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Abstract

In the article was solved the problem of radiation of a sound by the electroacoustic transducer which is executed in the form
of a thin spherical cover, using a pass-through method. The outer and inner surfaces of the shell are completely electroded.

The application of this method provides an opportunity to avoid inaccuracies that arise during the traditional formulation of
boundary conditions for acoustic mechanical fields, the use of equivalent substitution schemes and the absence of boundary condi-
tions for the electric field in general. Given methodology eliminates these shortcomings by applying conjugation conditions, taking
into account the types of electroding of the surfaces of piezoceramic transducers, the introduction of boundary conditions for current
and voltage. The results of the solution demonstrate the high capabilities of this pass-through method, in terms of taking into account
the peculiarities of determining the characteristics of these fields, values and dependences of the main complex characteristics of the
electroelastic transducer, and auxiliary material constants of the piezoelectric material.

The proposed approach is relevant, because it allows to increase the reliability of modeling the operating conditions of
acoustic transducers in the context of wave problems of acoustics. Aim is to enhance the range of performances and build algorithms
solving problems of stationary mode hydroelectroelasticity sound radiation. The expected results are presented in terms of improving
approaches to studying the features of the oscillatory process of the active elements of sound-emitting systems and the accompany-
ing effects of the transformation of interconnected fields involved in the formation of the acoustic signal in the liquid.

Keywords: acoustics, field interaction, connectivity electroelastic radiation mode, electroacoustic transducer, hydroelectric.

DOI: 10.21303/2461-4262.2021.001292

1. Introduction

Pass-through formulations in the problems of mechanics and acoustics were initiated as
a separate class of piezoelectric problems based on the provisions of Maison’s physical acoustics [1]
and the scientific schools of NASU academicians [2]. The important achievements of the founders
include, first of all, the monograph [2], which substantiates the use of such productions in theoretical
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and applied issues of electroacoustic transducers of sound and ultrasound ranges. The convenience
of such formulations in relation to the possibilities provided by them for in-depth study of the spatial
and energy characteristics of electroacoustic piezoceramic transducers even leads to the populariza-
tion of the initiated approaches of the end-to-end problem (for example, source materials [3]).

Further development of theoretical and practical aspects of construction and use of elec-
troelastic systems operating in conditions of static and dynamic deformation, was aimed at the
problems of wave acoustics, theory and practice of development of sonar transducers and antennas.
In this case, as examples of works on this topic include articles [4—10]. The work of followers, in
accordance with the tasks of applied acoustics, expanded the physical aspects of pass-through
stationary and non-stationary productions, supplementing them with Kirchhoff-Lev hypo-
theses, enriched the models with technological elements such as screens [10], elastic sealing
layers, [11] orientations, liquid and solid fillers [12] and others. Special mention should be made of
the work [2], which initiates the process of solving, systematizing and ordering the electroelastic
models of transducers of certain canonical forms.

An attractive feature of the pass-through approach methodology is to take into account and
visually predict the spatial properties of transducers by using individual modes, or combinations
thereof. This is due to the peculiarities of the stress-strain state of the transducers design, types of
electroding, kinematic and force conditions of conjugation.

It so happened that until recently more attention was paid to cylindrical multimode trans-
ducers and their systems, [9—11, 13]. Spherical, rod and bending transducers are somewhat less
covered. At the same time, the frequency characteristics of the eigenforms of cylindrical and sphe-
rical shells, the features of electroding and electrical boundary conditions are of special interest.
These issues are partially considered in [2, 4, 6, 14—16].

Expanding the range of pass-through statements [15-20] should lead to a more correct con-
sideration of the operating conditions of electroelastic transducers, but requires a more thorough
understanding of the interaction of acoustic, mechanical and electrical factors. Therefore, due to
this, the physical aspects of end-to-end productions can be successfully used in the creation of
models of receiving and radiating sonar systems.

All the above areas and work require further development, improvement and systematization.

