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Role of liquid compressional viscosity in the dynamics of a sonoluminescing bubble
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The well-known Rayleigh-PlesséRP) equation is the basis of almost all hydrodynamical descriptions of
single-bubble sonoluminescen@BSL). A major deficiency of the RP equation is that it accounts for viscosity
of an incompressible liquid and compressibility, separately. By removing this approximation, a new modifica-
tion of the RP equation is presented considering effect of compressional viscosity of the liquid. This modifi-
cation leads to addition of a new viscous term to the traditional bubble boundary equation. Influence of this
new term in the dynamics of a sonoluminescing bubble has numerically been studied considering effects of
heat transfer at the bubble wall, nonequilibrium evaporation and condensation of water vapor, chemical reac-
tions, and diffusion of the reactions products in the liquid. The results show that the new term has a significant
damping role in the bubble motion at the end of collapse and during the rebounds, so that its consideration
dramatically reduces amplitude of the afterbounces. Dependence of this new damping mechanism on the
driving pressure amplitude and on the ambient radius has been investigated. The results indicate that the more
intense the collapse, the more important the damping of the liquid compressional viscosity.
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I. INTRODUCTION speed, ambient pressure, driving pressure, and liquid density,
Non-linear radial oscillations of a small gas bubble in a;?Spfg;'gﬁilghEgufgt?g);Tﬂi;bgusﬁbﬁgl?;?;?;iz tg ?ekl)gtue n?h e
liquid under the influence of a high amplitude ultrasoundIi )L/Jid ressurqu to the gas pressure inside the bubble. In

field concentrate energy into the bubble to produce picosec-q P b gas p '

ond light pulses. This phenomenon is known as single—a" existing theoretical analysis of the nonlinear bubble dy-

bubble sonoluminescend&BSL) [1,2], which was discov- Bamlcs, tr(ljeffolltcf)]\./vmg mcompres&ble boundary equation has
ered by Gaitan and Crum in 1998]. After this discovery, a een used for this purpose-

large number of experimental as well as theoretical papers .

were published describing different characteristics of such P=p 4 R 20 )
unusual phenomenon, including duration of pulse width =TT "MRT R

(40—350 pg [4—6], intensity and spectrum of emitted light

[7-10, its dependence to ambient parametgir5-13 and  \yhereP,, 4, ando are the gas pressure at the bubble inter-
dissolved gas in the liquid14], experimental phase dia- face, liquid shear viscosity, and surface tension, respectively.
grams[15-1§, and different criteria that a sonoluminescing |t should be mentioned that the difference of Eb.with the

bubble must simultaneously satisfy for stabilj9-232. other first order forms of the RP equation arises from the

sorllrg)lur:ﬁ%rééczgcsxfﬁ;%ctz(;g{iitslca:agi?cgpﬂgpnsicsfo;h?hterms proportional tR/C. Prosperetti and Lezzi showed that
' y ere is a one-parameter family of equations describing the

bubble is described by the well-known Rayleigh-Plesse L : N i
(RP) equation. Several different forms of the RP equation ar%?:sbslﬁ)im;tfnn dlgqﬂ(]f) greslgg;ietroiﬂ?sr?;mag)zr]] of the com
available in the literature derived_ by many aqthm8—3q. There is a common part between all forrﬁs of the RP
(K)n”e of tZeMr_rllost BE’fP“'ar ones is the equation derived b>équation. That is the incompressible boundary condition Eg.
elieran tksis[31]: (2). We note that this equation has been used even in the

( R) ) 3< R ) . R d second-order equations derived by previous autf@3s34].
1-—|RR+=(1-— |RP=——(P,- P, Equation(2) is derived under a specific approximation. That
c 2 3C pCdt is the incompressibility assumption of the liquid motion at
R\P-p.—p the bubble interface. We emphasize that all effects of the
+{1+— M, liquid compressibility in the RP equation arise from the lig-
C P uid motion around the bubble, but not from the bubble

