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PHYSICAL FIELDS OF

DYNAMICALLY CONTROLLED
HYDROACOUSTIC RADIATOR
WITH RADIAL POLARIZATION

The nature of the polarization of piezoceramic elements
plays an important role in the construction of piezoceramic
hydroacoustic transducers with dynamically controlled
parameters from the electrical side. However, to quantify
this role, depending on the polarization, radial or circumfe-
rential, of the transducer's piezoelectric elements, appro-
priate calculation ratios are required. By the method of
coupled fields in multiconnected domains taking into
account the connectivity of electricc mechanical and
acoustic fields during energy conversion and acoustic
interaction of transducer elements during its formation,
expressions for the named physical fields depending on
amplitudes and phases are calculated.

Keywords: piezoceramic transducer, radial polariza-
tion, dynamic electric excitation.

INTRODUCTION

The tendency to reduce the operating frequencies of
hydroacoustic stations (HAS), while maintaining their di-
rectional properties, their versatility and lack of opportuni-
ties to increase the size of ship compartments, which house
hydroacoustic antennas of HAS, forces to search for ways
to dynamically control the parameters of hydroacoustic
antennas [1—5]. Since hydroacoustic transducers are
electromechanical oscillating systems [6], formed from two
interconnected parts in a single structure — electrical and

mechanical, then, of course, for the technical implemen-
tation of the task of dynamic control of transducers it is
necessary to use the electrical part [7, 8]. But for this purpose
it is necessary to change in some way the scheme of
construction of the hydroacoustic transducer, having entered
into its design structure: first, elements by means of which it is
possible to carry out electric control of its parameters; and,
secondly, the elements by which it is possible to provide a
physical connection between all the elements of the transdu-
cer. Regarding the cylindrical hydroacoustic transducer, such
a scheme of its construction is proposed in [7, 8]. According
to it, the transducer is formed of two piezoceramic shells with
parallel longitudinal axes placed in each other so that the
longitudinal axes of the shells are either coaxial or spaced
inside. The space between the shells is filled with some elastic
medium. It can be gaseous or liquid. Introduction to the
transducer of the second shell allows to electrically control the
properties of the transducer, changing the amplitude and phase
of the electrical signals of the excitation of the shells. Filling
the space between the shells with an elastic medium creates
the conditions for their physical interaction with each other
through the acoustic field formed in this space due to the sound
waves emitted and repeatedly reflected by each of the shells.

This proposed construction of the hydroacoustic
transducer has many control factors for its parameters. It is
known [6, 9] that the hydroacoustic transducer performs
two interrelated functions — the conversion, in particular, of
electrical energy into mechanical and acoustic and the
formation of acoustic energy in the surrounding elastic
media. For piezoceramic transducers, the control factors for
their energy conversion parameters are:

amplitudes and phases of excitation voltages;

composition and polarization of piezoceramics;

physical characteristics of elastic media in the internal
spaces of the transducers;

geometric characteristics of transducer designs.

In the formation of acoustic energy to these factors a
wave dependence associated with the frequency of the
transducer is added.

Analytical determination of physical fields that are
formed during the operation of dynamically controlled
transducers of this type of construction is associated with
the following interactions:

interaction of electric, mechanical and acoustic fields
during energy conversion;

acoustic interaction of structural elements of transducers due
to radiation and repeated reflection of sound wave shells;

interactions in transducers of processes of transforma-
tion and formation of energy.

The fundamental point of consideration of all these
interactions is the choice of the nature of the polarization of
the piezoceramic elements of the transducers. This is due to
the type of differential equations that describe the behavior
of piezoceramic shells in the computational models of the
studied transducers. The literature describes the physical
fields of electrically dynamically controlled transducers of
the cylindrical type when used in the construction of their
circumferential polarization [10].

The aim of this work is to determine the analytical
relations that arise in a dynamically controlled cylindrical
hydroacoustic transducer with radial polarization of its
piezoceramics. A technical example of such a transducer is
shown in Fig. 1.
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Fig. 1. Sample ring transducer

FORMULATION OF THE PROBLEM

The physical model of the dynamically excited hydro-
acoustic transducer (Fig. 2) is two cylindrical piezoceramic
shells — outer 1 and inner 2 with parallel longitudinal axes. The
axes are spaced apart in / 0,0," The space between the shells 1
and 2 is filled with an elastic medium. The inner shell 2 is
evacuated or also filled with an elastic medium. Both shells are
solid and their cylindrical surfaces are covered with thin
electrodes. Exciting electrical voltage signals are supplied to
the electrodes for the outer 1 shell ¥1 =¥1,¢ " and for the

inner 2 shell ¥> =w;e "

tudes of the excitations, and a — the phase shift between them.

