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Abstract. The paper demonstrates that a liquid becomes inhomogeneous in
interaction with an oscillating bubbles cluster. Because the refractive index of
the liquid around the cluster has a radial variation, a spherical acoustic lens is
generated. Under certain restrictive conditions, the acoustic lens behaves like an
acoustic black hole.
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1. Introduction

In previously published papers (Simaciu et al., 2018a; Simaciu et al.,
2020; Simaciu et al., 2018b) it is demonstrated that a liquid in the presence of a
packet of spherical acoustic waves or an oscillating bubble behaves like an
acoustic lens.

In this paper, we analyze the same phenomenon generated in liquid by a
cluster of oscillating bubbles.
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In the second section, we deduce the expression pressures in the liquid
around a cluster that oscillates under the action of an acoustic wave. The
refractive index of the liquid around the cluster whose expression is deduced in
the third section has properties similar to those of the refractive index of an
oscillating bubble (Simaciu et al., 2018a; Simaciu et al., 2020; Simaciu et al.,
2018b). Because the refractive index of the liquid around the cluster has a radial
variation, a spherical acoustic lens is generated.

The fourth section demonstrates that the acoustic lens associated with
the cluster becomes an acoustic black hole (dumb hole or sonic black hole) if
the focal lengthf (r) of the acoustic lens is equal to the minimum distancerto
the center of the cluster, at which the deflected acoustic wave passes.

The condition is that the radius of the cluster, compressed under the
action of acoustic forces (Wang and Cheng, 2013; Simaciu et al., 2019c), is
smaller than the acoustic radius (radius of the acoustic black hole) associated
with the oscillating cluster.

The paper is completed with conclusions and discussions in the fifth
section.

2. Sound pressure near the oscillating cluster

In order to deduce the mathematical relation for the sonic / acoustic
pressure around an oscillating cluster, we consider that this system having
radiusR.consists of Nbubbles with identical radii (Ry; = Ry,i = 1,2,...,N). The
bubbles of the cluster are oscillated by a plane excitation wave having the
pulsationw. The mathematical relation for the sonic pressure has the expression
similar to the expression of the pressure around an oscillating bubble (Simaciu
et al., 2018a; Simaciu et al., 2020).

~ PVN _ PRN (512 5 \ ~ PRERN . PRE®Zxy
p,’v(r,t) =E_T(2RN+RNRN) = . = OT . (1)

The phenomenon of the coupling of the oscillations of the bubbles in
the cluster determines that the dimensionless amplitude (elongation) of the
oscillations is (Wang and Cheng et al., 2013; Simaciu et al., 2019c)

Xy = ay cos(wt + py) (2
with
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Substituting in equation (1) equations (2) and (3) is obtained

2
pl,v (7‘, t) ~ Row*A cos(wt+ep) . (4)
r[(w2(1+NC)—(ug)2+4ﬁ2(u2]2

We approximate the external,r > R, sound pressure to the cluster by
the relationship

, - NRyw?A cos(wt+@p)
Pna(rt) = ° . ®)
r[(w2(1+NC)—w(2))2+4BZw2]2

Expressions of the amplitude and the phase (3), at the resonance, w =

or

(‘) .
wONT = \/?]VC < (1)07-, are:
A b
a = = arctan oo = —, 6
Nres ZPRgﬁN,reswoN,res' Pn.res 2 ( )

Also in the condition of resonance, the equations (4) and (5) acquire the
expressions:

R Asi t
pIIV,Tes (T, t) =~ 0WoN,res Sln(wON,res )’ (7)
27BN res
. NRowop resAsin(won rest)
pIIVcl,res(rJ t) = =2 r;;ﬁ onres . (8)
N,res

If we approximate the damping coefficient,fy ,..s, through the relations

w(z)N,resRO (9)

.BN,res = .BONac,res + .BON,u,res = EONac,res = on

With this approximation, equations (7) and (8) become

, ~ udsin(wonrest) _ UAJ1+N;sin(wop rest)
Phores(r,t) = Msnmrest)  uVTiesioorest) (g
N,/1+N uAsin(w t
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Two

