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Abstract —The article shows that the physical conditions limiting the acoustic power radiated by location devices
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are the levels of permissible strengths of their elements. The purpose of this paper is to analyze each of these limitations
in detail. It is determined by the method of systematic analysis that these strengths include mechanical, electrical
and cavitation. Each of them is associated with its own physical field, which takes part in the formation of a given acoustic
power of a location device. As a result, the physical reasons for the appearance of electrical, mechanical and cavitation
strengths are established. Analytical expressions between the levels of the given strengths and the powers of acoustic radia-

tion are determined.

Keywords — electrical; mechanical; cavitation strengths; acoustic radiation power; analytical dependencies.

l. INTRODUCTION

Any location device is designed to determine
the range and spatial coordinates of the sought object.
The range equation r, which is related to the parameters
of the location device, has the form [1, 2]:

r*10%2P" —w k%54, , (1)

where [ — the sound attenuation coefficient in

an elastic medium, which in general form is determined
by the expression B:be (B and b — constant coeffi-

cients, f — the frequency of sound radiation); W, -

the radiated acoustic power; K- the antenna concentra-
tion coefficient of the device; 6 — the protection of
the device from noise of the receiving path; A;

a coefficient that takes into account the equivalent radius
of the sought object, anomalies of the elastic medium
and energy losses of the location device.

Analysis of the range equation (1) shows that
the determining factor for increasing the range r
of a device is its acoustic power W, . This power is

created by the acoustic antenna of this location device
through the operation of three physical fields in it — elec-
tric, mechanical and acoustic.

In [3] it was shown that the fundamental element
of the functioning of acoustic antennas in the processes
of energy conversion and its spatial formation is
the fulfillment of the conditions of the connection
of these fields and processes. This is due to the fact that
the functions of energy conversion and its spatial for-
mation, which are the basis of the functioning of acoustic
antennas in both radiation and reception modes
of location devices, have their own features.

The peculiarities of acoustic antennas in the energy
conversion mode are the mutual connection of their
electrical, mechanical and acoustic fields [4-6]. In
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the spatial formation of energy, the peculiarity lies in the
interaction of the acoustic fields of individual
antenna elements, which is due to the multiple process
of radiation and reflection of sound waves [7-10].
And, therefore, since acoustic fields are elements
of the processes of both conversion and spatial for-
mation of energy, the conditions of connection include,
in addition to the two features mentioned above also
a feature caused by the interaction between the pro-
cesses of conversion and formation of energy.

However, the requirements for the energy efficiency
of location devices are not limited to these connectivity
conditions alone. From the physical conditions, it is clear
that each of the physical fields has its own limitations in
terms of ensuring the maximum acoustic power radia-
tion by the antenna. These limitations include: for the
mechanical field — the mechanical strength
of the antenna and its transducers; for the electrical field
— the electrical strength of the antenna; for
the acoustical field — the cavitation strength of the elastic
medium in which the location device operates.

The purpose of this paper is to analyze each of these
limitations in detail.

1. MECHANICAL STRENGTH

For use in the construction of antennas of the main
operating modes of ship-based location devices, cylindri-
cal and rod oscillatory systems are most widely used.
However, rod transducers cannot be used in the con-
struction of ship-based location devices, since their di-
mensions and mass increase in the cube when
the resonant frequency decreases below 3 kHz and be-
come impossible for use both in the manufacture and op-
eration of ship-based location devices. Low-frequency
antennas of  the main operating modes
of ship-based location devices can be built only on circu-
lar cylindrical transducers. We will consider them
in this paper.

The mechanical strength of acoustic antenna and
transducer structures refers to their internal physical fac-
tors that limit the ability to radiate acoustic power [11].
In this case, the strength of their structures is
determined by the strength of their weakest node.
As practice has shown, in acoustic antennas and trans-
ducers, when subjected to mechanical loading, such
a node is an active element made of piezoceramics [11].

During operation, antenna structures made of trans-
ducers are subjected to both static and dynamic or alter-
nating mechanical loads. Static strength determines the
property of structures to resist destruction due to rup-
ture under the action of tensile forces caused by external
pressure. Its quantitative measure is the maximum ten-
sile stress o that a certain structural material can with-

stand. For piezoceramic materials, the compressive

strength o, = (35—50)~103 N/cm? is an order of magni-

tude higher than the tensile strength o, = (1,7—3)~103
N/cm?.