(1)  boundary condition equation. In fact, in all forms of the RP
equation, a compressible equatidy. (1)] has been supple-
mented by an incompressible boundary condition equation
[Eq. (2)]. This means that all forms of the RP equation ac-
count for viscosity of an incompressible liquid and com-
*Electronic address: moshaii@ipm.ir pressibility, separately.

whereR, C, Py, P,, andp are the bubble radius, liquid sound
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For strongly driven bubbles, such as sonoluminescing ,uR . o
bubbles, the incompressibility approximation in E®) is Pi+4— -(\+2u)V -U|g=Py—2-. (8
reasonably applicable for all times before the collapse, due to R R
the incompressibility characteristics of the bubble motion.sypstituting the divergence of liquid velocity at the bubble
However, at the collapse time, when the bubble becomega|l from Eq. (6) into Eq.(8) yields
highly compressed, the incompressibility assumption is com- .
pletely violated. Therefore, it is expected that the neglected N +2udP, uR o
compressibility effect at the bubble boundary becomes quite P+ c2 dt =Py~ 4? - 25- (9)
important. Since the sonoluminescence radiation is produced P
at the end of collapse, maodification of E&) with the com-  Equation(9) is the modified form of Eq(2) including effect
pressibility effect is essential for a better description ofof the liquid compressibility. We note that Eqd) and (9)
sonoluminescence characteristics. provide a new modification of the RP equation, which ac-

In this paper, we present a new modification of the RPcounts for viscosity of a compressible liquid. The added new
equation considering effect of compressional viscosity of théerm of Eq.(9) includes simultaneous effects of the liquid
liquid. This modification leads to a new viscous term includ-compressibility and viscosity. Since, E(R) is more com-
ing two coefficients of viscosity, which is added to the tradi- plete than Eq(2), it is more appropriate for description of
tional bubble boundary equatidi&q. (2)]. The influence of the bubble dynamics, especially during the sonolumines-
this term on the dynamics of a sonoluminescing bubble hasence radiation.
numerically been investigated using an ODE hydrochemical
model. The results clearly emphasize the importance of the
liquid compressional viscosity at the collapse time and dur-

Ill. BUBBLE INTERIOR EVOLUTION

ing the sonoluminescence radiation. To quantify effects of the new viscous term on the bubble
dynamics, evolution of the gas pressure at the bubble inter-
Il. COMPRESSIBLE BUBBLE BOUNDARY EQUATION face, Py, must be specified. The model that we use here for

this purpose is the recent hydrochemical ODE model of
To derive the compressible bubble boundary equation, weohseet al. [36—38, which accounts for effects of heat and
assume that the motions of the bubble interface and the sumass transfer at the bubble interface as well as chemical
rounding liquid are always spherically symmetric. The con-reactions. This model appropriately describes various experi-
tinuity equation and the radial component of the stress tenmental phase diagrams and provides a good agreement with

sor, 7, can be written ag35] the complete direct numerical simulation of Storey and Szeri
[39].

1l dp dp|_ du 2u_ - We describe an argon bubble in water, which is the final

pl ot * uar “Tar r v, (3 state of an air SL bubble, according to the rectified diffusion

hypothesi§40]. The bubble contents are the noncondensable
5 argon gas, water vapor, and the main chemical reactions
__ = oJu products at the end of collapse, which are H, BH, O,,
T STPEAV UL 2’u<<?r)' @ and O. The number of particles inside the bubble changes
with time, due to diffusion at the bubble wall and the chemi-
where p, p, and U=uf are density, pressure, and velocity cal reactions. The gas pressure is obtained by E}s(16)
vector, respectively. Alsa) is second coefficient of viscos- of Ref. [38], which are not repeated here. These equations
ity. Insertingau/dr from Eq. (3) into Eq.(4) yields along with the bubble dynamics equations are the set of
equations that totally describe the evolution of the bubble
5) characteristics. Under these circumstances, in this work, time
variations of the bubble properties have numerically been
calculated for both the new and the old RP equations.

