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A cylindrical piezoceramic sound emitter, formed by two coaxial thin piezoceramic spaced-apart shells
with circumferential polarization and an elastic medium between them, is considered as a dynamic system
with parameters operationally controlled from the electrical side during performance. Taking into account
the interconnection of the electric, mechanical, and acoustic fields of the shells during the energy conver-
sion of the energy exchange between the shells inside the emitter, when forming the acoustic field, the cal-
culated relationships to determine the physical fields of the emitter under the dynamic control and the in-
terconnectedness of the energy conversion processes as well as its formation in space by electric fields pa-
rameters of field’s shells are obtained. It is shown that the quantitative characteristics of the dynamic be-
havior of the emitter depend on the ratio of the magnitudes of the electrical voltages supplied to the pie-
zoceramic shells, the phase difference between them, the size of the shells and their materials electrophys-
ical parameters, as well as physical parameters of the media filling the shells. A method of numerical
analysis revealed the behavior of the emitter’s physical fields when changing the shells’ electrical excita-
tion voltages and the phase difference between them for the case when the frequencies of the main form of
mechanical vibrations of both shells in vacuum are the same. At the same time, a number of properties
important for practical application of such emitters were established. The control of the amplitudes and
phases of the exciting envelope of electrical voltages allows to: significantly increase the acoustic efficiency
of the emitter and significantly expand the frequency range of its resonant sound emission without increas-
ing the overall dimensions of the emitter; provide operational control of the emitter shells’ mechanical
fields, bringing their particle velocities to the maximum possible in terms of maintaining emitter’s me-
chanical strength; to determine the laws of electric fields radiation of the emitter during dynamic control of
its performance taking into account the method of excitation of piezoceramic shells. A physical interpreta-
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tion of the causes of these properties is given.
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1. INTRODUCTION

The versatility of modern echolocation tools stipu-
lates the need for dynamic control of their emitters’
parameters. For piezoceramic electromechanical sound
emitters, the possibility of their operational control
during emitters operation is provided by the presence
of the electrical side. However, the complexity of the
physical processes that occur in this case necessitates
the development of methods to describe them as dy-
namic systems. An electromechanical emitter is charac-
terized as a device that provides, on the one hand, the
conversion of one type of energy into other types, and
on the other hand, the formation of converted energy in
the emitter’s surrounding environment. In this case,
three types of interaction of existing processes can be
distinguished. The first of them is determined by the
interconnection of electric, mechanical and acoustic
fields when the energy is converted in the piezoceramic
medium of the emitter. The second type of interaction
is associated with the process of multiple exchanges of
the emitted and reflected sound waves between the
structural elements of the emitter. And the third type
of interaction is determined by the interconnectedness
of the energy conversion processes in the emitter and
its formation by the emitter in the surrounding envi-
ronments. The stated features of the piezoceramic
sound emitter performance are complemented by the
need to change the design of its construction so that it
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provides the possibility of operational control of its
parameters by electrical means during the operation of
the emitter. Naturally, all this requires the develop-
ment of new approaches to the description of the emit-
ter as a dynamic system.

We should note that in the resources [1-11], the
methods for controlling the parameters of emitters are
conventionally divided into passive and active. Passive
methods involve the use of acoustic screens, which can
be [1-6] both external and internal. The results obtained
using these passive methods are quite fully presented in
works on cylindrical emitters shielded by external open
ring layers [5, 6], and in works [5-11] on the same emit-
ters, but with internal acoustic screens. The main disad-
vantage of these massive methods is that during the
emitters’ performance, the capabilities of their parame-
ters’ operational control are structurally complicated.
This drawback is absent in active methods associated
with the dynamic control of the emitter parameters us-
ing its electric field [2]. The application of these methods
is associated with the replacement of the internal acous-
tic screen with a cylindrical piezoceramic shell excited by
an electric field from its own electric generator.

The aim of this work is to develop one of the ap-
proaches to the description of the dynamic behavior of a
cylindrical piezoceramic emitter, taking into account all
the above interaction processes of different physical
nature fields that arise during its performance.
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2. STATEMENT OF THE PROBLEM AND
DERIVING ANALYTICAL RELATIONS

Let us determine the dynamic behavior of a cylindri-
cal piezoceramic sound emitter (see Fig. 1).

