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Abstract. In centrifugal scattering devices, the blades provide the necessary
trajectory and speed of the particle in relative motion. The operation of scattering devices
with straight blades has been sufficiently studied. From a theoretical point of view, it
seems interesting to study the motion of a particle along a curved blade, when the angle of
elevation of the particle increases from zero to a given value at the moment of its descent
from the blade.

The purpose of the study is to perform a comparative analysis of the motion of a
particle along straight and curved blades, which provide a given angle of elevation of the
particle at the moment of its descent from the blade.

When a disk with a curved blade rotates, the particle performs a complex motion:
translational due to the rotation of the disk and relative along the blade. To compile the
differential equations of motion, it is necessary to find the absolute acceleration vector,
which includes three components: acceleration in translational motion, acceleration in
relative motion, and Coriolis acceleration. This vector is conveniently searched for in the
projections onto the orthogonal surfaces of the accompanying trihedron of the
translational motion curve, which for the rotational motion of the disk will be a circle.

Generalized differential equations of particle motion in centrifugal devices along a
curved blade with a variable lift angle have been derived. A comparative analysis of the
kinematic parameters of motion for straight and curved blades has been performed.

A comparative analysis of particle motion along straight and curved blades of a
centrifugal scattering device has shown that a particle along a curved blade in the form of
an arc of a circle of the specified length accelerates faster than along a straight one. Thus,
replacing straight blades with curved ones allows achieving the same effect while
reducing the angular velocity of disk rotation from 25 rad/s to 23 rad/s, i.e., the reduction
is 8%.

With an unlimited length of the blade in the form of an arc of a circle, the particle
performs an oscillatory motion along it up and down with damping until it comes to a
complete stop in the presence of friction.
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Topicality. When designing centrifugal spreading devices for mineral fertilizers, it is
important to find such parameters and operating modes of these machines that would give
the best possible effect. An important role in this is played by the blades, which provide
the desired trajectory and speed of the particle in relative motion. The operation of
spreading devices with straight blades has been sufficiently studied in theoretical terms.
The study of the influence of the shape of the curved blade on the kinematic parameters of
the particle motion can be useful when designing the corresponding working bodies.

Analysis of recent research and publications. The motion of a particle along the
rectilinear blades of a horizontal disk rotating around a vertical axis has been studied quite
fully in [1-3]. As for curved blades, in [1, 2] a blade with a profile in the form of a
logarithmic spiral was considered. Such blades (both rectilinear and curved) are attached
orthogonally to the disk and ensure the movement of the particle along it in a horizontal
plane. At the moment of the particle's exit from the disk, its absolute velocity vector is
parallel to the disk plane. However, particle scattering is more effective when, upon
exiting the working body, they fly upwards at a certain angle to the disk plane. Such
scattering is provided by centrifugal conical scattering bodies in which the rectilinear
blades are attached at a certain angle to the disk plane. Theoretical research on the
dispersion of mineral fertilizers in such devices was done in [4], and in [5] a generalized
model of particle motion along a rectilinear blade at different angles of its installation in
both the vertical and horizontal planes is presented. From a theoretical point of view, it
seems interesting to study the motion of a particle along a curvilinear blade, when the
angle of elevation of the particle increases from zero to a given value at the moment of
descent from the blade.

The purpose of study is to make a comparative analysis of the movement of a
particle along straight and curved blades, which provide a given angle of lift of the particle
at the moment of its descent from the blade.

Materials and methods of research. When a disk with a curved blade rotates, the
particle performs a complex motion: translational due to the rotation of the disk and
relative along the blade. To compose the differential equations of motion, it is necessary to

find the absolute acceleration vector, which includes three components: acceleration in
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translational motion, acceleration in relative motion, and Coriolis acceleration. In [6] it is
shown that this vector is conveniently found in the projections onto the orthogonal planes
of the accompanying trihedron of the translational motion curve, which for the rotational
motion of the disk will be a circle. In Fig. 1, a, the vertex of the accompanying trihedron is
located at point O , which belongs to the circle of the radius of r —the translational motion
trajectory. The angle of lift « at point O is zero, however, as the particle rises along the
curved blade under the action of centrifugal force, it increases and reaches its final value at
point B. For straight blades, it is constant and is the angle of installation of the blade. Let
us find the vector of absolute acceleration of a particle moving along a curved blade. The
shape of a curved blade is given by the dependencies in the polar coordinate system

p=p(p),where is p—the radius vector, @ —angle. In Fig. 1,b the accompanying

trihedron is shown so that the orthogonal tangent 7 is projected to a point. The parametric

equations of the curved blade profile in projections onto the orthogonals of the main
normal nand binormal bare written:
P, =—pPCosg, P, = psin . 1)

The position of the current point A in vector form is written as:

R, =r, —npcose+bpsin ¢, 2)
where is r, —the radius vector of the current point on the circle of translational motion.

The absolute velocity of point A can be found by differentiating expression (2) with
respect to time t . However, the position of the trihedron on the curve depends on the arc
coordinate of sthe circle of translational motion, therefore, when differentiating (2), it is

necessary to go from the independent variable t to the arc s:

s _dR, _dR,ds_

T e _VO%(E—ﬁpCOS(p+5psin (0), (3)
where v, —the speed of movement of the vertex of the trihedron at point O around the
circle.