Mechanical dynamic stresses arise during oscillations
of the active elements of the antenna and transducers.
They are emerged when the antennas operate in the
mode of sound energy radiation and are cyclically varia-
ble. Their magnitude depends on the characteristics of
the radiation mode, the design of the antennas,
the nature of the oscillations, the parameters of the elec-
tromechanical oscillatory system and the technology of
assembling the antennas. Therefore, the greater
the acoustic power radiated by the antenna, the greater
the mechanical dynamic stresses are emerged in its
active element.

In particular, for a cylindrical antenna and transduc-
ers operating on longitudinal oscillations, the radiated
acoustic power W, is determined by the expression [12]:

1 2
Wy =Ea(pc)ps'vm

where o —is the dimensionless coefficient of the active
component of the antenna radiation resistance; (pc)p -
is the specific wave resistance of the elastic medium in
which the antenna operates; S - is the area
of the antenna radiating surface; v, —is the maximum
amplitude of the oscillation velocity.

The relationship between the amplitudes
of mechanical stress G, and the vibrational velocity v,
in a plane wave propagating along the direction
of oscillation of the active element is

Gm

(pc)k ,

where (pc), is the specific wave resistance of

Vm

the piezoceramic.

In the general case, the maximum mechanical
dynamic stresses o, that arise when the acoustic
power W, is radiated at the resonant frequency and this
power itself are related by the expression
-1/2
2
2P W po

] >
(pc), s

where B; is the coefficient determined by the shape
of the oscillations [12].

Sdm =

Thus, the increase in the amount of acoustic power
radiated by the location device is limited from the side of
the mechanical field of the antenna by such a dynamic
characteristic of this field as mechanical strength. This
strength, which describes the mechanical dynamic
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stresses emerged in the antenna by the energy radiation
mode, depends on the level of this energy, the area of
the radiating surface, the specific wave impedance
of the piezoceramics used in the antenna, the degree
of acoustic loading of the antenna and the forms
of oscillations used in the construction of the antenna.

1. ELECTRICAL STRENGTH

Electrical strength is the second internal factor limit-
ing the increase in the energy capacity of location
devices. The problem is exacerbated by the fact that
powerful electric fields, which provide radiation
of acoustic powers, are created in antenna designs
whose elements operate in liquid media.

The physical reasons for the decrease in the electrical
strength of location devices are:

e destruction of structural insulation units in
antennas as a result of partial electric discharges;

e natural aging of structural electrical insulating
materials;

e deterioration of the electrical parameters
of antenna elements due to wetting of the insu-
lation of their active elements.

For piezoceramic antennas, the electrical strength
is determined by the properties of the piezoceramic. This
is confirmed by the following expression for a circular cy-
lindrical antenna:

K 2
W, = TR QmmpCOU Nam >
(1-#s)
where W, —acoustic radiation power; k33 — electrome-

chanical coupling coefficient of the applied piezoceram-

ics; Q,,, —mechanical Q-factor of the antennas; ®, —res-

onant frequency of the mechanical oscillatory system of
the antenna; C, — static capacitance of the piezoceramic
element of the antenna; U — electrical excitation voltage
of the antenna; 1, —acoustic-mechanical coefficient of

its energy conversion efficiency.

To radiate acoustic power W, at the resonance

frequency ,, it is necessary to apply an electric

p’
voltage U to the antenna. Its amplitude value is deter-
mined by the expression

1/2
2W,rg

2.2
N Mam

is the acoustic radiation resistance of

U=

Here rg

the antenna; n is the coefficient of its electro—mechani-
cal transformation.