The emitter is formed by two cylindrical piezoceram-
ic spaced-apart shells 1 and 2 with the aligned longitu-
dinal axes. Each of the shells has medium radii 7; and

r, , thicknesses h, and h,, has circular polarization and

is composed of M, and M, rigidly glued together pie-
zoelectric segments. Electrically, in each shell segments
are connected in parallel, and electrical voltages are
applied to their flat lateral faces w, =w,,-e™ and

Wy =o€ ™ where w is the frequency and ¢ is
the phase shift between these voltages.
The converter is placed in a medium with wave im-

pedance p,c;, and the spaces between the shells and

inside the second shell are filled with media with wave
impedances p,c, and pyc; respectively, where p; and

¢; (j=1,2,3) are the density and speed of sound in the

corresponding medium. The thickness of the shells is
small compared to their radii.

In order to determine the analytical relationships
describing the physical fields of the studied emitter in
coordinate systems (see Fig. 1), it is necessary to carry
out a joint solution to a system differential equations,
including:
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— equations of forced electrostatics for piezoceramics:

Es= —grad y,; div Ds=0. 3)

Here, s is the number of the piezoceramic shells in the
emitter (s=1,2); j is the acoustic field number
(=1, 2, 3); A is the Laplace operator; (Dgs) is the veloci-
ty potential of the s-th shell in the j-th region; K ; is the

medium wave number in the j-th region; Us; and W; are
the circumferential and radial components of the middle
surface points displacement vector of the s-th shell;

IBS = hs2 /12r03 (1+e§33 / C??Ssggz)s)’ o = 7:92 / Cgc’ qrs is

the load of the s-th shell;
CE., ey, €5, 7, are respectively the elastic modulus at

external radiation

zero electric tension, piezoelectric constant, dielectric
constant at zero deformation, material density of the
s-th piezoceramic shell; E; and Ds are the intensity and
induction vectors of the electric field in the s-th shell.
Analysis of the structure of the studied emitter
clearly shows that its electrical and acoustic loads have
radial symmetry. Therefore, the mechanical fields of
the emitter shells will have [2, 3] only zero modes W,

and W, of their radial displacements. Given this fea-

3 4
+ﬂs[a U, 9 Ws}—W—r

J. NANO- ELECTRON. PHYS. 11, 06011 (2019)

— Helmholtz equation describing the motion of media
inside and outside the emitter:
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Fig. 1 — Normal section of a radiator
Al + Kol =0; (1)

— equation of motion of thin piezoceramic shells with
circumferential polarization in displacements:
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ture of the shells’ mechanical fields, expressions (2) are
transformed to:
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To solve the problem of dynamic behavior during
sound emission by the given emitter, we divide the
entire multiply connected region of the existence of its
acoustic field into partial regions. The conditions for
conjugation of fields at the interfaces between regions
and shells can be written as:
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Here o, and o, are the normal components of the

tensors of mechanical stresses of the first and second
shells of  the emitter; p, =—lop, D, (klr, (p) ,

Dy = —iwp2®2(k2r, (p), Py = —ia)p3d)3(k3r, (p) the
acoustic pressures in the relevant areas.

The electric boundary conditions consist in setting
the electric field strength in each of the piezoelectric
ceramic shells, and for their circumferential polariza-
tions they have the following form:

are

£ :_WSMS’

7 2rr,

s=1,2. (6)

Taking into account the above-described features of the
mechanical fields of the emitter, the expressions for the
velocity potentials of its acoustic fields in various par-
tial regions can be written as:
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@, (k)= AH) (kyr);
@, (kyr, @) = By (kyr) + CN, (kyr) (7
@, (kyr, ) = D (ksr).

When writing expressions for @, (kr,¢) and @, (kyr,¢)

Sommerfeld’s conditions in the first partial region, the
absence of field features in the third partial region, and
traditional designations for the Hankel, Bessel, and
Neumann functions are taken into account.

