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Model of single bubble sonoluminescence
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The temperature within and the sonoluminescence characteristics of a stable inert-gas single bubble grown
in water under some given conditions are computed by using a model that is as sufficiently complete as we can
manage, except that possible chemical reactions within the bubble are neglected. We work with several
different versions of the equation describing the motion of the bubble wall, which are usually considered to
give merely slight differences; or vary a parameter in the formula calculating the net increment of the water
condensed at the bubble wall. It is found that the final outcomes of the temperature and the sonoluminescence
can be significantly different in some cases. This illustration points to the importance of differentiating among
the various seemingly similar equations and of adopting the correct value of the parameter used in the
computation model of a single bubble.
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I. INTRODUCTION model. An “element” can have a number of varieties
versiong, which differ to some extent but relate to the same

locity node of an acoustic standing wave in water. A fasci-Phenomenon. Varieties exist either because they are equiva-

nating accompanying phenomenon is the periodic emissio|‘?”t within known limits or because it is uncertain which one

of picosecond light pulses by the bubble in synchronizatiodS the most elxact. | < th . d for th
with oscillation of the acoustic field, which is known as AN €xample of an element is the equations used for the

single bubble sonoluminescence or simply SBEL2]. For description of the gas motion inside a SB. In quite a few
SBSL, it is generally understood that the light flash resultsﬁﬁgﬁg pﬁggsggﬁntqeergptiraggripﬂ?aﬁyeﬁ?o&éh% g_?ﬁeln the

gsg]blctehgurr]ifh taeembpuet:gltgrfg%t fgggiggoﬂﬂgegsgigjahhebemotion of the gas in the bubble was then formulated accord-
; g the P R ally ingly. In this narrow sense, the model is called the uniform
lieved that the high temperature weakly ionizes the interior

: ~model. On the other hand, the description of the gas motion
gas and the stripped electrons lose energy to the photon f'ela the bubble in terms of the partial differential equations

to emit light. Of the various possible_electron-photon COU-(PDEY of fluid mechanics was developed by others. Here
plings, the bremsstrahlungelectron-ion and electron— the phenomenon of gas motion is the same but the element is
neutral-atom and the recombination of electrons and ionsygried.

are considered to be the dominant proce$3e§]. Recently, An obvious consequence of the choice of different variet-
the concept of weak ionization has been doulj&d ies of an element is the generally different theoretical predic-

When considering theoretical evaluation of the physicakions of the physical quantity under study. Usually one vari-
state inside the single bubble as well as the characteristics ety of the element appears for some reason to be more
the emitted light flash, complicated conditions are confrontedeasonable than the other. Then the theoretical prediction on
and careful modeling is requisite accordingly, even for athe basis of the former variety can be claimed to be more
simple single bubbléSB) containing an inert gas and grown correct. Yet experimental comparison sometimes gives a con-
in pure water which is the object to be studied in this papertrary indication, hence some explanation has to be found.

In modeling, all important physical contefior “phenom- Return to the uniform model and the PDE model. In spite
ena’) should be included, content such as the liquid com-of its simplicity, the uniform model did succeed in interpret-
pressibility, the diffusion between the gas and the vapor, aning [4,5,7] some of the experimentally observed characteris-
possible chemical reactions in the gas and the vapor, antits of the SBSL while the PDE model in one case gave a
other items. Through some overdue development of modelaximum temperature in the interior gia too low to sup-
ing, the last ten years have witnessed some drastic changesport the bremsstrahlung mechanidsome details will be
the predicted outcomes in the field of SBSL, in particular theprovided latey. This could cast doubt on the validity of the
temperature inside the bubble. mechanism.

In this paper, we shall not address the significance of in- On the basis of the concept of model element, neverthe-
clusion of relevant important physical content, but aim toless we suggest an alternative or supplementary point of
study the effects of choice of the physical equations andiiew. In a model for a SB, there usually are a various physi-
physical parameters used for the description of these coreal “contents” each with its associated “element,” which may
tents. For the sake of simplicity, we hereinafter shall callhave more than one variety. In modeling, the most proper
these equations and parameters the physical “elements” ofedement variety has not always been selected for every phe-

A single oscillating gas bubble can be trapped at the ve
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nomenon, nor will every element affect the final theoreticalbubble wall, the formula of water evaporation and vapor
outcome significantly. The trouble is it is often unknown condensation at the bubble wall, the gas dynamics equations,
which element or elements are sufficiently potent. the energy equation in liquid for exterior temperature evalu-
The present paper intends to study the effects of changingtion, and the bremsstrahlung formulas for SBSL. Below, we
the varieties of a very small portion of elements in the com-shall fix the last three model elements but leave the first two
putation of the temperature inside a SB and the characterislightly varying to examine the consequences of such varia-
tics of its light emission. The bubble is grown in water andtion. The second model element will be varied only by dint
contains an inert gas and water vapor. In modeling, all thef varying one of the parameters, which is the accommoda-
important physical content will be taken into account excepttion coefficient of water vapor.
for simplicity, for the phenomenon of chemical reactions in
the interior of the bubble. This omission forbids the direct
comparison of our results with any experimental observation
but permits some indirect comparison. The important physi- The earlier form of this equation is the classical RP equa-
cal content includes the motion of the bubble wall, the wateition [9] that applies to the case of bubble oscillating in an
evaporation and the vapor condensation at the bubble walincompressible liquid. For the bubble in a compressible lig-
the gas motion inside the bubble, the heat exchange at théd, it is derived from several different forms of the equation,
gas-liquid interface, and the gas ionization and light emissiofior example, the Gilmore formulation11], and the
on bubble compression. For all except the first two, we shalProsperetti-Lezzi formulatiorj12], and the Keller-Miksis
adopt fixed elements, which are assumed by us to be propérmulation[13]. The last formula can be expressed as
or satisfactory. For the first two items, on the contrary, we 3 M- 1
select some varieties of the corresponding elements angd - M)RR+ _<1 - —> R?=(1+M)—[p, = p» - ps(t +tr)]
compute to see the effects of these variations. 2 3 Pl
The first element involves the so-called modified tr
Rayleigh-PlessetRP) [9] equations, while the second in- +—p, (1
volves a formula that governs the condensation and evapo- Pr=
ration of water at the bubble wall and contains a parameter tshereR(t) is the radius of the bubblg,., the ambient liquid
be varied. We shall also make comparison of bubbles congensity,p., the ambient pressurg(t)=—-p, sin(wt) the driv-
taining three different inert gases He, Ar, and Xe, respecing acoustic pressuréz=R/c;..,C;.. the sound speed in the
tively. liquid at the ambient temperature and pressure of 1 afm,
This paper is organized as follows. The detailed descrlp_p (R.1) - 47;R/R 2¢/R, the pressure on the liquid side of

