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ANALYSIS OF POSSIBLE WAYS

OF TECHNICAL IMPLEMENTATION
OF POWERFUL ACOUSTIC
RADIATION BY HYDROACOUSTIC
STATIONS

Increasing the range of sonar stations is determined
by the possibility of increasing the effective radiation of
acoustic power. But these possibilities are limited by a
number of physical factors related to the electric, mechanical
and acoustic fields of sonar emitters. These limiting physical
factors are determined and the connection of their influence
on the value of radiated power of the sonar station is
established. The dependence of this influence on the ways of
technical realization of electric excitation of hydroacoustic
emitters is shown. A qualitative analysis of the advantages
and disadvantages of three fundamentally different ways of
electrical excitation of emitters with increasing their radiated
power is presented. The current state of the estimated
support for the practical implementation of the above
ways to increase the radiated capacity of sonar stations is
established.

Keywords: hydroacoustic station, acoustic power, power
limiting factors, exciting voltages.

INTRODUCTION

As is known [1, 2], the range of hydroacoustic stations
(HAS) for various purposes in the echolocation mode is
determined by the level of acoustic power that can be emitted
by HAS. But the maximum levels of this power are limited
for each HAS by a number of physical factors. These factors
are related to the following. First, during the operation of the
HAS in its sonar antenna, four physical fields are formed —
electric, mechanical, acoustic and thermal. Secondly, in the
mode of sound radiation, each HAS operates at the frequency
of mechanical resonance of its sonar transducers, because at
this frequency the transducers have the maximum value of
the efficiency of energy conversion.

Each of these physical fields creates for the HAS its li-
miting factors in the mode of energy emission. In the acoustic
field, the limiting factor of the magnitude of the radiated
acoustic energy is the phenomenon of cavitation and the
associated threshold of fluid cavitation. The phenomenon
of cavitation (formation and rupture of bubbles in the
liquid) mechanically destroys the radiating surfaces of the
transducers and changes the specific acoustic resistance of the
liquid, as cavitation bubbles act on the radiating surfaces of
the transducers as an effective acoustically soft screen. This
causes an increase in mechanical stresses in the structures of
sonar transducers.

The presence of a mechanical field is the cause of phy-
sical factors limiting the amount of radiation. This is espe-
cially true of piezoceramic transducers, as piezoceramics
are critical to tensile forces. Such efforts occur under the ac-
tion of both static and dynamic loads. The first is created by
hydroacoustic pressure, the second — by an electrical excitation
signal. It is the last physical factor that imposes fundamental
restrictions on the radiation of maximum acoustic power from
the mechanical field.

For HAS, the maximum radiated power is determined
by the maximum electric power that can be «pumped» into
the piezoceramic transducer. The latter is limited by the
allowable values of electric field strength. It is their mag-
nitude that is the limiting physical factor in terms of the
electric field.

The presence of the process of converting electrical
energy into mechanical energy and mechanical energy
into acoustic energy when radiating sound necessarily
creates the appearance of a thermal field, which causes the
heating of piezoceramic transducers. The maximum power
also generates the maximum heating temperature of the
transducers. This creates the risk of piezoceramics reaching
the Curie point and thermal stresses. Therefore, the heating
temperature is a limiting factor in the thermal field.

The purpose of this work is a qualitative and quantitative
analysis of possible ways of controlled reduction of the
influence of the above physical factors on the HAS radiation
of maximum acoustic power.

RESEARCH RESULTS

Hydroacoustic antennas usually perform two functions
— the function of energy conversion and the function of
forming acoustic energy in elastic environments. In turn,
each of these functions has its own characteristics [3, 4].
The first function is characterized by the connection between
electric, mechanical and acoustic fields. The second function
is characterized by the interaction of antenna elements in the
acoustic field. The appearance of the acoustic interaction
of antenna elements is due to the multiple exchange of
radiated and reflected sound waves between them. Through
the acoustic field, both functions also interact with each
other. The described interactions of processes and fields in
sonar antennas depend on many physical factors associated
with antennas and their elements: the nature of the electrical
excitation of the elements, their type, configuration, size and
so on. Naturally, the influence of physical factors limiting
the HAS radiation of maximum acoustic power will also
depend on the results of the above interactions. We will
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demonstrate this with the example of possible options for
electrical excitation of transducers in antennas.

