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Proposed method to estimate the liquid-vapor accommodation coefficient based on experimental
sonoluminescence data
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We used the temporal evolution of the bubble radius in single-bubble sonoluminescence to estimate the
water liquid-vapor accommodation coefficient. The rapid changes in the bubble radius that occur during the
bubble collapse and rebounds are a function of the actual value of the accommodation coefficient. We selected
bubble radius measurements obtained from two different experimental techniques in conjunction with a robust
parameter estimation strategy and we obtained that for water at room temperature the mass accommodation
coefficient is in the confidence intervi.217,0.32%

DOI: 10.1103/PhysRevE.71.056309 PACS nunid)er78.60.Mq, 47.55.Bx

The value of the liquid-vapor accommodation coefficient M= Moya— Meons (2)
affects such diverse phenomena as water droplet nucleation ) ) o ]
and growth in the atmosphere, heterogeneous boiling/hereay is the accommodation coefficient for evaporation
through microlayer evaporation, and bubble dome condens&nd condensatiorR, is the gas constant for water vapgy,
tion and velocity of bubble collapse in cavitation among oth-iS the saturation vapor pressure at the temperature of the
ers. liquid at the bubble walll ;, Tg is the mixture temperature

The accommodation coefficient may be the limiting factorat the bubble wall, ang, is the actual vapor partial pressure
for the energy concentration in bubble luminescence phelnside the bubblel is [1]
nomena. In single-bubble sonoluminesce(®8BSL) the va- _ 2 (0
por that is present inside the bubble limits the maximum I' = exp- Q2 —Q\'w(l—?j exp(— x2)dx), (€)]
compression that can be obtained. The noble gases present in v Jo
the bubble could achieve higher temperatures if it were not
for the quenching effect of the water vapor. Several endo- m(R,T\¥2
thermic reactions occur at temperatures of the order of 5000 Q= p_ 2 d
K (around 0.5 eYthat absorb energy and prevent the noble !
gases from becoming hottéf]. A larger accommodation WhereT is the bubble temperature.
coefficient implies a smaller amount of water vapor inside Direct experimental results for the accommodation
the bubble at the moment of maximum compression angoefficient are not common in the literature. For example a
therefore a greater concentration of energy. recent compilation of these result3] contains two entries

Inside the bubble we distinguish between gas, which idor water and they are for ice and vapor but no data are
noncondensable for the temperature range of interest, arfesented for water liquid-vapor. In the literature researchers
vapor, which corresponds to the same chemical species &ave used values that differ by several orders of magnitude,
the liquid. In this paper the vapor is water vapor and gagrom a = 1072 up to 1[4].
corresponds to air. In this work we compute the temporal evolution of the

During the bubble compression of the gas-vapor mixture[adius of a SBSL bubble using the Keller-Miksis version of
the vapor partial pressure inside the bubble is higher than thée Rayleigh-Plesset equation and conservation equations
saturation pressure corresponding to the bubble wall tenthat take into account heat and mass transfer. The equations
perature. Nonequilibrium condensation occurs under theseave the accommodation coefficies as a free parameter.
circumstances. This is the key element we take advantage 6fom the solution we identified the temporal intervals that
to estimate the accommodation coefficient. The evaporatiohave the strongest dependency ef. We combine these
rate and the condensation rdt@], (also Yasui,[1]) at the numerical results with experimental results and a robust pa-

liquid-vapor interface can be expressed as rameter estimation technique to obtaif.
In particular we consider a sonoluminescent bubble

. undergoing nonlinear oscillations in an acoustic field with
v Py 1) frequency f = 30 kHz and acoustic pressure amplitude

meva

- (2#&)1’2?’3 P, = 1.4 batl bar = 18 Pg and static pressung, = 1 bar.
' The resonator is spherical and has a diameter of
d = 60 mm. The resonator is filled with water, there are no
w p free surfacesclosed resonat@rand the water has a concen-
Meon= M v tration of airc../cy = 0.2 or Arc,./cy = 2X 1073, wherec,
o7 (27R )1/21-1/2 : : : 2 X
™ B is the air(or Ar) saturation concentration in water at a pres-
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surepy. The exact values we use depend on the experiments 60
but they do not depart significantly from the ones given in 1 o, = 0
this paragraph. 50 1 o, = 0.0068
We describe first the particular form of the thermofluid 1 o =0.315
dynamic equations used in this work. A number of versions 40+ M
of the Rayleigh-Plesset-ProsperéRiPP [4] equations have T 30 ] oy = 1
been used to study the temporal evolution of a SBSL bub- |
ble’s radius. One of the most common is presented by Barber — 204
[5]. Brenneret al. [4] and Prosperetigt al. [6] presented a & |
generalized RPP equation that includes the onftinas a 104
particular case. We used in this work the following RPP
equation[1]: 0-
T v T ¥ T r T ¥ T L5 T ¥ T L T ] 1
R m . 3. , R om 135 140 145 150 155 160 165 170 175
1-—+— |RR+=-R{|l1-—+ — t [us]
C Cp. 2 3c  3cp.
FIG. 1. Temporal evolution of the bubble radius for different
= _<1 + _> [ Ps ~ pS(t + _) B p“] accommodation coefficients in the range 0 through 1. The larger the
pL c c , . . .
accommodation coefficient, the larger the maximum radius and the
MR R m mi - m m{q longer time of collapse. It can be seen that the maximum radius
+ _(1 -—t _> + _<R+ 25 + 2_> after collapse is not monotonically varying with the accommodation
PL c o/ PL <O coefficient. The accommodation coefficient equal to 0.315 corre-
R dpg sponds to the largest maximum radius after collapse among the
+ C_pLE (4) values shown in this figure.

