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The solution to the problem of the multi-functionality of acoustic location devices is connected with
creating opportunities for operational management of the characteristics of their acoustic systems. For this,
their acoustic screens must be made in electroelastic bodies. For a typical element of such a system,
consisting of a transducer and an electroelastic acoustic screen, the problem of determining analytical ratios
describing the mechanical, acoustic, and electric fields of this element is solved by coupled fields in multi-
coupled regions. At the same time, the mutual connection of acoustic fields during their formation, the
mutual influence of energy transformation and formation processes, the influence of the process of
operational management of the characteristics of the electroelastic acoustic screen, and the reaction of the
surrounding medium to the excitation of acoustic waves in them are taken into account. As a result of the
analysis of the results of the numerical experiment for the construction options of a typical element with the
same and different frequencies of the main resonances of the transducer and the screen, the dependence of
the mechanical and acoustic dynamic properties of the element during the operational change of the screen
characteristics was established and compared. The regularities of these properties for different frequency
ranges are determined, and their physical justification is given.

Keywords: Element "transducer-electroelastic screen", Operational management, Mechanical field,
Dynamic properties, Active acoustic screen, Mechanical fields.
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1. INTRODUCTION

The main direction of developing modern acoustic
location devices is to ensure their multifunctionality [1,
2]. She determines the need to manage the parameters
of the elements included in these devices. Such
parameters include directional properties, frequency
dependence, radiated acoustic power, etc.

The existing methods of managing these parameters
are conditionally divided into passive and active. One of
the most widespread passive methods is the use of
various types of acoustic screens. They can be made of
acoustically soft or acoustically hard materials, in which
PmCn (Where p and c, are the density and speed of

sound propagation in the material, respectively), will be,
respectively, smaller or greater than pyc, of the working

environment in which they work [3]. Screens with
intermediate values between soft and hard are called
impedance screens. The main disadvantage of passive
acoustic screens is the impossibility of operational
management of their parameters during the operation of
the devices [4-8].

The way out of this situation is to switch to active
methods. These include methods of controlling the
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parameters of location devices and their acoustic screens
from the electrical side [9, 10]. Their main advantage is
the possibility of operational control during the
operation of such devices. An acoustic screen made in the
form of an electroelastic body, for example, made of
piezoceramic material, has this possibility. As is known
from [11], depending on the selected frequency range of
its frequency characteristic, the acoustic properties of an
electroelastic body correspond to the properties of
acoustically soft, acoustically rigid, or impedance
acoustic screens, thus covering the entire set of
properties of passive screens.

At the same time, as part of the location device,
electroelastic acoustic screens perform two functions —
the function of energy conversion and the function of its
formation. Each of them has its characteristics [8-10].
When energy is transformed in piezoceramic media,
there is a mutual connection between physical fields —
electric, mechanical, and acoustic [12]. During the
formation of energy due to the multiple exchanges of
radiated and reflected sound waves between the
elements of the devices, the interaction of the acoustic
fields of these elements occurs [7]. And, finally, since
acoustic fields are present in energy transformation and
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Fig. 1 — Acoustic location device a) — physical model; b) — calculation model

its formation, there is also a mutual connection between
these processes [7].

Let's consider that a typical element of most acoustic
antenna designs is the "converter — acoustic screen"
system [1, 2, 8]. Then, the work aims to determine the
dynamic properties of the "transducer — electroelastic
screen" system under the operational control of screen
parameters and the connection of fields and processes in
the system.

2. STATEMENT OF THE PROBLEM AND ITS
SOLUTION

Consider the acoustic location device, the cross-
section of the physical model shown in Fig. 1a. The
device consists of a cylindrical acoustic screen 1 and a
cylindrical piezo transducer 2. Their longitudinal axes
are parallel and placed at a distance of [. Acoustic
screen 1 is a p/c (piezoceramic) shell with an average
radius 7; and thickness d,. The shell can be continuous
or sectioned. Its internal cavity can be vacuumed or
filled with gas or liquid. Shell 1 is excited by the
electrical voltage ¥, .

Piezo transducer 2 is a continuous or sectioned
structure with an average radius r, and thickness d,,

vacuumed, filled with gas or liquid. Transducer 2 is

excited by the electrical voltage ¥, . The location device

is placed in an elastic environment.

