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ENERGY CHARACTERISTICS

OF MULTIFUNCTIONAL
HYDROACOUSTIC COMPLEXES
WITH ELECTROELASTIC ACOUSTIC
SCREENS

It is shown that one of the approaches to ensuring the
multi-functionality of ship hydroacoustic instruments is
the transition from several hydroacoustic stations to one
multifunctional hydroacoustic complex. For this purpose, it
is proposed to replace passive acoustic screens with active
electroelastic bodies in these devices, the acoustic properties
of which can be quickly controlled with the help of electric
voltage. Analytical relations for determining the radiated
acoustic energy were obtained for a typical element of
hydroacoustic complex, which consists of an electroelastic
transducer and an acoustic screen, under the conditions
of connectedness of physical fields and processes by the
method of connected fields in multi-connected regions.
Numerical dependencies of radiated acoustic energy for
different spatial directions of radiation and different options
for excitation of an active acoustic screen were established
by the method of numerical experiment and analysis of its
results. Energy results are compared for a typical element
and its single transducer.

Key words: electroelastic acoustic screen, transducer,
energy characteristics, electrical excitation of the screen.

INTRODUCTION
To fulfill their combat tasks, ships of the Navy have re-
cently been equipped with many hydroacoustic stations
(HAS) of various purposes [1, 2], their main purpose is to
illuminate the underwater situation, including:
— detection of targets at the greatest possible distances;
— classification of targets at medium distances using
active and passive modes of HAS operation and high-
precision processing of detected signals;

— localization of targets at short distances in active
and passive modes with determination of current
coordinates and parameters of target movement.

In addition, HAS provide underwater sound communi-
cation between ships, their mutual recognition, technical
intelligence in the form of detection of hydroacoustic ra-
diation and countermeasures against enemy hydroacoustic
instruments. And there are also actual tasks related to the
self-defense of the ship. These include anti-torpedo pro-
tection, protection against combat swimmers — saboteurs.
Preservation of the combat stability of the ship is achieved
by the ship’s hydroacoustic instruments of illumination of
the immediate situation — detection of mines, navigational
obstacles and avoidance of them.

An obligatory element of any HAS is its hydroacoustic
antenna. Its placement on the ship needs to meet a number
of requirements. First, in the underwater part of the ship’s
hull, transport compartments must be allocated for placing
hydroacoustic antennas in them. Secondly, these compart-
ments should be located in that part of the ship’s hull, where
comfortable acoustic conditions are fully created for the
further operation of hydroacoustic antennas. In most cases,
they occupy the front third of the ship.

But in modern hydroacoustics, the tendency to reduce
the operating frequencies of HAS is gaining ground, due
to the need to increase the detection range of underwa-
ter objects. Its practical implementation is related to the
increase in the size of the hydroacoustic antennas of the
HAS in order to preserve the directional properties of the
HAS. In turn, this requires an increase in the size of trans-
port compartments for placing hydroacoustic antennas in
the hull of ships, which is impossible for most classes of
modern ships.

In order to solve this problem, several approaches have
been proposed. The first of them was related to the removal
of overall low-frequency hydroacoustic antennas outside
the ship’s hull [1—4]. This is how HAS with variable depth
antennas appeared. These include HAS with lowering and
HAS with towed hydroacoustic antennas. A feature of these
HAS is the possibilities associated not only with the increase
in the size of their hydroacoustic antennas, but also with their
placement at depths associated with optimal hydrological
conditions for the propagation of sound waves in marine
environments [1, 2]. Naturally, the transition to HAS with
variable depth antennas led to the creation of new types of
hydroacoustic antennas: concentrated, structurally compa-
tible with distributed reception and radiation functions [3],
concentrated based on multimode transducers [5], flexible
extended towed [2] and others [4].

The second approach is related to the replacement of
several single-function HAS with hydroacoustic antennas
placed in the ship’s hull with one multifunctional hydro-
acoustic complex (HAC) [6].