.Here ¥1 and ¥ — the ampli-
The shells have respectively average radii 7; and 7, and
thicknesses 4 and f, are small relative to their radii. The

transducer is placed in an infinitely elastic medium.
According to the described physical model, the
calculation model (Fig. 2) is as follows.

Fig. 2. Normal cross section of a cylindrical hydroacoustic transducer

We introduce local Cartesian and circular cylindrical
coordinates associated with each of the shells: O XY, Z,

and 7,¢,z, — for the outer (s = 1) shell and O, X,Y,Z, and
1,¢,z, — for the inner (s = 2) shell. The space of existence

of the sound field of the transducer is divided into 3 partial

areas (j = 1, 2, 3): outer (j = 1), inner between the shells (j
= 2) and inner of the second shell (j = 3).

The above physical features of the processes of
transformation and energy formation by a dynamically
excited transducer, associated with the interaction of fields
and these processes, mathematically in the calculation
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model are reflected in the joint solution of the system of
differential equations, which includes:

— Helmbholtz equation, which describes the oscillating
motion of the media inside and outside the transducers of
the system:

ACI)(jS) +qu,(js> =0,;=1,2,3; (1

— equations of motion of thin piezoceramic shells with
radial polarization in displacements:

aZ (S) a (S) 83 (S) al S)
(L+5;) X Tt 2 s W3 =agys uz , @
dps- 99 99; ot
ou®® 3 ot 857 Iw®
- +ﬁs( au ~ J_MJSH— N SE¢5+%qu :asys_atz ;
@ % og Gis h

- equations of forced electrostatics for piezoceramics:
E, =—grady; divD, =0. S=1,2. 3)

In expressions (1)—(3): j — is the number of the area of
existence of the acoustic field; A — Laplace operator; d)(js)

00" (k7,9 _ ow

— the potential of the velocities of the S-th shell in the j-th
region; k I the wave number of the medium in the j-th

region; u® and w® — tangential and radial components
of the vector of displacements of the points of the middle
surface of the S-th shell; S, =42 /12r, (1+¢€ / CEelS));

a,=1./Cls; q,s — external radiation load of the S-th
shell; C£

S
s> Gus> Eso Vs
elasticity at zero electric voltage, the piezoelectric constant,
the dielectric constant at zero deformation, the density of

— respectively, the modulus of

the material of the S-th piezoceramic shell; Es and DS -

vectors of voltage and induction of the electric field in the
S-th shell.

To concretize these general equations, according to the
physical formulation of the problem, they must be
supplemented by the conditions of conjugation of acoustic
fields at the boundaries of partial regions and shells and
electrical conditions.

Conditions of conjugation of acoustic fields take the
form:

hy

0<|gl<sz, n=r"=r+2;
e FYI |(P1| 1=h 0T
(1) 0
GG NI P S ¥
4)
aq)(zz)(kzrz ?,) ow'? @ h,
2T = ,0<|p <7, =17 =1, +—=2;
o, By |¢2| 2 =h 0T
aq)gZ)(kfz ?,) ow'? @ h
2P = ,0< <z, r=r?=r —2;
ai"z ot |¢2| 2 2 20 P

O,

Here o, and o, — the normal components of the

tensors of mechanical stresses of the first and second shells
of the transducer; p, =—iwp,®@,(kr,9),

P, =—1ap,P, (kzrz( 2)’% ), Py ==, (k3r2( 2)’%) — acous-
tic pressures in the relevant areas.