Thus, the proposed «pass-through» approach is relevant and modern, because it allows to
increase the reliability of modeling the operating conditions of acoustic transducers in the context
of wave problems of acoustics with the replacement of boundary conditions by acoustic-mechani-
cal fields — conjugation conditions and electrical boundary conditions. Aim is to enhance the range
of performances and build algorithms solving problems of stationary mode hydroelectroelasticity
sound radiation. The expected results are presented in terms of improving approaches to studying
the features of the oscillatory process of the active elements of sound-emitting systems and the
accompanying effects of the transformation of interconnected fields involved in the formation of
the acoustic signal in the liquid.

2. Materials and methods

The problem under consideration is based on theoretical materials of the basic provisions
of electric elasticity [2, 6] in terms of involvement in the solution: equations of motion of points on
the surface of a thin sphere (Newton’s second law), equations of state for piezoceramics, genera-
lized Hooke’s law, Cauchy relations and the Helmholtz equation for the acoustic field.

The solution is performed using generalized boundary conditions for acoustic, mechanical
and electric fields using traditional methods of mathematical physics (Fourier method), vector ana-
lysis and orthogonal properties of spherical functions.

The work is structured in accordance with the order of solving traditional problems of sound
scattering, reception and radiation [10—12, 15].

2. 1. The formulation of problem
Suppose that a spherical electroacoustic transducer-emitter, supplied by a closed thin elec-

trostress shell with radial polarization, is placed in the working medium, which is represented
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by an ideal liquid (Fig. 1). A spherical O, r, ¢, 6 and rectangular O, X, Y, Z coordinate system is
introduced into the medium, the centers of which coincide with the phase and geometric centers
of the sphere (point O); the radius of the inner surface of the shell — R, external — Ry; shell wall
thickness — ;= R|—R. In the volume of the shell is a vacuum. From the outside — a liquid with the
density pg and speed of sound cy. The inner (= R) and outer (r = R+h,) surfaces of the shell are
completely electroded.

Fig. 1. Design scheme of a hollow sphere polarized by thickness

In the mode of radiation of the monochromatic signal, when performing the inequality
hs <R, the specified conditions of the transducer and the type of surface electroding [2, 14] allow
to assume that:

—mechanical tensions c;; and deformations g;; (where i, j single orts) — constant in the thick-
ness of the shell wall (i.e. in the coordinate r);

— the radial component of the electric field vector £, in the direction of polarization of the
shell in the gap 4, is also constant;

— disturbance and formation of mechano-acoustic fields — corresponds to the zero mode of
oscillations of the sphere.

The inner and outer surfaces of the spherical transducer are connected [6] to a fixed fre-
quency generator and together with it and the elements of the electrical installation form an ex-
ternal electrical excitation circuit. The elements of the electrical mounting of the inner electrode
are brought out through a special infinitesimal technological hole. The inner electrode is po-
tential, the outer electrode is grounded. Let’s believe that the electrodes, shells and elements of
electrical installation in their technological properties in no way affect the operation of the trans-
ducer — the shell.

After turning on the generator and applying to the electrodes the potential difference
U= Uye ™" under the influence of the generated electric field, the stress-strain state of the shell
changes. The resulting electric field arising in the volume of the shell consists of both exter-
nal (which is perturbed by the generator) and internal field, which is caused by displacements from
the equilibrium of the ions of the piezoelectric material of the shell (direct piezoelectric effect).

The connection of the main (electric, mechanical and acoustic) physical fields involved
in the process of converting electric energy into acoustic, and the circumstances of the problem
in terms of technological features and type of electrode necessitate the joint solution of the follow-
ing equations and the use of the following relations and conditions [2, 6, 14]:

— state equations for piezoceramics;

— equations of motion of material points of a spherical thin shell (or Newton’s second law):
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E(GW + g )+ pm’u, =0, (1)

where, 644 Ggp — amplitude values of mechanical compressive-tensile tensions along the axes of
azimuthal (latitudinal) and polar (meridional) angles of a spherical coordinate system; p,, — density
of piezoceramics; u, — amplitude value of a harmonically variable radial component of the centrally
symmetric vector of displacement of material particles of piezoceramics;

— generalized Hooke’s law, written for environments with complex properties:

_E E E

O = (1€ + Cia€ge T+ Cir€00 — €11 Ly, )
_E E E

Opp = Co€p + Cy9€00 +C{5€00 —612Er, (3)
_E E E

Gop = C1o€y + Cl2€qg + Coo€00 — €12Er, @)

where €, £p¢, €69 — amplitudes of compression-tension deformations along the corresponding axes
of the spherical coordinate system; cfj, cf, — components of the matrix of the modulus of elasticity;
e11, e;o — components of a matrix of piezomodules;