The calculation model (Fig. 1b) is a system of
parallel circular cylinders placed in the general
Cartesian coordinate system Oxyz . Local Cartesian and

circular cylindrical coordinate systems are associated
with each of the cylinders.

As shown above, the physical feature of the acoustic
location device is the presence of three types of
interactions during its operation — two types of
interactions  of  physical fields during the
implementation of energy transformation and formation
processes and one type of interaction of these processes
themselves.

Mathematically, these interactions of physical fields
and processes can be taken into account by jointly
solving the system of the following differential
equations:
the Helmholtz equation, which describes the
movement of media inside the screen and the
emitter and outside them:

AD, +k, D =0, s=1,2n=012;

equation of motion of the thin p/c shells of the screen
and the emitter with circular polarisation (for
sectional versions) in displacements:

u, ow 8w o*u
(t+4) a(p; " 8(; A 6(/723 B dsysﬁ,
T ., s=12 M
U, U Wy €335 Qs s
- + 5, - -—w, + nE.+-—=q.,. =0y, —=,
e R A
e equations of forced electrostatics for piezoceramics: 2 o2
shell of the s-th element; B =—; 1+% ;
P Lo _ 12r, Cis.6
E =—grady,, divD, =0, s=1,2. 0s 3356335
2
T,
Here A —the Laplace operator; @, —speed potential of a, = C% ; q,, —external load of the s -th element; C?gs
33s

the s- th element of the location system (inside n=1
and outside n=2); k,, — wave numbers of media (k&

inside and % outside the element); u

. and w, —

circumferential and radial components of the vector of
displacements of the points of the middle surface of the

, g?gs , €35., Vs — respectively, the modulus of elasticity

at zero electric stress, the dielectric constant at zero
strain, the piezo constant, and the density of the
material of the s -th p/c shell.

The procedure for the simultaneous solution of the
given system (1) of differential equations by the method
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of coupled fields in multi-connected domains is similar
to that described in [7].

To do this, let's divide the entire area of existence of
the physical fields of a typical element into several
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conjugation conditions of the internal @,  and external

2
@, = > @, fields at the boundaries of the distribution
s=1

partial areas. Then, the kinematic and dynamic  Of partial regions will have the form:
o0d,, (r,,

_M ow, 0<\¢7S‘<”T—’”ls—g5
or, ot 2

7a©l(rs,¢s)Z%,OS‘QS‘S”,Q:GS“‘E; s=1,2. (2)
or, ot 2

v, o,
_ 5 0< <

pl 6t p2s 6t ‘¢9‘

Mechanical u, and w, and acoustic ®,, and @,

fields of the screen (s=1) and transducer (s=2) are
arranged in series according to the angular and wave
functions of the circular cylinder:

- ing, - ing,
us - Z unse ’ ws - Z wnse ’
n n

Dy = ZA,LSH,(}) (kir,)e™; s=1..2. 3)

=1B, J, (kyr,)e™”;

To ensure the fulfillment of conditions (2) of the
conjugation of the acoustic fields of the screen and the
transducer in the external environment, the transfer of
coordinate systems was carried out based on addition
theorems [7,8] for cylindrical wave functions. Then, the
acoustic fields @, (r,,¢,) take the form:

_BmJ;L (klrls) + iClswm = O’

icw,, [A H' (k17)+ZAnq m(klsrl)

O, (k1 0,) = S AHD (R, ) e +
+> AanJm (klrs)Hflljm (kqus)ei(n—m)(/’qs , 4)

s=1,2;q #s,

here r, =1, ¢, —distance and phase between elements

s and q .