N u
Tw=—p+(N+2un)V -u—4MT.

From Eq.(3), the velocity divergence can be written as

1_% ~ 1 dp IV. NUMERICAL ANALYSIS

=-——. 6 : . e
pdt pC2 dt © The calculations were carried out for a periodic driving

_ . pressurePy4(t) =Pssin(wt), with 0=27X 26.5 kHz. The con-
where the sound speed, is defined asC*=dp/dp. The  stants and parameters were set for water at room tempera-
boundary continuity requirement at the bubble interface is ture, T,=293.15 K, and atmospheric ambient pressiRg,

=1.0 atm; i.e., p=998.0 kg/m, C=1483.0 m/s, u=1.01

V.i=-

C o X 1072 kg/ms, andor=0.0707 kgs? [41]. The second coeffi-
7 (liquid)e= e (9a9r *+ 2R' @) cient of viscosity of water at room temperature was et
=3.43x 1073 kg/ms[42].
Applying Eq. (5) for the gas and the liquid parts of EY) Figures 1-4 illustrate the results fé?,=1.35 atm and
and neglecting the gas viscosity similar to E2), due to its  R,=4.5 um. Similar values for these phase parameters have
smallness relative to the liquid viscosity, leads to been reported in several recent experimental wptks-19.
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& bounds(a), and at the end of the collapé), according to the new
z 1k (solid) and the old RRdashegl equations for the same parameters
and constants as in Fig. 1.
05+ In many experimental data for the bubble radius available
in the literaturg(e.g., Fig. 1 of Ref[29] and Figs. 14 and 16
0 of Ref. [1]), it is seen that the bubble rebounds are rapidly

0.572 0573 0.574 damped, which is in contrast with what various old RP forms

() T predict. Mosset al. suggested a damping term arisen from

] o _ _ the gas compressibility to solve this probl¢aA8]. The influ-
FIG. 1. Time variations of the bubble radius for a sonoluminesc-,

. _ ence of their suggested gas-based term is very similar to the
ing bubble with parameters spaBg=4.5um andP,=1.35atm,  yahing effect of liquid compressional viscosigompare
according to the newsolid) and t_he oId_RP(dasheqi equations. Fig. 1 with Figs. 2—6 of Ref[43]. This similarity indicates
Graph(a) shows the bubble evol_utlon d_un_ng a complete petiod that the modified RP equation presented here should be in a
Graphs(b) and(c) show the radius variations during the rebounds . . -

. better agreement with experimental data than the traditional
and at the end of collapse, respectively. forms
Figure 1 shows the calculated radius-time curves for the new In Fig. 2, the gas temperature evolution during the re-
and the old RP equations. It is seen that the new viscous terfpounds and at the end of collapse are shown. The damping
considerably affects the bubble evolution at the end of colfeature of the new term is seen in the considerable decrease
lapse and during the rebounds. Since the bubble motion isf the maximum temperatur@bout 40% as well as in the
quite compressible at the end of collapse, the new ternreduction of the magnitudes of the secondary pefdHg.
which resulted from the liquid compressibility, is important 2(a)]. We note that the pulse width of the main peak in-
in this time interval. It exhibits a damping role and its con- creases with the addition of the new tefRig. 2(b)].
sideration reduces strength of the collapse. This damping ap- Figure 3 shows the evolution of total number of particles
pears in the increase of the minimum radius for the newspecies inside the bubbli, for both the new and the old
equation relative to that of the old ori@bout 10% in Fig. RP cases. The number of molecules considerably increases
1(c)]. Also, the reduction of the collapse intensity remark-in the expansion region due to evaporation of vapor mol-
ably diminishes the amplitude of the afterbounces, which iscules from the surrounding liquid into the bubble. During
accompanied with the decrease in time interval between twthe collapse, the vapor molecules inside the bubble rapidly
successive reboundgig. 1(b)]. condense to the liquid. Chemical reactions only occur at the
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(b) YT =Rya/ Rmin ON the variation of phase parametéf, and