During the operation of antennas, moisture gradually
penetrates through the moisture-proof shell of their
transducers and is absorbed by the entire volume
of their electrical insulation materials. This absorption
is proportional to the moisture solubility coefficient
of the material. When the insulation is moistened more
than a certain critical value, there is a sharp drop in
the electrical strength of the insulation. It is due to
the formation of a film on the surface of the piezoelectric
elements of the transducers or the occurrence
of delamination in the solid insulation during
their compounding. The water film on the surface
of the piezoelectric elements covers the space between
their electrodes. The electrical strength of the solid insu-
lation of the transducers is determined by the increase in
its dielectric losses tgd depending on the increase in
moisture content C. This dependence is determined

by the expression tgd = 10AC% +8 , Where A and B are
constant values. The specified electric voltage U corre-

sponds to its critical value tgd,, , at which the insulation

breakdown occurs. The higher the voltage U, the lower,
other things being equal, the value of tgd,, . Accordingly,

the lower the allowable critical moisture content of
the insulation C, .

Thus, determining the electrical strength of antenna
and transducer designs is related to knowledge of
the characteristics of electrical insulating materials.

The main task of insulation is to meet certain
requirements for the electrical resistance of transducers
R, - This resistance consists of three parallel-con—nected

resistances: the resistance of electrical losses
of the piezoelectric ceramic element of the transducer
R.;; the resistance of electrical losses R, ; in

the elements of electrical insulation and sealing;
the resistance of the active piezoelectric ceramic
element and the elements of electrical insulation
to direct current R, .. The first of them is determined by

the expression R, = , where C,, and tgd,, are

oC,tgd,
the capacitance and the tangent of the dielectric loss an-
gle of the piezoelectric element. The second resistance

Reji is R , Where the capacitance C; and

el.i eli =

the tangent of the dielectric loss angle tgd; are created

by the elements of electrical insulation and sealing. The
resistance of the active element and the elements of

pili

elc ™ s '

]

electrical insulation to direct current is R

where p;, I;, S; are the specific electrical resistance of

the material, the length and cross-sectional area of
the j-th element of the transducer. The values of all
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the components given in the formulas can be found in
[11, 12].

V. CAVITATION STRENGTH
OF THE WORKING ENVIRONMENT

The third physical factor that limits the increase
in acoustic power radiated by a location device when
it operates in a liquid is the cavitation strength of
the elastic medium. The cavitation strength of
the medium refers to an external physical factor limiting
the increase in radiated acoustic power.

The phenomenon of cavitation is that in liquids,
under high tensile forces, forces arise that exceed
the forces of adhesion between their particles. This
causes local ruptures of liquids with the formation of
voids — cavities, which are filled with air and vapor
dissolved in liquids. Then these cavities close, accompa-
nied by the appearance of various effects (microshock
waves of spherical type, directed microflows, etc.). One
of the physical causes of cavitation is the creation of
an acoustic field in liquids. In it, during the half- periods
of rarefaction, cavitation bubbles arise, which suddenly
close after the transition of the sound wave to
the region of increased pressure.

The mixture of liquid with cavity bubbles significantly
affects the possibilities of increasing the acoustic power
radiated by the antenna. The physical reasons for this are
as follows.

First, the layer of liquid saturated with cavitation bub-
bles, which is in contact with the radiating surfaces of the
antenna and its transducers, is physically close to an
acoustically soft screen. This is due to the decrease in the
wave resistance of the mixture of liquid with bubbles.
Therefore, this layer prevents the radiation of acoustic
energy into the surrounding environment. This causes
a decrease in the acoustic pressure in the sound field. In
the absence of cavitation, an increase in the electric
voltage that excites the antenna is the cause of
an increase in the radiated acoustic energy. The appear-
ance of cavitation phenomena slows down this increase,
and a further increase in the electric energy supplied
from the location device to its antenna is not accompa-
nied by an increase in the radiation power. Moreover,
with significant cavitation, this power may even
decrease, since its losses due to absorption and scatter-
ing of sound waves by cavitation bubbles appear.

Secondly, the decrease in the wave resistance of
the working medium, which is caused by cavitation,
sharply increases the amplitude of oscillations of
the radiating surface of the antenna and disrupts its
operation. This increase in the amplitude of oscillations
causes an increase in mechanical stresses in the active

element of the antenna, which can lead to its destruc-
tion. In addition, with strong cavitation, the collapse of
bubbles near the radiating surfaces of the antenna and
its transducers causes the appearance of microexplo-
sions. Their presence is the cause of mechanical destruc-
tion (erosion) of the radiating surfaces of
the antenna and its transducers.

