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Acoustic pulse propagation and localization in bubbly water

Kang-xin Wang and Zhen Ye
Wave Phenomena Laboratory, Department of Physics, National Central University, Chungli, Taiwan 32054, Republic of China
(Received 8 May 2001; published 22 October 2001

Acoustic pulse propagation in bubbly water is studied using a self-consistent method. The acoustic trans-
mission and backscattering are evaluated numerically. Under proper conditions, the localization of acoustic
waves is identified within a range of frequency. The results show that when a short pulse is transmitted the
waves of frequencies within the localization regime will be trapped in the system and reveal a coherent
behavior. A phase diagram approach is used to describe the localization behavior.
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[. INTRODUCTION equations. The approach is based on a genuine self-
consistent scheme following the procedure of Twerfky
The propagation of waves through random media continfreviewed in Ref[22], and has been discussed in R&]. In
ues to be the subject of vivid researfh-5]. By analogy the approach, the wave propagation is represented by a set of
with the well-known localization of the electron transport in coupled equations and is solved rigorously. Wave transmis-
disordered condensed matters arising from the interferencgion and backscattering are thus obtained. We investigate
effects in multiple scattering6,7], it has been discussed how the acoustic waves are established in the medium after
much in the literature that similar localization may also existthe pulses are transmitted. A different method is proposed to
in the transmission of the classical waves in random medidescribe the phase transition between localized and extended
when the multiple scattering becomes str¢8g16]. Such a  states. The approach enables to isolate the localization effect
localization phenomenon has been characterized by two lefrom the residual absorption effect; the inability to discrimi-
els. One is the weak localization associated with the ennate the localization effect from the absorption effect has
hanced backscattering. The second is termed as the strosgused considerable debate in the literature with regard to the
localization in which a significant inhibition of transmission claimed observation of wave localization being actually due
surfaces indicating that the energy is mostly confined in do the absorptioh24].
region of space in the neighborhood of the emission. In other Before moving on, we point out that considerable efforts
words, under certain conditions, the wave can be trapped infiom both theoretical and experimental point of view have
spatial domain. been devoted to propagation of acoustic waves in bubbly
Considerable efforts have been devoted to propagation diquids. A review on general aspects of the subject may be
classical waves in random media. While the weak localizafound in the monography25]. The strong localization of
tion, regarded as a precursor to the strong localization, hagcoustic waves in bubbly liquids was first suggested by Sor-
been well studied theoretically and observed experimentallyette and Souillardi10]. But no detailed results were given.
[17], the phenomenon of strong localization in three dimen-_ater, acoustic wave propagation in bubbly waters was also
sions has also been reported in a number of systems. Rastudied using the perturbative diagrammatic metf2&j27].
dom underwater topography can give rise to water wave loincluding a higher order correction representing the mutual
calization[18]. Localization effects have also been reportedinteraction between two bubbles, their results show that
for microwaves[13], for light [19], and for acoustic waves when the concentration of the bubbles reaches a certain
[20] in disordered media. value, the wave phase speed can become negative; one of
In a recent papef21], we have shown that localization their suggestions is the appearance of wave trapping. An
may be achieved for acoustic waves propagation in wateobvious shortcoming of the diagrammatic approach, how-
with even a very small fraction of air-filled spherical ever, is that it cannot exclude the possibility of the break-
bubbles, supporting in part the previous conjecfd@. Itis  down of the perturbative calculation, and how many and
shown that the localization appears within a region of fre-what type of perturbation terms should be included are un-
guency slightly above the natural frequency of the individualknown. In order to gain a definite insight into the problem, it
air bubbles. Outside this region, wave propagation remains therefore highly desirable that one can study the problem
extended. In this paper, we present a further numerical inin a rigorous or an effectively exact manner. Although this is
vestigation of acoustic localization in bubbly water. In par-virtually impossible for systems containing an infinite num-
ticular, we consider the propagation of acoustic pulsedber of scatterers, the rigorous results can be obtained for
through water having many air-filled bubbles. Such a randonsystems consisting of a finite number of scatterers. This pa-
medium can be either generated in experimental laboratorigser is one of such studies.
or can be commonly found at ocean surfaces where the The paper is organized as follows. The general theory is
bubbles are generated by breaking waves. Unlike most prgresented in the following section, followed by some ap-
vious approaches that derive approximately a diffusion equgproximations. The theoretical model and the results are pre-
tion for the ensemble averaged energy, our method is tsented in Sec. Ill. A summary concludes this paper in Sec.
solve the scattering problem from the fundamental wavdV.
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Il. THEORY B. Scattering by an ensemble of scattering spheres