— Cauchy relations for deformations of the form:

Epr =ur/r

and
Egp 2566=ur/r; (5)

— Helmholtz equation for an acoustic field written in spherical coordinates:

Ap, (1,9,8)+ k2 p, (1,9,0)=0, ©6)

where £ = w/cy — wave number; o = 2xf — stake frequency(rad); f— frequency(Hz).
Due to the selected type of electrode, the radiation is undirected. Therefore, the solution
of equation (6) will depend only on the radial coordinate 7

p(r9,0,i)= pa(ri)= % o-i(@izr) o

and the radial component of the displacement vector is related to the pressure and the normal
component of the vector of the oscillatory velocity of the points on the surface of the sphere v,(r,t)
by the following condition:

1 9p,(r)
Ciopy  or

= —iow,,_, . ®)
=R

[ (ry i)|r:R1 =

Thus the compatible solution of equations (1)—(6) should occur with involvement of acoustic
mechanical boundary conditions which are formulated and applied as conditions of conjugation
of force type:

Siil,_g = P=2P= Poul,_g = Pinl,_>

when

(r = R+hy). )

The list ends with the condition of orthogonality of trigonometric and spherical wave func-
tions and the Sommerfeld condition.
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Regarding the boundary conditions for the electric field, let’s note that in accordance
with [2, 6, 14] they determine the following situations:

— the first concerns the imposition of the condition of the absence of free electrons in the
shell material divD = 0 (D— vector of electrical induction);

— the second — the conditions of connection of the electric field strength in the volume of the
transducer with the electric voltage £ = —grad¥, (¥ — electric potential, A¥ — potential difference);

— the third — the condition illustrating communication of an electric current / and surface
density of charges on the electroded surfaces of a cover Q: I =—imQ.

Note that all the above characteristics of the main physical fields — electric, mechanical and
acoustic are functions of frequency and distance. This dependence (to simplify the presentation)
is not shown in the intermediate results and is given only on the final relations, where the search
for values gives the amplitude-frequency dependence of some factors. The distance can be fixed.

Thus, using the results of the statement, let’s note that the frequency dependencies of the
transmittance of the transducer (electric voltage — acoustic pressure) K,(m), as well as the frequency
dependencies of pressure p,(®) and electrical impedance Z,/(®) are to be determined.

2. 2. The solving of radiation problem

Thus, the external load of the spherical shell is a liquid. In the middle of the shell is a vacuum.
Consequently, the sound field in the middle of the sphere cannot exist and is not taken into account.
The load on the sphere is reduced to the pressure difference Ap, on its outer and inner surfaces
AP = Poutlr= R1—Pinly = r, One of which is zero p;,|, - g, due to the vacuum condition.

Let’s apply condition (8). For the amplitude, of the normal component of mechanical ten-
sions, the force conjugation force is valid:

GWL:R' = p|r:R =&e—i(wl—ikr) (10)
r r=R,
where p, — pressure amplitude; and the kinetic condition of the conjugation:
1 dp,
Ulr =iapar| = Uhero (n
=R,

vy, U, — the velocity of displacement in the radial direction of the material points of the shell surface
and the velocity of the normal particles of the medium at the boundary » = R respectively.

2. 3. Determination of the frequency response of the transmission factor K,(®) and elec-
trical impedance Z,(®)

Applying condition (10), after substitution in equation (2) let’s find the amplitude value of
the deformation g,

E
Pa  Cpp e
€ =_CE T (eq,q, +899)——CE E,. (12)
11 1 11

After a series of transformations associated with the exclusion of deformations ¢, from
equations (3), (4), for the normal components of mechanical tensions €y, and €gq let’s obtain:

.
€pp = C11Pa + C22€00 +C9€ep —€11 E,-, (13)
.
€99 = C{1Pa T C12€¢p T Co9€00 — €12 E,, (14)
E cEYV
Oy Ci 12) . ) . .
_ _.E _| -E _
where ¢,y =—, ¢y = cy| 1——5 | ¢og =| 3o —=—F— |, €12 =| —e11— + €12 |~ material (15) constants.
O ZE Cit O
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Further, taking into account the relationship between displacements and deformations,
which is determined by the Cauchy ratios [2]:

Epp = €00 =ur/R. (16)
Expressions (13), (14) can be represented as:
ur *
€pp = €00 = C1Pa T YE —epk,, (17)

where Y= (ciptcy;) — effective modulus of elasticity.