tion of the calculation model is provided in the next section;
then, the temperature within and the sonoluminescence ch trhe bubble wallp,(R,t) the pressure on the gas side of the
ubble wall, » the dynamic viscosity, and the surface ten-

acteristics of a single bubble are calculated by varying th
equation of radial motion of the bubble wall, viz., the modi- Sion coefficient of the liquid. The parametdr=R/c,.. is the
fied RP equation, and the accommodation Coeff|c|em of wabubble-wall Mach number which in fact embodies the effect
ter vapor; a summary and discussion are presented in tHd the liquid compressibility. The Keller-Miksis formula,
final section. along with the other formulas mentioned above and some
more which are valid for compressible liquids, are all de-
rived under the condition tha¥l <1. In other words, these
Il. COMPUTATION MODEL equations are accurate to the first ordeMnWhenM — 0,

As usual, the single bubble under discussion is trapped i Il these equations approach the classical RP equation and

water and under the action of an acoustical wave. It is asic"ce We shall call them the modified RP equations. Itis to
ie emphasized that the sonoluminescence is produced when

A. Equation of radial motion of a spherical bubble

sumed to be spherical all the time. The bubble wall can thu o bubble is violently comoressed. at which tie— 1
be described by an equation governing its radial motion. Twi hose modified RP eyuatiorr:s with ’<1 are therefore |n
gas species, the inert gas and water vapor, fill the bubble alid in a rigorous ser?se in the real situation of SBSL. To
Water evaporation from the bubble wall and vapor conden- 9

improve the situation somewhat, one may replacen Eq.

sation onto the bubble wall will be considered but mass 1) by ¢, whereg, is the sound speed on the liquid side of the
transport of the inert gas across the wall will be neglecte i~ ! P q

[10]. For the sake of simplicity, the chemical reactions inside ubble waIII Wh|||Chd mcrea;]ses W'tr; thfwll'qu'ﬂ pr:essure and
the bubble will be ignored; this is permissible as long as it is consequently will diminish the value which 1S now
not our aim to procure exact solutions for experimental com- R/C' r?ne may z;\]lsol S|mduléaneously reﬁlafe ":j Ek)dpm ?yh
parison. The ambient temperature of the water has severl’ wherep, is the g ensity on the liquid si eo the
constant values. Under such circumstances, we shall co ubble wall. The significance of using nesvand g in Eq.

pute some bubble characteristics including the temperatur )trr]r;aé:;lig?g;t?d ;Sbft?]léoxfmlg t/h|s fqur:t(?gsdeggoa
and the pressure inside the bubble as functions of time an ! quati R! 1)y TEP

space as well as the emitted light intensity, the light Speccorrectlon for the bubble acoustic radiation. This term may

trum, and the light pulse form. be more precisely written a&R/c)Hj, whereH, = [{! dp/p,
The computation model for such a SB consists of theis the enthalpy of the liquifil1,12. Using the Tait equation,
following elements: the equation of radial motion of the which is an equation of state of water,
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p+B p\" be varied in order to expose their influences on predicting the
m— ; ' 2 temperature and the sonoluminescence. Several other ele-
ments exist which will be listed below, but they will not be
whereB andn are constants, which slightly depend on tem-examined for their effects of variation and henceforth will be
perature and are taken to B=3638.17 bar anch=6.015 fixed.
throughout the following calculation, it is easy to show that
(R/c)H,=(R/c,p)py, which is just the ternftg/p..)p; in Eq.
(1) with p,, andc,.. replaced byp, andc,, respectively. It is In the case of SBSL, only the inert gases and the vapor of
uncertain at present whether and how much these rep|acéurrounding liquid can fill the bubble due to the effect of the
ments will help; we shall study their effects belgw.andc,  inert gas rectificatior{ 16]. In the present model, two gas

are determined as follows; is to be computed from the Tait Species, the inert gas and the water vapor, are assumed to be
equation(2), andg, is then evaluated as within the bubble. The partial differential equations of fluid

mechanics of two kinds of gas component in spherical sym-

= /n(p +B) metry take the following form:
| - .
P

For convenience of description, we shall name the equa- a o r? &r[r (pr +J1)]=0,

tions formed from different choices &, p, andc in Eqg. (1)
as follows, where MRP stands for modified RP equation:

C. Gas dynamic equations

. o . . dp 14
MRP1 is the Keller-Miksis equatiofil), MRP2 is the clas- Py —2—(r2pv) =0,
sical RP equation, which is E¢l), with M=0, MRP3 is Eq. g reor
(1) with p,. andc,., replaced byp, andc,, respectively, and,
MRP4 is the classical RP equation with, and p,., replaced Apv) 19 , o dp_14d , Tir