A. Pulses generation Although in the later part of the paper we will focus on

We consider a point acoustic source in a medium. Th the low frequency acoustic scattering by air bubbles for
b - 'MSvhich a much simplified scheme can be developed, for com-

source is located ab, and is transmitting acoustic pulses in pleteness and future uses, here we would like to present a
all directions. The wave equation for the acoustic wavegeneral scattering theory for many scatterers that is valid for
propagation in the medium can then be written as all frequencies and any configuration of bubble clouds. Con-
1 ) sider a wave being scattered by spherical scatterers, lo-
(VZ— _ '9_) p(r.t)=—4ms5C®)(r—rg)s(t), (1) cated ar; (i=1,2,...N.) When a wave encounters a tar-
c3(r) ot? get, it will be scattered; and the scattered wave will be
. scattered consequently by other scatterers, forming a mul-
wherec(r) is the sound speed in the medium, and the timetiple scattering process. After all scattering, the wave will
dependent source ters(t) reflects the temporal aspect of reach a receiver. The multiple scattering in such a scattering
the acoustic source. Inside the scatterer the sound speed issystem can be conveniently studied by the self-consistent
while that of the surrounding medium ds In the following,  scheme outlined by Twerski4]. Here we present a brief
we assume that the source is located at the origin, i.eaccount of the procedure.

ro=0. Equation(4) shows that we can first compute the scatter-
Upon the Fourier transformation, E(L) becomes ing problem for each frequency and the final signal received
) can be inverted from the inverse Fourier transformation
(Vh—zﬁ)pdﬂn=—4w$Wﬂswm 2 R 1 (= L
ce(r) p(r,t)=EJ’ dwe "'p(r,w). 9

where we used
1 = In this section, we will derive a formula fqu(r, ).
p(r,t)= 2_f doe™p(r, ), 3 We take the following convention: For each scatterer, we
)= can associate it with a coordinate system, and [ugge to
denote the coordinates measured from ittiescatterer and

and -
user for the coordinates for the global system.
1 (= it Assume that the scattering wave from ftie scatterer is
S(t) = E _xdw e '? S(w) (4) written as
% =1
We have considered two types of pulse shaf@d-or broad - - < . I
band pulses, we have ps(rj.Fw)=2> ;ﬁl ClnhP(Kr=r;D Y[ 6, 01)),
0, t<0 (10
s(t)y=) at 6) m . . .
e *, t=0. whereY|"( 0, ¢) is the spherical harmonic, argj and ¢; are

o the two spherical angles measured at fithescatterer. Here-
This gives after, k= w/c.
The incident wave on théth scatterer is equal to the
1 : .
S(w)= =——. ()  summation of the direct wave from the source and the scat-
2(a—iw) tering wave from all other scatterers

For smalle (w<<a), the spectral density is approximately a o
constants(w)~ 27/ «. (b) The narrow band pulses are also pin(F,w)= po(F,w)+ E ps(Fj ,F,w), (12)
considered. In this case, j=T1)#i

| coswqt, —b<t<b and wob>1 . where p, is the direct wave from the source and equals
s()= 0, It|>b. @ S(w)eX'/r. Herer is around theith scatterer. The incident
wave in Eqg.(11) can be expanded in terms of the spherical
Then the spectral density is found as harmonic functions fromﬂ ,
sinfw+wg)b  siN(w— wg) w  m=l
)= S ot 2m(w—wo) ® i vw)= L KF =T Y™
m(w+wo)  2m(w—wo) Pin([rli,0)=2, 2 Dinii(KIr=ri) Y[ 6,1,

The Gaussian pulses may also be considered. We found that (12

the results are qualitatively the same for different pulse o ) ) . .
shapes. For simplicity, we only present the results for thevherej, is the jth order Bessel function of the first kind;
broad band pulses. taking j, prevents the wave from divergenceratr; .
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By the addition theorerf28], taking the following expan-
sion of thejth scatterer in terms of thieh scatterer

hM(KIr=r; Y6, ¢1))

o B=a
=2 2 Tapla(kr=rhYX(Ce.¢1).