Algebraization of the system of functional equations
(1) and (2) using relations (3) and (4) and expression

E, = ~YosTs for the intensity of the electric fields of

zr,

the screen and the converter during their circular
polarization based on the properties of completeness and
orthogonality of systems of angular functions on the
interval [0;27 ] allows you to determine the unknown

coefficients of expansions (3) by solving an infinite
system of linear algebraic equations of the form:

)(Pq.,- :| — O,

1L, (i)

i(n-m)e,, 5
R w,, + h —=imp, {A H1 (Fyr, )+2Anq m(klr) (kll)e( )(”"“}— ()
e
_&ia)/JZSanJn (er‘s) %2‘8 VIOG .[ ew?’sd¢ )
h, Csss 0
R v (1 +pu° )2 - (1 + Bt - asysw2)(v2 + U~ asysa)2)
o v? (1 + ,Bs) — as}/sa)2

In system (5) A, and B, — are the unknown pressure (acoustic field) as the characteristics of the

coefficients of decomposition of acoustic fields into series
by cylindrical wave functions on the outside and inside,
respectively, of the s - th element; the first derivative of

the function is marked with a dash; J, and Hl()l) the

traditional notation of the Bessel and Hankel functions.

3. RESULTS OF THE NUMERICAL
EXPERIMENT AND THEIR DISCUSSION

We will apply the obtained ratios for the quantitative
assessment of the dynamic properties of the transducer
in the presence of an electroelastic acoustic screen with
operational control of its parameters. We will take the
frequency dependence of the amplitudes and phases of
the oscillating speed (mechanical field) and acoustic

transducer studied. We will determine these
characteristics on the surface of the transducer at a
point on the opposite side of the acoustic screen.

In the calculations, it was assumed: piezoceramics of

the composition ZnTiBPb-3 with density y = 7210 kg

piezo constant ey, = d%C;j; , where is the piezo modulus
dyy =286-107"7 = C
N’

dielectric constant

532))=128048.85-10'12£ and modulus of elasticity
m

N
Cf3 =136-10" — ; average radii of piezoceramic shells:
m>

0601106011-3



0.V. BocgpaNov, O.H. LEIKO, A.V. DEREPA

to the transducer 7, =0.068m at thickness A, =0.008 m
, number of prisms M, =48 and screen (first version)
1, =0.068m at thickness A =0.008m, number of
prisms M, =48, and excitation voltages y, =200V .
The screen with piezoceramics of the composition TiBK-

3 with density y = 5400—g3 , piezo constant ey, = algng?3 ,
m
where is the piezo modulus d,, =113-107" % , dielectric

eb = 1200-8.85.102 %
m

constant and modulus of

.. N .
elasticity Cfs = 10501010—2; 1, =0.068m at thickness
m

h, =0.008m , number of prisms M, =48; electric
excitation voltages at zero mode of oscillations

w, =200V and y, :{0;120; ZOO}V with a phase shift

between y, and y, ¢ = {0;%;71} ; the distance between

the surfaces of the emitter and screen shells was
assumed to be equal to 3mm . The inner cavities of both

shells were vacuumed (p,c, =0), and the external

The amplitude of the normal speed of screen oscillations
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environment was water (pc =1.5-10° k—zg .
m“s

Let's take into account several remarks. First, since
the dimensions of the transducer and acoustic shield
shells are the same, but the shells themselves are made
of the same (option 1) or different (option 2) compositions
of piezoceramic material, the natural resonant
frequencies of the transducer and the screen at the zero
mode of their oscillations can be the same or different
from each other. This makes it possible to carry out a
comparative analysis of the dynamic properties of a
typical element of a location device with one-frequency
and two-frequency versions of the typical element.

Secondly, in the absence of electrical excitation of the
piezoceramic shell of the acoustic screen, it is a
cylindrical body with complex acoustic properties in
different frequency ranges [12].

The frequency dependences of the dynamic behavior
of the mechanical and acoustic fields of the transducer

at the point (1, =0,¢,=0) in the presence of an

electroelastic screen with an operational change of its
electrical load are shown, respectively, in Fig. 2 and Fig.
3 for option 1; in Fig. 4 and Fig. 5 for option 2.