Algebraization of functional equations (1), (4) and
(5) taking into account relations (6), (7) and the proper-
ties of completeness and orthogonality of angular func-
tions systems, allows one to determine the unknown
expansion coefficients (7) and obtain a system of linear
algebraic equations of the form:
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Jy (kzrm)_Jo (k2’32) N (k quency dependences of the amplitudes of the electric,
where A, = 0 ( 2’“12) ; mechanical, and acoustic fields within a dynamic
, , N, (R, change of the parameters of the electric excitation of
Jo (Ratiz) =y (Roiz) O,( ) the emitter
N, (k2r12) L . . .
Electric current Is calculations of the emitter excita-
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0( 2’"21)_ 0( 2’"12) ; . — . . .
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Ay = ; , according to the formula
Ny (kyryy)

«prime» denotes the derivative of the function with
respect to the argument.

3. RESEARCH RESULTS

It is clear from physical considerations that the
quantitative characteristics of the dynamic behavior of
all physical fields i.e. acoustic, mechanical, and electric
involved in the process of sound emission by a given
type of cylindrical piezoelectric emitter depend on: the
ratio of the magnitudes of the electrical voltages ap-
plied to the piezoceramic shells of the emitter; phase
differences between these voltages; sizes of shells and
electrophysical parameters of their materials; physical
parameters of media filling the volumes between the
shells and inside the second shell. Only the first two
parameters out of them can provide dynamic control of
the characteristics of this emitter.

Let us apply the obtained relations to evaluate the
properties of the given type of the emitter as a dynami-
cally controlled device.

IS = SQJ‘! S Z 2 ’
“ja Ot

where S, ; is the electrode area per unit height of the
s-th emitter shell applied to flat surfaces of the prisms;

D{E}j ) is the electric induction of the Jj-th prism of the s-

th emitter shell. In a cylindrical piezoceramic segment-
ed shell with circumferential polarization [10], radial

Dﬁj), axial D(f') and circumferential D{S)j) components

2
of the electric induction in the given case are deter-
mined by the expressions:
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Acoustic field pressures on the external (s = 1) sur-
face of the emitter and external surface of its internal
surface (s = 2) of the piezoelectric shell are determined
by the relations:

by (’"11’0) = _inlAH(()l) (k’lrll’o);
Py (ry1,0) = —iwp, [ BJ, (Fyry;,0)+ CN, (Ryry,0) |-
Particle velocities of external mechanical fields

(s=1) and internal (s=2) piezoceramic shells of the
emitter were calculated by the formulas:

Wi
ot

W,

=—1oW,,; =—ioW, .

The calculations were performed with the following
characteristics of a dynamically excited emitter: aver-age
external radii (s=1) and internal (s =2) piezoceramic
shells r1=0.096m and r;=0.070 m at thicknesses
h,:=0.004 m and hy;=0.003m and equal number of
shell-forming prisms Mi= M2 =48; regarding piezo-
ceramic shell environments, TBC composition system
was used for the external shell: p; =5400 kg/m3,
dss, = 113-10-12 C/m3; CPys1 = 10.5-10 10 N/m?;
&331 = 10.4-10-92 F/m; for the internal shell, the PZT
composition system was used: p;= 7200 kg/m3;
d332 =320-10-12 C/m3, CE331 =17.5-1010 N/m2,
&332 = 19.5:10 -2 F/m; environments in the first, second
and third areas, respectively pic; = poce = 1.5-108 kg/m2s
and psc3 = 0; amplitudes of exciting voltages wy; = 200V,
woz = 200, 120, 0 V, phase shift (¢) between y; and s
equals to ¢=0, 72, r, investigated frequency range
from 0 to 35 kHz.