(13)
into Eq. (10), we get
N o q=
=Syt X 5T clae
S &
N = g=p
=St X 2 2 (1-8)Ch T, (14

whereS,,, is due to the direct incident wave on thil scat-
terer and assumed to be known, i.e.,

o

m=1
Po(r @) =2 2 Sini(KIr=riDY([6,4]). (19)

In Eq. (13), the coefficientT/y" can be solved as

Tay' = f [dQ

where[h{)(k|r — ijSI means taking the value whenis

[h“)(klr—r Dls

(16)

located on the surface of thi¢h scatterer. Please note that
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C:mE - 1_‘ID:m
Lii(ka)j| (kya)—ghji(ksa)j; (ka)]

[0 (ka)j{ (k@) —ghii(kea)h™ (ka)] ™

(20

With Eq. (20), the coefficient<C] can be obtained from
the self-consistent equatidi4). OnceCj,, are known, the
field at any spatial point can be obtained from

HM?

N 0
P(FLw)=po(f,0)+ 2, 2

X (Kr =15 Y[ 6, ¢])). (D)
We also note that the present approach also works for elastic
spherical scatterers as long as the transfer coefficidntis
modified to take into account the shear modulus following
Ref. [29]. Equation(21) is valid for any distribution of the
scattering spheres. In addition, the spheres can have different
radii.

C. Approximations

1. Approximation for tenuous media

From Eq.(21), the total wave reaching a receiver can be
written as

N
p(F,w)=p°(F,w)+i§1 P(riir, ), (22)

wherep®(r, ) is the direct wave arriving at the receiver and

[0,4]; andr also depend on the position of the point on theihe summation term represents the scattered waves from

surface of thath scatterer.
Now we solve the boundary conditions at ilile scatterer.
The wave inside théth bubble is written as

o  m=l

Phosiae= 2 2 Anii(kalr=riD Y8, 41). (17

The boundary conditions state that the pressure and the nor-

scatterers.

When k|r—r;|>1, valid for tenuous media, the above
derivation can be simplified. The scattered wave from each
target, say theth target, can be generically written as

. elklr r\
pe(ri;r,@)=p°(r, @) Fi(r;,riKin)———,

e (23

mal velocity be continuous across the interface between a

scatterer and the surrounding medium. From these conditio

we have
CimhP(ka) +Djpji(ka)=Ajnj(ka),  (18)
and
Cinh{® (ka) + D" (ka) = 1hA|mJ|(kla) (19

wheref’(x)=df(x)/dx, ky=wl/c, g=p./p, andh=c,/c

with ¢ andc,, p andp; being the sound speeds and mass

IyghereF is the effective scattering function of thth target.

1
hl(l)(x)—>6(exp[ikx—i(l +1)w/2], as x—oe,

we have from Eq(10)

r.|11

7' kp (r,,w)

xv.m<[o.¢]i>e-'<'+1>”’2. (24)

densities inside the air bubble and in the water medium,

respectively.
From Egs.(18) and(19), we obtain

Equation (23) is also called the far-field approximation.
Without multiple scattering among targets, will be equal
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to the bare scattering function of the single target R
fi(r,,r;K,) that, obtained when other targets are absent, is Fi(ri,ri;Kin)=fi(ri,r;kin)+

readily derived as

o ©  m=| i 1 N
frnkn =2, > (=L0Sm 57, TLoeh).
(25

PHYSICAL REVIEW E 64 056607

0,
po(rj,»)

=137 (T w)