The symmetrical deformation of the spherical shell, which occurs when it is excited by
an external generator, leads to the fact that the electric induction vector D is completely determined
by its radial component D, and in accordance with [6] for the sphere is written as:

D‘r =e11€ t 12 (8(p¢ + 899) +X?1Er, (18)

where %= x5, +e11?/cf; — components of the dielectric constant, set at zero (constant) normal
mechanical tensions o,, and deformations &,

After substituting expression (10) for deformations g,, in expression (16), and using expres-
sion (17), let’s change the record for the vector component D,

27
D, = 2E€12 +e1pa + X1 Er, (19)

where

cfy (611)2 ey
.
en=|ep-en g » Xf1= Xf1+—CE e =—F. (20)

11 1

Let’s apply boundary conditions on an electric field concerning induction divD=0[2, 6, 9, 14]
which defines absence of free carriers of electricity in piezomaterial and in spherical coordinates
makes equality:

. 1o, ..
divD, = 725(’21)’) =0. Q1)

For the electric field strength in the volume of ceramics and the potential difference at the
electrodes of the shell, let’s use the second condition [2]:

R,
U= [Edr=a¥, y(r) _,=U, v(r)| _p, =0 (22)
R

Regarding the determination of current, let’s write the relationship of electrical charac-
teristics — as follows:

Q=[DdS, I=iwQ, 23)
N

where QO surface density of electric charges on the electrode with area S.
The solution of the differential equation (21) in the standard form will be:

. C
) 02

F=—5
R1 r=R,

(24)

where Cy, — unknown constant to be found.
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Expression (19), substitute in (24), then let’s obtain the equality:
u, o Co2
Dr =2E812 +e1pa+X11Er ZF, (25)
whence let’s find tension E,:
o[ g, 26
r—ﬁ R 612E—€1Pa . (26)
Substitute (26) in equations (16), (17) and for the mechanical field let’s obtain:
Uy e12Co2
Ggp = Opp =YD§+Y1DPa TR 27)

12 el . .. L .

where YP =Y + 2—, YP =cii+e — effective modulus of elasticity, which is determined tak-
11 X1

ing into account the interconnectedness of electric and elastic (mechano-acoustic) fields.

Now, in turn, let’s use expression (1), which corresponds to Newton’s law. Substitution of
expression (27) and carrying out a number of transformations gives for the radial component of the
movement of material particles of the shell u,:

26;2 C()2 YD
Y Dyo T_2Y17DpaR
Uy = Uy (‘D) = L1 ’ (28)

[2-(R)’ |

where y? = p,, 0%/ Y — the square of the wave number of centrally symmetric oscillations of a closed
spherical electroelastic shell.
Let’s use a group of boundary conditions for the electric field (22):

_ a\P(T) _ A\'P(T) _ \'Pour - \'Pin \'I‘Ri - \'PR

T or Ak, h (29)
That is, in the left part of equation (26) let’s put condition (29) and let’s obtain:
¥(r 1 (C U, P(r 1 C . U e
B =T 2 g e T L ey i GO
o xR R or xir R XTR X%

Next, in equation (30) let’s substitute the expression for the radial component of the dis-
placement u, (expression (28)) and after the introduction of the coefficient of electro-mechanical
coupling ke, = e114/2/Y Py, and a number of algebraic transformations:

M) 1 Cp {(1+ kch)[Z - (*{R)Q] ~2k2c | p, {(1 + kEmc)[Z ~(yRY’ ]e1 —e 2kgmc} y
oy R (1+ kgm)[2 - (yR)z] T (1+ kﬁmc)[z - (yR)Q] - O

Using an integrated representation:

R+h
U= [ Edr, (32)
R

integrate the left and right parts (31) on 7 for the situation »= R, »= Ry and get for the electric potential:
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(1+k3mc)>< (1+k§mc)><

| U | T 1 Rl St | IR

! 11 11

1+ k2, )| 2- (yR) (1+ k2 )| 2~
e 207 e ),

_ b Con {(1+kgmc)[2—(yR)2]—2k3mc} +puhs {(1+kemc)[2 (YR) ]81—622kemc}

R (1 )[2- ()] X (14 K ) [ 2= (4R’ | ’

where Cy; =0.

