas the

mal de Broglie wavelength of electrorisjs the Planck con- temperatureR is the bubble radius, and all the quantities are
stant,m, is the electron masg,is the Boltzmann constanit,  expressed in Sl units. The electron-atom bremsstrahlung is
is the temperaturéy is the averaged ionization potential over the light emission from an electron accelerated in the field of
the species considered,, is the number of argon atoms @ neutral atom and the intensity is crudely estimated by Eq.
inside the bubbleyeq A iS the reduced ionization potential (12) [29]:

of argon,ng andny are the numbers of oxygen and hydro-

gen atoms inside the bubble, respectively, ango and Paraton=4.6X 107 *nenp T/ (3 7R®), (12)
Xred,n @re the reduced ionization potentials of oxygen and

hydrogen atoms, respectively. The number of positive iond/here all the quantities are expressed in S units.
of the specie$(n;") is calculated by Eq(9): The intensity of radiative recombinatiof() is estimated
, :

by
+ = .
=y Nety), © P =X opuehhil (4 7R, 13
where whereoyy, is the cross section of radiative recombinatiog,
is the velocity of a free electror{,) denotes the averaged
y=>\;3e*"fed~i KT 4 7R3, (10 value over the Maxwell-Boltzmann velocity distribution, and

hv is the mean energy of the emitted photdrvE& 1.5kT).
n, is the number of atoms of the specieincluding both  According to Ref[30], (o ,ve)=2.7X 10" /T (m®/s) for
neutrals and ions ang.q; is the reduced ionization potential hydrogen, wherd is expressed ilK. For argon and oxygen,
of the species. the detailed values af¢}, are not known. Thus, in the present
In the present paper the radiative processes are also simgalculations, the value of hydrogen is used.
lated. The processes include chemiluminescence of OH, The intensity of radiative attachment of electrons to the

plasma emissions, and the thermal emissions ofn{I- neutral oxygen atoms is given by Ed.4) [31]:
ecules. For chemiluminescence and, @missions, the
guenching by collisions with other particles is taken into 707

account by multiplying the factor i1+ 3 wo27v;(n;/V)]
[25] wherea-rcri2 is the quenching cross section of the species
i(mo?=2.1x10"2Y(m?) for argon, 3.%10 %(m?) for
H,0, 7x10 2Y(m?) for the other moleculef26)), 7 is the
lifetime of the excited OH radicale=7x 10 ’s[26)), v; is
the mean velocity of the molecules of the spedjas is the
number of molecules of the speciemside a bubble, antf
is the bubble volume. The intensity of the chemilumines-
cence from OH is estimated by the rates of the reactions 20
O+H+M—OH* +M (OH* is the excited OH radical and
is the third body and OH+H+OH—OH* +H,0 [13,27,2§ 10
multiplied by the quenching factor.

The plasma emissions consist of electron-ion bremsstrah ot
lung, electron-atom bremsstrahlung, radiative recombinatior
of electrons and ions, and radiative attachment of electrons Time (us)
to neutral particles. The electron-ion bremsstrahlung is the L
light emission from an electron accelerated in the Coulomb FIG. 1. The calculated radius-time curves of an argon bubble for

. e . s one acoustic cyclés0 us) for the liquid temperature of 20 °Golid
field of a positive ion and the intensity is given by Eg1). line) and 34 °C(dotted ling when the frequency and the amplitude

of ultrasound are 20 kHz and 1.4 bar, respectively, and the ambient
Parion=1.57< 10 “nZT%/ (3 7R3), (11)  bubble radius is 4m.
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FIG. 2. The numbers of molecules inside a bubble as functions

of time for one acoustic cycle for the liquid temperature of 2qQacC
and 34 °C(b). The condition is the same as that of Fig. 1.

Pau=1X 10" 2ngnevehvl (3 wR3), (14
where the coefficier|tl X 10726(m?)] is the cross section of
radiative attachmentfjg andn, are the numbers of oxygen
atoms and electrons inside a bubble, respectiwelyis the
mean velocity of electron& .= 8 kT/7m,, wherek is the
Boltzmann constantn, is the electron magsandhv is the
mean energy of the emitted photohiy(=1.5kT). In the

TABLE I. The physical properties of liquid water for various
temperaturesp’ is the saturated vapor pressugeis the viscosity,
v is the kinematic viscosityy is the surface tension, ang is the
density.