whereR is the bubble radius¢ is the speed of sound in for different ay. We observe that the resulting(t) is a
the liquid, pg(t) is the pressure of the liquid on the external strong function ofay, for small a), but the curves do not
side of the bubble wallpg(t) is a nonconstant ambient pres- change much foey, >0.1.

sure component such as a sound field, pgds the undis- This initial value problem required the amount of gas at-
turbed pressurepg(t) is related to the pressure inside the ©ms present in the bubble to be known. Usually the number
bubble by[1] of gas atoms in the bubble is given in termsRgf the radius

that a gas bubble with the same number of atoms would have
20 4duf- /11 at reference(typically ambien} pressure and temperature.
pe(t) =pt) — — - —(R— —) - m2< ) (5) However, in the experiments, one does not conBpldi-
R R rectly. Instead one controls the gas concentration in the liquid
C.. The system pressure and temperature detergjn&€he

whereo is the surface tension is the liquid viscosityp, IS condition for no net gas mass flow in one cycle for a pure Ar
the liquid density, angby is the density inside the bubble.  p pple is[10]

Equation(4) corresponds to the general RPP equation in

S I . T T
[4] with A=0 (Keller-Miksis equation %:f pgR4(t’)dt’ /f RA(t)dt’ (6)
0 0 0

PL PL  Pg

We assume that the bubble interior is a homogeneous
mixture of (watep vapor molecules and gas atoms. We also
consider that the carrier g&®, or air in our casgdissolved ~ whereR(t) is the bubble radius angj, is the partial pressure
in the water does not remain inside the bubble due to chembf the gas(Fig. 2.
cal reactions occurring when the bubble interior is at high The problem as defined is not strictly an initial value
temperaturgLohseet al. [7]). The mixture is considered to problem becaus&g is not known in advance and E) is
be a van der Waals gas with all properties being weightedhot necessarily satisfied. We added a bisection subroutine
averages using the number of particlesolecules or atoms (shooting methoyto computeRg until Eq. (6) was satisfied.
depending on the capkl]. The heat transfer equation is as in With this procedure we obtained a fixed point of the prob-
[1,8]. Based on previous worffToegelet al.[9], Storey and  lem, the conditiord(c../c,)/dR3>0 taken at constarg, as-
Szeri[10]) we assumed the mass transfer to be controlled bgured that the equilibrium was statli]. For the range of
binary mass diffusion during the 50 ns previous to collapseparameters that we analyzed there was a single stable solu-
During these 50 ns prior to collap$¥t) does not provide tion (Fig. 2).
information to obtainay. This lack of information intro- We compare the results of our model with the more so-
duces an uncertainty in the modeling. We incorporated thighisticated model of Storejl1] (Fig. 3), who performed a
modeling uncertainty into the experimental uncertainty. direct numerical simulation for the same problem. The over-
We numerically solved the resulting system of ordinaryall agreement is good. The damping of the rebounds is cap-
differential equations using a Runge-Kutta-Fehlberg schemgured by our simpler and computationally less expensive
with adaptive time step. Figure 1 shows the resultsR(i} model.
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FIG. 2. Plot of [{R*pdt/ [jR*dt as a function of the argon am-
bient radius of the bubble for an acoustic pressure amplitude of
p.=1.396 bars. Fop,=1.396 bars the diffusively stable bubble ra-
dius is R§=4.53 um. The fixed pointR§=1.50um is diffusively
unstable.

Based on the numerical results we identified the basic
selection criteria for the experimental data to be used. Time
intervals where the bubble radius evolved slowly are more
representative of thermodynamical equilibrium than non-
equilibrium evaporation or condensation. These time inter-
vals did not contain relevant information regarding thg.