In HAS for various purposes, in principle, the following
options for electrical excitation of emitters are possible:

— frequency independent electric voltage;

— frequency-dependent voltage;

— a combination of both of the above options.

Let us consider qualitatively the influences of the given
variants of electric excitation of converters on the formation
of power limiting factors.

To date, the most common in the creation of HAS found
frequency-independent electrical excitation of their sonar
antennas. This is primarily due to simpler technical solutions
that can be used in the construction of powerful electronic
generators for the paths of HAS radiation [5, 6]. They are
divided into electron tube, thyristor and semiconductor.
The problem of their work in the composition of the
radiation paths of HAS is the wide changes in the input
electrical resistance of HAS emitters. In this case, the active
component of the input resistance can take negative values
[7], which indicates that electrical energy is not taken by
the emitters from the generators, but, on the contrary, is
generated by the emitters and sent to the generators. The
reactive component of the resistance in the frequency range
several times changes the capacitive nature on the inductive
and vice versa. Naturally, with such electrical excitation of
HAS hydroacoustic antennas, the electric field strength is
not a factor limiting the maximum power of HAS radiation.
Instead, the physical limiting factor of the mechanical field,
such as the mechanical dynamic stresses in the piezoceramics
of the emitters, comes first.

It is known [5], that these stresses depend on the velocity
of oscillations W = —i@w and are defined by the expression

o= p,c,B,

where p,C, — density and speed of sound in the
piezoceramic material of the emitter; B — coefficient
determined by the form of oscillations of the emitter; @ —
oscillation frequency; W — maximum radial movement of the
emitter surface; I — imaginary unit.

It is also known [4, 7, 8] that when the HAS emitters
are excited by frequency-independent electric voltage, the
oscillation velocities of all HAS emitters differ significantly
and depend on the location of the emitter in the hydroacoustic
HAS antenna. As an illustration Fig. 1 presents the results of
calculations [8] of the amplitude-frequency characteristics of
dynamic stresses in the central (1) and extreme (2) emitters
of a circular antenna of three emitters in the sector radiation
of HAS, (3) — isolated emitter.

Analysis of existing materials, including those listed,
shows the following. Electrical excitation of HAS emitters
by frequency-independent electric voltage not only
negatively affects the energy efficiency of HAS, but also
significantly complicates the coordination of generators with
sonar antennas in the paths of HAS radiation. Significant
differences in the oscillating speeds of HAS emitters do not
allow to realize the full potential of HAS in terms of radiated
power.

Since the levels of mechanical dynamic stresses are
proportional, according to expression (1) to the values of
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Fig. 1. Amplitude-frequency characteristics of dynamic
stresses in the central (1) and extreme (2) emitters of
a circular sonar antenna, as well as in an isolated emitter (3)

the oscillating speeds of the HAS emitters, there is always
an oscillating speed, which is the limit W, and above which
comes the mechanical destruction of the radiator structure.
The factor of limiting the acoustic power emitted by HAS by
a mechanical field comes into force. Usually such emitters
are extreme emitters in sonar antenna arrays, because they are
acoustically underloaded in arrays by acoustic interaction of
their emitters and have the highest oscillating speed. Medium
emitters emit less acoustic energy into the environment than
the extreme ones and central emitters may not absorb energy
at all, but absorb energy from the acoustic field. This is due to
the low energy efficiency of HAS at frequency-independent
voltage generated by HAS generators to excite the emitters
of its sonar antenna.

The above analysis shows that increasing the energy
efficiency of HAS can be achieved by establishing control
over the value of the limiting factor of the mechanical field.
For this purpose it is necessary to create in HAS such con-
ditions of electric excitation of its emitters at which oscillating
speeds of all emitters of the hydroacoustic antenna of HAS
will be identical. Moreover, their value can be taken equal
to the maximum allowable speed W, . Analysis of the data
published in the literature [4] shows that the maintenance in
HAS of the same oscillating speeds of all emitters allows to:

— increase the radiated acoustic power of both individual
emitters of the sonar antenna and the sonar antenna as a
whole;

— exclude the effect of the transition of radiators from
the mode of acoustic energy radiation to the mode of its
absorption from the acoustic field;

—reduce the non-uniformity of frequency dependences of
radiation impedances of HAS sonar antenna elements;

—reduce the heterogeneity of the acoustic field in the near
zone of the hydroacoustic antenna HAS.