5°C 20°C 34°C
p¥ (Pa 0.86x10° 2.32x10° 5.29x 10°
u(Pas 1.52x10°8 1.00x 102 0.74x 1073
v (m?/s) 1.52x10°8 1.00x 106 0.74x10°8
o (N/m) 7.49<10°2 7.28x10°2 7.05x 1072
pu (kg/m?) 1.00x 10° 1.00x 10° 0.99x 10°
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FIG. 3. The calculated results for the liquid temperature of
20 °C at around the minimum bubble radius as functions of time for
0.05 us. The condition is the same as that of Fig(d).The bubble
radius(R) and the temperature inside the bubBle. (b) The num-
bers of molecules inside the bubble.

present calculations, the intensity of radiative attachment of
electrons to hydrogen atoms, OH radicals, and oxygen mol-
ecules are also calculated using the similar equations to Eg.
(14).

IIl. RESULTS

The computer simulations are performed for an argon
bubble in water irradiated by 20 kHz ultrasound of various
acoustic amplitudes for various liquid temperatu(gs 20,
and 34°Q. In Fig. 1, the calculated radius-time curves are
shown for one acoustic cycle for 20 °C cdselid line) and
34 °C casegdotted ling when the acoustic amplitude is 1.4
bar and the ambient bubble radius igwh, where the ambi-
ent bubble radius is defined as the bubble radius when ultra-
sound is off. From Fig. 1, it is seen that at 34 °C the bubble
expands more compared to 20 °C case. In Fig. 2, numbers of
molecules inside a bubble are shown for 20 °C casend
34°C casgb). It is seen that much more water evaporates
into the bubble at the bubble expansion for 34 °C case, which
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25000 10 TABLE Il. The calculated results for an argon bubble in water
N Fg irradiated by ultrasound of 20 kHz and 1.4 bar for the liquid tem-
sonc0] ) . e peratures (_)f 20 and 34 °C. The ambient bL_Jb_bIe radiusdmé.lRm‘.f\X
A is the maximum bubble radiuB,,, is the minimum bubble radius,
4 T e Tmax IS the maximum bubble temperature, the temperature in the
© 15000 2 brackets is the maximum bubble temperature when chemical reac-
2 2 tions are neglected, “bD dissociated” is the number of @& mol-
g S ecules dissociated inside a bubble per bubble collapse, “light” is
Q10000+ S . . M N
g o the energy of the emitted light per bubble collapse, “pulse width
- is that of the emitted light, “mechanism” is that of the light emis-
5000~ sion, ‘“rad.rec.” is radiative recombination of electrons and ions,
“ion bremss.” is electron-ion bremsstrahlung, “atom bremss.” is
0. ; ‘ . . 0 electron-atom bremsstrahlung, and ‘“rad. attach.” is radiative at-
29.74 29.75 29.76 29.77 2.78 29.79 tachment of electrons to neutral particles.
(a) Tine (28) 20°C 34°C
Rimax 62 um 68 um
100000000000 Ruin 0.6 um 0.6 um
Tax 24000 K 15000 K
10000000000 .= (without CR (40000 K (36 000 K
2 10000000004 H,O dissociated 4810 4.7x10°
3 ] light 7.4 pd 0.3pJ
% 100000000 pulse width 50 ps 40 ps
f 10000000 mechanism rad. rec. atom bremss.
o ion bremss. rad. rec.
e 1000000
2 atom bremss. rad. attach.
5 100000 |
10000+ fl
E ,l case much lower than that for 20 °C case as shown in Table
e 2075 20,76 20.77 29.78 29,79 I. _
(b) Time () In Figs. Ha), 6(a), and {a), the bubble temperature at the

collapse is shown for various acoustic amplitudes and ambi-

FIG. 4. The calculated results for the liquid temperature ofént radii for the liquid temperatures of 5, 20, and 34 °C,
34°C at around the minimum bubble radius as functions of time forespectively. The ranges of the acoustic amplituge$ and
0.05 us. The condition is the same as that of Fig(a.The bubble  the ambient radiilRy) considered are 0—10 bar and 1z,
radius(R) and the temperature inside the bubfle. (b) The num-  respectively, which are typical ones in MBSL experiments
bers of molecules inside the bubble. [1,33]. From Fig. a), it is seen that at first the bubble tem-

perature at the collapse increases as the acoustic amplitude

is due to the larger saturated vapor pressure at 3@&Ble  increases up te-1.5 bar. It is because the bubble collapse
). As seen in Fig. 2, the number of water-vapor moleculedbecomes more violent as the acoustic amplitude increases.
inside a bubble decreases at the bubble collapse due to tiowever, above-1.5 bar, the bubble temperature decreases
vapor condensation at the bubble wall. It should be noteds the acoustic amplitude increases. The reason is as follows.
here that vapor condensation at the bubble wall is a nonequiAs the acoustic amplitude increases, a bubble expands more,
librium process due to the high speed of the bubble collapsand more vapor evaporates into a bubble at the expansion. It
[32]. results in the increase of the amount of vapor trapped inside