R [um]

For our estimation procedure it was necessary to use experi- ()

mental results that resolve thit) fastest temporal scales,
exact values of the relative maximum values during the re-
bounds, or both.

It was also necessary to determine the bubble radius with
a pure experimental techniguiee., not using a RP equation
fit). An experimental technique that satisfied both require-
ments is based on a Laser-Doppler velocimeter for a SBSL
bubble[Fig. 5a)] below[12]. The best technique to resolve
the R(t) fastest temporal scales is based on femtosecond
pulses illuminating the bubble at repetition rates of the order

—=—0,=0.0

——— Storey [17]
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FIG. 4. Experimental bubble radil®as a function of time for
C../cy=0.002(corresponding to Fig. 15 if¥]). (a) corresponds to a
H whole bubble cycle measured with the stand@HMie scattering
technique.(b) corresponds to the measurement of the rebounds re-
gion only. (c) was obtained using a pulsed Ti:sapphire laser Mie
scattering technique.

of 76 MHz [Fig. 4(a) [13]]. However, in this case the deter-
T - T - mination of the absolute value of the velocity requires a RP

The vast majority oR(t) estimations were measured illu-

FIG. 3. Comparison between our model results wiffj=0 and ~ minating a bubble with a continuous wavew) laser and
the direct numerical simulatiofDNS) results of Storey17] for the  locating a phototubéor photomultiplier tubgnear the Brew-
same conditions. Our simpler model captures the damping in thster angle(83° from forward for the water-gas systgrthe
rebounds very well. scattered light was collected with a large aperture lens to
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increase the signal to noise ratio and to reduce the amplitude
of the Mie resonances. Mie theory for the scattering of light
predicts a smooth quadratic relationship between scatterec 40
light and bubble radius in this configuration. The voltage
measuredwhich is proportional to the light intensityde-
pends on the bubble radius as in

w
o

V = ay+a, R,

N
o
| |
]

Radius [um]

where a, corresponds to the signal for the linlk= 0 and ;
has three contributions: an average valwhich can be es- 177 e
timated and removeda rms valugthat comes from electro- 10
magnetic noise and laser intensity fluctuation if the water is oola s A
not extremely purg and stray light from reflections and/or 44 A2 10
refractions that may change with time. Most researchers es- (a)
timate a, (and p,) using oversimplified Rayleigh-Plesset
equations(e.g., without considering water vapor inside the
bubble. This strategy introduces an unacceptable error for
this paper. 1 N

The results obtained in this manner are useful for several
purposes. However, they are not adequate for this work. An
error propagation analysis performed ag concludes that
very small changes iay produce large changes in the mini-
mum radius and the maximum compression and expansion
velocities. The information that is useful to estimaig is
contained in these time intervals.

The other condition we used to select the data was to use | Slope = 0.375 °
R(t) corresponding to the minimum possible amount of gas ¥
in the bubble. The gas reduces the mass flow at the interface T 1
and ideally one would like to have no gas in the bubble. |
However, there are no reported sonoluminescence bubble 0.01 0.10 1.00
conditions without some small amount of noble gases.

Figures 4 and 5 show thig(t) for the experimental tech-

niques mentioned above. Figureaftwas obtained with the FIG. 5. Experimental bubble radiias a function of time for

femtosecond_ laser pulse techniqus]. Th? |nsel[F|g._4(b)] C../cy=0.002 (Delgadino and Bonett§12]). (a) corresponds to a
around the first collapse shows the region of maximum ve;

. . . bubble radius cycle measured with the laser-Doppler technite.
locities e.md the rebounds. Flguréc?@_shows the mam, col- corresponds toythe radius and velocity measu?gments dtg?ing the
lapse. Figure @) Shows the Vel,ocmes_ measured with the main collapse. Note the logarithmic scale on the time axis angt the
laser-Doppler technlql[dZ]. The_lnsel[F_lg. 5a)] thOWS the axis. Also the independent variable in this plot is the time of col-
_reconstructed radius as a function of time obtained from th‘?apsetc minus the timet.
integration of the velocity measurements.

