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Unstable diffusion and chemical dissociation of a single sonoluminescing bubble
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In a certain parameter region, a single sonoluminescencing bubble is unstable against diffusion of gases and
their chemical dissociation. Experiments show that a surface unstable bubble emits a microbubble and recoils.
After this it exhibits specific dynamical features whereby the ambient radius changes in a nonmonotonic way.
A numerical analysis identifies the phenomenon as the result of the interplay between spatial translations and
induced variations of driving pressure on one side and the chemical composition of gases in the bubble on the
other side. The results confirm that dynamical chemical dissociation phenomena as well as acoustic properties
play an important role in the understanding of single-bubble sonoluminescence.
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Single-bubble sonoluminescent®BSL) is the phenom- measure for the ambient bubble radius. Figure 1 shows the
enon of a single bubble in water driven in an ultrasound fieldslow increase in relative collapse time followed by bubble
emitting light flashes upon a violent collapgk2]. One of  splitoff. Immediately after the breakup a fast increase of the
the aStoniShing facts is that the pu|Sati0nS and I|ght em|SS|0rk§)”apse time followed by a rapid decrease is seen, after
can be made very stable and last for hours. This stability igynich it increases again monotonically.

astonishing since it has been known for a long time that This peak during diffusionally unstable SBSL is shown to
during bubble oscillations diffusion of gases from the sur-pa the result of a combined instability effect. A sonolumi-

rounding fluid through the bubble wall is present. Becaus‘?]escing bubble consisting solely of argon loses some of its

Ublume at microbubble splitoff thereby undergoing a sudden
gpatial dislocatiorn(recoil). Translating back to the antinode

that in the SBSL parameter space a bubble should be cor‘?—f the sound pressure fi_eld itis mOV‘F‘g through "’_‘_Comp'?x
stantly growing due to rectified diffusion since the high pres-Phase space during which the chemical composition of its
sures occur during only a very short time interval of thedas co_ntents 9hanges drastically. This effect demonstrates a
whole oscillation period. Experiments showed that an aidynamical variant of the argon hypotheps. For a further
bubble is stable if the gas concentration in the liquid is 1% oféXPlanation we have to look more closely at bubbles during
the value set in the experimefd]. In [5] it was proposed bubble splitoff. Figure 2 shows a series of images of a big
that due to the high temperatures at bubble collapse chemicBHbble emitting a small bubble near the lower SBSL thresh-
dissociation of noninert gases gives rise to the formation ofld. The small bubble is leaving the split-off site at a de-
highly soluble species that immediately dissolve in the surcreasing speed and dissolves. The bigger part of the bubble
rounding water leaving only argdii% of ain in the bubble. experiences a recoil and subsequent return, denoted by some
Further experiment§6] underlined the finding that mostly authors as “dancing.” Figure 3 shows a double-exposed im-
argon is present. Parameter regions are identified where age of two shock waves emitted during bubble collapse, one
bubble is stable against diffusion and dissociation. In thesbefore and one after the microbubble splitoff at the upper
experiments the gas concentration in the liquid and drivingSBSL threshold. The centers of the circular structures are
sound pressure are fixed and it is seen that the bubblghifted with respect to each other due to a recoil or spatial
chooses an adequate ambient radius that can be measurgdnslation. The radii of the shock waves differ. A larger ra-
Stability curves are drawn in the parameter space represerdius means a larger time between shedding of the shock at
ing a stable oscillating bubble. collapse and the following phase locked illumination flash.
In the upper driving pressure range at higher dissolvedsmaller bubbles have an earlier collapse and are thus identi-
gas concentrations the bubble is no longer stabjé. The fied by a larger shock wave radius. From the position of the
ambient radius of the fast oscillating bubble is growing duecenters of the two shock waves of Fig a lower bound of
to diffusion on a slow time scale until the bubble breaks upthe translational velocity during splitoff of 0.5 mi'scan be
by microbubble splitoff. Normally a bubble with small am- calculated 8]; the change of shock wave radius resulting in a
bient radius survives, which then increases until the wholehange of collapse time of is shows the volume loss.
process repeats. The breakup is explained by the fact that an A numerical analysis of the dynamics of a diffusionally
argon bubble reaches a parametric instability thresholdinstable SBSL bubble uses a model consisting of equations
where surface waves are amplified leading to a sudden rdor radial motion of the bubble wall, gas diffusion through
moval of bubble volume. A close inspection of the time evo-the bubble wall, chemical dissociation of noninert gases, and
lution near this instability, however, shows that the process isranslational movement of the bubble in a sound pressure
more involved(Fig. 1). The relative collapse time, the time gradient. The Gilmore mod§®] describing the radial motion
difference between collapse and a constant phase of the drief a bubble in a compressible liquid is integrated numeri-
ing, is calculated from shock wave recording. It is a  cally:

of magnitude the partial pressure of gases in the bubbl
should also be changing. Early theoretical pap8tsealized
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FIG. 1. Relative collapse time during bubble splitoff of diffu-
sionally unstable sonoluminescing bublbéxperiment Successive
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Ris the bubble radius, ard, p, andp(R,R) are the speed of
sound in the liquid, its density, and the pressure at the bubble
wall, respectivelypy is the pressure in the bubblel.is the
enthalpy difference of the liquid at pressyreandp(R,R) at

the bubble wall.p,, is the pressure at infinity taken gs

split-off curves have been collected; their time scale has beer PotPa cog27ft), p0='1'atm. Th? drivi.ng frequency is _
shifted for superposition. The collapse times are shown relative t@3.5 kHz, and the driving amplitude is set by a standing

the largest one, which is set to 0.
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wave pa=pa, cogkz), z pointing against the direction of the
gravity vector. The special choice of the wave veckor
=2m/2\, where\ is the wavelength in water, reflects the
experimentally observed modé,10,11. Parameters were
set tocy=1483 m §t, ¢=0.0725 N m?', »=0.001 N s m2.

b is the van der Waals hard-core radius ap@ polytropic
exponent. Its value is set between(isothermal and the
adiabatic exponent of the g&6+2)/f being the respective
degrees of freedojmaccording to the instantaneous Péclet
number[5,12 Pe=R3R(t)|/R(t)«, x being the thermal dif-
fusivity of the gas, reflecting thermal conduction at the in-
volved time scales. To avoid a change to isothermal behavior
at the bubble wall turning point during maximum compres-

FIG. 2. Series of images of a
bubble emitting a small bubble.
Image side length is 0.512 mm;
interframe time is 40 ms.
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Evaporation and condensation of water molecules at the
bubble wall[14,15 is included in the model, as experimental
results[18] stress the importance of a decrease of the poly-
tropic exponent at bubble collapse. A simple Hertz-Knudsen
model for the change of moles of water vapor is

AmR?a c(Ty)

d sat

Nh,0 = MRS — N0 = PgH,0~ PgH.0(R],
2 2 2 Myo 4 9 9.z

)

where a=0.4 is the evaporation coefficiertl9], c(Ty)
= ,/SRQaST /(mMy0) is the average velocity of molecules,

Pgh,0 IS the densﬂy of water vapor in the bubble, and
sat

PgHy 0=0.0173 kg m® is the saturated vapor density. The
bubble surface temperatureig=T,,.

FIG. 3. Double-exposure image of shock waves shed during To model bubble translation§igs. 2 and 3an equation
bubble collapse before and after bubble splitoff. The lines are radiifor the radius and time-dependent buoyancy and Bjerknes
Image side length is 3.916 mm; upper bound of the time betweefiorce, change of effective bubble mass in the liquid, and drag
exposures is 0.255 ms. force is added:

sion, Pe and/(P¢ are kept constant at their respective values Mettt = Foouyancyt Famact Fejerknest Farag:
during positive bubble wall accelerationts.and y are up-

dated during calculations to reflect the actual gas content. ( t)Vt t) = 9.81 p| — py(t) VIt

The Tait equation is taken as the equation of state for water \ 2 *p(®) VDU = 9.8 = pg V(Y
usingn=7.025,B=3046 bar{8] as parameters. The number

of moles of the different species in the bubbles changed - 27R(t)*pR(Du(t) = V(1) V p(z,)
by diffusion of air dissolved in the water. The solution of the 3
diffusion equation is - V(O coDo D] (b)]. (8)
8
d|ff 2 dC; (I’) . . L .
=47R vi —Di— o . (4) The velocity of the bubble in the liquid is(t),V(t) is the
' r=R bubble volumep,=p, the liquid density, ang, the respec-
M, D;, and C; are the individual molar masses, diffusion tive gas density of the bubble. The drag coefficient
constants, and concentration fieldsN,, O,, Ar. The con- =24/Re for small Re results in the Stokes drag; Re

centration of species at the bubble wall is assumed to corr2Rv(t)p/ 7 is the Reynolds number for the bubble transla-

nect to the partial pressurgs inside according to Henry's tion. For larger Re a slightly modified expressif20] cp

law: Cj|,-r=C’pi(R)/po. Because of the slow diffusional ti- =27/R&€78 is used. To accomplish continuity of the drag

mescale the adiabatic approximatifl8] can be employed force, the expressions are switched at the crossing point

and the change per periddis (Re=0.585. As the largest translations occur at higher
AT 4nD.CIR ‘ Reynolds numbers, the addition.of a Basset; type history

