VOLUME 80, NUMBER 16 PHYSICAL REVIEW LETTERS 20 ARIL 1998

Acoustic Localization in Bubbly Liquid Media
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Acoustic wave propagation in liquid media containing many air-filled bubble$ igitio considered.
A self-consistent method is used to derive a set of coupled equations describing rigorously the
multiple scattering of waves in such media. The wave transmission and backscattering are then
solved exactly. The numerical results indicate localization of acoustic waves in a range of frequency.
[S0031-9007(98)05787-1]

PACS numbers: 43.20.+g

The propagation of waves through random media hagreatly enhanced at resonance, making it an ideal system to
been and continues to be a subject of vivid research [1study strong scattering. Hekeis the acoustic wave num-
6]. By analogy with the well-known localization of the ber in water, and: is the radius of the bubbles. (2) The
electron transport in disordered condensed matters arisirggattering function of a single bubble has been well studied
from the interference effects in multiple scattering, it hasand has a simple form. The scattering function of a spheri-
been discussed much in the literature that similar localeal bubble can be found in many textbooks [22], whereas
ization may also exist in the transmission of the classicathe scattering function of a deformed bubble, such as an
waves in random media when the multiple scattering beellipsoidal bubble, has also been analytically derived re-
comes strong [7—17]. Such a localization phenomenoently [23]. (3) It is found that the scattering of bubbles
may be characterized by two levels. One is the weak lois isotropic in the range of frequency considered, permit-
calization, associated with the enhanced backscatteringing many simplifications. Furthermore, perhaps more im-
The second is termed as the strong localization, in whiclportant, such an isotropic scattering feature remains valid
significant inhibition of transmission surfaces, indicatingeven as the bubbles are subject to significant deformation
that the energy mostly remains in a region of space in theommonly seen in actual experiments [23]. (4) The propa-
neighborhood of the emission. In other words, under cergation of waves in bubbly water may serve as a toy model
tain conditions, the wave can be trapped in a finite spatidlor many more complicated situations. There are also
domain. While the weak localization, regarded as a premany practical reasons for studying the sound propaga-
cursor to the strong localization, has been well studied antlon through bubbly liquids, because of the prominent role
observed experimentally [18], the phenomenon of stronglayed by bubbles in a variety of situations of great interest.
localization in three dimensions still lacks experimentalThe bubbles generated by breaking waves at ocean sur-
confirmation and remains a subject of much debate [19]faces are a good agent for probing upper-ocean dynamics,
Ruseket al. [13] pointed out that “... despite remarkable including shear turbulence, Langmuir circulation, fronts,
efforts no deeper insight into localization . .. can be foundand internal waves [24]. They are also useful in medical
in the literature.” echocardiography [25].

In this Letter, we report a simulation study of low- Indeed, considerable efforts from both theoretical and
frequency acoustic propagation in liquid media containingexperimental points of view have been devoted to propa-
many air-filled bubbles. The approach is based on a genwation of acoustic waves in bubbly liquids. A review on
ine self-consistent scheme bearing similarities to the progeneral aspects of the subject may be found in the monog-
cedure of Twersky [4] reviewed in Ref. [20], and has beerraphy [26]. Strong localization of acoustic waves in bub-
detailed in Refs. [21]. In the approach, the wave propably liquids was first suggested by Sornette and Souillard
gation is represented by a set of coupled equations, and [27]. But no detailed results were given. Later, Ye and
solved rigorously. The wave transmission and backscattebing studied acoustic wave propagation in bubbly waters
ing are thus obtained. In particular, we consider the bubusing the perturbative diagrammatic method [28]. Includ-
bly water. Moreover, all bubbles are taken as the singléng a higher order correction representing the mutual inter-
size for simplicity, yet without losing generality. The nu- action between two bubbles, their results show that when
merical results indicate the existence of both weak andhe concentration of the bubbles reaches a certain value,
strong localization in the range of frequency considered. the wave phase speed can become negative; one of their

There are several advantages of studying sound in bulsuggestions is the appearance of wave trapping. An obvi-
bly water. (1) The air-filled bubbles are strong acousticous shortcoming of the diagrammatic approach, however,
scatterer. At low frequencies, abott ~ 0.0136, it ap-  is that it cannot exclude the possibility of the breakdown of
pears the resonant scattering and the scattering strengthtie perturbative calculation, and how many and what type
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of perturbation terms should be included are unknown. Irwritten as [22]
order to gain a definite insight into the problem, it is there-

fore highly desirable that one can study the problem in f== ,
a rigorous or an effectively exact manner. Although this wy/w? =1 = id

is virtually impossible for systems containing an |nf|n|tei which wq is the resonant frequency, aAds the damp-

number of scatterers, the rigorous results can be obtainq g factor. Although the damping factor can incorpo-

for systems consisting of a finite number of scatterers. Thif‘ate the radiation, thermal, and viscosity effects, it can
Letter presents one of such studies. ' ’ ’

) . . _be adjusted manually to check various concepts. For ex-
Different from the common approach which derives ) y P

imatel diffusi ton for th bl ample, when the thermal and viscosity damping are turned
approximately a difiusion equation 1or theé ensemble-og ‘the acoustic absorption diminishes, allowing study of
averaged energy, our method is to solve rigorously th

> "%he situation without acoustic absorption. The formula in
wave propagation from the fundamental wave equatlonEq (4) is valid forka < 0.4 [29]

Consider a unit point source in bubbly water, emitting a
monochromatic acoustic wave of angular frequenrgcy
For simplicity while not losing generality, we consider a
simple model. The source is assumed to be at the origin. N ikl =7l