At the same time, the main modes of operation of the
HAC are the modes of echo direction finding and noise
direction finding. Additional modes include underwater
sound communication, detection of hydroacoustic signals,
anti-torpedo protection, and countermeasures against the
enemy’s hydroacoustic instruments. All these modes are
based on the use of a wide range of frequencies, including
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low frequencies. Their technical implementation can be
carried out on one hydroacoustic antenna, provided that
its acoustic properties change dynamically depending on
the need, thus eliminating the need to place many hydro-
acoustic antennas in the ship’s hull. This simplifies the
conditions for ensuring the acoustic comfort of the ope-
ration of this antenna on the ship. Usually, the creation of
spatial selectivity of hydroacoustic devices is carried out
by introducing acoustic screens into their hydroacoustic
antennas [ 1, 2]. Until recently, these were passive acoustic
screens — acoustically soft, acoustically hard or impedance
[3, 4, 7]. Their acoustic properties can be changed only by
changing the screen type. At the same time, the latter can
be achieved by using active acoustic screens during the
construction of antennas. These include acoustic screens
based on electroelastic bodies. Such screens have an electri-
cal side, thanks to which changing the amplitude and phase
of the electric excitation of the electroelastic body creates
the possibility of operational control of both the acoustic
properties of the screen and, accordingly, the frequency
characteristics and spatial selectivity of hydroacoustic an-
tennas and complexes.

As is known [3, 5, 6], a feature of performance of hydro-
acoustic antennas as electroelastic devices of the functions
of energy transformation and formation is the connection
of physical fields and the above functions with each other
during the operation of the antennas.

For the practical application of HAC with acoustic
screens based on electroelastic bodies, it is necessary to
investigate, firstly, the scientific principles of determining
the active physical fields and processes in the conditions
of connectivity and, secondly, the quantitative regularities
of their dependence on the parameters and characteristics
of electroelastic screens in various conditions operative
management of them.

Therefore, the purpose of this work is to study the energy
characteristics of hydroacoustic antennas with electroelastic
screens in the conditions of connectivity and operational
control of screen parameters.

STATEMENT AND SOLUTION

OF THE PROBLEM

First of all, let’s note that in most cases, shipboard HAS
and HAC are built on the basis of circular cylindrical hy-
droacoustic antennas [1-6]. Their positive quality is that
they can work in the modes of circular and sector radiation

and reception of sound energy. A typical element of such
antennas is an electroelastic transducer placed next to the
acoustic screen. Knowing its frequency, energy and spatial
dependences, it is possible to further determine all the ne-
cessary characteristics of circular antennas in different modes
of their operation.

Consider a typical element, the physical model of which is
shown in Fig. 1 a. The element consists of a circular cylindri-
cal electroelastic screen 1 and an electroelastic transducer 2
with parallel longitudinal axes. Acoustic screen 1 has an
average radius 791, thickness di and is made in the form of a
segmented body with M| piezoceramic segments — a prism.
Transducer 2 with average radius ro2, thickness d> is also
made of M> piezoceramic prisms and is located at a distance
[ from screen 1. The prisms are rigidly connected to each
other and electrically connected in parallel. Compositions
of piezoceramics of the screen and the transducer can be the
same or different. This approach with the same or different
average radii 701 and 7o allows to study the characteristics of
a typical element with the same or different main resonance
frequencies of its components.

The internal cavities of the screen and transducer struc-
tures can be vacuumed, filled with HAS or liquid. The elec-
tric excitation of the electroelastic screen and the transducer
is carried out by electric voltages y1 and o, respectively, the
phase shift between which is the value of ¢.

The calculation model (Fig. 1 b) of a typical element is
formed from its physical model by placing it in the general
Cartesian coordinate system OXYZ, and each of its compo-
nents in local Cartesian coordinates (0sxyszs) and related to
them circular cylindrical (rs, @5, zs) coordinates (s=1, 2). A
typical element surrounds the environment i=1 with specific
wave resistance pisi, where p1 and s1 are the density and
propagation speed of sound waves in it, respectively. The
internal cavities of the screen and transducer are filled with
media =2 with wave resistances pasc2s, where s=1 for the
screen and s=2 for the transducer.