We have shown, according to equations (10) and (11) that the sonic
pressure of the fluid around the oscillating cluster has spherical symmetry.
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3. The refractive properties of the fluid around the cluster

To obtain the expression of the fluid refractive index in the presence of
the oscillating cluster we use the relation (10) from the paper “Acoustic Lens
Associated with a Radial Oscillating Bubble” (Simaciu et al., 2018a; Simaciu et
al., 2020) with 8p = py (1, t)

, 2
2(3¢+1) <(chl(rrt)) >t

(aa@e = 1+ 502 s— (12)
By replacing relations (5) and (11) in relation (12), it becomes:
~ N2Z(3{+1)R3 A% w*
Mact e = 1+ 702 p3|(0?(1+N)-wd,)* +4pE0?| &)
- N2(1+N){(3{+1) A%u?
(nacl,res(p))t =1+ 4(2¢+1)2r2 pg(u(z,' (14)

Equations (13) and (14) highlight the dependence, with spherical
symmetry of the refractive index of the fluid around the cluster, on the position
vector r. This property is specific to a spherical acoustic lens.

Acoustic lens corresponding to the oscillating cluster has a positive
focal length depending on the impact radius (Feynman et al., 1964):

N2{(3{+1) R3 A? w*

1 2
fa = Weade =D = S0 s [(02(1+N)-02) +4p207] (19)
and
12 _ _ 1v2(1+1vc)((3(+1)A_2 u?
fcl,res N r ((nad’res)t 1) - 2(2<+1)2 pé (A)(%T3 (16)
or
_ 2(2q+1)? ﬁp_g(w2(1+NC)—w§)z+4ﬁ2w2
fa = N2{(3(+1) R2 A2 w* >0 (17)
and
_ 2(2¢+1)? p§ wir?
fetres = NN G D A2 w? 0. (18)

It turns out that this acoustic lens being convergent deflects the
trajectory of the acoustic waves towards the cluster.
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4. Acoustic black hole associated with a cluster

The trajectory of a plane acoustic wave becomes a circle if the focal
length of the acoustic lens is equal to the minimum distance (the impact
distance for the trajectory of the acoustic wave),r;,, > R, from the center of the
cluster at which the wave passes

f () = T (19)

By replacing equations (17) and (18) in the restrictive relation (19), the
acoustic lens becomes an acoustic black hole with an acoustic radius equal to
the minimum distancer,,:

N,/{(3¢+1) A w?
Tyer = R — = N7gpc1, 20
“ " V2GeHD) By \/(wz(1+Nc)—w§)z+4ﬁzw2 abet 20
_ NJI+NJIBJ+1D) Au  N{NeJTB+D) Au N @1)
racl,res - \/5(2{+1) PoWo = \/5(2(4_1) PoWo - rabcl,res-

These acoustic radii, the acoustic radius of a coupled bubbler,;and the
resonant coupled bubbler,,.; s, are different from the acoustic radius of an
uncoupled oscillating bubble (relation (17) in the papers (Simaciu I. et al.,
2018a; Simaciu I. et al., 2020):

{GB{+1) A o
- A ’ 22
abcl 0x/i(2€+1)poJ(w2(1+Nc)—w5)2+432wz -
_ N8B+ Au
Tabelr = " HG041) powy’ )

Since, conformable to the equation (25) of the paper (Simaciu I. et al.,

2019c), N, = N ((22)) >> 1, Egs. (21) and (23) becomes
3
N2 [3Rp/{(BT+1) A
Taclres — ZJR_Z(ZG'U Poz’o = NTgbcl,res (24)
and
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Replacing the natural angular frequency, m, ={37/|:p0/(pR02)+ (;Tag)] -