- 5 A A I eikl;ii;l‘l

Xfi(ri,r|;ri_rj)Fj(rj,ri;kin)#;

Iri=rjl

(1=1,2,... N, exceptl=i.) (31

Here we used the fact that when there are no other scatterefge,y in each of theN— 1 equations, we allowto vary from
the incident wave on any scatterer will be just be that fromq o N. Then we have otheX equations. In total we would

the source. Thus we have from Ed4)
Dim=Sim (26)
and then Eq(20) yields

D:m:_rlsim' (27)

Note here thatf(r;,r;k,,) is interpreted as the scattering

function of theith target in the scattering direction—r;

when the incidence is along the direction Iaﬁ, whereas
Fi(r; o IZin) is the effective scattering function incorporating

multiple scattering from other targets.

On the other hand, the scattered wave fromithetarget

have N—1)XN equations forN(N—1) unknown coeffi-
ClentSFJ(FJ ,Fi ;lzin):

0=
.. . . po(rj,w)
Firi,riskin) =fi(ri,rKin) + ..0»—l
i=1j#i po(r;, )
L o elkIri—jl
XFi(ri,rri—rpFi(ry.rikin)—=——=-;
ri—rjl

(,1=1,2,... N:ii#j.) (32)

The scattering functioﬁi(ﬂ ,ﬂ ;IZm) can be solved from the
self-consistent equatiof32). Then the total wave at any spa-

is a linear response to the total incident wave incident on th&@ Point is given by
target, which as a result of multiple scattering includes the

direct incident wave and the scattered wave from other tar-

gets, and can be thus written alternatively as

eik\r—r‘i|

Ps(iiT,0)=Q(r;;r) —— (28)
Ir—ri

with

Q(ri;r)=f(r;,r:kin)p°(r; , )
N

+. E ) pO(F]!w)fl(F|nF,F|_F])
j=1j#i

L]
XFEj(rj,riKin)—=——=. (29
ri—rjl
Equating Egs(23) and(28), we get

Fi(ririKin) = fi(ri,riKin)

N 0/>
r,o IR
po(»—J)fi(ri,F;ri—rj)
i=1j#i pi(ri, o)
o eik|Fi—Fj|
XFj(rj,riKin)—=———=. (30
ri—rjl

Settingf at the targets except thieh, we obtainN—1
equations

N ik|r—ri
- - - .. el
p(r,a>)=p°(r,w)+i2l po(ri,w)Fi(ri,r;kin)—|F T
= =T

(33

2. Low frequency limit

When we consider the most interesting low frequency
acoustic scattering in bubble water, the problem can be fur-
ther simplified. In this case, the tenuous approximation can
be relaxed. It is found for frequencies satisfying/¢)a
< 0.4, onlyl =0 mode in the bubble scattering is important
[30]. More explicitly, for (w/c)a<0.4 below roughly about
0.4, the acoustic scattering by an air bubble in water can be
well mimicked by the scattering by a radially vibrating
sphere. The error in such approximation is less than a few
percent. In this situation, the bubble physically behaves like
a resonating sphere. The pulsating mode dominates the scat-
tering. In this case, the scattered wave from itthebubble
without other bubbles can be written as

eik\F—Fil

ps( l:)i vF) = pO( I?i 1w)fi ' (34)

r=ril

where f; is the isotropic scattering function of the bubble
without other bubbles’ presence and can be computé@ids

g
fi= (35

wilw?—1-ika’
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wherewy; is the natural frequency of thi¢h bubble. Under trapped inside the medium can be investigated without am-
the normal conditions, i.e., at the pressure of one atmosphet#guity and we will be able to isolate the localization effect
and the room temperature, the nature frequency is detefrom boundary effects. The radius of the bubbles.isThe
mined as volume fraction, the fraction of volume occupied by the
bubbles per unit volume i8. Therefore the numerical den-
(wo;/¢)a~0.0136. (38 ity of the bubbles is1=38/4wa® and the radius of the
bubble cloud isR/a=(N/B)*2. In the following, we study