In mathematical terms, the consideration of connectivity
conditions can be taken into account [ 1-3] by jointly solving
a system of three differential equations:

— the Helmholtz wave equation, which characterizes the
movement of media in all partial i=1, 2 regions:

ADj + kig®is =0, s=1, 2; =1, 2;

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

b)

Fig. 1. Physical model (a) and calculation model () of a typical antenna element
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— equations of forced electrostatics for piezoceramics:

E,=—grady ; D,= 0;5=1, 2.

Interpretations of all notations in expressions (1) are giv-
en in [9], and the intensity of electric fields is defined as
E(ps =y M | 27ry

To solve the system (1) of differential equations, we apply
the method of coupled fields in multi-connected regions. As
partial areas, we will choose the outer (i=1) and inner (i=2)
areas of the screen (s=1) and the transducer (s=2).

Then the kinematic and dynamic conditions of the conju-
gation of the acoustic and mechanical fields at the boundaries
of the partial regions will have the form:

oDy (15,
_00i(r.0) avjs 0=y <27,y =15 =rps +hg 12

O
oD, (r,, 0
_ Zés ¢S): Ws ’Os(psgzﬁ,rszrzszros—hs/2; (2)
T ot
P1OP 0D,y
=| L5 2 | 0< g <27, =1, ,5=1, 2.
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where @ (75,05 ) and @ (7, @5) is the velocity potential of the
external (i=1) and internal (=2) acoustic fields of the screen
(s=1) and the transducer (s=2).

Let’s determine the mechanical and acoustic fields of the
components of a typical element in the form of expansions
in Fourier series by angular and wave cylindrical functions,
respectively:

_ inQs . _ inQs .
Ug = zunse YWy = zwnse >

(I)ls Ts 3¢g ZAnsH klr m(ps > (3)

(D2v va(/’s z

Then the acoustic field of a typical element in the region

o (kyry) ”"’s,s=1, 2.

2
i=1, ®; = > @ (7, ), defined in local coordinates of the
s=1
s-th element using addition theorems for cylindrical wave
functions [10], takes the form

D (klrs’¢7s) = ZAner(tl) (klrs

T S ) )

s=1, 2,q¢s.

)einqas T

Here r4=1, p4s 1s the angular coordinate of the center Oy
in s-th coordinate system.

Algebraization of the system of functional equations (1),
(2) taking into account expressions (3), (4) and using the
properties of completeness and orthogonality of systems
of angular functions e”¢ on intervals [0,27] leads to the ap-
pearance of the following infinite system of linear algebraic
equations:
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In equations (5), the expressions for R, are given in
works [1, 2, 9, 10], the dash “” means the derivative of
the function. To solve the infinite system (5), the reduction
method or the method of successive approximations [3, 6]
is used. As a result of the solution, the quantitative values
of the sought coefficients of the expansions (3) are obtained
with a predetermined accuracy.