Since the differentiation of expression (3) occurs along the arc coordinate s, we will

consider the radius vector pand the angle @as functions of this parameter: o= p(s)and
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@ =@(s). The differentiation of expression (3) in this case is found as the derivative of the

product of individual functions:

v, =V dI:e_’*—v dr, _dn cos —ﬁi( cosy) +
P  ds dst Y T
_ 4)
db . -d,
+—psing+b—(psin @) |.
ds ds

: .. dr, - :
In expression (4) the derivative d—O=T,IS the unit vector of the tangent. The
S

remaining derivatives —%are %—the well-known Frenet formulas, which have a
S S
Kinematic interpretation [7]. These are the basic formulas of differential geometry, in
which the arc coordinate is the independent variable s (we give a simplified version for a
plane curve):
97 ke Vo g (5)
ds ds ds

where is k —the curvature of the curve, which is given by the natural equation k =k(s).

: : 1 : .
For our case (circle of radius r) k==-const. Upon further differentiation of
r

expression (4) taking into account (5) and grouping the terms by the directions of the orths

z, n, bwe obtain:
V, =V, [?(1+ kpcose)+ n(pe'sin g — p'cosp)+b(p'sin @ + p(p'COSgo)j (6)
To obtain the absolute acceleration W, of point A , it is necessary to differentiate the
expression of absolute velocity (6) with respect to time t . Similarly to the previous case,
we proceed to the variable sand differentiate taking into account formulas (5). After
grouping the components by the directions of the orts and simplifications, we finally

obtain:

W, =V2(2W_ + W, +DW, ) where

W. =2k(p'cosp — pg'sin p);

W, =—p"cosg +2p'¢'sin g + pp”sin g + pp'® cosp + k(L +kpcosp); (7)
W, = p"sinp +2p'¢p'cose + pp"cose — pe'? sin g.
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Fig. 1. To find the absolute acceleration of a material particle when it moves along a
curved blade under the action of centrifugal force:
a — curvilinear and vertical plane of the blade in the system of the accompanying trihedron
of the trajectory of translational motion — a circle of radius r;
b — projection of the current point A of the curved blade onto the orthogonal faces of the
accompanying trihedron;
¢ — projection of the components of the absolute acceleration and the weight mg of the
particle from the orthogonal points of the accompanying trihedron onto the tangent to the
blade profile and the normal to it

Since the particle moves in the direction opposite to the tangent line Ax (Fig. 1, b),

the differential equation of motion must be written in the projection onto this tangent. For

this, each component of the absolute acceleration vectorW from the orthogonal planes of

the trihedron we project onto the tangent (axis Ox ) and onto the direction perpendicular to

it (axis Oy ). Fig. 1,c shows the vector of absolute acceleration W in projections onto the

orthogonal planes of the accompanying trihedron and onto the axis Oxand Oy, which are

respectively tangent and normal to the blade. We establish a relationship between these

projections, based on the fact that there is an angle between the coordinate axes of both
systems a. We project each of the components of W, and W_onto the axis Oxand Oy and
we obtain by the known formulas for the rotation of the axes:
W, =vi(W, cosa —W,sina), W, =v;(W,sina +W, cosa).  (8)
The differential equation of motion of a particle in the direction opposite to the
direction of the Ox axis is written as:
mW,_=mgsina + F_, 9)

where is m —the mass of the particle; g =9,81 m/c?, F, —friction force.
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The friction force F_includes the components of the friction force on the bottom of
the curved blade from the projection onto the y axis of the particle's weight and the force
corresponding to the acceleration W, , as well as the friction force on the side surface of
the vertical blade, which corresponds to the acceleration W_. Assuming that the friction
coefficient f for the curved and vertical blades is the same, equation (9) will take the
form:

mW, =mgsina + fmgcosa + fmW, + fmv,W . (10)

Since a —the angle formed by the tangent to the blade profile with the orthogonal

n(Fig. 1, b), then tgar = 'O—t;.differentiating (1) in the arc coordinate s, we obtain:

P, =—p'COSQ + pe'sin ¢; Py, =p'sing + pp'cose. (11)
When moving from the tangent of the angle to the sine and cosine, taking into
account (11), we obtain:

sin g = 2 SiN@ + pg'cosp. cosg = P COSP— pg'sing 12)

2 12 2 12

PPy p+pe

Let us reduce equation (10) to the particle mass m and substitute expressions (12) for

the angles and for the corresponding acceleration components from (8) and (7). After
simplifications, we obtain:
, , f .
(Wn - W, —2fkyp"” + p°p" —3—2](/? Cosp — pg'sin ) =
° (13)
- (Wb + W+ %)(p’sin @+ pe'cosp),
Vv

0

where W, and W_are functions of the arc coordinate sand are given in (7).

The differential equation (13) of the motion of a particle along a curved blade under
the action of centrifugal force is of a general nature and cannot be solved, since it includes

two unknown functions: p = p(s)and @ =@(s). To proceed to one function, it is necessary
to specify the shape of the blade, that is, to establish the dependence between pand gor to
specify other additional conditions. In particular, when@=const ¢'=¢"=0and
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according to (12) ¢ =a This case corresponds to a straight blade installed at a constant
angle «ato the disk plane. Equation (13) is significantly simplified and takes the form
(taking into account that v, = @/K):

p"+2fkp'cosa — pk* cosa(cosa — fsina) =

2 14
ng (sina + fcosa). (14)

=k(cosa — fsina) —

Its solution will be:

p — Cle—skcow(erB) + Cze—SkCOSa(f—B) _ A, e

a-—L |1 QU099 | 5 [ iggn, @Y
cosa|k o'+ ftga)

with 1, with », - continuous integration.