: = (repv?) + == (rem) )

by ¢, and p;, respectively. at reor a rear r
B. Formula of water evaporation and vapor condensation and JE 14 , 10 ,

the accommodation coefficient of water vapor r + ﬁg{r [(E+plv+al}= r_zg(r U, (4)

When a bubble is expanding, the surrounding wate
evaporates into the bubble; when the bubble is being co
pressed, the water vapor condenses onto the bubble w
During the phase transformation, the rate of net mass incrg;
ment of the condensed vap@r of the evaporated water for
negative sighat the bubble wall is evaluated by following
formula[14]:

Wheret is the timer the radial coordinatey; the density of
eith gas,p=p;+p, the density of the gas mixture; the

dial component of th&h gas velocityp the average ve-
City, pv=pqv1+povo, P the gas pressure,the heat flux,J;

the diffusion mass flux of species(the vapoy with respect

to the average velocity);=p,(vi—v), 7, =4u/3)(dv/ar
-vlr), nis the dynamic viscosityfE=E; + E, the total energy
density, Ei=%pivi2+pie,, ande is the internal energy of the
©) ith gas. If one rewrites the total energy density of the gas

(M \"* Tpi-
= ( 1 ) o PP
mixture asE=3pv?+S, then

27k \s'/ﬂ

r=R
whereM; is the mass of a vapor moleculethe Boltzmann 3
i i 1/1 1 3 6T ~
constantp, the partial pressure of the vapor on the gas S|deS_ _(_ + _>J§ N [EVz + V1<3 > | )]RT,
pr P2

of the bubble wall,p, the saturated vapor pressure at the = 2
temperature of the interfacg. I' is a correction for bulk

motion to the interfaceI'(a)=exp—-a?)+aya{1+erfa)], (5
where a=(m/p;)VM;/2KTg and p; is the vapor density on where »; and », are the mole density of the vapor and the
the gas side of the bubble wall. When the temperafore jner gas, respectivelfz=8.31J/mol K the gas constant,
pressurgat the interface exceeds the critical temperafore 1,4 temperature, ané, are three vibration energies of the
pressurgof water, the formuld3) ceases to be valid. During \\ater molecule 9,=5160 K, 6,=5360 K, and@;=2290 K.
this period of time, an approximation will be taken as in Ref.game detailed formulas calculating the diffusion mass flux,

[8] in which the evaporation and condensation is assumed the heat flux, and the viscosity are sketched in Appendix A.

halt. . . The equation of state of the gases inside the bubble takes
Now pay attention to the parameterin the formula(3). e van der Waals form

This parameter is known as the accommodation coefficient

oexpe/T) -1

of water vapor. The value at is not very certain for water. JRT

In the common case, it has been taken as 0.03 approximately p= 1—b 1#a, (6)
[14], but it is often taken to be 0.4 for SBSL calculation

[8,15]. In the present paper, it will be made adjustable. wherev=v;+ 1, is the mole density of the gas mixture, aad

Of the many model elements in our computation modelandb are the parameters of the van der Waals equation. For
the above two, viz., the modified RP equations and the ache formulas calculating the parameterandb, see Appen-
commodation coefficient of water vapor, are those that willdix B.
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Mass conservation requires the following condition at the T(r,V)|=r= Ti(r,)] =g,
bubble wall:(p/ p,) J|,-r=m. The other boundary conditions
are, at the center of the bubbley;|,-o=0, q|,-0=0, (dp; T (0
19r)|,=o=0; at the bubble wall v|,.g=R+M/ p|,g. <q+ ml + M#) =0, (10)

In the present model, chemical reactions are not under =R
consideration, and the energy loss due to molecular dissociggherel is the latent heat, which can be estimated by inter-
tion is excluded. However, the vibration energy wastage mayolating the experimental data. It is found that the latent heat
partly compensate for the energy loss due to the chemicglecreases as the temperature increases, and when the tem-
reactions. The reason is as follows: when chemical dissocigserature gets to or exceeds the critical temperatar®, At

tion occurs, which is usually endothermal, the molecule ishe interface where the two parts partitioned, we have the
dissociated and the energy wastage due to the correspondifgliowing conditions:

molecular vibration no longer needs to be taken into account;
whereas in the present model, no dissociation takes place and T|(r,t)|r:R1: Ti(z,t)| =0,
the energy wastage due to the molecular vibration has to be
taken into account all the time.

(9T|(r,t) _ i aT|(Z,t)

=R, R 02

; (11)

z=0

D. Energy equation in liquid n

To evaluate the heat exchange at the interface, the tenjn the far field, the temperature is just the ambient tempera-
perature changes in the water should be calculated. With th@re T, (z,1)|,-;=T... The hydrodynamic equatior{g) inside

reference to the work of Voung and Szgti7], the tempera- _the bubble and the energy equatigdsand (9) in the liquid
ture of the water can be computed by the energy conservativgining with any MRP equation and the boundary conditions

equation provided can be numerically solved. We find the general dif-
a, i, 19[4 ferential scheme is appropriate in the computation of the
—+u— =D —(r"—, (7)  PDE.
ot or reor or

whereT, is the temperaturét is identical to the gas tempera- E. Bremsstrahlung formulas for SBSL

ture at the bubble wall v, the velocity of water, approxi-

matelyv,=R2R/r2, Di=N/piCp, the thermal diffusion coeffi-
cient, and\, the thermal conductivity of water, which is a
function of the temperaturgl 8],