The amplitude of the normal speed of screen oscillations

012
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Fig. 2 — Frequency dependences of the amplitude (a, b) and phase (c, d) of the oscillating speed of a point on the surface of the electroelastic
screen (ZnTiBPb -3) without its electrical excitation ¥; =0V (a, ¢) and when excited by a voltage ¥; =200V (b, d)
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Fig. 3 — Frequency dependences of the amplitude (a, b) and phase (¢, d) of the acoustic pressure of a point on the surface of the
transducer in the presence of an electroelastic screen (ZnTiBPb -3) without its electrical excitation W; =0V (a, ¢) and when excited

by a voltage W, =200V (b, d)
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Fig. 4 — Frequency dependences of the amplitude (a, b) and phase (c, d) of the oscillating speed of a point on the surface of the
electroelastic screen (TiBaK-3) without its electrical excitation ¥; =0V (a, c) and when excited by a voltage ¥; =200V (b, d).
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Fig. 5 — Frequency dependences of the amplitude (a, b) and phase (c, d) of the acoustic pressure of a point on the surface of the
transducer in the presence of an electroelastic screen (TiBaK-3) without its electrical excitation ¥, =0V (a, ¢) and when excited

by a voltage W, =200V (b, d)

In the range of frequencies of mechanical resonances,
its acoustic properties are close to the properties of a
perfectly pliable body, in the range of frequencies far
from the frequencies of mechanical resonances of the
shell, they are close to the properties of an absolutely
rigid body. In the intermediate frequency ranges
between the frequencies of mechanical resonances and
far from them, the acoustic properties of an
electroelastic cylindrical body have impedance acoustic
properties. Thus, an acoustic screen in the form of an
electroelastic cylindrical body without electrical
excitation, depending on the frequency range in which it
is used, can have the acoustic properties of acoustically
soft, acoustically rigid or impedance screens.

Analysis of the given curves shows that the
transducer's mechanical and acoustic dynamic
properties in the presence of an electroelastic acoustic
screen, regardless of the values of their resonant
frequencies, have a resonant character. At the same
time, it is possible to distinguish three conditional zones
in the presented dependencies — low-frequency,
resonant, and high-frequency.

In the low-frequency zone, which covers the
frequency range f<0.7f), where f, — is the natural

resonant frequency of the converter, the following
physical factors operate. As is known [9, 10], in the
mechanical field of the converter, with a decrease in
frequency, the intrinsic mechanical impedance of the
shells increases rapidly since it has an elastic character
in this zone. At the same time, the radiation impedance
drops as the wavelength radius of the shells decreases.
This leads to a reduction in the role of the interaction of
the transducer shells and the screen on the acoustic field

when a typical element form it. Therefore, the oscillating
speeds (Fig. 2 ta Fig. 4) are completely determined by
the mechanical impedance of the converter shell. In this
regard, they begin to be almost the same, regardless of
the excitation conditions of the electroelastic screen
(Fig. 2b Ta Fig. 4b). At the same time; energy
transformation takes place in both shells, which
determines the interaction of physical fields in them.
The consequence of this interaction is, firstly, a
significant increase in the number of mechanical
resonances in the low-frequency zone and, secondly, a
significant increase in the amplitudes of the oscillating
speeds of the shells. At the same time, we pay attention
to the fact that the resonance frequency and amplitude
of oscillations of the converter shell are almost
independent of the nature of the electrical excitation of
the screen, which indicates a small effect of the acoustic
interaction of the fields in the system when both shells
form them.

The change in the resonant frequencies of the
transducer and the screen are manifested in the
frequency dependences of the mechanical field of the
transducer as follows. First, when the resonance
frequencies are the same (Fig. 2), a certain number of
new resonance frequencies appear in the low-frequency
zone, the values of which change by a factor 2...10 of f;

. Secondly, in the absence of excitation of the screen, the
amplitudes of the oscillating speeds differ significantly,
and many of them are smaller in magnitude than the
corresponding resonant frequency f, of the converter
and the screen. Thirdly, when the amplitude and phase

of the voltage change during the operative control of the
excitation of the screen, both the number and the
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amplitude of their oscillating speeds increase.
When the resonant frequency of the screen is
increased compared to f; of the converter, the frequency

dependence of its mechanical field in the low-frequency
zone also changes significantly. The number of new
additional mechanical resonances increases, as well as
the amplitudes of their oscillating speeds, both in the
absence of operational control of the screen (Fig. 2a and
Fig. 4a), and in its presence (Fig. 2b and Fig. 4b).