The given approach to electric excitation of HAS emitters
allows to protect them effectively from the mechanical
overloads caused both by cyclic change of exciting voltages
from the electric field and cavitation loadings from the
acoustic field. This is a positive of the chosen approach.
At the same time, it should be noted that the increase in the
energy capacity of HAS in this way is associated with the
emergence of two extremely negative physical factors.
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The first is a significant increase in all electrical voltages
exciting the emitters. This is especially true for the fre-
quency ranges below and above the natural frequencies of
the mechanical resonance of the HAS emitters, due to the
significant increase in the natural mechanical impedances
of the piezoceramic shells of the emitters in these frequency
ranges.

The second factor is the appearance of a certain depen-
dence of excitation voltages on frequency.

As a demonstration of the above features of the behavior
of exciting electrical voltages in the case of a cylindrical
antenna formed of five coaxial piezoceramic shells, there are
curves in Fig. 2 [4], where 1,2, 3 and 1', 2’, 3’ correspond to
the modulus and phase of the exciting electrical voltages of
the central (3), middle (2, 4) and extreme (1, 5) shells.
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Fig. 2. Amplitude-frequency and phase-frequency
dependences of electric excitation voltages of a five-
element cylindrical antenna with the same oscillating speed
of the rings

Thus, increasing the efficiency of HAS radiation by
exciting its emitters with the same oscillating speed is
possible under two conditions — the creation of frequency-
dependent electrical excitations of HAS emitters and a
significant increase in excitation voltage, that is the physical
factor of limiting HAS radiation power.

The above analysis of the possibility of meeting these
requirements with existing in acoustics thyristor and
semiconductor generators shows that they do not meet the
formulated requirements. Lamp generators can fully meet
these requirements. But their inherent shortcomings — large
size, low efficiency, large amounts of heat, etc., precluded
their use in the construction of modern HAS. Thus, the
modern technical base is not prepared for the implementation
of increasing the acoustic power of HAS by creating
frequency-dependent electrical excitation of HAS emitters.

From the point of view of possibilities of practical
realization of increase of acoustic power of HAS the
compromise variant [4] can be interesting. It is as follows.
To avoid a significant increase in the excitation voltage in
the HAS and thus control the limiting factor of the electric
field, you need to set a certain amount of excitation voltage
on one or more HAS emitters and on all HAS emitters to
ensure the same oscillating speed. The results of such an

experiment (Fig. 3) for a cylindrical hydroacoustic antenna
formed of five coaxial rings are presented in [4]. Fixed values
of excitation voltages were given for the second and fourth
rings and the same oscillating speed was set for all rings.

Analysis of the results shows that in a given frequency
range exceeding one and a half octaves, a small (20 %)
increase (Fig. 3¢) in the excitation voltage occurs only for
the central (3) ring, and the speed of all rings (Fig. 3b) are
the same. Here are the powers emitted by each of the rings
(curves 1, 2, 3) and the antenna as a whole. The above
indicates that the increase in the effective radiation power
of HAS can be done by technical implementation of a
compromise version of its radiating path.

THE STATE OF METHODOLOGICAL SUPPORT

FOR WAYS TO INCREASE THE ENERGY

EFFICIENCY OF HAS

For the practical implementation of the above ways to
increase the energy efficiency of HAS, you need to have
new knowledge in all physical fields that provide radiation
to the sound of HAS. This knowledge should be based on
the interaction of electric, mechanical and acoustic fields in
sound radiation, energy conversion, acoustic interaction of
hydroacoustic antenna elements in the formation of energy
in the environment and the interaction of the processes of
conversion and energy formation. In mathematical terms, all
these types of relationships are taken into account by the joint
solution of the system of differential equations associated
with the respective fields. For HAS with sonar antennas
formed from cylindrical sonar radiators with circular
polarization, the system of differential equations includes:

— Helmholtz equation describing the oscillatory motion of
elastic media inside and outside the converters of the system:

(M

— equations of motion of thin piezoceramic shells of
emitters in displacements:
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— equations of forced electrostatics for piezoceramics:
Es =—gradys; divDg =0. (3)