The electrical boundary conditions consist in setting the
electric field voltage in each of the piezoceramic shells and
for their radial polarizations have the form:

=Y 512 (6)
S
SOLVING THE PROBLEM OF DETERMINING
PHYSICAL FIELDS
We present the displacement of the shells in the form of
expansions into rows of the form:

E

@S

inQg N ) i
u® :ZM’ES)e o . wh )zzwl(q )em%, S=1,2. (7)
n n

The acoustic potentials of the velocity in the regions j =
1, 2, 3 are represented by the expressions:
in the outer region (j = 1)

1= 74 :_[p1 (klrl(l))_pz(kzrz(l)) ]» 0< |¢1| <7,
0,,=74, =_[p2 (kzrl(z))—p3 (k3r2(2)) ]’ 0< |¢2| sz

} 6))

O (k1. 0) = LAV H  (k)e™: @

in the inner region (j = 2) between the shells

q)(zz)(kzrz’(pz) = Z[Bm J (k) +C,N,, (kzrz)] e"”; (9)

in the inner region of the second shell (j = 3)

OO (kyry, )= D D,J  (kyry)e ™. (10)
¥

In the second partial region (j = 2) the field is
represented in the local coordinates of the second (S = 2)
shell. At the same time, the boundary conditions at the
boundary 5, = /"’ are given in the local coordinates of the
first (S = 1) shell. The transfer of coordinate systems is
carried out on the basis of addition theorems for cylindrical
wave functions [11]. When 5, >/ 0,0, W€ have:

Jm (k2r2 )eim(oz — z Jm—n (k21020] )ei(m—n)'/’020| Jn (kz’i )ein(ol ;

N, (ky)e™ =3 T, (kyly o )e " " N, (k,r)e™.
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Then in the coordinates (7;,¢,) of the shell with the
number S = 1 the field of the shell with the number S = 2
the field @, (k,7,,,) will look like:

(D(22) (k2r1’¢1) = Z Z [Bm"]n (k2rl) + CmNn (k2r1):|x

i(m=n)Qo,0, ing, _
(Koo 0 )e e =

me_

= B,J, (k) +C,N, (k)| AL e
m n( 21) m n( 21) m—n H

i(m—n)
e

(12)
(2D _

where A" =J, (Kly)

Algebraization of the system of functional equations

(1)—(6) using relations (7)—(12) allows to obtain on the
basis of the properties of completeness and orthogonality

of functions ¢™ on the interval 0< ¢ <27 the following
infinite system of linear algebraic equations:

R(l) (1) hl ia){plAﬂH,}(klfi(l))_pzz[BmJ”(kﬂ’z(l))-l-
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In expressions (13) we have:
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derivative of a function by argument 7 .

~[1+ B oy |, S =1,2;

«bar» means a

The solution of an infinite system (13) of linear algeb-
raic equations by the method of reduction or the method of
successive approximations allows to determine with a
given accuracy the quantitative values of the decompo-
sition coefficients of the physical fields of the investigated
hydroacoustic transducer and then the quantitative values
of these fields. The calculated expressions for obtaining
quantitative values are as follows.

For mechanical fields of a hydroacoustic transducer
with dynamically controlled parameters, the oscillating

velocities of its piezoceramic shells are determined by the
relations:

ow®

- for the speed of radial oscillations

ot
where w'® and %) are described by expressions (7).

For the acoustic fields of the investigated transducer,
the sound pressure on the surface of the outer shell is
determined by expression (8) and on the outer surface of
the inner shell — by expression (9).

The electric excitation currents J' of the shells can
be calculated for shells with radial polarization according
to the relations [12]:

J® = J‘

St

2r
. e o ings 1"
J® :za)j |:_g33s —IZS +25 (D Ve +
0 n

s Ts

oD
a —= dS(’/S ’

+z wff)ei"“’s ):|r0sd¢5'

Here § is the area of the cylindrical surface of the

electrode of unit length of S-th shell; 9D — radial

component of electrical induction of the S-th shell.

CONCLUSIONS

It is shown that in determining the analytical relations
that describe the physical fields of a cylindrical piezocera-
mic hydroacoustic transducer when excited by a dyna-
mically controlled signal from the electrical side, the nature
of the polarization of the applied piezoelectric elements is
of fundamental importance. By the method of bound fields
in multiconnected domains taking into account the connec-
tivity of physical fields in piezoceramic media during
energy conversion and acoustic interaction of shells for-
ming a transducer, calculated expressions are obtained that
allow to quantify the dependences of electric, mechanical
and acoustic fields at operative change of amplitudes and
phases of electric voltages of excitation of piezoceramic
covers of the hydroacoustic transducer.
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Hepena A. B., Jleiiko O. I'., lInmxosa K. A.,
IMo3ausaxosa O. M.