We usedy? minimization of key values obtained from the the a’s are normal(Gaussiah distributions and théy;'s are
experimental data for the parameter estimation. These valuése mean values of thg’s then each term in E(7) corre-
were the absolute maximum radius and relative maximunsponds to a Gaussian distribution withmean and standard
radii (during the reboundsminimum radius during the main deviation of 1. In this casg? defined in Eq.(7) has ay?
collapse and relative minimum radiduring the rebounds  distribution with N degrees of freedom. Estimating the pa-
time location of radius extrema, the phase with respect to theametersp, , ..., py from x? minimization is also a maximum
acoustic pressure excitation, and maximum and minimuntikelihood estimator. Our free parameters for all experiments
velocities. All times are measured with respect to the time ofvere a, andp, and thusM=2.
collapse. We call thesN quantities experimentally obtained  We define a new variable that is measured with respect to
a,,...,ay. We call the corresponding computed quantitiesthe minimum conditiomxzzxz—)(ﬁ,m. With this definition
bi(Pyy.ssPW)s -, BN(PLs ..., Pv) Where py,...,py are the Ax?is a random variable with & distribution withN-M
parameters to be estimated. In our cbée?2, p, is ay and  degrees of freedom. We must keep in mind thatafe are
P, is p,. We define the random variabjg [14] not normally distributed. For one thing the radii are always
positive; also the time intervals can only be positive the way
e 5 2 we define them. However, we can still use K@) for the

X = 21 (&~ bi(Py,....Pw) [0 (7 parameter estimation even though it is not a maximum like-
. lihood estimator under these conditions.
where g is the standard deviatiofwe took them to be the Figure 6 shows a plot af x? for the experimental results
estimated experimental errorsf the random variables;. If shown in Fig. 5 as a function of one of the parameters
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57 taining dissimilar results. Matsumotd5] performed mo-
l P ° lecular dynamics simulations at the liquid-vapor interface
44 and obtained for water the valug,=0.35 for a temperature
1 of 350 K. Leighton[16] computed the accommodation coef-
31 ficient based on classical statistical mechanics, obtaining a
1 value of ay;=0.00667.
N2 27 ®e o We used the data in Fig. 4 to compute thg? cor-
®eo o responding to ay,=0.00667 and 0.35. We obtained
11 o Ax?=270.19 and 8.45, respectively. For this experimental
*® e e dataset the degrees of freedom we¥e-M=7. With a
0+ . p=0.68 the value fohy? is 8.5. Thus it is very unlikely that
the value a),=0.006 67 is correct. The valuey=0.35 is

020 022 024 026 028 030 032 inside the confidence interval. The confidence interval is
large due to the fact that the experiment was conducted in
such a way that no absolute measurements in the (auold

FIG. 6. Plot ofAx? as a function of the accommodation coeffi- therefore the velociti@swere performed. The use of relative
cient ay for an acoustic pressure amplitugg=1.369 for the data  radii extrema and velocity did not differentiate the results for
shown in Fig. 5. TheAx? minimum (equal to 0 by definitioncor- ay>0.2.
responds tar;=0.315 andp,=1.369 bars. The confidence intervals  \We believe that the approach presented in this paper could
are obtained through a projection of thg?=4.7 isocurve to the  pe ysed to estimate the accommodation coefficient for any
corresponding axis. liquid-vapor combination that is compatible with an acousti-

(ay) to be estimated with the other already estimateg. cally levitated bubble. We know that we require for this pur-

Ax?=0 corresponds t@,=1.396 bars andy,=0.308. For POSe some small amount of a noble gas. Using _sma_\ll
this case the degrees of freedom areM=4 and using a amounts of noble gases leads to a more accurate estimation

probability p=0.68 the resulting value fog? is 4.5. Thus of the accommodation coefficient. We conclude also that the
the value forp, is 1.396+0.02 bar and the value far, temporal regions of thermodynamic nonequilibrium are the
from this experimental set is in the confidence intervalmost important to be measured in order to estimate the ac-
ay €[0.217,0.329 commodation coefficient. The gas-vapor temperatures are
We studied how sensitive the presented confidence inteiery high during bubble collapse. However, the liquid tem-
val results were to the model assumptions. In particular we¢perature at the bubble wall is very close to room temperature
may question the Toegel approach to the solution of the masas reported by Kamatét al. With the method proposed here
boundary layer. The size of the boundary layer is obtainedve estimate a single effective accommodation coefficient.
based on dimensional analysis so it may be a factor of 2 ofhe underlying assumption is that thg, is a function of the
0.5 off. We computed they, that minimized they? for a liquid temperature and a weak function of the vapor tempera-
factor 1(the base cagga factor 2, and a factor 0.5, obtaining ture.
ay equal to 0.308, 0.275, and 0.329, respectively. We could
see that the variation is much smaller than the length of the We thank Raul Urteaga for helpful comments. We ac-
confidence interval0.112. We concluded that this assump- knowledge the technical support of Sebastian Eckardt and
tion did not affect our estimated results significantly. Daniel Mateos. G.F.P. is financed by Anpcyt/Secyt. The par-
Two theoretical and numerical calculations of the accom-ial support of Foncyt/Anpcyt/Secyt through Grant No. PICT
modation coefficient have been made to our knowledge ob12-09848 is gratefully appreciated.
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