In Figs. 3 and 4, the enlarged views at around the mini-a bubble at the collapse, and thus, the bubble temperature at
mum bubble radius are shown for 20 and 34 °C cases, rahe collapse decreases.
spectively. It is seen that the maximum bubble temperature is Comparing Figs. &), 6(a), and 7a), it is seen that for
much higher for 20°C case. It is because the amount o&lmost all acoustic amplitudes, the bubble temperature at the
vapor trapped inside a bubble is much smaller for 20 °C caseollapse is higher in a colder liquid. The reason is that a
as seen in Figs.(B) and 4b). Vapor has a larger molar heat lesser amount of vapor is trapped inside a bubble at the col-
[(6/2)R,] than that of argorf(3/2)R,]. Thus, the bubble lapse in a colder liquid due to the lower-saturated vapor pres-
with larger amount of vapor needs much more energy for theure. Although for almost all the acoustic amplitudes the
same temperature increase. It results in the lower maximurhubble temperature at the collapse is higher in a colder lig-
temperature of the bubble for 34 °C case as shown in Tableid, there exists a very narrow range of acoustic amplitude
Il. Additionally, vapor is dissociated inside a bubble at thefor which the bubble temperature at the collapsiger in
collapse by the high temperature and cools the bubble cora colder liquid. For example, ap,=1.2bar and R,
siderably due to the endothermal heat of the dissociations=4 um, it is 7600 K for 20 °C case while it is 11 000 K for
which makes the maximum bubble temperature for 34 °C34 °C case. It is because the amount of vapor trapped inside
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- R FIG. 6. The calculated results for the liquid temperature of
FIG. 5. The calculated resu_lts for the_llqwd te_mp_erature of 5 C20 °C when an argon bubble of various ambieqnt raﬂﬂ)(i?l water
yvher_x an argon bubble of various amblt_ant rado) n water 'S is irradiated by 20 kHz ultrasound of various acoustic amplitudes
irradiated by 20 kHz ultrasound of various acoustic a_mplltudesspa)_ (a) The bubble temperature at the collapse. The isothermal
(P). (& The bubble temperature at the collapse. The isothermag,es aro from the bottom 5000, 10000, 20000, 20000, 10 000,
I;g%% ared fgcgrgotﬂe :Sttomthsol(_)o, 1?2380 io (t)r? O’bzgl?loot‘ 10 OOO7000 and 6400 K. Above the line of 6400 K, the bubble tempera-
an - Above fhe fine o » (N€ DUbD'E 1eMperay, o ot the collapse is independent of acoustic amplitude and is

ture at the collapse is independent of acoustic amplitude and i8] . . S
; . o 6400 K(b) Mech f the ligh
always 6800 K (b) Mechanism of the light emission and the energy ofV\t,ﬁZSemitted I(ig)ht sgr EEEtrJTI]eOCOIIZpIsge temission and the energy

of the emitted light per bubble collapse.