The electron-atom and electron-ion bremsstrahlung and
the recombination radiation are generally considered as the
main mechanisms of SBSL. In the present model, this simple
bremsstrahlung model is employed to evaluate the light

\(T)) = - 0.3838 + 5.254 1073T, - 6.369% 10°°T?, emission. The stimulation of light emission by this simple
bremsstrahlung model does not require very high tempera-
T <Te, (8) ture; weakly ionized gases may also produce the sonolumi-

where T, is the critical temperature of water, f@i>T,,  NeScence. The estimated maximum temperature of a sonolu-
simply \;=\(Tp), and ¢, is the specific heat of water, minescing bubble is no more thaq a few decades of
which is simply assumed to be constap{=c, .., as is the thouga.mds of degrees, generally it is 7>GI0° degrees
density p,=p,... Because the heat capacity of water is IargeKeIV'n_’ agas bubbl_e 01 pm radius under these tempera-
compared to that of the gas in the bubble, the temperatur%'res is optically thin to the bremsstrahlung and the recom-

changes of the water are mainly limited to the near vicinityb'n_l"’_‘rt:on rg.d'a.t'on' | : :
of the bubble wall. For this reason, the region outside the e radiation power per wavelenglin micrometers n-

bubble is partitioned into two parts, the thin layer and thetﬁrval]c by t?e eI«Tctr%n—neutral-atom bremsstrahl{@@ is,
rest. The thickness of this layer is set&s0.1 um. Equa- erefore, formulated as
tion (7) holds in the thin layer while the following trans-

o . o dP,(1) NeNatortc(N, T)
formed equation is applied to the remainder: & -0.14954 e ato dv, (12
_ d\ {exdhd(ANKT)] = 1IA°" (12
Mo Ry, @720 er i the murber dencit of the onized
a - R 9z R & wheren, is the number density of the ionized electrog,,

the number density of the neutral atomthe wavelengtkin
R, 413 aT, micrometery h the Planck constant, the light speed, and
X[\1=35"n1-2)] (1-2—1. (9 the free-free atomic absorption coefficiertof inert gases
! can be found in Ref.20], but there are no data available for
where the new variable, as in[19], is defined by(r®  water vapor. In the calculation of electron—water-vapor-
-R})/3=-RR,In(1-2); zC[0,1], Ry=R+A, and R, is a molecule bremsstrahlung, as an approximationf oxygen
geometric parameter, in the present model 100. is employed instead. In fact, the contribution from this part is
Continuity for both temperature and heat flux is requiredrelatively minor. The radiation power per wavelengjti mi-
at the boundary. At the bubble wall, the latent heat from thecrometers interval by the electron-ion bremsstrahlung and
vapor condensation is also considered, the recombination radiation togethét] is
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dP(t) L ng exg hd/(max(\,\,)kT)] the model elements listed in Sec. Il. As mentioned in the

AN 1.03x 10° 1hCJ TexhG(NKT)] - INETY2 dv, Introduction, it is our aim to study the effect of using slightly
different MRPs and also that of using different accommoda-

(13)  tion coefficientse. The temperature profiles computed from

where\, is the wavelength corresponding to the first excited™Ur different MRPs witha=0.4 and at three ambient tem-

energy level of the atom, 0.26m for helium, 0.2825m peratures are given_in Fig. 1. In Fig. 1 and the foIIo_Wing
for argon, and 0.32%m for xenon. As an approximation, the Figs. 2—4, each plot is composed of several curves which are

\, of water molecule is simply treated to be identical to that/2P€led froma to ¢, d, e, or f. Curvea corresponds to the

of the corresponding inert gas. The spectrum of SBSL Cag‘lme when the bubble is compressed to its maximum crush-

then be calculated agdP(t)/d\ dt, while the light pulse N9 Speed while the last curve, d, & or f) corresponds to a

: : : time a few tens or hundreds of picoseconds after the re-
h fi I h okR( )
shape for a given wavelength is describeddsy(t)/ d\ bound. The corresponding radius for each curve can be read

The radiation by bremsstrahlung occurs only when ion- irectly from the horizontal component of the curve length
ized free electrons are present. The Saha equation is usuaﬁv y : P X gth.
In Fig. 1, the most prominent feature is the appearance of

employed to evaluate the number density of the ionized elec- ,
trons. For a weakly ionized gas mixture, the electron numbe?h(.)Ck waves in the result_s computed fr(_)m MRPZ. and M.R.P4
density can be roughly estimated as which are just the classical RP equation and its modified