In expressions (1) — (3): S — the number of the emitter
in the sonar antenna (S =1, ..., N) with N elements; j —
acoustic field area number (j =1 for the external field; j =2
for internal); A — Laplace operator; @, — speed potential
S-th emitter in the j-th region; k; — the wave number
of the medium in the j-th region; u, 1 wy — circular and
radial components of the vector of displacements of the
points of the middle surface of the shell of the S-emitter;
Bs = hs2 M2r, (1+ eszss /C3E3s‘933s )i as = rozs / Cyis5 G, — exter-
nal radiation load of the S-th emitter; CLi, €y Exzsr Vs —
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Fig. 3. Frequency dependences of acoustic power (a), oscillating speeds (b), amplitudes (c)
and phases (d) of electrical excitation voltages of rings in a five-element cylindrical antenna with a compromise version
of electrical excitation of rings and their same oscillating speed

respectively, the modulus of elasticity at zero electric stress,
piezoelectric constant, dielectric constant at zero deformation,
the density of the material of the S-piezoceramic emitter; Es
i DS — vectors of electric field strength and induction in the
S-th emitter; g — voltage of electric excitation of the S-th
emitter; 7, and kg — the radius of the middle circle and the
thickness of the shell of the S-th emitter.

The given system of differential equations describes
the process of radiation of acoustic energy of HAS with
hydroacoustic antennas on the basis of cylindrical converters
at all considered schemes of electric excitation of radiators
in HAS. The concretization of these schemes is achieved by
setting boundary conditions.

When exciters are emitted in HAS frequency-independent
electric voltage, the electric field strength in expression (2)
is determined by the expression
_ l//S M S S

oS >

=1,.., N, (4)
277y

where M — the number of piezoceramic prisms from
which the shell of the S-emitter is glued.

Quantitative values of electric, mechanical and acoustic
fields in the form of new knowledge and the ability to emit

maximum acoustic energy of HAS obtained [4, 7-11] for
HAS with antennas in the form of linear sonar antennas with
and without screens, flat antennas and circular cylindrical
antennas with screens.

When the excitation of HAS emitters frequency-dependent
electric voltage in expression (2) radial v, and circular #g os-
cillating speeds (W, = wy = Wy,; 4, =ug =u,; S =1,..., N) for
all emitters are accepted by default. The desired are values
of the electric field strengths of all § =1, ..., N emitters. To
date, the problem is that new knowledge are almost non-
existent. Quantitative values for all fields were obtained [4]
only for single cylindrical emitters. For arbitrary systems of
such emitters, only analytical expressions for calculations
of physical fields were obtained [12]. Technically, there are
no implemented ways to build electronic generators that
generate frequency-dependent excitation voltage.

To excite the HAS emitters with a compromise variant
in expression (2) it is necessary to set the voltage for one
emitter £, (S =1) electric field, and for all HAS emitters
(§=1,..., N) the same oscillating speeds W, =W, =W, 1
u, =ug =u,. Then, when solving the system of differential
equations (1) — (3), the electric field voltages of all other
emitters and the oscillatory velocities of all HAS emitters

O3BEPOEHHA TA BIMCbKOBA TEXHIKA « 4(36)/2022 89
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will be sought. Unfortunately, today this version of acoustic
power is impossible due to lack of necessary new knowledge

[4].

CONCLUSIONS

It is shown that in HAS in the mode of echolocation
of radiation of maximum acoustic power is limited by a
number of physical factors, each of which is associated with
a specific physical field that participates in the radiation of
sound. These limiting factors include:

— cavitation threshold in the acoustic field;

— dynamic mechanical stresses in a mechanical field;

— electric field strength.

It is established that the influence of each of the limiting
factors on the radiated HAS maximum power is determined
by the nature of the electrical excitation of the HAS emitters.
Three possible variants of electrical excitation of radiators
are considered:

— frequency independent electric voltage;

— frequency-dependent electric voltage;

— compromise, which in some way combines the first two
options for electrical excitation of HAS emitters.

The positive and negative sides of each of the above
options for electrical excitation of HAS emitters influence on
the limiting factors in terms of HAS radiation of maximum
acoustic power is analyzed.

The existing state of the estimated support for the technical
implementation of all three possible options for electrical
excitation of HAS emitters when it emits maximum acoustic
power is determined.
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Hepena A.B., Jleiiko O.I'., Kouapsin O.0.,
IMumkosa K.A.