Since angle o= const and the blade in this case is rectilinear, expression (15) is the
dependence of the path of the particle along the blade on the arc coordinate s — the length
of the arc of a circle with radius r=1/k . However, we are not interested in the path, but in
the relative velocity of the particle along the blade. To do this, let us move in equation (15)
from the arc coordinate s to a new variable - time t , between which there is a relationship
s= wt/k and differentiate it with respect to the parameter t . After that, we find the
constants of integration with 1 and with , provided that at time t=0 the path and velocity of
the particle are also zero:

c,=A——; C, = AE' (16)
Finally, the expressions for finding the path p= p(t) and the relative velocity v r =v

(t) of the particle's motion along a straight blade will be written:

0= A B - f e—mtcosa(f+B) + B+ f e—wtCOSDZ(f—B) -1 :
2B 2B

2

17)
v

r:dp:Af -B
dt 2B

Expressions (17) are fully consistent with the results obtained in (4) and (5).

—otcosa(f+B) e—a)tcosa(f—B) ]

wcosale

Research results and their discussion. Consider a curved blade with a variable

aparticle lift angle. The simplest form of a curved blade that simplifies equation (13) is a
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circle with radius p=R - const . Then p" = p'=0equation (13) taking into account (7)
after simplifications takes the form:

o" + of (¢p' — 2ksin @) =
(18)

:%[S)—E(f sin @ —cos@) — (Rkcosg +1)(f cose + sin (0)}.
Differential equation (18) cannot be integrated to the final form in elementary
functions like equation (14), so to solve it we will use the numerical methods of the
SimuLink package of the MatLab software environment . In this case, we will set the task:
to compare the relative velocity of a particle at the moment of descent from a straight and
curved blade with a given angle of elevation, aother things being equal. For a straight
blade, this angle will be constant, and for a curved blade in the form of an arc of a circle -
variable. We will find the limits of the angle change ¢so that at the end point B of the
curved blade the angle acorresponds to the given one (Fig. 2, a). The length of the curved
blade AB should be equal to the length of the straight one, which we will denote by L (in
equations (17) this is a variable parameter, denoted by p). Since the length of the arc L ag
=R ¢, then ¢=L/R . On the other hand, the value of the radius R must be such that, for a
given length L of the blade AB, a given angle of elevation of the particle is ensured cat the
moment of its departure from the blade at point B. Angles aand gare equal to angles with
mutually perpendicular sides, therefore we can write:
L_L
Q «a
Given, for example, the length of the blade L=0.25 m and the angle =30 ° by

R (19)

formula (19) we find: R=0.4775 m . When integrating equation (18) the angle gshould

vary within 30 ° (given the angle of elevation at point B ), but since its reference is from

the horizontal n, thenp =-90°...-60 ©.
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Fig. 2. Curvilinear blade, made in the shape of an arc of a circle:
a— blade AB , which provides a given angle of elevation aduring particle ascent;
b — to study the motion of a particle without restrictions on the length of the blade in the
presence of friction;
¢ — to study the motion of a particle without restrictions on the length of the blade in the
absence of friction

When integrating equations (14) for a straight blade and (18) for a curvilinear
dependence of the path and relative velocity of the particle, we obtain in the function of
the arc coordinate s . Since the lengths of the blades are the same, for comparing the
relative velocity of motion it is convenient to exclude the parameter s and obtain graphs of
the velocity distribution along the length L of the blades. Fig. 3, a shows these graphs for
the same operating conditions. It can be seen from them that the particle accelerates
somewhat faster along the curved blade than along the straight one. At an angular speed of
rotation of the disk @w=25 rad/s, these velocities at the moment of convergence of the
particle from the blades are 4.5 m/s and 4.1 m/s , respectively .

To estimate these figures, the angular speed of rotation of a disk with a curved blade
was found, for which the relative velocity of the particle when it descends from the blade
was equal to the similar velocity for a straight blade. It is 22.7 rad/s , i.e., due to the
curved blade, the angular speed of rotation of the disk can be reduced to achieve the same
relative velocity of the particle when it descends as for a straight blade. However, the
absolute velocity will decrease somewhat, and it is the determining one when scattering
mineral fertilizers. Therefore, we will make the same comparative analysis of the blades
by the absolute velocity of the particle. According to (6), the projections and the absolute

velocity modulus of the particle for straight and curved blades will be written respectively:
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vV, =V, l;(1+ kpcosa) —np'cosa + bp'sin aJ;

V, =V, /A +kpcosa)? + p'*.

_ - _ _ (20)
V, =V, [r(l + kRcos@) + nRe'sin ¢ + bRgD'COS(p];
V, =V, +kRcosp)? + R%p"?.
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Fig. 3. Graphs of changes in relative a) and absolute b) particle velocities depending
on the path (blade length) L:

a— 1 - graph of the relative velocity of a particle along a straight blade at f=0.3; »=25
rad/s; 2 - the same along a curved blade; 3 - the same along a curved blade, but at ®=22.7
rad/s;

b — 1 - graph of the absolute velocity of a particle along a straight blade at f=0.3; »=25
rad/s; 2 - the same along a curved blade; 3 - the same along a curved blade, but at ®=23
rad/s