When other bubbles are present, the scattered wave is Writt%\e total acoustic field given by Eq@) and (21)

as
eik\F—Fi| B. The results
- o g

Ps(ri,r)=p"(ri, ®)F; | (37) For reference, first we repeat the case of a unit point

! source transmitting a continuous monochromatic wave of an-

In this case, Eq(32) can be simplified into gular frequencyw. A set of numerical experiments has been
carried out for various bubble sizes, numbers and concentra-
N p°(F ) elklri—rjl tions. The locations of the bubbles are randomly generated
F=fi+ > ——fF—=—; within the prescribed sphere by the computer, to simulate the

i=Li# pe(ri, @) ri—rjl random configurations of the bubble cloud. We found that all

- G features are qualitatively the same for any random configu-
(i,1=2,2,...N;i#j). (38) . . )
rations. As an example, Fig. 1 shows typical results for wave
OnceF; is obtained, the pressure field at any spatial pointr@nsmission and backscattering as a function of frequency in
can be derived as terms ofka. Hereafter, “a.u.” stands for “arbitrary unit.” In
this simulation, we tak@= 102, andN=200. The radius of

R ) N ) elkIr=rjl the bubble can be used as the length unit in the simulation.
p(r,w)=p0(r,w)+2 po(ri,w)Fi——=. (39 Here we see that in a range of frequencies the wave trans-
=1 Ir—ril mission is greatly inhibited. This is the range that suggests

the wave localizatiofi21]. A further numerical computation

IIl. NUMERICAL MODEL AND RESULTS discovers such a range appears as lon@ as greater than

about 10°° [31]. For the backscattering situation the result
A. The model shows that the backscattering signal persists for all the fre-
In the following, we restrict our attention to the scatteringquencies. In this particular case, the range of inhibition is
at low frequencies, i.eka<<0.4. The numerical model is set ka=0.014-0.08. While the waves are moderately localized
up as follows. Consider a point acoustic source in bubblypetweenka=0.02 and 0.08, the most severe inhibition oc-
water. The source is assumed to be at the origin. Therblare curs between 0.014 and 0.02. In general, the localization
spherical air-filled bubbles of the same radius and theseange is widened a8 increases.
bubbles are randomly distributed within a spatial domain, Now consider the pulse propagation. A number of pulse
which is taken as the spherical shape. We require that no twshapes are considered and yield the same qualitative features.
bubbles occupy the same spot. In other words, the poinin the following, we present the results for the broad band
source is placed at the center of a spherical bubble cloudyulse given by Eq(5). The following parameters are used:
such a model actually describes the acoustic noise naturally=5x10"" and 8=10 3. The number of bubbles varies
generated inside the bubble clouds in the upper ocean prdrom 100 to 400. Greater number of bubbles is possible, only
cesses. The reason why the source is placed inside rathir take more computing time. In the simulation, all lengths
than outside the bubble cloud is that only in this way theare scaled by the radius of bubbles. Figure 2 shows the time
problem of whether the transmitted waves can indeed beeries of the transmitted, forwardly and backwardly received
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signals and their power spectra, respectively. The forwargdample size is increased, more waves within the localization
receiver is located atR from the cloud. From the figure, itis regime will be trapped and the dip will be widened.