The listed causes and consequences of antenna
operation in cavitation conditions encourage us to look
for ways to prevent its occurrence. The most important
of these possibilities is to limit the radiation power
to values corresponding to the cavitation threshold. This
threshold is determined by the level of specific acoustic

W,
power W, :T", where W, is the radiated acoustic

power, S is the area of the radiating surface. It depends
on the parameters of the working environment
(the depth of the antenna, temperature, gas content,
etc.) and the antenna parameters (the frequency
of sound radiation, the duration of the radiated pulses,
their duty cycle, the unevenness of the oscillation speed
and acoustic pressure on the radiation surface
of the antenna and transducers, etc.). The dependence
of the cavitation threshold on the depth of immersion h
of the antenna during continuous radiation has the form

Wp :O,3(1+0,1h)2, where h is determined in meters.

Thus, for antennas of location devices operating
in liquid environments, the limitation of radiated power
is determined by the expression W, =W,S.

CONCLUSIONS

It has been established that, in addition to the condi-
tions of coherence, the second physical factor that limits
the acoustic power of sound radiation by location
devices is the presence of a number of physical factors.
Each of them is associated with those physical fields that
interact in the conditions of coherence with each other
in acoustic antennas, creating the radiation power of
the location devices. For an electric field, this is the elec-
trical strength, for a mechanical field — mechanical
strength, and for an acoustic field - this is the cavitation
strength of the working medium.

The physical reasons for the appearance of each of
these limitations have been established. Analytical rela-
tions for calculating the levels of mechanical and electri-
cal strengths depending on the acoustic energy radiated
by the location device have been determined. This allows
for the search for technical ways to increase
the level of radiated acoustic energy, while leaving
the levels of electrical, mechanical and cavitation
strengths acceptable.
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AHomayia—B HaBeAeHiIN CTaTTi NOKa3aHo, Wo Gi3uYHMMMU YyMOBaMMU 06MEKEHHA aKYCTUYHOI NOTYXKHOCTI, WO BUNPOMiHIO-
€TbCA NIOKALiMHUMM 3acobamum, € AoNyCTUMI PiBHI MiLHOCTeM iX eflemeHTiB. BU3HaueHo, Wo A0 uMX MiLHOCTEN BigHOCATbCA
MeXaHiyHa, eneKkTp1YHa i KasiTauiiHa. KoxHa 3 HUX nos’A3aHa 3i cBoimM GisMUHMM nonem, AKke Npuiimae yyactb y popmyBaHHi
3aAaHOI aKYCTMYHOI MOTY}KHOCTI I0KaLiiiHOro 3acoby. KoxHe 3 ¢i3uyHnX noniB mae cBoi 06MeXKeHHsA 3 TOUKU 30py 3abesne-
YeHHA BUNPOMIHIOBAaHHA aHTEHOIO JIOKaLiAHOro 3acoby MaKcMManbHOI aKyCTUUYHOI MOTYXHOCTI. o uMX obmerKeHb BigHoO-
CATbCA: ANA MEXaHIYHOro Nons — MexaHiyHa MiLHICTb aHTeHM JIOKaLiiHOro 3acoby Ta ii NnepeTBOPIOBaYiB; AN €eKTPUYHOTO
NonA — eNeKTPUYHA MILHICTb aHTEHM JIOKALiiHOro 3acoby; ANnA aKyYCTUYHOrO NOAA — KaBiTauiliHa MiLHICTb NpyXXHOro cepeao-
BMLLLA, B YyMOBaX AKOro NpaL,o€ IOKaLinHui 3acib6.

B pe3ynbrati BcTaHOBAEHI Gi3MUYHi NPUUMHU NOABU €NEeKTPUUHOI, MeXaHiuHOI | KaBiTauiliHOT MiLHOCTel. BusHaueHi aHanitu-
YHi BUPa3u MixK piBHAMMU HaBeA,EeHUX MiLLHOCTEN | NOTY}KHOCTAMM aKyCTUYHOTO BUNPOMiHIOBaHHA. BCTaHOBNEHO, WO Kpim ymoB
3B’A3aHOCTI APYrUM Pi3UMHMM YNHHUKOM, AKUIA OBMENKYE aKYCTUUHY MOTYXKHICTb BUNPOMiIHIOBaHHA 3BYKY /IOKaLitHUMMU 3aco-
6amu € HaasHicTb pagy ¢ismuHux daktopis. KoxeH 3 HUX NOB'A3aHUI 3 TUMU ISUYMHMMMU NOAAMM, AKI B3aEMOAIIOTb
B YMOBAX 3B’A3aHOCTi Mi}K 06010 B aKyCTUHHUX aHTEHAX JIOKALiMHUX 3ac06iB, CTBOPIOIOUM NOTYXKHICTb BUNPOMiHIOBAHHA JIOKa-
uiiHoro 3acoby.