In Fig. 3, b, graphs of changes in the absolute velocity of the particle are plotted using
formulas (20), (21). At an angular speed of rotation of the disk =25 rad/s, the absolute
velocity of the particle at the moment of descent from the blade is 7.85 m/s for a straight
blade and 8.52 m/s for a curved one. If we estimate the percentage increase in the relative
and absolute velocities of the particle when replacing straight blades with curved ones,
they are 9.8 % and 8.5 % , respectively . Therefore, the increase in absolute velocity
occurs more slowly. In this regard, the angular velocity of rotation of the disk with curved
blades must be increased from 22.7 rad/s to 23 rad/s so that the absolute velocities at the
moment of descent of the particle are the same for both types of blades. Thus, replacing
straight blades with curved ones allows you to get the same effect by reducing the angular
speed of rotation of the disk from 25 rad/s to 23 rad/s . This reduction is 8 percent and,

obviously, has a positive effect on the energy intensity of the process.
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Fig. 4. Graphs of changes in the relative velocity of a particle depending on the path
(blade length) L at @=25 rad/s:
a—f=0.3; b —f=0

From a theoretical point of view, it is interesting to study the motion of a particle
along a curved blade when its length is not limited. Fig. 4, a shows a graph of the change
in relative velocity at =25 rad/s and f=0.3. It can be seen that the particle reaches a
maximum velocity v r =5.9 m/s at L=0.48 m or according to formula (19) at ¢=-32 °. In
Fig. 2b, this position on the blade is marked with the number 2 . Then the velocity
decreases and at point 3 at ¢=3 ° it becomes zero. The corresponding section of the graph
of the particle velocity change from point 1 to point 3 (Fig. 2, b) in Fig. 4, a is shown by a
thick line. Then the velocity of the particle increases, but with a “minus” sign, that is, it
moves in the opposite direction until it reaches zero, and then begins to increase again.
This means that the particle is oscillating along the blade. On the graph (Fig. 4, a) this
process is shown by a thin line in the form of a spiral (phase portrait), which, twisting,
approaches the point with the value v =0 at L=0.6 m , i.e. at ¢=-18 °. In Fig. 2,b this
point (the point of stopping the particle) is marked with the number 4 . Studies have shown
that with an increase in angular velocity, point 4 can rise slightly, but at any increase in it
will not reach the position on the ort n( ¢=0 ). When the friction coefficient decreases,
the amplitude of the oscillations increases and for a longer time the point stops in position
4 . Fig. 4,b shows the phase portrait of the oscillations of the point in the absence of
friction ( f=0). It can be seen from it that in this case the oscillations continue indefinitely
between points 1 ( ¢=-90 %) and 3 ( o= 74 °) - Fig. 2, c. At point 2 ( o= -2 ?) the particle
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acquires a maximum velocity v , =12.8 m/s when moving in one and the opposite
direction. With such oscillations the particle does not reach the upper point ( =90 )
which is why the graph in Fig. 4, b has only one axis of symmetry.

Conclusions and perspectives.

Comparative analysis of particle motion along straight and curved blades of a
centrifugal dispersion apparatus showed the following. Replacement of a straight blade
with a curved one was carried out under other conditions being equal (angular speed of
rotation of the disk =25 rad/s , friction coefficient f =0.3 , angle of elevation of the
particle at the moment of descent from the blade =30 °, blade length L =0.25 m).
Theoretical research showed that a particle along a curved blade in the form of an arc of a
circle of the specified length accelerates faster than along a straight one. Its absolute speed
at the moment of descent from the blade was 8.52 m/ s , respectively and 7.85 m/s. Thus,
replacing straight blades with curved ones allows achieving the same effect (absolute
particle velocity at the moment of exiting the blade) while reducing the angular velocity of
rotation of the disk from 25 rad/s to 23 rad/s , i.e. the reduction is 8 %.

With an unlimited length of the blade in the form of an arc of a circle, the particle
performs an oscillatory motion along it up and down with damping until it comes to a
complete stop in the presence of friction and continues indefinitely in the absence of

friction.
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TEOPETHYHE JOCJILIXKEHHS PYXY MATEPIAJIBHUX YACTHHOK Y
BIIHIEHTPOBUX ATTAPATAX I3 KPUBOJITHIMHUMMU JIOTATKAMM 1
3SMIHHUM KYTOM IX NIITHOMY
C. @. Ilununaka, A. B. Hecgioomin

AHOTaUisA. V gidyenmposux poscitoeanvuux anapamis I0ONAmMKu 3a0e3neyyioms
HeoOXiOHY MpPAEKMOpIio [ WBUOKICb YACMUHKU Y 8IOHOCHOMY pYci. /[JocmamHubo susuena
poboma po3cito8aibHUX anapamie iz NPAMOIIHIUHUMY TONAMKAMU. 3 MeopemuyHoi moyKu
30pY BUOAEMBCS YIKABUM OOCTIONCEHHS PYXY YACMUHKU NO KPUBOJIHIUHIL 10Onamyi, KoJu
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Kym niouomy 4acmuHKu 3pOoCmac 8i0 Hyas 00 3a0AHO0I eIUYUHU 8 MOMEHM CXOONCEHHSL i3
JIONAMKU.

Mema Oocnioxcenns — BUKOHAMU NOPIGHANbHULU AHANI3 PYXY UYACMUHKU NO
NPAMONIHIUHIU | KPUBONIHIUHIN Jonamkax, sKi 3ab6e3neuyromov 3a0aHutl. Kym niotomy
YACMUHKU 8 MOMEHM i CX00JHCEeHH s 13 IONAMKU.