a bubble is very small, in this case, due to a relatively smalplasma emissions from low-acoustic amplitude region and
expansion of the bubble by the relatively small acoustic amehemiluminescence from high-acoustic amplitude region. In-
plitude. The main factor that determines the bubble temperadeed, the MBSL spectra consist of continugmasma emis-
ture at the collapse in this case is the bubble temperature atong and OH line(chemiluminescengd 6,33).
the beginning of the collapse, which is identical to the liquid Comparing Figs. 5-7, it is seen that plasma emissions
temperature. It should be noted that the expansion of th&#om low-acoustic amplitude region is much stronger in a
bubble is an isothermal process and the bubble temperatuoelder liquid than those in a hotter liquid because the bubble
at the maximum bubble radius is identical to the liquid tem-temperature at the collapse is higher. On the other hand,
peraturg 34]. Lower-initial temperature results in the lower- chemiluminescence of OH from a high-acoustic amplitude
final temperature. region is stronger in a hotter liquid than that in a colder
In Figs. 8b), 6(b), and 7b), the mechanism of the light liquid because much more vapor is trapped inside a bubble at
emission is shown with the energy of the emitted light perthe collapse and much more excited OH radicals are created.
bubble collapse for the liquid temperatures of 5, 20, andlhus, it is concluded that MBSL from a colder liquid con-
34 °C, respectively. At low-acoustic amplitudes it is a plasmasists of much stronger plasma emissions and a weaker OH
emission and at high-acoustic amplitudes, it is chemilumi-emission compared to that from a hotter liquid. The increase
nescence of OH. In actual experiments of multibubbleof MBSL intensity as the liquid is cooled, which has been
sonoluminescencéMBSL), the acoustic amplitude varies reported experimentallj5—8], is due to the strong increase
spatially inside a liquid. Thus, MBSL is a combination of of plasma emissions. Here it should be noted that the number
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§ 6 are 20 kHz and 5 bar, respectively and the ambient bubble radius is
."c_l 5] 4 um. Note the much larger scale of the vertical axis than that of
% . 1pd Flg 1.
=
4%' 3 0.1 pJ acoustic amplituddFigs. 3b) and 4b)]. It results in the
8 2 0.01p) >A/1w much lower bubble temperature at the collag3g,,, in
= — Table Ill) compared to that in the case of the low-acoustic
non-|ight amplitude(Table II). It is also seen from Table Il that the
s T 2s 3 a5 4 as 5 55 % bubble temperature at the collapse is higher for 20 °C case

compared to 34 °C case because a lesser amount of vapor is
trapped inside a bubble at the collapse, as in the case of the
low-acoustic amplitudéTable ).

FIG. 7. The calculated results for the liquid temperature of  Finglly, we discuss the liquid-temperature dependence of
34 °C when an argon bubble of various ambient raRj)(in water single-bubble sonoluminescent®BSL). In 2000, Vazquez
is irradiated by 20 kHz ultrasound of various acoustic a_mplitudesand Puttermaf4] reported that the SBSL intensity increases
(Pa). (@ The bubble temperature at the collapse. The isothermal,q o jiquid temperature decreases under a similar acoustic

lines are from the bottom 5000, 10 000, 10 000, 7000, and 6100 Kamplitude. For example, they reported that when the maxi-

Above the line of 6100 K, the bubble temperature at the collapse is S _ . .
independent of acoustic amplitude and is always 6100(i. mum bubble radius is the samBa=37 um) the light in-

Mechanism of the light emission and the energy of the emitted "ghltensnylln 2?? C case is five times larger thr?m tfllat. in the 34°C
per bubble collapse. At the narrow region between the two thic ase. In the present paper, comput(f:r simulations are per-
lines, the light originates in plasma emissions. ormed under the experimental conditions of Vazquez and

Putterman[4]. The calculated results are summarized in

of bubbles in a liquid is also a very important factor that Table IV. It is seen that the calculated number of photons

determines the intensity of MBSL. In the present paper, themitted per bubble collapse is larger for 20 °C case due to the

changes of the number of bubbles and their size and spatihigher maximum bubble temperature, which is caused by the

distributions are not dealt with. smaller amount of vapor trapped inside a bubble at the col-
In Figs. 8-10, examples of the calculated results for dapse.

high-acoustic amplitude at which light originates in chemi-

Iuminesc_ence are show_n. T_he acousti_c amplitude is 5 bar and IV. CONCLUSION

the ambient bubble radius is@m. In Fig. 8, the calculated

radius-time curves are shown for one acoustic cycle for Atalmost all the acoustic amplitudes, the bubble tempera-

20 °C casdsolid line) and 34 °C casédotted ling. It is seen  ture at the collapse is higher in a colder liquid. It is because

that a bubble expands much more when compared to the caee amount of water vapor trapped inside a bubble at the

of the low-acoustic amplitudéFig. 1). Thus, a much larger collapse is smaller due to the lower-saturated vapor pressure.

amount of vapor evaporates into a bubble at the expansioMlultibubble sonoluminescend¢®BSL) in water is a combi-

and the amount of vapor trapped inside a bubble at the cohation of plasma emissions from low-acoustic amplitude re-

lapse in the case of the high-acoustic amplit{iBigys. 9b)  gion and chemiluminescence of OH from high-acoustic am-

and 1@b)] is much larger than that in the case of the low- plitude region. In a colder liquid, plasma emissions are much

(b) Equilibrium radius (g m)
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o FIG. 10. The calculated results for the liquid temperature of
FIG. 9. The calculated results for the liquid temperature of34 °c at around the minimum bubble radius as functions of time for
20 °C at around the minimum bubble radius as functions of time forg o5 ;5. The condition is the same as that of Fig(8.The bubble

0.05us. The condition is the same as that of Fig(a.The bubble  (adjus(R) and the temperature inside the bubbfé. (b) The num-
radius(R) and the temperature inside the bubflé. (b) The num-  pers of molecules inside the bubble.

bers of molecules inside the bubble.