ANALYSIS AND DISCUSSION OF THE RESULTS

OF THE NUMERICAL EXPERIMENT

When analyzing the radiation of a typical element, the
energy characteristics become important. By acoustic ener-
gy we will understand that part of the energy of the sur-
rounding element of the environment, which is caused by
the appearance of sound waves in it. For the model of an
ideal compressible fluid, which is considered in the work,
the total acoustic energy E(rs,@;) at any point of the medi-
um with coordinates (r,¢s) consists of kinetic and poten-
tial energies and is defined as E(rs,¢5) = P(7s,¢s) I/I—/(rs, 0s),
where P and W respectively, are the acoustic pressure and
the complex conjugate of the oscillating velocity ¥ at the
point (rs,¢s). In order to conduct qualitative and quantita-
tive analyzes of sound radiation by an electroelastic trans-
ducer in the presence of an electroelastic acoustic screen
under conditions of connectivity and operational control of
screen parameters, calculations of the total acoustic energy
of radiation of a typical element per unit length at various
points around the transducer for the following element pa-
rameters were performed. The transducer and the screen are
made of piezoceramics of the TSBS-3 composition with
the following characteristics: density p=7210 kg/m?; piezo
constant ey3 = d33C25; piezo module d33=3.8:10" C/N,
dielectric constant €33 =11.328-10° F/m, modulus of elas-
ticity C3E3 =0.75-10"" N/m?. Both shells have the same ave-
rage radius 701=r02=0.068 m, thickness 41 =/h2=0.008 m
and the number of prisms M =M>=48. The electrical ex-
citation of the transducer was carried out with a voltage
of y»=200 V. The electroelastic screen was not excited

=0. Both structures were evacuated and placed in a liquid
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(p1c1=1.5-10° kg/m?s) at a distance between the surfaces of
0.003 m. The number of equations that were retained during
the solution of the infinite system (5) was 41. At the same
time, the inviscidity of the field components at the boun-
daries (2) partial regions did not exceed 7 %. The results of
calculations of radiated energy by a typical element in dif-
ferent directions at points near the transducer are shown in
Figs. 2—5. Curves 1 correspond to the transducer placed near
the passive (excitation voltage w1=0) electroelastic screen,

curve 2 —near the screen excited by the voltage 1 =200V,
=0, curve 3 — in the absence of the screen.

Let’s analyze the obtained results. First of all, we note that
in the frequency dependence of the acoustic power radiated
by a typical element, two components can be distinguished —
narrowband and broadband. Both are the result of the con-
nection of physical fields and processes that occur during the
transformation and formation of energy by the components
of a typical element, and both undergo significant changes
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Fig. 2. Frequency dependences of the amplitude («) and phase (b) of the radiated energy in the spatial direction g>=0
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depending on the position in the surrounding environment of
the energy determination point. The narrowband component
of acoustic power is formed by additional resonant emissions
and is located in the region of low and resonant frequencies
of a typical element [11]. For most points of determination
of the radiated energy, their amplitudes are many orders
of magnitude higher than the energy amplitude of a single
transducer (without a screen) and significantly exceed the
amplitudes of the energy of its broadband component. But
there are certain peculiarities of the frequency behavior of
the narrow-band energy component of a typical element.

First, at almost all points near the transducer, there are
narrow-band energy components of a typical element co-
incide in frequency for cases of passive and active screens.
Secondly, there are points (Fig. 3) near the transducer in
which the narrow-band energy components almost disappear.
Physically, this indicates that there are almost no connectivi-
ty conditions for these radiation directions. Thirdly, in those
cases (Fig. 5) when the point of energy determination is lo-
cated near the surface of the screen, the narrow-band energy
components significantly increase their resonant bands, and
moreover, their resonant frequencies begin to differ for the
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cases of passive and active screens. In general, the ampli-
tudes of the radiated acoustic energy in terms of additional,
narrow-band resonances at points on the side of the screen
(Figs. 4, 5) significantly exceed those at points on the side
of the transducer (Figs. 2, 3). Fourth, in the high-frequency
region, when (f/f)>1.2, where fj is the resonance frequency
of a single transducer, the narrow-band energy component
is completely absent.

The main component of the radiated energy is a resonance
curve. It is possible to distinguish three frequency regions.
In the low-frequency region (f/f)<0.7 at the points on the
side of the transducer (Fig. 2, 3), the radiated acoustic energy
has low values, close to the values of a single transducer.
This is due to the fact that at these frequencies the wave
dimensions of both the transducer and the screen are small
and the effects of the interaction of acoustic fields during
energy formation are insignificant. At the same time, as it
was established during the analysis of the frequency depen-
dence of the narrow-band energy component in this area,
the connectivity of physical fields during energy conversion
plays a very significant role.