Ilpu obepmanui oucka i3 KPUBONIHIUHOW JTONAMKOIO YACMUHKA 30IUCHIOE CKAAOHUT
PYX: NepeHOCHUU 3a PaxyHOK 00epmaHHs OuUcka i IOHOCHUU 63008xc jaonamku. s
CKNAO0AHHS OughepeHyiaibHux pieHAHb pYX)y HeOoOXIOHO 3HAUMU 8eKmop aOCONIOMHO20
NPUCKOPEHHSl, AKUU BKIIOYAE MpU CKIA008i: NPUCKOPEHHS VY HNEPEeHOCHOM) pYCi,
NPUCKOpeHHs Y 8iI0HOCHOMY pyci [ npuckopenns Kopionica. Lleti eexkmop 3pyuno wiykamu 8
NPOEeKYiaxX Ha Opmu CYNPOGIOHO20 MPUSPAHHUKA KPUBOI NEPEeHOCHO20 pYXY, AKOW O
0bepmanvHo20 pyxy oucka 6yoe Koo.

Buseoeno yzacanvreni oughepenyianvHi pieHaHHA pYXy 4ACMUHKU Y BIOYEHMPOBUX
anapamax 63008%4C KPUBOJIHIUHOI JONAMKU (3 3MIHHUM KYMOM niouomy. Buxonauo
NOPIGHANbHULL  AHANI3  KIHEMAMUYHUX napamempié  pyxy Oas  HPAMOJIHIUHUX |
KPUBOMIHIUHUX IONAMOK.

llopisnanvuutl ananiz pyxy 4acmuHKu no NPAMONIHIUHIU I KPUBOJIHIUHIU TONAMKAX
BIOYEHMPOBO20 PO3CIIOBANLHO20 ANAPAmMy HNOKA3A8, WO YACMUHKA NO KPUBONIHIUHILL
nonamyi y 6uenaodi 0y2u KOAAd 3A3HAYEHOI O008HCUHU DO32AHAEMbCA WEUOule, HIdHC No
NPAMONIHIUHIU. Takxum YuHoM, 3aMiHA NPAMOJIHILHUX TONAMOK HA KPUBOJIHIUHI 00380JIA€
00cs12mu 00HAK0B020 eqhekmy Nnpu 3MeHUleHHI Kymoeoi wmeuoxocmi obepmants OUcka 8io
25 pao/c 0o 23 pad/c, mobmo 3menuenus cmanosums 8 %.

Ilpu Heobmediceniti 006IHCUHI TONAMKU V GUNAOL OyeU KOAA YACMUHKA 30IUCHIOE
KOAUBALHUL PYX NO HIU 820pY-6HU3 13 3AMYXAHHAM AXHC 00 NOBHOI 3YNUHKU 3A HASABHOCHI
mepmsl.

KuwuoBi ciaoBa: kpueoniniitni i npamoniniini Jaonamku, OughepeHyianbHi
PIBHAHHA, Kym RIOULOMY
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YK 534.21:537.226.86 DOI 10.31548/energiya3(79).2025.199
EJEKTPOIIPYKHI OB'€EMHI I HOPMAJIBHI XBWJII 3CYBY B LIAPYBATO -
HEPIOAUYHOMY CEPEJOBHUIII TUITY METAJI — IT'€E3OEJIEKTPUK —
JIEJIEKTPUK
B. B. Jlesuenko. kanouoam Qizuxo-mamemamuyHux HayK, 004eHm
Hauionanvnuii ynieepcumem oiopecypcie i npupoooKopucmyeanhs

E-mail: ylvww@ukr.net

AHOTaUiA. 3anpononosano cnoci6 nod6yo0osu OucCnepciuHux Cchnie8iOHOWEeHb OJis
00'€EMHUX | HOPMALHUX eJIeKMPONPYIHCHUX X8UTb 3CY8Y, WO NOWUPIOIOMbCA Y Uapy8amo-
nepiooudHUX cepeoosuwyax, VMEOpeHUx NOBMOPEHHAM «NOPOOIAHCYIOUO020 »
Memanizoeano2o nakemy, wo CKIadacmspcs 3 wapy n'ezoeiekmpuxa i wmapy oielekmpuxa,
AKULL He MAE eleKmpUyHUxX eracmusocmei. Y pe3ynivmami npoeedeHux aHaiimuiyHux
PO3PAXYHKI8 OMPUMAHO OUCHEPCIUHI CRIBBIOHOWIEHHS Ol HOPMAIbHUX 1 00 €MHUX
eIeKMPONPYI’CHUX X8UNb 3¢Y8Y. K n'ezoenexkmpuuni mamepianu posensioarucs CdS abo
Zn0O , a wap OJienekmpuxa e6ubupascs 3 napamempamu Ga¥YIG.  bByno uucenvro
NPOAHANI308aAHO OMPUMAHHI OUCNEPCIlHI CNiBBIOHOWEHHA Ol PI3HOI 2eomempii i
@i3uunux eracmusocmel mamepianie, WO YMEOPIIWMb  «NOPOOHCYIOUULY NaAKem.
Yucenvhuii ananiz nokazas, wo o0coOIUBICMIO OMPUMAHO20 CNEKMPA 00'EMHUX X8UTb €
me, wo 8 O0ianazoHi 3MIHU X6UNLOBO2O HUCIA I KPY20BOi HACMOMU MeMNCI 30H He
nepemunaromocs. Cnekmp HOPMATbHUX X6UNb JIOKANI308AHUL 6 30HAX NPONYCKAHHSL
00 eEMHUX X8UTb KPIM 00HI€ET Oucnepcilinoi kpusoi. Bueueno eénnue ¢gizuxo-mexanivHux ma
2eOMEMPUYHUX NAPAMEMPI8 Wapié HA CMPYKmMypy 30H 3aNUpaHHs ma NponycKaHHsi, a
MaKoxic O0CI0NHCEHO BNIUE N'E30eheKm).