AN eneKTPUYHOro NoAsA Ue eIeKTPUYHA MILHICTb, A1 MEeXaHIYHOro NoasA — MeXaHiYHa MILHICTb | A1 aKYCTUYHOrO nons —
Le KaBiTauiiiHa miLHicTb pobouoro cepegoBulla. BctaHoBAEHI Gi3MUHI NPUUMHU NOABU KOXKHOTO 3 LIUX 06MeKeHb.

MexaHiyHa MilHICTb, WO ONUCYE MeXaHiYHi AMHaMIYHiI HaNpy)XeHHsA, WO CTBOPIOIOTLCA B aHTEHI PEKMMOM BUMPOMIHIO-
BaHHA eHeprii, 3a/1eXKaTb Bif PiBHA L€l eHeprii, NioLi BUNPOMiHIOIO4YO0i NOBEPXHi, TMTOMOro XBM/1IbOBOrO ONOPY 3aCTOCOBAHOI
B aHTeHi N’€30KepamiKu, Mipy aKyCTUHHOIO HaBaHTAXXEHHA aHTEHU Ta GOPMMU KO/IMBaHb, L0 BUKOPUCTOBYIOTLCA NPU Nobyaosi
QHTEHWU.

EnekTpuyHa MiLHICTb I0KaLiliHNX 3aco6iB 3an1eXXUTb Bif PYNHYBaHHA BY3/iB i30NAL|i KOHCTPYKLiA B aHTeHax B pe3ynbTari
Al YaCTKOBUX EeNEeKTPUUYHMUX PO3PAAIB; Bif, NPUPOAHOrO CTApiHHA KOHCTPYKLIMHUX eneKkTpoi3onAuiiHMX martepianis; Big

KaBiTauiliHa MiuHicTb 3aneXuTb Big NapameTpis pobouyoro cepenoBuLLa NOKaLiAHUX 3acobiB (BennunMHU 3arnmMbneHHA
aHTeHu, TemnepaTtypu, BMICTy rasy) Ta napameTpis aHTEHU (YAacTOTU BUNPOMIHIOBAHHA 3BYKY, TPUBANOCTi BUNPOMIHIOBAHUX iM-
NyNbCiB, iX WNapyBaTOCTi, HEPIBHOMIPHOCTi KOIMBA/IbHOI LUBUAKOCTI Ta aKYCTUYHOTO TUCKY Ha NOBEPXHi BUNPOMiHIOBAHHSA aH-
TEHU Ta NepeTBOpIOBaYiB).

Bu3HauyeHi aHaNiTUUHI cNiBBigHOLWEHHA ANA PO3PaXyHKIB PiBHIB MeXaHIYHOI Ta eIeKTPUUYHOI MiLHOCTel B 3a/1eXKHOCTI Big,
AKYCTUYHOI eHepril, Lo BUNPOMIHIOETbCA JIOKALIMHMM 3acO060M, WO [,03BONAE 34,iMACHIOBATU NMOLIYK TEXHIYHUX LWIAAXIB NigBu-
LWEHHA PiBHA BUNPOMiIHIOBAHOT aKYCTUMHOI €Heprii, 3a/IMLLAYM A0NYCTUMUMMU PiBHI €N1EKTPUYHOT, MeXaHIYHOI Ta KaBiTauiiiHoi
MiLHOCTEN.

Knr4oei cnosa — enekmpuyHa; MexaHiyHa; kagimayiliHa MiyHOCMi; MOMy»HiCmb aKyCMu4yHO20 8UNPOMIHIO8AHHSA; AHA-
nimuyHi 3anexHocmi.
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