clear that as a signal is transmitted, the backscattered signal We now study the residual signals, i.e., the signals that
is significantly greater than that received outside the bubbleemain inside the bubble cloud, by considering the time se-
cloud, an indication of enhanced backscattering in line withries of the signals after the pulses are transmitted for a period
the previous discussion. A very short pulse generates a rel@f time; in this way we can investigate what portions of the
tively long response in both the forward and backward sig-signals remain inside the bubble cloud. It is clear that with-
nals. For the backscattering the greatest portion of the signalut the bubbles, the transmitted waves will all leave the sys-
is within the range of frequencies in which the transmissiortem and there will be no residual signals in the system. In the
is most severely inhibited, referring to Fig. 1. In contrast, inpresence of bubbles, due to multiple scattering some waves
the forward direction, the transmitted waves do not havewill reverberate inside and around the system. Figure 3
much this portion of frequencies. The most significant for-shows the time series of the signals for one random distribu-
ward signal is located around the resonance frequency of thion of bubbles at OR and 2R, corresponding the cases
single bubble, referring to Eq36); this is because at these when the receiver is located inside and outside the bubble
frequencies the scattering is very strong. These results hirioud, respectively. The time series is plotted 1 ms after a
that when a pulse is transmitted, the waves of frequenciepulse is fired, a period considerably long after the pulse is
within the localized regime will be strongly backscattered,generated. From the left diagram, we find that there indeed
while those with frequencies outside this regime can beexist the residual signals. On the right side of the figure, the
transmitted outward. Due to the finite size of the cloud,Fourier analysis of the signals shows that the main portions
waves in the moderately inhibited region can still leak out.of the signals in the frequency spectra are well within the
This is why we only observe a narrow dip rather than themost localized regime indicated by Fig. 1. In other words,
whole localization range in the forward signal; when thethese signals reflect the waves that are most localized inside
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the bubble cloud. As the I_ocali_zation length is a functio.n ofis calculated from () ~Rgp()iVp(r)]. Writihg p
frequency, the more localized is the wave, the shorter is the i0 2 2 .
localization length and the stronger is the residual signal. In~ ple'’, the ﬂOW_ becomes~|p|*V ¢. Clearly, wheng I_S a
the figure, the residual signal is contributed mostly from theconstant andp| is nonzero, the energy flow stops, i.6.,
waves betweeka=0.014 andka=0.02. The waves at other =0, and the wave is then localized or frozen in the space.
localization frequencies have longer localization lengths. InTherefore an investigation of the phase behavior of the
order to trap the waves with long localization length, the@coustic field will prov_|de usefu_l |nformat_|on about the_lo-
sample should be sufficiently large. Figure 3 also shows th&ahzagon effect. ConS|d§r the signal received at an arbitrary
the signal received atR (i.e., outside the cloudis signifi-  point r, described byF(r,t) say. Its Fourier component is
cantly smaller than that being received atR.This is ex- determined by
pected, as the further away from the transmitting site, the less
energy will be received for the localized waves. f(F’w):J dt €°tF(F 1). (40)
To further explore the signals observed in Fig. 3, we con-
sider the backscattering signal, i.e., the signal received at the ]
transmitting site, for different sample sizes. The typical nu-We rewrite
merical results are presented in Fig. 4. The time series is . . R
taken at 1 ms after a pulse is transmitted. As shown by these f(r,0)=f(r,0)lexdio(r,0)]. (41)
results, the increase in the size of the bubble cloud leads to
an increase in the residual signal. This indicates that as theor the phase field, we define a unit phase vector
sizes increases, the localization effect becomes stronger. The . . L
left portion of Fig. 4 shows that the greater is the sample u(r,w)=coso(r,w)e,+sind(r,w)e, . (42
size, the wider is the power spectrum of the residual signal.
We expect that as the sample size increases, the frequenéye will then plot the phase vector versus various frequencies
spectrum will become wider and wider and eventually allat different spatial points for different random realizations of
waves in the localization region will be trapped inside thethe bubble cloud. Here we consider the time series of the
medium. signals from 1 ms after the pulse is transmitted. A typical set
We can also study the phase behavior of the acoustiof results is shown in Fig. 5. Here we show the phase dia-
fields. In terms of wave field, the energy flow in the system grams for three frequency ranges at two spatial points inside
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the bubble cloud at OR and 0.6, and two points located feature such as that shown by B2 becomes less evident. For
outside the cloud atR and R. To save the computing time example, although the frequencies ranging frioa¥ 0.07 to
yet without losing the essence of the problem, we only plot0.08 are within the localization regime as shown by Fig. 1,
the results folN=200. The three ranges of frequencies arethe localization effect at these frequencies is too moderate to
located below, within, and above the localization regime,exhibit the in-phase behavior. But, when the sample size is
respectively. For example, the range &h from ka increased, the coherence in the phase vectors is expected to
=0.0106 to 0.0108 refers to that below, that from 0.0180 toappear.
0.0182 to within, and that from 0.0849 to 0.0851 to above The ordering in the phase vectors guarantees that the zero
the localization regime. time lag is the prominent peak position of the correlation