Rp). The different values oP,, corresponding to a specific
FIG. 3. Time variations of the total number of particles speciesvalue of R,, can be experimentally obtained by proper ad-
inside the bubble, according to the newolid) and the old RP  justing of the dissolved gas concentration in the liqLigl

(dashegl equations. Graphga) and (b) show the evolution in a Figure 5 shows the maximum temperature and compres-
complete period and during the rebounds, respectively. The parangion ratio as a function of the driving pressure amplitude. As
eters and constants are the same as in Fig. 1. it is expected, the collapse intensity increases when the pres-

. . sure amplitude is amplified. It is seen that the addition of the
end of collapse, when the bubble temperature is enough hlgﬁew term to the RP equation always decreases both the

to destroy chemical bands of the vapor molecy#§. It is . dth . 0. The d
seen that a considerable difference between the two cases fgXIMum temperature and the compression ratio. The damp-

the number of molecules appears during the bubble re9 effect is more con3|d§rable for hl_gher driving pressures
bounds. This difference gradually disappears as the bubbf@Pout 100% difference in the maximum temperature for
rebounds weaken. Pa=1.5 atm). _

Influence of the new term on the evolution of water vapor ~ Figure 6 represents the dependence of the maximum tem-
molecules and the reaction products at the end of collapseerature and the compression ratio on the ambient radius.
has been shown in Fig. 4. It shows that considerable differThe damping feature of the new term also exists here. Simi-
ences exist between the number of molecules of the twtar to Fig. 5, this figure also shows that the difference be-
cases. We note that the peaks in the new case are wider thawmeen the two cases increases when the collapse intensity is

those of the old RP case. enhanced by the reduction of the ambient radius.
The illustrated damping of the compressional viscosity at
the end of collapse and during the rebounds affects some of V. CONCLUSIONS

the previous theoretical analyses of nonlinear bubble dynam-
ics. Two special examples are stability limits of strongly col-  All traditional forms of the RP equation have a common
lapsing bubbles and the magnitude of light emission from thaleficiency. They account for viscosity of an incompressible
SL bubbles. The bubble instability is very sensitive to theliquid and compressibility, separately. This deficiency was
collapse intensity and the rebounds thereafter. Also, theemoved by introducing a more complete bubble boundary
amount of light emission and the spectrum of the emittedequation containing effect of liquid compressional viscosity.
light strongly depend on the maximum temperature achievihe derived equation has a new term including two coeffi-
able. As we showed in Figs. 1-4, these characteristics ar@ents of viscosity. This term is important at the collapse time
dramatically affected by the addition of the new term. of a strongly driven bubble, e.g., a sonoluminescing bubble.
In Figs. 5 and 6, we have presented dependence of thEhe new term has a damping role and its consideration re-
maximum temperature and the compression raso duces the collapse intensity and the amplitude of the after-
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FIG. 5. The maximum temperature of the bubl, and the

compression ratis=Rya,/ Rmin (), as a function of the driving () Ro{um)

pressure amplitude for the negolid) and the old RP(dashed

equations. The equilibrium radius is fixd&®,=4.5 wm). Other FIG. 6. The dependence of the maximum temperatayeand
constants are the same as in Figs. 1-4. the compression rati¢), on the ambient radius for both the new

) ~__ (solid) and the old RRdasheglequations. The pressure amplitude is
bounces. The more intense the collapse, the more significafijed (P,=1.35 atm and the other constants are the same as in Figs.
the damping of the liquid compressional viscosity. 1-4.