Ha ocnosi nioxooy, sanpononosanozo 6 pooomax M.O. Illyaveu, 3aoaui npo 00'emui
[ HOPMANbHI  eeKMPONPYIICHI  X6UNi  36€0eHi 00  OO0CHIONCEeHHs  8lACMUBOCHEL
nepeoasalbHux Mampuyb «NopooNCYI0u020» NaAKemy wapie, uepe3 eaeMeHmu SAKUX
BUPAICAIOMbCSL  WYKAHI  Oucnepciiini  cniggionowtenus. Y — pobomi  edanocs,
BUKOPUCMOBYIOUU YMOBY Memanizayii Ha 308HIWHIX NOBEPXHAX nakema, 3anucamu
OUCNEpPCIlHI CNIBBIOHOUIEHHS Uepe3 eNleMeHmU Mampuyvb 0py2020 NOpPAOKY 3aMiCMb
yemeepmozo, wo 00360J€ CNPOCMUMU AHALI3 OUCNEPCIUNHUX DIGHAND..

KawuoBi caoBa: o06'emui i nopmanvni xeuni 3cyey, nepioouuHo-uiapysama
cmpykmypa, n'ezoeneKkmpux, OieleKmpuK, 30HU NPONYCKAHHA, 30HU 3ANUPAHHA
00’ €EMHUX X6UTLb

AKTyaJIbHicTb. BHUBYEHHS 0COOJMBOCTEH PO3MOBCIOMKEHHS  €JIEKTPONPYKHUX
XBWJIb PI3HOI (DI3WYHOT MPUPOM B MIAPYBATUX CEPEIAOBHINAX, sIKI YTBOPEHI MEPIOTUIHUM
«MOPOXKYBAJIbUOr0» TMOBTOPEHHSIM MAKETy METal-I'€30€JEKTPUK-  JICIEKTPUK 1

CTBOPEHHS MPUJIAJIiB TBEPAO1 €IEKTPOHIKM B 3HaUHIM MIp1 MOB'sI3aH1 31 CTBOPEHHSIM HOBUX

199


mailto:ylvv@ukr.net

"Enepzemuxa i agmomamuxa', Ne3, 2025 p.

MarepiajiB, 110 BOJOMAIIOTh HOBUMHU  BJIACTUBOCTSMH B TMOPIBHSHHI 3 OJHOPIAHUMHU
CTpykTypamu. JIOTITYHMM HACIIAKOM € TEHJACHIlS [0 CTBOPEHHsI OaraTolapoBUX 1
MEePIOANYHO MIApYyBATUX MATEPialliB 3 M'€30€IEKTPUUHUMU BIACTUBOCTSIMU, SIKI BOJIOJ1IOTh
pAIOM  TOPUHIIMIIOBO  HOBUX  XapakTepuctuk. Jlimsg iX  ommcy  HEAOCTaTHBO
(yHIaMEHTaNbHUX TMapaMeTpiB OJHOPIIHUX cepeloBull. BuHUKae HEOOXIIHICTb
BUKOPUCTAHHS PSAY JOJATKOBUX BEIUYMH: T€OMETPUYHI PO3MIpHU, OpPIEHTALIS CTPYKTYpPH
BITHOCHO HamNpsIMKIB PO3MOBCIOIPKEHHS E€JIEKTPOIPYKHUX XBWJIb, KJACy CHUMETpIi
n'€e30€JIEKTPUKIB  Ta 1H. Bce 1e po3mmMproe MOXKIMBICTH YHOPABIIHHS —CHEKTPOM
€JIEKTPONPY>KHUX XBUJIb B IIUPOKOMY Jiara30H1 3MiHU YaCTOTH 1 XBUJIILOBOTO YHUCIIA.

AHaJi3 OCTaHHIX [OCJHIIXKEHb Ta nyoJriKkami. Y pamMkax KOHIENIIN
€JIEKTOJIMHAMIKM CYLLUIBHOTO CEpeoBHUINa JUIsl MOOYJOBH Ta aHami3y JIUCIEPCIAHUX
PIBHSIHB, 110 ONMUCYIOTh MOIIUPEHHS 00'€EMHUX, TOBEPXHEBUX Ta HOPMAJIBHUX MOJ Pi3HOT
noJisipu3allii B IIapyBaTO-MEPIOAUYHUX CEPElOBUIIAX PI3HUX KIACIB aHi30Tpomii, Oyio
3aMpOITOHOBAHO I[ITy HU3KY MaTeMaTU4YHuX miaxoxis [1,2,6-10,12-15].