version withp,, and ¢, replaced byp, andc;, respectively,
27mkT
. 2( Myl

3/4 and their absence in those computed from the other two
h2 ) \/2 N exf— (s~ Ag)/KT], (14)  MRPs, which are the Keller-Miksis equation and its similarly
! modified version. In the case of absence of the water vapor,
wherem, is the mass of electrom; the number density;;  the same trend that the shock formation depends on the form
the ionization potential, ande; the reduction of the ioniza- of RP equation was revealed in early studi2s,24.
tion potential of thaéth molecule. The ionization potential of ~ On examining the plots in Fig. 1 for MRP2 or for MRP4,
the molecule or atom is usually lowered in a dense gas, and Will be noticed that the shock wave becomes increasingly
this reduction will be evaluated in the same manner as irstronger when the ambient temperature increases from
Ref. [7]. 0 to 34 °C. Since more water vapor is expected inside the
bubble when the ambient temperature is higher, one might
infer that the preponderance of water vapor promotes the
excitation of a shock wavg25]. This is true for MRP2 and
For numerical computation, some concrete parameters alRP4, but when different MRPs are involved, the content of
needed other than those listed in the previous section, such agter vapor does not appear to be a decisive factor. This can
the specific value of the ambient bubble radiRg These be seen in Table | where we computed the amount of water
parameters may be assigned arbitrarily, but may rather begapor retained in the corresponding bubbles of Fig. 1. The
chosen from some experiments so that the computed resultable indicates almost the sang, the percent ratio of the
will be more practical. With the consideration above, wenumber of water vapor molecules to the total number of mol-
shall refer to the experiment conducted by Vazquez anecules inside the bubble at its minimum radius, for the four
Puttermari21]. In this experiment, single bubbles were gen-MRPs at the same ambient temperature. In Table | are listed
erated in water under various conditions and the correspondh addition to the computedi;’s for various MRPs at the
ing emitted light intensities were measured. The ambienthree ambient temperatures, whéigis the number of pho-
temperature of water was varied between 0 and 34 °C antbns emitted per flash by the relevant bubble. In the table,
the gas filling the bubble was changed from argon to heliuntorresponding experimentally observidgs in Ref.[21] are
and to xenon. Data with the same ambient radigend the also quoted. The disquieting results appearing in Table | are
same maximum radiuR,, were obtained in21] for various that the emitted photon numbers calculated by the brems-
ambient water temperatures and filling gases. Many of thetrahlung model are sensitive to those slightly different
concrete parameters employed in this experiment will thetMRPs. It may lead to decrease or even loss of the reliability
be used in our computation beld®2]. of the calculated results.
From Fig. 1 it will also be noted that the existence of the
shock wave does not imply extremely high temperature in-
side the bubble. This is quite different from earlier deduc-

The temperature inside an Ar bubble in water is com-tions when water vapor was absent in the SBSL calculation.
puted, first when the MRPs are varied and next wheis

varied. Then the inert gas in the bubble is varied from Arto 2. The accommodation coefficient varied for an Ar bubble

Xe or He. Figures 2(for 0 °C) and 3(for 34 °C), for which MRP4

is used, specify the effect of varying the value @f the

accommodation coefficient. In correspondence with these

figures, theB,’s, the % ratios of water vapor, are computed
Temperaturegand pressures in some cases as w&Hl  and shown in Table II.

functions of time and space inside Ar bubbles for different Evidently, the larger they, the smaller is the amount of

ambient water temperatures are numerically calculated frorwater vapor being retained in the compressed bubble. In ad-

III. NUMERICAL RESULTS

A. Predicted temperature inside the bubble

1. Modified Rayleigh-Plesset equations varied for
an Ar bubble
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dition, we can see that a shock wave appears inside the Avall and assumed several different amounts of water vapor
bubble fora=0.1 in Fig. 2 and for bothw=0.4 and 1.0 in inside the bubble.

Fig. 3. In Fig. 2, asa>0.1 the shock wave disappears; in  Our computed results are provided in Fig. 4. The figure
Fig. 3, the shock wave fow=0.4 is stronger than for shows that shock waves are formed in Ar and Xe bubbles but
=1.0. It demonstrates that the largenwould be more pro- not in the He bubble. For 20 °C an#=0.4, we computed
pitious for shock formation. Figures 2 and 3 then predict thath€ corresponding water vapor content in the compressed
the larger thew, the higher is the maximum temperature in bubbles to find3,=14% in He and 17% in both Ar and Xe.

the bubble, regardless of whether there is shock formation gfVe @lso computed the maximum speed of the compressed
not. In Table II, the correspondirlg,’s are listed once more bubble wall to be 3142 m/s for He, 1915 m/s for Ar, and

1149 m/s for Xe. We likewise computed the correspondin

for later reference. number of emitted photons per flasph with the resultg of 4.%
X 10* for He, 5.7x 10 for Ar, and 1.7 10° for Xe. We
quote these figures only for reference and shall not attempt to

In this section, we extend our discussion to two other inerapply them to any physical interpretation of the computed
gases(besides Ay in the bubbles, that is, Xe and He. We outcomes.
shall confine ourselves to the choice of the combination of Referencd26] reported the computed result of the occur-
MRP4,«=0.4, and 20 °C to compute the spatial and tempo+ence of a shock wave in Xe but not in & result similar to
ral distributions of temperature and pressure in the bubblesurs; cf. Fig. 1 aboveand He bubbles. It furthermore pre-
containing these three gases, respectively, under conditiomiicted that the shock wave appeared in Xe only when the
mainly the same as in the previous Figs. 1-3. We find itwater vapor content in the bubble was relatively large, for
interesting to compare our computed results with those preexample, when it was 30%, but could not be the case, for
sented in a recent papg26]. In that paper, single bubbles of example, when it was 10%. A maximum temperature of the
He, Ar, and Xe mixed with water vapor were investigated fororder of 1.1x 10° K was predicted in the 70% Xe—-30% wa-
the physical state inside the bubbles. The ambient water tenter vapor bubble.
perature was room temperature; the other parameters were
not exactly the same as assumed in our paper. The authors
used the modified Keller equation which is similar to MRP3  Under the exploitation of Eq€12)—(14), the characteris-
(contrary to our MRPXfor the radial motion of the bubble tics of the light emitted during the bubble collapse can be

B. Different inert gas bubbles

C. Predicted light intensity, pulse, and spectrum
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He
—
©
a
o
Ar
©
3
o
Xe
© ,
Q h o
10° 10° 0. RN
00 02 04 06 08 00 02 04 06 038 10 00 02 04 06 08 10
~ 10" N Radius(um)
[ W RN . ,
et ~-~6"~-\\ FIG. 4. Spatial profiles of the calculated pressure and tempera-
1¢° e ‘-\ ture of different inert gas bubbles at their minimum radius are cal-
0=0.4 culated by MRP4 for a bubble in 20 °C water and witk0.4 and
10°

p.=1 atm, Ry=4.55um, and with the correspondinfy and p,

0.0 2
00 02 04 06 08 1.0 00 02 04 06 08 10 ; . . . T
given in Table I. The meaning @f—e is the same as in Fig. 1.