In the resonant zone, which covers the resonant
region of the transducer 0,7f <f<1.2f, the

mechanical impedances of the transducer and screen
shells are proportional to their radiation impedances.
Therefore, the interaction of physical fields of different
nature during energy conversion, and the interaction of
the acoustic fields of the transducer and the screen
during their formation, as well as the mutual connection
of energy conversion and formation processes and the
reaction of the environment begin to play a significant
role. At the same time, the dynamic change in the nature
of the electrical excitation of the piezo-ceramic acoustic
screen causes a change in both the resonant frequencies
of the "transducer — screen — environment" system and
the frequency dependence of the amplitudes of their
oscillating speeds. Multiple transitions of the phase
characteristic through zero indicate a change in the
nature of the full mechanical impedance of a
dynamically controlled system from elastic to inertial
and vice versa.

Changes in the mechanical resonances of the screen
and the transducer in the resonant zone are caused by
the following. If these values are the same, the resonant
frequency of the transducer in the presence of the screen
does not change and remains equal to the frequency of a
single transducer (Fig. 2a, Fig. 2c). When the resonant
frequency of the screen increases (Fig. 4a, Fig. 4c) the
resonant frequency of the converter in the presence of
the screen also increases. At the same time, the number
of new additional mechanical resonances in this zone
remains unchanged.

The operational change of the electric voltage of the
excitation of the screen when the resonance frequencies
of the converter and the screen are the same causes a
change only in the amplitudes of the oscillatory speed of
the converter at the resonance frequency f, (Fig. 2a,

Fig. 2¢), and when the resonance frequency of the screen
is increased, the resonance frequency of the converter f,

together with its amplitude of the oscillatory speed.
In the high-frequency zone, which covers the range
f =1.2f,, thereis an increase in the inherent mechanical

impedances of both shells, which are inertial in this
zone, and an increase in the radiation impedance of the
transducer and the screen with frequency. The result of
this is the practical independence of the mechanical field
of the transducer (Fig. 2) in the presence of an
electroelastic dynamically controlled acoustic screen
from dynamic changes in the electrical excitation of the
screen.

Naturally, the established dynamic properties of the
mechanical field of the transducer in the presence of an
operatively controlled electroelastic acoustic screen are
also reflected in the acoustic field of the typical element

"transducer — electroelastic acoustic screen" (Fig. 3).
And they are related both to the interaction of physical
fields and processes during the transformation and
formation of energy by this element, and to the dynamic
control of the parameters of its electroelastic screen.

The analysis of the given curves (Fig. 3) shows that
the acoustic field of the studied typical element has a
resonant character regardless of the values of the
resonant frequencies of the transducer and the screen.

The interaction of physical fields and processes in the
transformation and formation of energy determines the
placement and enrichment of the frequency spectrum of
the converter in the presence of an electroelastic acoustic
screen. At the same time, a number of features appear.
First of all, both when the resonant frequencies of the
transducer and the screen coincide and when they differ
in the low-frequency and resonant zones, the amplitudes
of the acoustic pressure are many times greater than the
amplitudes of the acoustic pressure of the sound field,
which is formed by a single transducer. In the high-
frequency zone, this effect disappears, and the pressure
amplitudes of the transducer in the presence of an
electroelastic screen and without it are close to each
other, regardless of the frequencies of the main
resonances of the transducer and the screen.

Secondly, most of the new additional resonant
emissions of acoustic pressure, regardless of the values
of the main resonances of the transducer and the screen,
are concentrated in the low-frequency zone. All of them
are narrow-band, and their resonant frequencies are
many times lower than the resonant frequency of a
single transducer.. in the resonant zone, the resonant
region of a single transducer undergoes significant
changes under the influence of an electroelastic acoustic
screen placed nearby, regardless of the frequency of its
main resonance.

The consequences of operational control of the
acoustic field of the transducer through changes in the
electrical excitation of the acoustic screen are changes in
the values of resonant frequencies, resonant bands, and
amplitudes of resonant emissions of acoustic pressure.
This is especially evident in the resonance zone. In
addition, shown in Fig. 3 curves make it possible to
determine the increase in the role of the acoustic
interaction of fields when performing the function of
their formation by a typical element in the low-
frequency and, especially, resonance zones on the
dynamic properties of the element when its operating
frequency is increased. The physical reasons for the
appearance of such an effect were established during the
study of mechanical fields [13].