The new effect also results in a lower maximum tempera-

ture of the bubble. This should lead to a decrease in th?emperature. In previous work&9,22, it is shown that the

amount of light emission as well as to a significant change iny, e stapility restricts the ambient radius of a high pressure

the spectrum of the emitted light. Most of previous experi- riven bubble (P.=1.5 atm to the smaller size
mental reports show that the SBSL spectrum is best apprOX|d (Pa=15 atm SRy

. =4.0 um). The maximum temperature increases with the
mated by black body radiatio5-47. However, the calcu- reduction in the ambient radigbig. 6), and this may resolve

lated I_ower pe‘?"‘. temperatures present a problem fo{he temperature problem for strongly driven bubbles.
theoretical description of the measured Planck spectrum and By comparing the results of this work with the similar

for prediction of its maximum, which is clearly displayed in Its of M .143] the derived :
the experiment$46,47. This problem may be resolved by resu ts of Moset al. [43], the erived new equation seems to
o be in a better agreement with experimental data than the

considering nonuniform energy focusing inside the bUbbletraditional RP forms
As indicated in nonuniform simulatiori8,48,49, the occur- '

rence of shqck waves inside a sonoluminescing bubble con- ACKNOWLEDGMENTS
siderably raises the peak temperature at the bubble center,
which can diminish the low temperature problem. This work was supported by Sharif University of Technol-

On the other hand, the findings of this paper should affecobgy and Bonab Research Center. A. Moshaii was supported
previous theoretical predictions of the bubble stability limitsin part by Institute for Studies in Theoretical Physics and
[19-22,37,38 This may restrict the bubble phase parameterdathematicgIPM). The authors thank N. Taghavinia for his
(P, and Ry) to the values that push upward the maximumhelpful discussions.

016304-5



A. MOSHAII AND R. SADIGHI-BONABI PHYSICAL REVIEW E 70, 016304(2004)

[1] B. P. Barber, R. A. Hiller, R. Lofstedt, S. J. Putterman, and K.[22] B. D. Storey, Phys. Rev. B4, 017301(2003).
R. Weninger, Phys. Re®281, 65 (1997. [23] L. Rayleigh, Philos. Mag.34, 94 (1917; M. S. Plesset, J.
[2] M. P. Brenner, S. Hilgenfeldt, and D. Lohse, Rev. Mod. Phys. Appl. Mech. 16, 277(1949; B. E. Noltingk and E. A. Neppi-
74, 425(2002. ras, Proc. Phys. Soc. London, Sect.6B, 674 (1950.
[3] D. F. Gaitan, Ph.D. thesis, University of Mississipi, 1990; D. F. [24] C. Herring, OSRD Rep. No. 23§NDRC C4-sr-10-01p
Gaitan and L. A. Crum, irFrontiers in Nonlinear Acoustics (1941).
edited by M. Hamilton and D. T. BlackstoqlElsevier, New  [25] L. Trilling, J. Appl. Phys. 23, 14 (1952.
York, 1990, p. 457; D. F. Gaitaet al. J. Acoust. Soc. Am91, [26] F. R. Gilmore, Rep. No. 26-4, Hydrodyn. Lab., Calif. Inst.

3166(1992. Tech.(1952.

[4] B. P. Barber, R. Hiller, K. Ariska, H. Fetterman, and S. Putter-[27] J. B. Keller and I. I. Kolodner, J. Appl. Phy27, 1152(1956.
man, J. Acoust. Soc. AmO1L(5), 3061(1992. [28] H. G. Flynn, J. Acoust. Soc. Am57, 1379(1975.

[5] M. Moran and D. Sweider, Phys. Rev. Let8((22), 4987 [29] R. Lofstedt, B. P. Barber, and S. J. Putterman, Phys. Fluids A
(1998. 5, 2911(1993.

[6] R. Pecha, B. Gompf, G. Nick, Z. Q. Wang, and W. Eisen-[30] R. I. Nigmatulin, I. SH. Akhatov, N. K. Vakhitova, and R. T.
menger, Phys. Rev. LetB1(3), 717 (1998. Lahey, J. Fluid Mech414, 47 (2000.

[7] R. Hiller, S. Putterman, and B. P. Barber, Phys. Rev. Lett.[31] J. B. Keller and M. Miksis, J. Acoust. Soc. AnB8, 628
69(8), 1182(1992. (1980.