The resonant region, which extended from (f/fy)e
[0.7; 1.2] in most of the studied cases in this area, the energy
radiated by a typical element in the presence of an acoustic
screen excited by the voltage w1 =200 V significantly ex-
ceeds the same energy in the presence of a passive (1 =0)
electroelastic screen. In addition, the passivity of the screen
is the reason for the creation of dips in the frequency depen-
dence of energy in the region of the resonant frequency fo
of a single transducer. Exceptions are spatial directions in
the direction ¢2=90° (Fig. 4). But in all cases, the acoustic
energy radiated by a typical element that has an electroelastic
acoustic screen is several times higher than the energy of the
transducer in the absence of an acoustic screen next to it. A
feature of the resonance region is also that the resonance
bands of the frequency dependences of the energy of a typi-
cal element are close to those of a single transducer.

In the third, high-frequency region, (f/fo)>1.2 for most
spatial directions, there are no energy emissions in the fre-
quency dependence of the acoustic energy of a typical ele-
ment. Exceptions are a number of directions (Figs. 2, 3) that
are adjacent to the axis O1¢> (Fig. 1) of a typical element.

CONCLUSIONS

It is shown that the task of creating multi-functionality
of ship’s hydroacoustic armament can be realized not only
by increasing the number of hydroacoustic stations due to
stations with variable depth antennas, but also by transition-
ing from individual hydroacoustic stations to hydroacoustic
complexes. Such complexes are multifunctional and allow to
provide not only such basic modes as echo direction finding
and noise direction finding, but also a number of additional
modes — communication, detection of hydroacoustic signals
and others. The latter approach reduces the number of hy-
droacoustic antennas placed in the ship’s hull, but for this
the ship’s hydroacoustic antennas must be able to control
their acoustic characteristics. This possibility arises when
performing acoustic screens, which in most cases are part of
hydroacoustic stations, in the form of electroelastic bodies
when they are excited by electric voltage.

In order to determine the possibilities of operational
management of the energy characteristics of hydroacous-
tic stations with electroelastic screens in the conditions of
the connection of active physical fields and processes, the
problem of sound energy radiation by a typical element of a
hydroacoustic complex consisting of an electroelastic trans-
ducer and an electroelastic acoustic screen was formulated
and solved. By the method of connected fields in multi-con-
nected regions, the compatible solution of the system of
differential equations describing the functioning of a typical
element is reduced to the solution of the infinite system of
linear algebraic equations by the method of reduction. The
dependences of the acoustic energy radiated by a typical
element under connected conditions on the directions of
radiation and two variants of operational excitation of the
acoustic screen — in the absence of excitation and excitation
with an electric voltage of 200 V were determined by means
of a numerical experiment. The obtained results were com-
pared with the energy of a single transducer without a screen.
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Bornanos O.B., Jleiiko O.I'., /Iepena A.B.,
Ilo3ausaxoBa O.M.

EHEPTETUYHI OCOBJINBOCTI
BATATO®YHKIIIOHAJIBHUX
I'IPOAKYCTUYHHUX KOMIIVIEKCIB
3 EJIEKTPOIIPYKHUMHU AKYCTUYHUMMAN
EKPAHAMMU