CONCLUSIONS

It has been shown that a possible approach to
ensuring the multi-functionality of modern location
acoustic devices is to replace their passive-type acoustic
screens with active ones. The latter allows you to quickly
change their acoustic properties while also controlling
the dynamic properties of the devices. A typical element
of such devices is a piezoceramic transducer placed next
to an electroelastic acoustic screen.

A physical and computational model of such an
element is proposed. It was established that its dynamic
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properties are determined not only by the conditions of
operational control of the electroelastic screen but also
by the interaction of physical fields during the
implementation of energy transformation and formation
processes, as well as these processes themselves.
Analytical relations for determining physical fields of
various natures are obtained by the method of connected
fields in multi-connected domains, taking into account
the given interactions. Based on the analysis of the
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3ajiesKHiCcTh MUHAMIYHHUX MEeXaHIYHUX Ta aKyCTHYHHX BJIACTUBOCTEN CHUCTEMH
«IlepeTBOpIOBaY — €JIEKTPONPY:KHUMN €KPAH» BiJl 9aCTOTH €JIEKTPUYHOrO 30yIKeHHA eKpaHa
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Pimenns mpobiemu  6araTodyyHKITIOHATIBHOCTI

aKyCTUYHMX JIOKAI[IMHUX IIPUCTPOIB IIOB's3aHe 31

CTBOPEHHSIM MOKJIMBOCTEH OIIePATHBHOIO YIIPABJIIHHS XapaKTePUCTUKAMU 1X aKyCTHYHUX cucTeM. J1 7151 1160ro
iX aKyCTUYHI €KpaHW [IOBMHHI OyTHM BHUKOHAHI B €JIEKTPOIPY:KHUX Tirax. J[yist THmoBoro ejgemeHTta Takrol
CHCTEMH, ITI0 CKJIAJAETHCS 3 [IePEeTBOPIBAYA Ta eJIEKTPOIIPYKHOTO aKyCTUYHOIO €KpaHa, 3a/1a4a BU3HAYEHHS
AHAJITUYHUX CIIBBIHOIIEHD, [0 ONUCYIOTh MEXaHIuHe, aKyCTUYHE Ta eJIeKTPUYHE II0JISI IIHOT0 eJIEMEHTa,
BUPIIIYETHCS 3B’I3aHUMU TIOJISIMU B 6aratro3s’sisaHux obsactsax. [Ipu poMy B3a€MHUI 3B'SI30K aKyCTUYHUX
TOJIIB i 9ac ix GopMyBaHHS, B3a€MOBILJIUE IIPOIECIB IEPETBOPEHHS eHeprii Ta (popMyBaHHS, BILIUB IIPOLIECY
OIIEPATHUBHOIO YIPABJIHHS XApPAKTEPUCTUKAMH EJIEKTPOIPYIKHOIO AKYyCTUYHOIO eKpaHa Ta peakIfl
HABKOJIUIIHBOTO CePeIOBUINA HA BPAXOBAHO 30Y/KEHHS B HUX AKYCTHYHUX XBUJIb. ¥ PE3yJIbTaTl aHAJI3y
peSyJILTaTiB YNCEeJIbHOT'O0 €KCIIEpUMMEeHTY IJIsd BapiaHTiB KOHCprKL[ﬁ THUIIOBOT'O eJIieMeHTa 3 OJHAKOBHMM Ta
piSHI/IMI/I JacToTaMHu OCHOBHHUX pesoHchiB IIepeTBOpoOBavYa Ta eKpaHa BCTAHOBJIEHO 3aJIeDI{HiCTL MeXaHi‘IHI/IX
Ta aKyCTI/IKO-L[I/IHaMi‘IHI/IX BJIACTUBOCTEH eJIeMeHTa Bi,Z[ B XO,Hi OHepaTI/IBHOi 3MiHI/I BCTAHOBJIEHO Ta HOpiBHHHO
XapaKTepUCTUKY eKpaHa. BH3HAYeHO 3aKOHOMIPHOCTI ITUX BJIACTHBOCTEH JJIA PI3HUX [IAla30HIB 4acroT 1

HAJIaHO iX Qi3uuHe 00rPYHTYBAHHS.
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