An analysis of the given frequency dependences
makes it possible to establish complex qualitative and
quantitative relationships between electronic, mechan-
ical, and acoustic dynamic processes arising in piezoe-
lectric ceramic media of a cylindrical emitter, and the
influence of dynamic acoustic processes of sound-wave
emission on them. First of all, let us pay attention to a
number of physical features of the given emitter during
its dynamic excitation. The electric fields of piezo-
ceramic shells excitation of the emitter and the acoustic
fields formed by these shells in the environments sur-
rounding them are radially symmetric. This means
that the electrical energy "ends" in the piezoelectric
shells only with one form of their own vibrations — zero
modes of the shells’ mechanical fields. Therefore, each
of the shells has one resonance of its own. The radia-
tion of the acoustic waves of each of the shells in the
space between them is the reason for the appearance of
the acoustic interaction of the shells in it, which is
conditioned by the multiple exchanges of the emitted
and reflected waves between the shells. The acoustic
field, formed in this case in the second region, contin-
ues to remain radially symmetric, but becomes depend-
ent on a number of physical parameters of the emitter.
These include: the values of the natural resonant fre-
quencies of the shells and the distances between the
internal surface of the external shell of the emitter and
the external surface of the internal shell; physical pa-
rameters of media in all considered areas; the relation-
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ship between the amplitudes of the electrical voltages
exciting the piezoelectric shell of the emitter, as well as
the phase shift between them. The last two factors
provide the possibility of operational control of the
emitter’s performance parameters. In order to exclude
the influence of different values of the natural resonant
frequencies of the emitter shells, when studying their
sizes and compositions of piezoceramic materials, they
were chosen so that these frequencies were the same.
In this case, the values of these frequencies were
7.3 kHz.
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Fig. 2 — Frequency dependences of the pressure amplitudes of
the acoustic field in the far zone of the dynamically excited
emitter at yoo/yo, = 1.0 (1-3); woo/Wor = 0.6 (4-6); oo/ o1 = 0 (7);
p=00,4,7); p=712(2,5,7); p=17(3,6,7)
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Fig. 3 — Frequency dependences of the particle velocity ampli-
tudes of the mechanical fields of external (a) and internal (b)
shells of the dynamically excited emitter at wy/wy = 1.0 (1-3);
Woo! Wor = 0.6 (4-6); wool o1 =0 (7); =0(1, 4, 7); o= nl2(2, 5, 7);
p=r(3,6,7)
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Analysis of the reduced frequency characteristics of
all three parameters of the given emitter’s physical
fields during its dynamic excitation (see Fig. 2-Fig. 5)
indicates the resonance nature of these dependences. A
common feature of the amplitude of frequency depend-
ences of acoustic pressure (Fig. 2), particle velocity
(Fig. 3) and the dynamic component of the electric cur-
rent (see Fig. 5b) is the presence of two maxima spaced
in frequency and a dip between them.
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Fig. 4 — Frequency dependences of the particle velocity phases
of the mechanical fields of the external shell of a dynamically
excited emitter at wo/wy; = 1.0; o =0 (1); ¢ = 712 (2); o= 7 (3)
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Fig. 5 — Frequency dependences of the capacitive (a) and
dynamic (b) components of the total excitation current of the
external and internal (dashed curves) piezoelectric shells of
the dynamically excited emitter at wyo/yp =1.0; ¢@=0 (1);

Yool Yor = 1.0; @ = 2 (2); ool yor = 1.0; 9= 7 (3)

Moreover, as follows from the analysis of the phase
characteristics of the mechanical field (see Fig. 4), the
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resonant frequencies of the lower maximum amplitudes
of the particle velocities of the external and internal
piezoelectric shells of the emitter (see Fig. 3, Fig. 4)
slightly exceed resonant frequencies of these shells in
vacuum with a slight excess for the outer shell. The
resonant frequencies of the upper maximum values of
these amplitudes of the mechanical field differ from the
natural resonant frequency of each of the emitter shells
by more than 3 times (see Fig. 4). In this case, the in-
ternal shell has higher values of the frequency of this
resonance. A common feature of the above frequency
characteristics of all physical fields is their significant
dependence on both the ratio of the amplitudes of the
voltages exciting the piezoceramic shells of the emitter
and the phase difference between them.

Let us now analyze the features of the frequency
dependences of each of the fields under dynamic excita-
tion of the emitter.

Analysis of the amplitudes of the acoustic field in
the far zone of the emitter (see Fig. 2) shows that in the
absence of a phase shift (curves 1, 4, 7) in the pressure
frequency range under consideration pj =|-imp,A|

increases close to the proportional law with respect to
the growth of woo/wo1. In this case, the shape of the
frequency dependencies changes slightly. By the phase
shift @ one can control the depth of the dip between the
maximum values of the pressure amplitudes and the
frequency shift of the second maximum resonance. The
smallest dip occurs in the absence of a phase shift be-
tween exciting voltages.