3as0anns cmeopenns 6acamo@pynKyioHarbHOCMi KO-
pabenbHo20 2i0pOaKyCmuyHo20 030POEHHS Modice Oymu
peanizoeano He MilbKU WAAXOM 3011bUIEHHA KITbKOCMI
2I0POaKyCmMUYHUX CMAHYIll 3a PAXyHOK CMAaHYill 3 anme-
HaMU 3MIHHOT 2TubuHU, aie il 3a paxyHoK nepexooy 8io
OKpemMux 2iopoaxyCcmuyHux cmanyii 00 2i0poaxyCmuyHux
Komnaexcig. Taxi komniekcu € 6azamoyHKYioHaTbHUMU |
003601A10Mb 3a6e3ne4ysamu Ha Kopaoili He MibKU OCHOBHI
PedICUMU eXOneNeH2y6anHs ma WyMOneieH2y6aHHs, ane i
PAO 000AMKOBUX PedHCUMIB — 36 A30K, GUABILEHHS 2I0PO-
aKyCmuuHux cueHanie ma in. Ocmanuitl nioxio 3meHuLye
KinbKicmb 2i0pOaKyCmuyHUux aHmeH, o po3miujeti 8 Kop-
nyci xopaobns, ane 0as Yb0o2o KopabeivHi 2i0poaxKyCcmudni
anmeHy NOGUHHI MAMU MOJICTIUBICINb ONEPAMUEHO20 YNPaG-
JUHHA IX aKycmuyHumuy xapakmepucmuxamu. Taxa moxcau-
8iCMb BUHUKAE NPU GUKOHAHHI aKYCMUYHUX eKPAHIE, 5K 6
binvutocmi 8UNAOKI8 6X005Mb 00 CKAAY 2i0POAKYCIMUYHUX
cmanyitl, y 8uens0i eeKmpOonpyl’CHUX MIL npu ix 30Y0diceH-
HI enekmpuyHolo Hanpyeoio. /s munogozo eremenma 2io-
POAKYCMUUHO20 KOMNIEKCY, AKUU CKAAO0AEmMbCsl i3 eneKm-
PONPYICHUX Nepemeoplosaia i aKkyCmuyno20 eKpamy, 8
YMOBAX 36 ’A3AHOCMI PI3UYHUX NONIG I NPoYecié Memooom
38 ’A3aHuUX NONi6 8 6a2amoss ’A3anux 0OIACMAX 3 MEMOI0
BUBHAYEHHS MOJICIUBOCTEN ONEePAMUBHO20 YNPAGIIHHA
eHepeemudHUMU XapaKmepucmuKamu 2iopoaxyCcmuiHux
cmanyitl 3 eneKmpOnPYHCHUMU eKPAHAMU CHOPMYTbOBAHA
i po36’a3ana 3a0aua eunpPOMIHIOBAHHS 38YKOBOI eHnepeii mu-
HOBUM e/leMEHMOM 2IOPOAKYCMUYHO20 KOMNILEKCY Y CKAAOI
€NeKMPONPYAHCHO20 NEPEMBOPIOSAtd i eeKMpPOnPYICHO20
akycmuynozo expamny. Memooom 36’a3anux nonis y oa-
2amose A3aHUX 00NACMAX CYMICHUL PO36 30K cucmemu

OupepeHyitiHuUX piBHAHb, WO ONUCYIOMb (DYHKYIOHYBAH-
HS MUN0BO2O elleMeHmd, 36e0eH0 00 PO38 SA3KY MemoooM
PeOyKYil HeCKIHYeHHOI cucmemu JIHIUHUX aneedpaiuHux
pigHans. Llnaxom uucenbHo20 eKCnepuMeHmy U3Ha4eHi
3a1eHCHOCMI AKYCIMUYHOL eHepeii, GUNPOMIHEHOI MUNO8UM
eleMeHmMOoM 8 YMOBAX 36 I3aHOCMI, 8I0 HANPAMKIE 8UNPO-
MIHIOB8AHHA MA 080X 8APIAHMIE ONePamu8Ho20 30)0HCeHH s
aKyCmuyH020 eKpamny — npu 8i0CYmHocmi 30y0X4CeHH sl |
30y0oicenni enekmpuunoro Hanpyeor 200 B. Ompumani
pe3yibmamu NOPIGHsIHI 3 eHep2icio OOUHOUHO20 NePemeBo-
prosaua 6e3 ekpamy.

Kntouoei cnosa: enexmponpysicnuil akycCmuyHutll expa,
nepemeopiosay, eHepeemudHi XapaKxmepucmuKu, enekmpuy-
He 30)0/CeHHs. eKPAaHY.
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