On the left are the phase vectors for the transmitted pulséaetween the time series at any two spatial points. To be
Due to the nature of the pulse, the phase vectors point texplicit, consider two arbitrary real time serig@) andg(t).
various directions for different frequencies. The phase vecTheir Fourier transforms arf(w) andg(w). The time cor-
tors for the acoustic waves inside the cloud are presented irection of the two series is
the middle column. On the figure the full-headed arrows in
lighter gray refer to the phase vectors atR®\hile the nor- _
mal arrows refer to the phase vectors atR).6lere the re- F(T)_j dtftg(t+7). (43
sults demonstrate that for both below and above the localiza-
tion range(B1 and B3, the phase vectors point to different 'NiS can be evaluated as
directions at different locations and are not in any coherence
with the phase vectors of the transmitting source. Within the F(r)= f do f(w)g*(w)e 7. (44)
localization regime, however, the phase vectors for the two
i (52 As a mattr offac. they are in the same phase as e (@) andg(w) are in phase, the fact th(7) i a

: S : : Weal function leads talF(7)/d7|,—o=0. The second time

acoustic source. Physically, this means that the field oscna ivati t time lag is
lates in the same phase of the source. We have performec?”va Ive at zero ime fag
more simulations and conclude that once within the localiza- d2F (1)
tion range the acoustic field at all spatial points inside the
bubble cloud tends to oscillate completely in phase with the dr?
source. Such a coherence behavior prohibits waves from
propagation and effectively traps waves; no work can beAs f(w) andg(w) are in phase, we have
done when the medium moves in the same phase as the
source. However, we must stress that as the sample is inevi- d?F(7)
tably finite, the waves within the moderate localization range 4.2
can still leak out from the system. In this case, the in-phase

=—f dw 0?f(0)g*(w). (45)

7=0

(46)

=0
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ThereforeF(7) at zero time lagr=0 is a maximum. In bubbles are not too smdIB1]. The absorption will degrade
experiments, this feature may serve as an indication for théhe in-phase behavior.
wave localization or trapping.

For points located outside the cloud, there is no phase
ordering in the received time series for all frequency compo- e studied the localization behavior of acoustic pulses in
nents. In fact, once waves leak out from the bubble cloudrandom bubble water using a self-consistent approach. The
they start to propagate toward infinity. In this situation, theresults show that after a signal is transmitted, waves within
oscillation phase of acoustic waves will be position depenthe localized regime contribute to the residual acoustic rever-
dent. These are clearly illustrated by the right column of Fig.beration in the system for any random configuration of
5. Here the full-headed and normal arrows refer to the phaskubble clouds in water. These waves are actually trapped or
vectors at R and &R, respectively. The out-of-phase prop- localized inside the system. The degree of wave trapping
erty indicates that there is energy flow outside the bubbl&ffect is sensitive to the frequency, the sample sizes, and the
cloud. This energy flow must be a result of wave leakingPubble concentrations. It is also found that once localized,
from the system, due to the finite size of the system. Thathe field tends to osm_llate in phase at any spatial points. In
there is energy flow even for frequencies within the mostpther words, the localized waves behave as a standing wave

localized regime(C2) implies that for a finite system the inside t.he random medium. This is supported by a simple
theoretical argument. The coherence phenomenon is a

in-phase behavior at these frequencies shown by B2 will de- . . o
grade as the time elapses and all waves will leak out eve Inique feature associated with the wave localization and may
e used to distinguish the localization effect from the re-

tually. . .
Finally, we emphasize that all the above features assocﬁ'dual absorption effect.

ated with the phase vectors hold for any random realization ACKNOWLEDGMENT

of the bubble clouds. We also note that in the simulation the

acoustic absorption caused by the viscosity and thermal ex- The work received support from National Science
change is neglected. This is a valid assumption when th€ouncil.

IV. SUMMARY
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