Radius(um)
1 for three ambient water temperatureg=0.4, and all
FIG. 2. Spatial profiles and time distribution at the minimum MRPs, are listed in Table I. Thd, of an Ar bubble, for the
bubble radius of the calculated pressure and temperature in an Arases considered in Figs. 2—4 for three ambient temperatures,
bubble grown in water at,.=0 °C, as computed from MRP4 with all «’s, and MRP4, are listed in Table Il. In these two tables,
variousa’s andp..=1 atm,R,=4.55um, and the corresponding  the correspondind\, experimentally observed in Reff21]
andp, are given in Table I. The meaning af-e is the same as in  under similar conditions were also listed, merely for some
Fig. 1. reference instead of exact comparison, because in this paper
accompanying chemical reactions are not taken into account.
calculated. The values will depend on the elements chosen, From Table | it will be seen thall, increases rapidly as
i.e., in the present case, on the choice of the MRP and ththe ambient temperature decreases. This was thought to be
accommodation coefficient. evidence for the presence of water vapor in the bubble, on
The computed light intensities in terms of the number ofthe basis of the numerical results that the lower the ambient
emitted photons per flashl, for the cases considered in Fig. temperature is, the lower the vapor content will be, and con-
sequently the higher the interior temperature will be. Similar
10° results are obtained by the calculation of the uniform pres-
107 & sure approximatiofi27]. It will also be seen that in Table |,
various MRPs provide differe¥l’s, with the MRP1 deliv-
ering the least values and MRP4 the largest. Sdiyie are
so small, such as that provided by MRP1 at 34 °C, that
barely any light emission can be observed. The situation is
expected to worsen if chemical reactions were taken into
account. On the other hand, suppose we venture to adopt
variable values ofa in combination with MRP4, for ex-
ample, if we adoptr=0.3 at 0 °C,«=0.4 at 20 °C andx
=1.0 at 34 °C, with the assumption herein tlaais a func-
tion of temperature, the computed valuesNyf will appar-
. ently agree with the experimental values measured in Ref.
00 02 04 06 08 00 02 04 06 08 [21] and quoted in both Tables | and II.
Radius(um) Next, let us address the spectrum of the emitted light. This
quantity can be computed from Eq4.2)—(14). Some com-
FIG. 3. Same as Fig. 2, but the bubble is in 34 °C water. ~ puted spectra for argon bubbles at three ambient water tem-

036308-7



Y. AN AND C. F. YING PHYSICAL REVIEW E 71, 036308(2005

TABLE I. N, and 8, (in parenthesgsat the three ambient water temperatures computed from various
MRPs for the single bubbles studied in Fig. 1. In the last row, experiméhtalin Ref. [21] are quoted.

T (°C)

f (kHz)

Pa (atm)
Np (8,) (MRPY)
Np (8,) (MRP2)
Np (8,) (MRP3)
Np (8,) (MRP4)

N, (expt)

0

31.9

1.35
3.2x10* (5.7%
8.1x 10" (5.9%
5.2X 10° (5.2%
2.0x10° (5.4%

6.0X 10°

20
33.8
1.34
3.7X10% (18%)
9.0% 10% (18%)
1.3X 10" (16%)
5.7X 10* (17%)
6.0x 10%

34

34.3

1.31
3.3x10° (33%)
1.6X 107 (34%)
1.3X 10 (31%)
1.2x10° (32%)

1.2x 104

peratures are provided in Fig. 5, with the same physical pacates that this is due to the shock formation in the bubble.
rametersR,, p., f, and p, as those assumed in Fig. 1 and  Figure 6 is computed for an argon bubble. Similar curves
Table I. Here we use the adjustet, for the same reason as can be computed for bubbles filled with Xe and He, respec-
discussed in the last paragraph, in order to attempt to obtaitively. Figure 7 presents the normalized optical time pulses
more realistic shapes of the spectra. In Fig. 5, individualof He, Ar, and Xe bubbles in 20 °C water at four different
contributions from different optical mechanisms are shownwavelengths, respectively, whereas Fig. 8 indicates the wave-
including that from the electronic—vapor-molecule brems-length dependence of their FWHMSs. Figures 7 and 8 are,
strahlung. It will be seen that the main contribution comeshowever, based on the results in Fig. 4 in whiek0.4 is
from the electron—inert-gas-atom bremsstrahlung. This isised instead of the variablés. From Fig. 8 it can be seen
consistent with some earlier findin§3]. that for He and Ar, the FWHMs are almost wavelength in-
The curves ofP, in Fig. 5 all have dips ah=0.5um.  dependent as observga9], whereas for the Xe bubble, the
This is due to the use of linear interpolation of\,T) to ~ FWHM varies slightly with wavelength, as predicted by Ref.
obtain the values ok from the values ofk atA=0, 0.5, and  [5].
1 um (and variousT) which are the only values available to
us[20]. It may be noted thak(A=0.5 um,T) is only known
for T<2x10*K but in the present cased, occasionally
exceeds X 10* K (see Figs. 1-} For the sake of simplicity, We have numerically computed the temperature within
the value ofx(\,T) at 2x 10* K is applied to those cases and the sonoluminescence characteristics of a stable bubble
with temperature higher than>210* K. Hence the value of grown in water and acted upon by an applied acoustic field.
«(\,T) is underestimated and so is the bubble light emissionThe bubble contains one of three inert gases and the water
Now we come to the investigation of the light pulse vapor may be at one of three ambient temperatures. The
width. For the three cases in Fig. 5, we also obtained thenodel of computation takes into account the usual physical
optical pulses of the emitted light, respectively. Figure 6content or phenomena: the motion of the bubble wall, the
shows the emitted power vs time for three ambient temperamotion of the gas mixture inside the bubble, the phase tran-
tures. In the figure, the variation with time of the radius of sition of water at the gas-liquid interface, and the variation of
the bubble near the minimum radius is also illustrated. It willtemperature of the water surrounding the bubble when the
be noticed that those calculated the full width at half maxi-heat transfer at the bubble wall is included. Nevertheless, the
mum (FWHM) are of the order of 25—40 ps which are of the physical content of occurrence of the chemical reactions in-
right order compared to the experimental values althouglside the bubble is not within consideration. This neglect will
seemingly somewhat smallg28]. One may also notice in overestimate the temperature inside the bubble and conse-
Fig. 6 that some apparent irregularities appear at the tip ofjuently the brightness of the SB. The equations used to de-
the light pulse in the case of 34 °C. Detailed analysis indi-scribe these physical contents are quoted from well-known