There areN spherical air bubbles randomly locatedrat ps(Fpsi) = f<p0(7i) + > Ps(7i;j)) =7

(i = 1,2,...,N), surrounding the emission point. For J=Lj#i 7 =7l
simplicity, all the bubbles are assumed to be of the same (i,j=1,2...,N, buti #1). (5)

size and randomly distributed within a spatial domain,

which is taken as the spherical shape. No bubble ighese equations can be rewritten in the formMofx N
located at the source, and no two bubbles can occupy th®atrices, and then solved exactly for an arbitrary con-
same spot, i.e., the hard sphere approximation. In othdiguration of the bubble distribution. The result can then be
words, the point source is placed at the center of a spherveraged over many configurations to obtain proper quanti-
cal bubble cloud; such a model describes the acoustides. For example, for the quantity the averaged value is
noise naturally generated inside the bubble clouds in théd) = %Xﬁ” A;, whereA; is the quantity value for thih
upper-ocean processes. The radius of the bubbles is realization, and the total realization numbeis This en-

The void fraction, the fraction of volume occupied by the semble average is consistent with what has been described
bubbles per unit volume, i8. Therefore the numerical by Foldy [1] and Ishimaru [20]. The number of realiza-
density of the bubble is: = 38/47a®, and the radius tion M is taken such that the results become stable. In
of the bubble cloud isR = (N/B)"/3a. The radiated this Letter, we consider the averaged wave referring to the
wave from the source is subject to multiple scatteringcoherent portion, as well as the averaged squared modu-
by the surrounding bubbles. The wave equation can bhkus of the wave function which includes both the coherent

a

(4)

When setting’ in Eq. (3) at another scatterer, we arrive
at the following self-consistent equations:

generically written as and diffusive portions. We defing = (| p|?) to repre-
) o R sent the squared modulus of the total wave corresponding
(V2 + &5)p(r) = —4mwd(7) + J[N, p], (1)  to the total energy/c = |{p)|*> to the coherent portion,

and the diffusive part is thereforg, =1 — Ic. The

wherek is the wave number of the pure water, the sourc§,ckscattering situation is simply obtained by replaging
is represented by the delta function, and the second tergy;p, sV

. : : ; i— ps(0;7). Here we note that it is the ensemble-
on the right-hand side refers to .the interaction bet_ween thﬁveraged total intensity in long propagation range rather
waves and theV scatterers. Without the interaction, the

, PN than mere coherent or diffusive portion which determines
propagating wave ipo(r) = ¢""/r. When the scatterers o |gcalization phenomenon. The approach described
are present, the solution can be composed as

here corresponds to taking the modulation frequency to-

N wards zero in the previous theories [17].
p(7) = po(7) + Z ps(Fii), 2 A set of numerical experiments has been carried out for
i=1 various bubble sizes, numbers, and concentrations. The

wherep,(7: i) is the scattered wave from thith bubble in ~ locations of the bubbles are randomly generated in the
response to the direct incident wave and also all the scafard-sphere approximation within the prescribed sphere
tered waves from other bubbles. Owing to the simplicityby the computer, to simulate the random configurations of

in sound scattering by air bubbles, the scattered wave cgf® Pubble cloud. More details have been documented in
be written as Ref. [21]. Figure 1 presents one of the typical results of

the forward and backscattering as a function of frequency
L R N Lo ekl in terms ofka. Also plotted are the results of the coherent
ps(F3i) = f(PO(ri) o Z ‘Pf(ri?1)>ﬁ’ 3)  portion. The void fraction is taken a3, and the
=Lt l hydrophone is placed at a distance away from the bubble
where f is the isotropic scattering function of the single cloud to receive the forward transmission. Here itis shown
bubble, and in the resonant scattering regime it can ban Fig. 1(a) that the transmission is greatly reduced
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FIG. 1. Transmission and backscattering as a functiokaof

between 0.01 and 0.02 i, indicating the acoustic local- hydrophone is put at the origin to receive the backscattered
ization. Atthese frequencies, the loffe-Regel criterion [17]wave. The coherent contribution is represented by the dot-
is satisfied. The greatest inhibition occurs at abaut= ted line. Here we observe the enhancement of backscat-
0.0176. Since the sample size is finite, the transmissiortering, as compared to the transmission, particularly in the
is not completely diminished, as expected. The result alstocalization regime, where the diffusive wave dominates
shows that the coherent part dominates the transmission fand is considered being trapped. The error analysis has
most frequencies. We also notice that, before the localizaalso been conducted with respect to the number of en-
tion region, there appear two resonant transmission peaksemble averaging. We find that deviations are uniformly
The first peak at abodtz = 0.007 may be attributed to the less than 0.5% for the number of realizations exceeding
collective mode of the bubble cloud, whereas the seconti0O00. More detailed analysis is presented in Ref. [31].
peak corresponds to the resonant peak of a single bubble. Figure 2 plots the transmission as a function of the dis-
Because of the multiple scattering, the resonance peak ténce from the acoustic source for three frequencies in
a single bubble is shifted slightly towards a lower fre-terms ofka, denoted by the numbers in the plots. The
guency, in agreement with the previous results [21,30]results are scaled by the geometric factors. This figure
Figure 1(b) shows the backscattering situation, in which ahows the following. (1) Outside the bubble cloud, the
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FIG. 2. Transmission as a function of the distance away from the source. (a) The total intensity, (b) the coherent portion, (c) the
diffusive portion with the scaling of distance squared, and (d) the diffusive portion with the linear scaling of distance.
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