AHAJII3 MOXJIMBUX LLISIXIB

TEXHIYHOI PEAJIIBALIT IOTYKHOI'O
AKYCTUYHOI'O BUITPOMIHIOBAHHS
T'IJIPOAKYCTUYHUMM CTAHIISIMA

36invuwenns daroHocmi Oii 2i0pOaKyCmMuYHUX CManyii
BUSHAYAEMbCS MONCTUBOCIAMU 30INbUIEHHS eheKmUBHO20
BUNPOMIHIOBAHHA HUMU AKYCIUYHUX NOmYX*CHOcmell. Ane yi
MOACIUBOCHIT 0OMEINCYIOMBCSL PAOOM DI3UUHUX akmopis,
N08 A3AHUX 3 eIeKMPUUHUMU, MEXAHIYHUMU | AKYCTNUYHUMU
NOAMU GUNPOMIHIOBAHIE 2IOpoaKycmudHux cmanyiil. Kooicne
i3 BKA3AHUX I3UUHUX NOI8 CMEOPIOE 015 2I0POAKY CIMUYHOL
CcmManyii ceoi 00MedNCYIoUl GaKmopu 6 pexscuMi 6UNPOMIHIO-
6amnHs enepeii. B akycmuunomy noni oomexcyrouum akmo-
pom sucmynac asuwe kagimayii i n08'a3anull 3 HUM nopie
Kagimayii piounu. Lle 00ymMo610€ 3p0CManHsA MeXaHIYHUX
Hanpysjcesb 8 KOHCMPYKYIAX 2i0poaKyCmudHux nepemeo-
prosauie. Hasgnicmv MexaniuHo20 NOJs € NPUYUHOIO NOAGU
Qizuunux pakmopis, obmeHCYIOUUX BENUUUHY BUNPOMIHIO-
BAHHS, OCKIIbKU N '€30KEPAMIKA KPUMUYHA 00 PO3MALYIOYUX
3ycuns. MaxcumanoHa 6URPOMIHIOBAHA NOMYICHICIb BUSHA-
4aEMbCsl MAKCUMATLHOIO e1eKMPUUHOIO0 NOMYIICHICIIO, AKY
MOJCHA «3aKaAYamuy 6 n’€30KepamiyvHull nepemeopiosay.
OcmanHs e 00MeHcyemobcsa 0ONYCMUMUMU 3HAYEHHAMU
nanpyxcenocmi enekmpuunozo nons. Came ix eenuuuna €
00MedCy8aNbHUM QI3UYHUM DAKMOPOM 3i COPOHU elleK-
mpuuHo2o noas. Haaenicmv npu eunpominio8aHHi 36yKy
npoyecy nepemeopeHts el1eKmpudHoi eHepaii 8 MexaHiumy,
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a MEeXaHiunoi 8 aKycmuyHny 0608 s13k060 NOPOOAICYE NOABY
Menyio8o2o nojs, 00yMo8II0H020 po3iepie n’e3o0Kepami-
HUX nepemeoprosayie. Busnaueno yi oomedncyroui Qizuuni
dakmopu i 6cmano8ieHo 38'A30K IX NAUBY HA BENUYUHY
BUNPOMIHIOBAHOT NOMYIHCHOCTT 2i0POAKYCIMUYHOT CMAHYII.

Tokaszana 3anesicHicms ybo2o 6NAUBY BIO UIAXIE MEXHIYHOL

peanizayii enekKmpuuno2o 30y0xcenHs 2i0poaxycCmuyHux
sunpomintogauis. Ilpoeedeno saxicHull ananiz nepesae i He-
0071iKi8 MPbOX NPUHYUNOBO PIZHUX UWLIAXIE eNeKMPUUHO20
36Y0XCEHHS BUNPOMIHIOBAYIE NPU 30LIbUEHH] HUMU GUNPO-
MiHI08aHOI nomyxcHocmi. Becmanoeneno icuyouuii cman
PO3PAXYHKOB020 3abe3neueHts: npakmudnoi peanizayii Hage-
OCHUX WISIXIB 30LTbULEHHS GUNPOMIHIOBAHUX NOMYIHCHOCHIEL
2I0pOaKy CIMUYHUX CMAaHYill.

Knrwuogi cnosa: ziopoakycmuuna cmanyis, aKycmuina
nomyxcHicms, paxmopu oomexRceHHs NOMY*FCHOCMmI, 30)-
doicyioui Hanpyeu.
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