IV. SUMMARY AND DISCUSSION

TABLE Il. N, and 3, (in parenthesgsfor the differenta’s and three different ambient temperatures
calculated by MRP4, with the other parameters the same as in Table I. In the last row, expenMp’eritaI
Ref.[21] are quoted.

T. (°C) 0 20 34

Np (B,) (a=0.7)
Np (B,) (@=0.2
Np (B,) (@=0.3
Np (B,) (@=0.9
Np (B,) (@=1.0
N, (Expt)

7.9X 10%(24%)
3.0x 10°(12%)
6.6X 10°(7.6%)
2.0x 10°(5.4%)

6.0x 10°

5.7X 10417 %)

6.0x 10*

1.2X 10%(32%)
9.6 10%(24%)
1.2x 10
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20°C 34°C

0°C

.....

I T
02 03 04 05 06 07

A(um)

FIG. 5. Computed spectra of argon bubbles at three ambient tempergtoliddine). MRP4 is used for computation and differesis
are adopted at different ambient temperatures. Individual contributions from electron-ion bremsstrahlung and recombination radiation
combined(dotted ling, electron—inert-gas-atom bremsstrahludgshed ling and electron—vapor-molecule bremsstrahlydgsh-dotted
line) are simultaneously shown.

-18_ . r . r . r
02 03 04 05 06 0.7 100203 04 05 06 07

references. These equations are solved to compute the spatiewise add to the reasons for the absence of the shock wave
and temporal distributions of temperature inside the bubblén the He bubble the high sound velocjtyet the presence
in the neighborhood of its minimum radius. From these val-of a shock wave in the Ar bubble as predicted in our com-
ues of temperature, the sonoluminescence characteristics, thatation demands additional considerations. Likely the way
bubble brightness, the optical spectrum, and the optical pulséne bubble is compressed by the liquid should be within the
width, are computed, by adopting the weak ionization theoryphysical interpretation.
and the bremsstrahlung mechanism. The results obtained in the present paper thus point to the

Therefore, the computation seems to be just some inconimportance of choosing not only the proper model “con-
plete routines, except that we have tried to véoy illustra-  tents,” but also the propdpr the most propgrmodel “ele-
tion) the two equations describing the radial motion of thement” for each “content” concerned. In the field of stable
bubble wall and the evaporation and condensation of th&Bs, it seems to be a rather complicated or difficult problem
water vapor at the gas-liquid interface, respectively. Thesince a large number of physical elements with their respec-
former equation is varied by choosing either of its severative varieties exit and some of them concern rather new or
well-known modified versions. Usually one or other versionincompletely investigated frontiers. We think that more ex-
was used by earlier authors. The latter equation is varied bgerimental studies on SBs and more comparisons among the
varying an enclosed parameter which is the accommodatiomarious element versions will help to reveal the reality of
coefficient of water vapor. This coefficient was usually speci-nature.
fied at some constant value for some given reason.

Our variation of the individual model elements provides ACKNOWLEDGMENTS
results that differ significantly in some cases. As an example, This work is supported by NSFC under Grants No.
the temperature reaching in a bubble on the basis of MRP10174045 and No. 10434070.
with «=0.4 is so low that it denies almost any light emission
when water temperature is 34 °@ee Table )l whereas the
temperature computed from MRP4 with=1.0 better ap-
proaches(yet not sufficiently the gxperjmentally observed The diffusive mass flux, is provided by the molecular
value (see Table Il. Another case in point, shock waves are thermal kinetic theory30]
predicted to exist in both Xe and Ar bubbles when MRP4 is
adopted(Fig. 4), but not in the Ar bubble and only in the Xe _ nleMzD 29
bubble when MRP3 is applig@Fig. 1). Referencg26], using 1= p 2 o
the modified Keller equation, which is similar to MRP3, ar-

APPENDIX A: FORMULAS OF MASS DIFFUSION FLUX
HEAT FLUX, AND VISCOSITY

p1\d 4
- L np) +ke—=(In T
+(X1 p)&r(np)+ Tar(n )|

rived at the same conclusion. Refereh28] offered very apt
physical interpretations of the occurrence of a shock wave invheren is the number density of the gas mixtuid; is the

the Xe bubble and its absence in the Ar bublii&’e may
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FIG. 7. Optical pulses, normalized to unit height, from bubbles filled with He, Ar, and Xe, respectively, at ambient temperature of 20 °C,
computed witha=0.4 and MRP4, as in Fig. 4. For each bubble, pulses showk &e 250 nm(solid line), 400 nm(dashed ling 550 nm
(dotted ling, and 700 nm(dash-dotted ling respectively.