The obtained results of determining the electric voltage correspond to the boundary condi-
tions of the form (22) selected during the statement of the problem.

The unknown coefficient Cy, after transformations can be written as:

{(1 + ke?mc)[Z - (yR)2]81 —e 2k3mc}

2
i (eiif2-tnr] | PaR? . (G4

s {(1+k§m6)|:2—(yR)Z]—Zkgmc} {1+ B2 2= (vR) |- 2880}

Coa=Uy

Therefore, applying the conditions (28) and the found coefficient C02 (34), it is possible to
calculate the amplitudes of the displacements of the material points of the surface of the spherical
shell. In addition, the use of (34), (23) and Ohm’s law for the circuit section can find the value of the
electrical impedance of the transducer-shell Z,;:

g,= Lo 1

77T T io4nR’ D;

U {1+ R2ue [ 2= (VR | - 2k2c} 55)
iodm Ugx§, 9 2 5 9 2 —
ZOALR2 (14 kemc)[2 ~(YR) ] ~ pR2{(1+ km)[2 ~(YR) ]e1 — 20k, )
S
or after the introduction of electrical static capacity of the spherical shell:
iWATRYS,
Co= R
2
U 1+ k2 [2— YR ]-2k2,

Ze[ __ 0 {( emc) ( ) emr} (36)

0C0 U (14 K ) [ 2= (VR)” | - iovtmpa R {(14 R ) 2= (YR)” Jes = 26020}

In the case where the external environment is a vacuum, the situation is greatly simplified.
In this case o,.= 0, p, =0 and the expression for the impedance (36) takes the form:

1 {(1+kgmc)[Z—(yR)2]—2k3mc}_ {

i0Co (14 kzmc)[2— (YR)2] e

el = —

Ly (o), 37

where
{1+ B 2- (vR) |- 2880}
(1+ k) 2- ()|

and has the content of the frequency-dependent transfer coefficient of the transducer K)(®) in
a circle «generator — working mediumy (vacuum).

Lo(()) =

(3%)
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2. 4. Determination of acoustic pressure frequency response p,(®)

Thus, the above obtained a number of useful relationships. These include equation (28) for
the radial component of the displacements of the material particles of the shell u,, expression for the
coefficient Cy; (34), kinematic conjugation condition (11), properties of orthogonality of spherical
and trigonometric wave functions and solution of the Helmholtz equation (6) for the case of reali-
zation of zero mode of shell oscillations of known type:

_ & ikr
Pa(r)= el (39)

Let’s apply the relationship of oscillating speed with displacement and acoustic pressure of

the species:

1 an()
iop or

o(r)=—iou, =v,(r)= , (40)
and after substituting in (28) expressions (34), (39), fulfilling the kinematic conditions of conju-
gation (11) and equality (40), after the transformations let’s obtain the amplitude of the acoustic
pressure p,(r) at » =R recorded for the frequency range o as:

o
e S s !
L2(w)=(R12){X§5R1](28} "
Ls(w)=(R12)(2§1—i&J[ﬁw)]’

{1+ kgmc)[z - (yR1)2] 2k,
(14 B ) [ 2= (41’ |
{14 K30 ) 2GR0 e = 20k} @)

(1488 2-(R7]
Fy(0)=[2-(vr.)’ ]

Fi(0)=

’

F(0)=

The actual acoustic pressure p,(o) is determined by using the expression for the pressure
amplitude (41), (42) in equation py(®) (39).

2. 5. Experiment

The obtained theoretical results are confirmed experimentally in terms of measuring the
acoustic pressure created by the transducer in the free field p,(m).

The measurement results p, (o) are represented by frequency characteristics in the frequen-
cy range of the calculated part. Evolutions were carried out in the measuring basin of the State
Enterprise Research Institute «Hydroprylad» in Kyiv, according to the scheme (Fig. 2).