Y poborax [3,7,8] OyB 3ampomoHOBAaHWM MaTEMAaTHYHHH METOJ Il PO3B’SI3KYy
BIJIMOBITHUX 3aJ1a4 1 IeTaIbHO BUBYCHI OKpEeMIi BUIIAJIKU, OTPUMaH1 JTUCIIEPCIHI PIBHIHHS
Uisi 00'€eMHUX, TMOBEPXHEBUX Ta HOPMAJbHUX XBHIIb 3CYBY B PEryJSpHO-IIAPYBATUX
cepeZIoBUINaX, YTBOPEHUX UEPryBaHHAM MPYKHHUX IMapiB,. Y 1mux ke podotax i1 [4,10] B
PO3BUTOK TOMEPEAHIX TOCIIKEHb MPEJCTaBICHI PEe3yIbTaTH YUCETHLHOTO MOJIEIIOBAHHS
JUISL TUCTIEPCIMHUX CIIBBIIHOIIEHB, IO OMHCYIOTh TOUIMPEHHS aKyCTOEIEKTPUUYHUX
00'€MHUX, TOBEPXHEBUX 1 HOPMAJIBbHUX 3CYBHHX XBWIb Y IIapyBaTO-TEPIOIUIHUX
cepesloBUINaX, YTBOPEHUX MOBTOPEHHSIM '"MOPOIKYBaJbHOrO'" MaKeTa, M0 CKIAJAETHCS 3
JBOX PpI3HUX IIApiB: M'€30€JEKTPUYHOTO 1 JICJICKTPUYHOrO (HEMaE BIACTUBOCTEH
'€30€JIEKTPHKA) 3 METATI30BaHUMH 30BHIIITHIMH MTOBEPXHSIMHU.

Meta nociailzKeHHI — aHaji3 EJNEKTPOINPYKHUX O0'€eMHUX 1 HOPMaJIbHUX XBWIIb
3CYBYy B IIapyBaTo -MEPIOJUYHOMY CEPENOBUINI THUIY METal — II'€30CICKTPUK —
TEICKTPHK.

Martepianu Ta MeToau aociaimkeHHs. Hexali B JekapToBid cucTeMi KOOpJWHAT
OXyz CTPYKTypa MOJEIIOETHCS NMEPIOTUIHIM TTOBTOPEHHSM B3JIOBXK OC1 OX TMAKETy IapiB,

0 TIOPOJKYE CTPYKTYPY, AKa CKIAMAETHCA 3 JBOX IMApiB: M'€30€JIEKTPUYHOTO IIapy
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TOBIUMHKM h, 1 JI€JEKTPUYHOrO WIapy TOBWIMHM  h, . 3O0BHIIIHI IIOBEPXHI MaKETy

MeTani30BaHl (IMOKPUTI TOHKUM METAJ€BUM IIapOM, 3 HYJbOBUM MOTEHIIATIOM).
MexaH14H1 BJIAaCTHBOCTI LIApy METally HE OepyThCs A0 yBaru, a BPaXOBYETHCS JIMILE
ekpanyrounii edekt Mertanizamii. Di3uKo-MexaHIYHI BIIACTUBOCTI M'€30€JICKTPUUYHUX
11apiB OMUCYIOTHCS MaTeplajJbHUMU CIIBBIJHOIIEHHAMHM JIJISl KPUCTAIIB T'€KCaroHaJIbHOTO
kiracy 6mm 3 Biccto cumerpii Oz moctoro mnopsaky). IlommpeHHs 3cyBHHX
aKyCTOENEKTPUYHUX XBWJIb Y3J0BX HANpsIMKYy CTaJOCTi BJIACTHUBOCTEH CepeloBUILA
OIUCYBATUMETHCS B M'€30€JICKTPUUHOMY IlIaPi CUCTEMOIO PiBHSIHB BUaY [3-5]:
2 * elS
PO U, =Cy AU, Ay/pzo,(l//p:qop——’pup), (@)
11,p

a B Iapi JIeJIEKTPUKA, 10 HE MA€ M'€30€TIEKTPUYHUX BIACTUBOCTEH, CUCTEMOIO PIBHAHD

2
» PyOtUy = Cyy AUy, Ay =0. (2)
2
T . S e15,p .
YT BBEIEHI TO3HAYECHHS: C44’p—C44]p+g—, — HepeMilleHHs, , , ¢, @y, , —
11,p

CJICKTPUYHI IIOTEHIIIAIN BIINOBIIHO B I'€30€JEKTPUYHOIO Ta JICJCKTPUYHOTO IIAPIB; Cyy
Casg Pp +Par Cispr€11ps E1rg - - PIBUKO-MEXAHIYHI IAPAMETPH 1IAPIB, 10 PO3TIIAAFOTCS.

BBaxkxarumemo, 1o Ha BHYTPIIIHIX TPaHULAX PO3JIUTY BIACTUBOCTEH IaKeTa

BUKOHYIOTHCS YMOBH O€3IepEePBHOCTI, K1 3aIUIIIEMO TaK:

e15, p

up:udll//p—'_ up:(Dd'
E11p
C44,paxup +elS,paxl//p = C44,daxud ! gll,paxl//p = gll,daxwd ' (3)

OcCKiTbKYM 30BHINIHI MOBEPXHI MaKeTa MeTani30BaHl (MOKPUTI HECKIHYEHHO TOHKUM
METaJeBUM IIAPOM 3 HYJIHOBHM TIOTEHIIIAIOM), TO Ha MEXi JBOX CYCIIHIX MaKeTiB
MMOBUHHI BUKOHYBAaTUCh YMOBH

u,=us, ¢,=0,

CZ4,paxup+e15,paxl//p:axud ' (4)
Pimenns cucremu piBHsAHB (1)-(2) y KOXHOMY TmmIapi maketa OyaeMoO IIyKaTh y
BUTJISAII

u, =B} sin Qp(x_ X;,p)+ By COSQpl(X_ X:,p)’
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v, = Df)l’)nshk(x )+ D(Z)chk(x Xn p)

X, 1d<x<xnp,

uy =B sin Q, (x — X4 )+ B{? cosQ, (x — X4 )
05 = Dfyshk(x— x; 4 )+ DXchk(x—x; ), 5)