tively, D,, the binary diffusion coefficient, and- the thermal
diffusion ratio. ForD,, the form provided by Wilke and Lee
[18] is employed,
_ (3.03-0.98M1) (1073732
12—
PMiZ 0T,

where M12=2M1M2/(M1+M2), 0'12=(O'1+O'2)/2 for each
component, the characteristic Lennard-Jones length can be
evaluated ag;-i:j__]_&/é{:s, V,; is the liquid molar volume, Where); andx; are the thermal conductivity and the mole
which is estimated a¥},;=0.285/%% andV, is the critical ~ fraction of theith gas, respectively, and,, and A, are
volume of theith gas.Q)p, is the diffusion collision integral, approximately expressed as

P1P2

where is the thermal conductivity. For the low pressure gas
mixtures[18],

, (A2)
o_ XM Xoh o

A=N"= ,
X1+ XA %o+ X1Agq

(A5)

1.06035 0193 103587 [+ (gl ) TAM M) VAP
= * * * 12— 1
D7 (T)015617 exn(0.476 35")  exp(1.529 96") [8(1+My/Mp)]H2
1.764 74
— A3 M
exp(3.894 11) (A3) Az = A12_2M_1' (AB)
M Vo

where T'=kT/e1,, €1,=V&18,, and g; is the characteristic
Lennard-Jones energy of thth gas. The thermal diffusion
ratio

wherey; is the viscosity of theth gas. For a good fit to the
experimental datg31] \;=g,T" and u;=s T, the extrapola-
tion of both expressions to the high temperature case is sub-
jectively assumed to be correct in the present model. Values
of the parameterg;, h;, s, andf; of some gases are listed in
Table 111,

The approximate analytical expressions for the high pres-
sure correction of the thermal conductivit§8] are estab-
lished as

_ 105M; - M, 59(6C" - 5)(2A" +5)
77 118M, + M, 7A" (55 + 16A" - 128")”

where A", B, and C" are functions ofT", which can be
checked from Ref[30].
The heat flux for two kinds of the gas mixture[i30]

1.22X 10 exp(0.53%,) - 1], p; <0.5,
1.14x 10 exp(0.67p,) - 1.069, 0.5< p, < 2.0,
2.60x 10 {exp(1.155,) + 2.016, 2.0< p, <2.8,

(A =\OTZ3,.

(AT)

whereZ,,. is the critical compressibility. For the gas mixture P )6, whereTq,=x3Ve T+ 2 X Ve1oTero+ XV Teo, Tei iS
Znc=0.291-0.08¢ w1 +Xp0), Wherew; is the acentric fac-  he critical temperature of thith gas, andTe,=1\Tey e,
tor of theith gas. The reduced densip/=pn/pcnn Where o=

Pcm_ ZcmRTcm/ch-

Pm=X1p1F X2P2, Pem=Mm/ Ve, Vem= Xivcl +2X1%Ve12 ; ; ; PR ;
+x2V5, V; is the critical volume of theth gas, andVe, The_ viscosity of the high pressure correction is provided
by Reichenberg, see RgfL8],

=[(VAB+VIR) 213 Mp=xMi+xM,,  T'=210T, M3/
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TABLE lll. Fitted parameters of viscosity and thermal conduc-
tivity of gases.

FIG. 8. Wavelength dependence of FWHMs from bubbles filled

with He, Ar, and Xe. Conditions are the same as in Fig. 7.

BiP; +(1+CP)™

rn

9
==1+Q
M

(A8)

where u’=sTfi, P,=xp/P, is the reduced pressure,
Q;=1-5.65%l;, d,; is the reduced dipole moment of the mol-
ecule,d,; =52.461°P /T, d; is the dipole moment in debyes
and Pg is the critical pressure of thdth molecule.
The constantsA, B;, C;, and D; are functions of
the  reduced temperature T,=T/T;,  A;=1.9824
X 1073/ T,; exp(5.2683,°°"%),  B;=A(1.6557,;—1.2760,
C;=0.13191T,; exp(3.7039; /%8674, D;=2.94961T,; exp

X (2.91907;551%9, For a binary gas mixture of 1 and 2, the
viscosity is

= Ky(1+HZK3) + Ky(1+ 2H Ky + HZKE),  (A9)

where

K. = X1
YT Xy # paXoHo(3 + 2M /M)

K, = Xop
27 Yo+ poXqH1o(3 + 2My /M)

_ (M3M,/32)12

TSR C)?Uny,
1 2

g h 5 f
He 0.003 27 0.67891 0.42235107 0.677 42
Ar 0.000 21 0.84051  2.1599107 0.77729
Xe 0.000 03 0.93549  1.1039107 0.93724
H,O 8.466x10°% 1.34667 1.633410°% 1.12138
T
To=———, dyo=(dd)"2
rl2 (Tcchz)llz ri2 ( rl r2)
M L4
Ci = _I,
iU
[1+0.36T; (T, - D]Ye T2+ 10d].
L= . rjl g rif rij
= 1/2 3.5, 7\
T Ti(1+10df)
Ti =T, i =dy.

APPENDIX B: FORMULAS OF THE VAN DER WAALS
CONSTANTS aAND b

For two kinds of gas mixture, the parametarandb are
taken to vary in the following manner with compositi82]:

a= allxi + 221X X + a22X§.

(B1)

The constants; andb;; are just the constants for the pure
componentsa;, andb;, may be estimated roughly as

—h 2 2
b= byx7 + 201 5% X5 + bpoX5.

1 .
Ybi=J(¥byy + Yoz,

a15= Vayap). (B2)
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