An interesting property of a cylindrical emitter with
dynamic control is a significant (more than 6-7 times)
extension of its frequency band of resonant radiation as
compared to a single external piezoceramic shell. It is
this property that is of considerable practical interest.

Analysis of the frequency dependences of the me-
chanical field of the emitter (Fig. 3, Fig 4) shows that
the behavior of both the amplitudes and phases of the
vibrational velocities of the external and internal pie-
zoceramic shells of the emitter is the same. The differ-
ence is only in their quantitative values. The latter is
explained not only by various conditions of the acoustic
voltage of the shells in the emitter, but also by the
energy efficiency of converting electrical energy into
mechanical energy, since the shells are made of various
compositions of piezoceramic material. The established
differences in the quantitative effect on the spectral
properties of the external and internal piezoceramic
shells of the emitter placement conditions have a clear
physical explanation. Reactions of the external environ-
ment and the volume between the shells act on the ex-
ternal shell of the emitter. Changes in the latter between
oscillating shells can occur only due to the compression
of the medium between the shells. It is this that deter-
mines the elastic character of the resistance of the fluid
filling the cavity between them and, as a result, the
growth of the natural frequencies of the mechanical
vibrational system of the external shell. The same na-
ture of the spectral behavior of a mechanical field impos-
es a volume between the shells on the inner shell of the
emitter, all the more so because its sound emission into
its internal cavity is absent. In the region between the
first and second resonant amplitudes bursts of the shells’
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particle velocities of the emitter, multiple energy ex-
change between the vibrating shells along the acoustic
field in the internal volume between these shells plays
an important role. In turn, the efficiency of this ex-
change is determined by the ratio of exciting stresses
woo/ o1 and phase difference between them. This is ex-
actly what the curves demonstrate (Fig. 3). From their
comparison, it can be seen that at almost all frequencies
the vibrational velocities of the inner shell are 1.5-2
times higher than those of the outer one. This is ex-
plained by the fact that the efficiency of the piezoceramic
compositions of the PZT system is almost 2 times higher
with respect to the compositions of TBC.

Analysis of the frequency dependences of the electric
field (Fig. 5) allows us to establish the following. The total
electric currents of excitation of the piezoelectric shells of
the emitter are the sum of two currents — capacitive and
dynamic. The first is determined by the bias currents in
the piezoelectric media of the shells as specific capacitors
and linearly depends on the frequency. The second is the
result of the effect of electrostriction inherent in pie-
zoceramic media. In the present case, the cylindrical
piezoceramic shells of the emitter are excited by a radial-
ly symmetric electric field. Due to this, electric energy is
"pumped" into the mechanical fields of the cylindrical
shells of the emitter only at zero modes of their oscilla-
tions. Therefore, the partial dependences of the dynamic
currents (Fig. 5) of the emitter’s piezoceramic shells in
their form repeat the frequency dependences of the parti-
cle velocities (Fig. 3) of these shells. Naturally, the pat-
terns of operational control of the emitter’s mechanical
fields parameters with the help of appropriately selected
excitation voltages of the emitter’s shells and the phase
difference between them also occur for the electric fields
of piezoceramic shells of the emitter.
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HumsapuyHmii 'e30KepaMidHUN BUIIPOMIHIOBAY 3BYKY, YTBOPEHUI 3 JBOX KOAKCIAJPHUX PO3HECEHUX B
IPOCTOPI TOHKUX M'€30KepaMIYHUX 000JIOHOK 3 OKPYKHO0 ITOJISIPU3AIIE0 1 IPYKHUM CePeIOBUIIEM MIMK HU-
MM, PO3TJITHYTO SIK JUHAMIYHA CHCTEMAa 3 IapaMeTpaMu, OIIePATUBHO KePOBAHUMU B Iporieci poboTu 3 ese-
KTPUYHOTO 0OKY. 3 ypaxyBaHHAM B3a€MHOTO 3B'SI3KY €JIEKTPUYHUX, MEXaHIYHUX 1 aKyCTHYHHX II0JIIB 00010~
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HOK B IIPOIIEC] IIEPETBOPEHHS eHepril Ta 0O0MIHY eHeprien Mix 000JT0HKaMU BCEPeIUHI BUIIPOMIHIOBAYA TIPH
dopMyBaHHI aKyCTUYHOTO TOJIS OTPUMAHI PO3PAXYHKOBI CIIBBIIHOIIEHHS JIJIsT BUSHAYEHHS (DISUUHUX II0JIB
BHUIIPOMIHIOBAYA IIPY JUHAMIYHOMY YIIPABJIIHHI 1 TOB'A3aHOCTI MisK COOOI0 IIPOIIECIB ITEPETBOPEHHS €HepTii 1
dopMyBaHHS Il B IIpOCTOPI ITapaMeTPaAMU €JIEKTPUIHUX II0JIIB HOT0 000JIOHOK.