1 1
20 }2 _ [peff]z (Prosperetti, 1977), in Egs. (24) and (25), results: wy =
1

(PR3) (PRE)
Po , 20]( 20 )2
{3 [+ o { (pR3>}
3
RoN2,/3Ro\/((3(+1) A |pu?
Taclres — 2 ZJR_C?2(+1) E Pesr = Nrabcl,res: (26)
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Therefore, if the cluster is compressed to a smaller radius than its
acoustic radius R, < ry¢res, It behaves like an acoustic black hole. This
phenomenon was not possible (Simaciu et al., 2018a; Simaciu et al., 2020), for
a free bubble (not coupled in a cluster). In a situation of equality R, = 14 res,
we deduce an expression of the acoustic radius that is not a function of the
radius of the cluster. With this condition the relations (26) and (27) result:

1

37(3¢+1) [ A\2 pu? 3
Tactres = NRg [W (p_o) @] = Nabciress (28)

1

_ 62¢+D) po [pers]®
rabcl,res - rba,res [ = ﬁ > rab,res: Po >> A (29)

J(3¢+1) A

In relations (28) and (29), the radiusr,, ,-.sis given by the equation (17) of the
paper (Simaciu et al., 2018a; Simaciu et al., 2020).

The acoustic radius given by relation (28),74cires = NTapcrres » 1S
similar to the gravitational radius of a body consisting of N particles having

massmand gravitational radiusry,, = (Gcrzn) (Landau et al., 1971)

~ G(Nm) _

Tgm = N1ym. (30)

CZ

The resemblance of the phenomena in the acoustic world to those in the
electromagnetic world inspires the hypothesis that two acoustically excited
clusters can interact attractively. This phenomenon and its consequences will be
studied in a later paper.
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5. Conclussion an discussions

We have shown that the properties of the fluid around a spherical
system of oscillating bubbles are different at different points.

This acoustically excited bubble system behaves like a converging
acoustic lens for acoustic waves passing through it.

The acoustically excited bubble system manifests itself as an acoustic
black hole if contracted at a radius smaller than its acoustic radius R, < 7.

It is interesting, from a phenomenological point of view, that the
acoustic radius of the acoustic black hole corresponding to the cluster is similar
to the gravitational radius of a body consisting of N particles having massm
(Simaciu et al., 2019c). This property complements and supports the analogy
between the phenomena of the acoustic world and the electromagnetic world.

Extending the analogy between the two “worlds”, the above results
highlight both the phenomenon of acoustic wave scattering by the oscillating
cluster and the phenomenon of wave absorption when the minimum radius
(impact distance) is smaller than the acoustic radius 1, < 14, . The
phenomenon of scattering acoustic waves by the cluster generates electro-
acoustic forces between clusters similar to those between free bubbles (Simaciu
et al., 2017; Simaciu, 2019a). The ultimate goal of the study of phenomena in
the acoustic world is to generate an electrically charged, non-point particle
model (Bohm and Weinstein, 1948; LOdpez, 2020), by analogy with the
“particle” model in the acoustic world which is the oscillating bubble. Particle
models in the two "worlds" must be compatible with the systems made up of
these particles, from the simplest to the most complex, such as stars and the
finite universe. For this reason, we have extended the study of acoustic
phenomena from two bubbles, in interaction, to bubble clusters with a large
number of bubbles in interaction (Simaciu et al., 2019c).

The phenomenon of absorption of sound waves generates an attractive
interaction between clusters and therefore gravito-acoustic forces (Simaciu et
al., 2019b). These phenomena specific to the cluster systems and their
consequences will be studied in a later paper.
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GAURA NEGRA ACUSTICA GENERATA DE UN CLUSTER
DE BULE OSCILANTE

(Rezumat)

Lucrarea demonstreaza ca un lichid devine neomogen in interactiunea cu un
cluster de bule oscilante. Deoarece indicele de refractie al lichidului din jurul clusterului
are o variatie radiald, se genereazi o lentild acustica sferici. In anumite conditii
restrictive, lentila acustica se comporta ca o gaura neagra acustica.
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