APPENDIX: THE UPPER BOUND OF THE SPEED
stronger than those in a hotter liquid due to the higher bubble OF THE BUBBLE COLLAPSE
temperature at the collapse, while chemiluminescence of OH
is weaker than that in a hotter liquid. Due to the stronge
plagmg emissions in a colder liquid, M.BS,L from a COId(f"rnever exceeds the sound velocity in the liqaidthe bubble
liquid is brighter than that from a hotter liquid as reported inyall (cLe)
many experiment{5-8]. The liquid-temperature depen-  consider a liquid flow with no friction. According to the
dence of SBSL reported by Vazquez and Putterinis  gyjer equation
also understood by the difference of the amount of water

; It is shown below by the fundamental theory of fluid dy-
namics[18] that the bubble wall velocity at the collapse

vapor trapped inside a bubble at the collapse; SBSL from d do d d
colder liquid is brighter due to the higher maximum bubble udu= — ap =— ap P _ _CZl, (A1)
temperature because a smaller amount of vapor is trapped p dp p p

inside a bubble at the collapse.
whereu is the velocity of the liquidp is the pressure is the
density, anct is the sound velocityd?=dp/dp). Using the

ACKNOWLEDGMENTS Mach numbeM =u/c, Eq.(Al) becomes
The author thanks Dr. S. Hatanaka, Mr. T. Tuziuti, and dp du
Dr. H. Mitome for useful discussions. This study was sup- —=—M%—. (A2)
ported by Special Coordination Funds for Promoting Science p u
and Technology from the Japanese Science and Technology
Agency. On the other hand, the continuity of flu{iquid) requires
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TABLE IIl. The calculated results for an argon bubble in water

PHYSICAL REVIEW@& 016310

TABLE IV. The calculated results under the conditions of the

irradiated by ultrasound of 20 kHz and 5 bar for the liquid tempera-experiment by Vazquez and Putternidh. The acoustic amplitude

tures of 20 and 34 °C. The ambient bubble radius jg “chemi-
luminescence” is that of OFOH* —OH+ hv»(310 nm)].

20°C 34°C

Rmax 363 um 366 um

Rmin 1.9 um 2.9 um

T max 6500 K 6100 K
(without CR (22000 K (18000 K
H,O dissociated 48109 7.9x 101
light 0.6 pJ 1.7 pJd
pulse width 440 ps 730 ps

mechanism chemiluminescence chemiluminescence

dp du dA

r3 A

01
u

(A3)

whereA is the cross section of the liquid flow perpendicular
to the flow direction18]. From Eqgs.(A2) and (A3),

du

u

dA/A
1-Mm%

(A4)

From Eq.(A4), it is required that wherM>1, the cross
section must increasel A>0) if the fluid velocity increases
(du>0). At the bubble collapse, the velocity of the liquid
increases towards the bubHlg], which is required by the

(pa) is determined to reproduce the experimentally observed maxi-
mum bubble radiusRK,,,=37 um). The ambient bubble radius is

5 um. f, is the frequency of ultrasound used in the experimental
[4], “photons” is the number of photons emitted per bubble col-
lapse, and the experimentally observed val{¥k are given in
square brackets.

20°C 34°C
fa 33.8 kHz 34.3 kHz
Pa 1.32 atm 1.29 atm
T max 10300 K 9900 K
(without CR (11700 K (12000 K
H,O dissociated 1810° 1.7x10°
photons 4.2x10 3.4x 10"
[experiment [6.0x 10%] [1.2x 104
mechanism atom bremss. atom bremss.

fluid (liquid) continuity. Thus, forM>1, the cross section
should increase. However, the cross section of the liquid
flow decreases towards the bubble due to the spherically con-
tracting geometry. Thus, it is concluded thdt never ex-
ceeds 1; in other words, the liquid velocity never exceeds the
sound velocity of the liquid. It implies that the speed of the
bubble collapse, which is the liquid velocity at the bubble
wall, never exceeds the sound velocity of the liquid at the
bubble wall.
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