The working space during the measurements corresponded to the conditions of the far field,
and in the receiving path the method of gating the useful signal by time and distance was im-
plemented. At the same time the relation was carried out: Ug/Up =15 dB, where Ug — electric
voltage on the recorder of the useful signal, Up, — electric voltage of damage.
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1}—{2}—1 4

(6) . (D

Uout

Fig. 2. Measurement scheme: 1 — master generator; 2 — power amplifier; 3 — selector;
4 — amplifier; 5 — bandpass filter; 6 — transformer; 7 — control hydrophone

The results of acoustic pressure measurements at the frequencies of the working range of
numerical studies show (Fig. 3) that the frequency dependences of pressures measured in the reso-
nance region of the zero mode of oscillations of the sphere, provided doubling the distance from the
emitter to the control hydrophone, decreases by 6 dB. That is, the law of inverse radii is fulfilled,
which corresponds to the nature of the calculated curves (Fig. 6).

po(w), dB

6

0 o ,rad

2
Fig. 3. Amplitude-frequency characteristic of pressure p(w), dB (— ——d > T -2d ]

Based on the obtained graphs, let’s believe that the theoretical studies correspond to the
practical results of the work.

3. Results and discussion

Calculations of frequency dependences of coefficients K (®), Z./(®), p,(®) were carried out
for a spherical cover with radius R; = 0.5 m which is made of CTS-19 piezoelectric material having
coefficient k,,,. = 0.5. Estimated distances for acoustic pressures were 1 m and 10 m.

The results of calculations are shown in Fig. 4—6.

In Fig. 4, a the calculated graph of K, () is shown, which has two local extremes — local
minimum and local maximum. The local minimum of K,(®) determines the situation of the largest
amplitudes of displacements of the radial components of the shell movements and is a resonance
of the electromechanical nature of the corresponding frequency ®,, for which equality must be
satisfied:

2
2- (YR1 )2 - 2kezmc =2- (%] =0, (44)

a

2
(0] 1
where y2 = pow? /YP, k2, = [2 - (m—rJ ]5 accordingly, the square of the wave number of oscilla-

tions of the shell and the square of the coefficient of electromechanical coupling.

The second local extremum determines the situation of the smallest radial displacements
of the points of the shell surface and is an electromechanical antiresonance with frequency ®,.
The equality F;(w) = [2 - (yR1)2:| holds for it.
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10000 12500 15000 17500 20000 16300 16337 16375 16412 16450
a b
Fig. 4. Frequency response of transmission coefficients K (®): @ — working medium — vacuum,;
b — working medium — water

The modulus of elasticity is calculated by the formulas:

In our computational situation, the frequency of electromechanical resonance is 2600 Hz
and the introduction of the load from the working medium (Fig. 4, b) affects the frequency
response for the selected computational situations only in part of the active load.

The given situation with change of amplitudes of radial components taking into account
connectivity should correspond to change of electric impedance Z,/(®) of hydroelectric-elastic sys-
tem. Indeed (Fig. 5), at the resonance frequency the impedance Z,/(w) is small and in the circuit —
«generator-working mediumy, there will be a maximum of the current mode, which includes the

bias current and the current in the external circuit. The opposite situation is observed at the antire-
sonance frequency.

Za(),10*

\'\
0\/

0 2 4 6
®,10"

Fig. 5. Frequency response of electrical impedance Z,, (o)

Regarding the frequency response of the acoustic pressure, it is obvious that the frequency
dependence of the pressure is expected. The graphs themselves contain a local maximum, which is
at the resonant frequency o, of the zero mode of oscillations.