TlorkasaHo, 110 KiTBKICHI XapaKTEPUCTUKYU JIUHAMIYHOI MOBEOIHKKM BHIIPOMIHIOBAYa 3aJI€:KaThb B Bif-
HOIIEHHS BEJIMYWH, 10 MIIBOISITHECS JI0 IT'€30KepaMIuHUX 000JIOHOK €JIEKTPHUYHUX HAIPYT, PI3HUIT (a3 MK
HUMH, PO3MIpiB 000JIOHOK 1 €JIEKTPO(ISUIHIX ITapaMeTpiB IX MaTepiasie, PISUIHAX ITapaMeTPiB cepe0BHIII,
1[0 3aII0BHIOIOTH 000JI0HKK. MeTo/0M YMCeIbHOTO aHaJsIi3y BHUSBJIEHI 0COOJIMBOCTI MOBEIIHKNA (DI3WMUHUX II0-
JTIB BHUIIPOMIHIOBAYA IIPY 3MIHI €JIeKTPUYHOI HATIPYTH 30yI3KeHHS 000JIOHOK 1 pisHUIN dra3d MK HUMHU JJIS
BHUIIAJKY, KOJIM YACTOTH OCHOBHOI (hOPMH MeXaHIUHHMX KOJMBAHBL 000X 000JIOHOK y BakyyMi omHakoBi. [Ipu
I[bOMY BCTAHOBJIEHO PSJ BAYKJIMBUX JIJIS MPAKTUYHOTO 3aCTOCYBAHHS BJIACTUBOCTEN TAKMX BUIIPOMIHIOBAYIB.
Voupasmiuasa aMmmmitygaMu 1 pazamu 30yRYIOUAX 000J0HKH eJIeKTPUYHUX HAIPYT JO3BOJISE: ICTOTHO IIijI-
BUIIUATH aKyCTUYHY e()eKTUBHICTH BUIIPOMIHIOBAYA 1 3HAYHO POSIIUPUTH JIiala30H 4acTOT HOT0 Pe30HAHCHO-
o0 BUIIPOMIHIOBAHHS 3BYKY 0e3 301/IbINIeHHs rabapUTHUX PO3MIPIB BUIIPOMIHIOBAYA; 3a0€3MEUNTH OlePaTh-
BHE YIIPABJIIHHA MEXaHIYHUMU TIOJIAMA 000JIOHOK BHUIIPOMIHIOBAYA, HAGIM/KAI0UM KOJHUBAJIBHI IMIBUIKOCTI 1X
10 MAKCHMAaJIbHO MOJKJIUBUX 3 TOUKH 30Py 30epeskeHHs MEeXaHIYHOI MII[HOCTI BUIIPOMIHIOBAYA; BUSHAYUTHU
3aKOHOMIPHOCTI BUIIPOMIHIOBAHHS €JIEKTPUYHUX II0JIIB BUIIPOMIHIOBAYA [IPY JUHAMIYHOMY YIIPABJIIHHI HOro
po6OTOI0 3 ypaxyBaHHAM CIIOCO0Y 30yIKeHHS IT'€30KepaMiuHux 00010HOK. J[aHo disuume TpakTyBaHHSA TIpU-
YWH BUHUKHEHHS I[UX BJIACTUBOCTEMN.

Kirouosi cnopa: Hwmisapuynnil 'e3okepamMivyHmil BunipominioBady, /[uHaMiuHe yIIpaBIliHHS 3 €JIEKTPUIHOTO
6ory, DizuuHi moJIs.
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