+ _ |\I/| Fz)) maX:( oo < pg(R)> ) (5) force can be neglectg@1]. A varying hydrostatic pressure
iMo

by vertical translations is added tp. as p,=9.81p(z,
wheren, is the sum of moles of all molecules in the bubble ~2> %=0- _ _
and <f(t)>i:fgf(t)Ri(t)dt/ngi(t)dt are weighted time aver- The numerical simulation starts after bubble splitoff at the
ages. Chemical dissociation occurs for noninert gase pper threshold for SBSL, as a small remaining argon bubble

[5,14—16 and reaction products are immediately diffused as been shifted by recoil and is translating back into the

into the liquid. The dissociation per period is calculated as Qressure antinodéigs. 4 and  In the beginning the sound
second-order reaction by a modified Arrhenius law: pressure is low and the bubble temperature is small such that

_ N, and G molecules diffusing into the bubble are not disso-
An?ISS_ < No A1(TB) -EiA/(RgasTB>> ©) ciated. As a consequence the bubble voliarabient radius

T = wR?’ ' increasegFig. 5. On its way to the center, driving pressure

3 _ 0 and temperature increase and dissociation setgim 4).

A; and g; are Arrhenius constantsl7] and E, activation  The ambient bubble radius is decreasing as the reaction prod-
energies. Rgas 8.3143 Jmot' K™ is the gas constant, and ucts are diffusing into the liquid. Only the inert argon re-
Te=To[(R3—b%)/(R(1)*~b%)]* the bubble temperaturé,  mains, while the ambient bubble radius is still growing due
=N,, 0, w=(1-x)e¥I® x=\R%/b’, limits the dissocia- to diffusion. When the upper SBSL threshold for parametric
tion rate to reflect an excluded voluni&6]. A €[0,1] is  instability [22] is reached(Fig. 5), the process can repeat.
introduced to gradually control this high-pressure limit. A Figure 5 shows bubble paths for different start sizes and
value of A=0.85 is taken, as justified by the results. recoil distances. Larger recoil distances display a larger
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Time(s] FIG. 5. Phase space spanned by driving pressure and bubble
ambient radiugtaken at the negative sloped zero crossing of the
driving), stability lines, and paths of some bubbles after splitoff.
The upper shaded area covers the parametric instability region of a
vapor-filled argon bubble; above the lower shaded area is the region
for diffusive growth calculated for an air-vapor bubl#0% ambi-

ent concentration The dashedC-shaped line encloses the region of
diffusive growth of an argon-vapor bubb{6.4% ambient Ar con-

. . I ) . . centration. Bubble paths for recoils of -5, 5, and —6 mahotted,
variation in equilibrium size and collapse time. While the psiom to top, and —7 mm(same data as in Fig) &re shown.

calculated time scales of the width of the peak agree with the

experiment, the dissociation dominated side is less steep e results suggest that spectra of the light emission of dif-
the experimentFig. 1) than in the simulatiortFig. 4). This  fysjonally unstable sonoluminescing bubbles change during
suggests that a substantial amount of reaction products witfpe cycle from a line dominated spectrum to bremsstrahlung.
small diffusion constants is produced. The dissociation ratef jg supposed that this also holds true for the spectra differ-
have to be limited at the very high pressures involved aroungdpce of stable SBSL argon bubbles and multibubble sonolu-
the peak(from 0.3 to 138 kbar dropping to 90 kbar at minescence. Small bubbles approaching pressure antinodes
splitoff), else the peak duration is an order of magnitude tooalong streamers grow by diffusion of air and stay too cold to

small. The\ factor in the dissociation limiting function has gissociate much of their contents before they get surface un-
to be smaller than 1, else the high pressures inhibit dissociagaple, split, and recycle.

tion of air in this model. Bubbles with an upward pointing

recoil display higher temperatures and shorter peaks at the The author acknowledges the collaboration with M.
decreased hydrostatic pressure. The results show that diffiRliggeberg and the scientific exchange with R. G. Holt, S.
sion together with chemical kinetics and translatory dynam+Putterman, K. Suslick, and A. Szeri. Part of this work has
ics as a dynamical application of the dissociation thd&ily been funded by the SFB 185 “Nichtlineare Dynamik” of the
explain the details of a diffusionally unstable SBSL bubble.DFG.

FIG. 4. Numerical calculation of bubble properties after splitoff
with a recoil jump of =7 mm: a small remainir@ um) Ar bubble
is attracted by the antinodd®,=1.28 baJ. Upper graph: Collapse
time (straight line and chemical composition of bubblelashed
lines). Lower graph; position(dashe@l and temperature in the
bubble(straigh}. All data are taken at minimum radius.
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