The calculations were performed for two situations: the first — standard, for which the
pressure is determined at a traditional distance of 1 m, and the second — at a distance of 10 m.
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In this case, (Fig. 6) the levels of local maxima decrease by 20 dB with an increase in the calcu-
lated distance by 10 times, which is fully consistent with the law of inverse radii and confirmed
experimentally (Fig. 3).

pa(w), 10 pa(w), 107
2 2
1 1
0 j 4 0 I\ 4
0 1 2 0,100 0 1 2 ©,10
a b

Fig. 6. Frequency response of acoustic pressure p,(®): a —R1=1m; b—R;=10m

The obtained results of using the «pass-through» method in the problem of sound radiation
show a new generalizing approach that allows one to obtain its exact solutions in the representation
of a transducer — a thin-walled piezoceramic shell. Thus, the result of the formation of a field of
zero-order acoustic waves can be described by jointly solving the equations of oscillations of the
source, the equation for the acoustic field, the equation of state for piezoelectric ceramics, and the
Cauchy relations for displacements and deformations. The key point of the work is the solution
within the framework of the theory of thin shells of revolution and the conditions of conjugation in
the acoustic, mechanical, and also in the electric field. Let’s also note the fact that the traditional
method of equivalent circuits [21], which is successfully used in the resonance region of the fre-
quency response of a sound source, worsens the reliability of the numerical results, the more the
further from the resonance the frequency region under consideration is.

Features of the proposed solution consist in taking into account, for the considered oscilla-
tory system, the connection of acoustic mechanical elastic forces with forces of electrical nature.
In this case, the electric boundary conditions determine the absence of free electric charges in the
piezoceramics and the presence of only a dynamic component of current values — in the form of the
surface density of electric charges in the region of the electroded surfaces of the shell.

Of course, the proposed formulation and solution have a number of limitations. These in-
clude the following:

— restrictions associated with the thickness of the shell wall (it should be no more than 10 %
of the radius);

— restrictions associated with the method and type of electroplating of the surfaces of the
sphere (full or partial);

— technological limitations associated with the uniformity of electrode deposition and the
provision of reliable electrical contact on the inner and outer electrodes (in the work these techno-
logical features are idealized and are not taken into account);

— taking into account the possible presence of the throat of the sphere and the associated
possible changes in the frequency characteristics of the acoustic field;

— idealization of the setting device cable line.

Some of these restrictions can be removed. First of all, this concerns the features of a con-
structive and technological nature in terms of electroplating the surfaces of the converter, which
play an important role in the formation of its spatial properties and in the future can be considered
taking into account the presented material and the worked out tasks [11, 13—16].

Further development of the proposed scientific instrument of the «pass-through» method
implies its use in various areas of research into the spatial and energy characteristics of acous-
tic antennas and transducers as applied not only to the problems of radiation, but also reception.
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This requires the complication of the mathematical apparatus in terms of the special functions
used (from cylindrical functions to spheroidal or ellipsoidal — for converters of basic canonical
forms and systems based on them), solution methods (from standard methods for solving differen-
tial equations to methods for solving infinite systems with complex terms), issues of convergence
of complex series and conditions of electrical and acoustic loading of transducers, as well as the
presence of acoustic screens, methods of location and connection of transducers, etc.

In the development of the proposed topic, after modification of the formulations of the cor-
responding equations and boundary conditions, it is assumed that the «pass-through» method will
provide a broader physical interpretation of the effects of the interaction of acoustic, mechanical
and electric fields of the transducer and their influence on the spatial and energy properties of
transducers and systems based on them. This concerns the replacement of the boundary conditions
by the conjugation conditions and the description of methods for forming the spatial characteristics
of single transducers and their systems for various types of electroding of transducers, as well as
the type and nature of electrical and acoustic loads.

4. Conclusions

The application of the method of the end-to-end problem of the direction «hydroelectric
elasticity» in the situation of sound radiation shown on the example of operation of a spherical elec-
troacoustic source of zero order in an ideal liquid. The electroacoustic emitter source is supplied by
a spherical piezoceramic thin-walled shell with complete electroding of its surfaces.

In terms of the load of the transducer from the working environment shows, the possibility,
in fact, the solution of the radiation problem taking into account the effects of connectivity of the
main physical fields, which are characterized by elastic forces of mechano-acoustic nature and
Coulomb forces (electric forces).

The analysis of the main frequency dependences of complex characteristics of the emitter is
calculated and made: K, (o), Z./(®), p.(®). Possibilities of a decision in part of definition of material
constants of piezomaterial of a cover of the fixed geometrical sizes and frequency dependences of
the basic electroacoustic characteristics of a source are shown.

It is determined that this approach is promising and should be extended to the problem of
radiation-reception of sound, within the wave acoustics of infinite and bounded spaces.
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