@I3UYHI TOJIA JTMHAMIYHO KEPOBAHOI'O
I'TAPOAKYCTHYHOI'O BUITPOMIHIOBAYA
3 PAATAJIBHOIO MNOJIAPU3AIIIEIO

TeHOeHYis 3HUXeHHs pobo4ux 4acmom 2i0poakycmudy-
HUX cmanuyit, npu 36epexeHHi Ix HanpasneHuUx enacmu-
socmel, ix 6azamogyHKUioOHanbHICMb | 8i0CymHicMb
Moxnugocmel 36iibWeHHA po3Mipig KopabenbHUX 8i0-
Cikis, 8 AKUX pO3Miujylomecs 2i0poaKycCmuyHi aHmMeHu,

3mywye 30ilicHI08amMu NOWyK WiiAxie OUHAMIYHO20 ynpas-
NiHHA napamempamu 2i0poakycmu4yHux aHmeH i ymeo-
protodux ix nepemsoprosadig. OcCKiflbKu 2i0poakycmuyHi
nepemgoprosayi A8nAlOMb  COBOK  e/1eKMpPOMeXaHiYHi
KOJIUBA/IbHI cUCMeMU, W0 ymeopioromscA i3 080X 38’A3a-
HUX MiX c000l0 8 €OUHIU KOHCMPYKUIi 4yacmuH — erek-
MPUYHOI Ma MexaHi4Hol, mo 0514 mexHiuHoi peanizauii
3a0ayi  OUHAMIYHO20  ynNpadesiHHA  napamempamu
nepemsoprosayie HeobxiOHO 8uKopucmosysamu came
enekmpuyHy 4acmuty. lpu nobyodosi n’e3okepamidyHux
2i0poakycmuy4HUX nepemaoplosayie 3 OUHAMIYHO Kepo-
8AHUMU napamempamu 3 eJ1IeKmpuUYHOi CMOPOHU XapadkK-
mep nosnApu3ayii n‘e3okepamidyHux enemeHmis 8idipae
8aX1uBy posb. Ane 0518 8U3HAYEHHS KislbKicHO yiel poni 8
3a51exHoOCmi 8i0 Moe2o, AKy nosapu3ayito — padiansHy Hu
OKPYXXHY MalomMb N’€30esieMeHmu nepemaopiosayd, Heoo-
XiOHi 8i0N08iOHI po3paxyHKosi cnisgioHoweHHs. [TokazaHo,
WO Nnpu BU3HAYeHHi AHANIMUYHUX ChiB8iIOHOWEHb, AKI
onucyrome hi3uyHi nona YuniHOpUYHO20 n’'e3okepamiy-
HO20 2i0poaKycmu4Ho20 hepemasopiosaya npu Uo2o
36Y0XeHHi OUHAMIYHO KepOB8AaHUM CU2HAJIOM 3 efleKmpuy-
HOI' CMOpOHU, Xapakmep nosfApusauii 3acmocosaHux
n‘ezoenemeHmis Habysde NPUHUUNOBO B8AX/IUBO20 3HA-
yeHHA. Memodom 38'A3aHux nosie 8 6ad2amo3e’a3Hux
0b61acmsx 3 ypaxysaHHAM 38’A3aHOCMi Gi3UYHUX noJlie 8
n’ezokepamiyHux cepedosuAX NPU NepemeopeHHi eHepaii
i akycmuyHoi 83aemodil 060/10HOK, ymeopioloHux nepe-
meoprosay, 00epXxaHi po3paxyHKosi 8upasu, wo 00380-
JIAIOMb  KiZIbKICHO OUiHUMU 3d7exHocmi napamempis
e/IeKMPUYHUX, MEeXAHIYHUX | aKyCmu4HUX nonie npu
onepamusHiti 3mMiHi amnsiimyo i haz enekKmpudHUX Hanpya
30y0XXeHHA N'€30KepamidHUxX 06OIOHOK 2i0poakycmuy-
HO20 nepemeoprosaud.

Knioyosi cnoea: n’ezokepamiyHuli nepemsoprosay,
paodianbHa nonsapusayis, OUHAMiyHe enekmpuyHe 30y-
OXeHHH.
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