[8] W. C. Moss, D. B. Clarke, and D. A. Young, Scien@¥6, [32] A. Prosperetti and A. Lezzi, J. Fluid Mecli68 457 (1986.
1398(1997). [33] S. Fujikawa and T. Akamatsu, J. Fluid Mec87, 481(1980.
[9] R. Hiller, S. Putterman, and K. Weninger, Phys. Rev. Lett.[34] A. Lezzi and A. Prosperetti, J. Fluid Meci.85 289 (1987.
80(5), 1090(1998. [35] F. M. White, Viscous Fluid Flow?2nd ed(McGraw—Hill, New

[10] M. J. Matula, J. Guan, and L. A. Crum, Phys. Rev.&3, York, 1991, Chap. 2 pp. 61-77.
026310(200D. [36] R. Toegel, S. Hilgenfeldt, and D. Lohse, Phys. Rev. L&8,
[11] B. P. Barber, C. C. Wu, R. Lofstedt, P. H. Roberts, and S. J. 034301(2002.
Putterman, Phys. Rev. Let?.2(9), 1380(1994). [37] R. Toegel and D. Lohse, J. Chem. Phyd8 1863(2003.
[12] S. Hilgenfeldt, D. Lohse, and W. C. Moss, Phys. Rev. Lett.[38] X. Lu, A. Prosperetti, R. Toegel, and D. Lohse, Phys. Rev. E
80(6), 1332(1999. 67, 056310(2003.
[13] G. E. Vazquez and S. Putterman, Phys. Rev. L&f{14), 3037 [39] B. D. Storey and A. J. Szeri, Proc. R. Soc. London, Se455,
(2000. 1685(2000.

[14] R. Hiller, K. Weninger, S. Putterman, and B. P. Barber, Sci-[40] D. Lohseet al, Phys. Rev. Lett.78, 1359(1997; D. Lohse
ence 266, 248 (1994; R. Hiller and S. Puterman, Phys. Rev. and S. Hilgenfeldt, J. Chem. Phy&07, 6986(1997).

Lett. 75, 3549(1995. [41] CRC Handbook of Chemistry and Physieslited by D. Lide

[15] B. P. Barber, K. Weninger, R. Lofstedt, and S. Putterman, (CRC Press, Boca Raton, 1995
Phys. Rev. Lett.74(26), 5276(1995. [42] S. M. Karim and L. Rosenhead, Rev. Mod. Phy&, 108

[16] R. G. Holt and D. F. Gaitan, Phys. Rev. Le#7, 3791(1996. (1952.

[17] J. A. Ketterling and R. E. Apfel, Phys. Rev. Le81(22), 4991 [43] W. M. Moss,J. L. Levatin, and A. J. Szeri, Proc. R. Soc. Lon-
(19998; J. A. Ketterling and R. E. Apfel, Phys. Rev. g1, don, Ser. A456, 2983(2000.
3832(2000. [44] K. Yasui, Phys. Rev. E54, 016310(2001).

[18] G. Simon, I. Csabai, A. Horvath, and F. Szalai, Phys. Rev. E[45] G. Vazquez, C. Camara, S. Putterman, and K. Weninger, Opt.
63, 026301(200D. Lett. 26, 575(200J).

[19] S. Hilgenfeldt, D. Lohse, and M. P. Brenner, Phys. FluRls [46] G. Vazquez, C. Camara, S. J. Putterman, and K. Weninger,
2808(1996. Phys. Rev. Lett.88, 197402(2002.

[20] M. P. Brenner, D. Lohse, D. Oxtoby, and T. F. Dupont, Phys.[47] C. Camara, S. Putterman, and E. Kirilov, Phys. Rev. L@#.
Rev. Lett. 76(7), 1158(1996. 124301(2004).

[21] I. Akhatov, N. Gumerov, C. D. Ohl, U. Parlitz, and W. Laut- [48] W. C. Mosset al,, Phys. Rev. E59, 2986(1999.
erborn, Phys. Rev. Lett782), 227 (1997. [49] N. Xu et al, Phys. Rev. E68, 016309(2003).

016304-6