Xnp <X<Xng s

2

ne x,,=(M-Lh+h,, x;4=nh,, h=h +h,, n=0%12,..., Q, =(k§—k2)%, Qp:(kg_kZ)%, ki =

n.p

2 *
o2 C e 2= Ca4,p )
— 0 by T 1 bp = '

2 _
G =2 .
p Pd p

p

V dopmynax (5) mHoxHHK exp(iky—iot) onymenuit. IlincraBuBmu pimenns (5) B
ymoBu (3)-(4) mocTaBlieHy 3ajadyy 3BEJAEMO JI0 CHUCTEMU PIBHAHL aJlre0pu 1100

neizomux BY) B{ u DY), DI (j,1=12)

N(2,:0, )8, + Ny (e 1K1 B, 0 = N(ay:0)B,,
E(gll,p ; IZp )ij,n +N pu (elS,p ; gp )ép,n = E(gll,d ;O)Ed,n
(6)

E@(s,,,:0)0, ..+ NP (e, , 108, =0

p,n+. p,n+1

N (ad ;ed )éd,n =N (ap ;0)§p,n+l + Nu (els,p ;0)5p,n+l.

a.cosd. a.sind
e N(a.:0 )= pi _ p pi p ’
a ( P p) [—sm 0, cos &,

0 0

a,cosfd, a,sind
N(a N’ )=|: ¢ . d d d},N u(e 10 )= €i5p €15,p ,
dr % —siné, cosd, pu*15,p1Vp sin 0, cos o,

E11p E11,pj
- \_|keg,chk, —keg shk
N (elsp’kp) { 5;;) 5(,)p p} ,

1Lp*™p

E(g k‘ ) |:gll pChk - 811, p?hkp:l ’ E(g]-l‘d ,lzd )= l:gll’d (ih|2d — gll,dAShlzd ’

shkp chk, shkgq chky
B, —coI(Bél)n,B‘z)) D, —coI(DS)n,D(Z)), 8y = Caq Q18 =Cag pQy, Ky =Ny, Ky =khy

' E® | yrpopeHi i paaKoM BiINOBiAHOI MaTpHIi,

Bexropu-psiaku N,
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BukoHaBImIN psAx NEPETBOPEHb y CHCTEMI (6) MOXKHA BHPAa3sUTH HEBIAOMI D, ,depes

B,. TaK:

Ij = Pllé + I:)12B»p,n ' (7)

ne PJ— enemMeHTH MaTpuilb P, i MalOTh BUIJIA

gt o)
P = 1E21 {E(z)M< €5, pz’o) M (2)( Es, pzﬁpz)}’
11
E,.=E,E,  E,=Elg, K, JE(6,,:0), E@ =[0a].

[TincraBuBmiu Bupasu (7) B cucremy (6), OTpUMaEMO HOBY CHUCTEMY PIiBHSHbB OO

HeBlIOMHX B, | B,

n

N(ap;ep )ép,n + Nu(els,p;lZ )Plzép,n =N (ad ;O)éd,n !

p
N (ad’ ) dn =N (ap;o)ép,nﬂ + Nu(els,p;O)Plzép,ml! (8)
VY cucremi (8) BUKOpHUCTaH1 TO3HAYCHHS

N*(ap;é?p): N(ap;ep)Jr Nu(elsyp;lz )F>12K ,

p

N (apl’o) N(ap;o)"'Nu(el&p;izp)PﬂK_l’

K = (N(ay:0, XN (2, :0)) "N, :8, )% (N (ess oK, )P )

Pimenns cuctemu (8) B peryispHO-IIAPOBATOMY TMPOCTOpPI OyaeMo IIyKaTh Yy

BUTJISA1
2
Biyou = Z K;2{N"(a,;0)N(a,;6,)N *(a,:0))Y;,
2
0= LK (@, 0.
©)
Tyr 4, Y, XapaKTepUCTUYHI 4YHWCIa Ta BIACHI BEKTOPH, BIAMOBIIHO,

i
3 . Q * *.
nepeaBaibHoi MaTpui. N, =][N"(a,;6,)N""(a,;00N*(a,;0)N(a,,6,). XapakTepucTuuHe
=1
piBHsIHHS MaTpuLl N, € 3BOPOTHUM 1 Ma€ BUIJISAL

2°—2b,x+1=0, (10)
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neb, =spurN, /2 a YacTOTHI 30HU IIPONYCKaHHS I 00'eMHHUX XBHJIb 3CYBY B
Q Q
]

1apyBaTOMy CEpPEOBHIL BU3HAYAIOTHCSI HEPIBHICTIO [6]

by (k, ) <1, (11)

SIKa HESIBHO TIOB'SI3y€ YAaCTOTy @ Ta XBWJIBOBE YUCIIO K.
Pe3yabTaTu AociaigxeHb Ta ix 00roopenus. 00 ‘emui xeuni. 30HU NPONMYCKaHHS (

b(k, @) <1) BiamoBinaloTh THM 06IACTSM CMEKTPA, A TaPMOHIiHI XBUIi MOMIMPIOIOTECS Y
Hanpsimi  oci  ox ©Oe3 3aracanHs. ILli  xBuimi OyzemMo HazuBaTH 00’ €MHUMU
CNIEKTPOIPYXKHUMH XBH/ISIMU 3CyBy. HaBmaxu, B 3oHax 3amupanHs (|b(k,w)>1) xBumi

€KCIIOTEHI[IMHO 3racaroTh y HANPSMKY HOpMai JI0 IapiB.

Hopmanonui xeuni. 11lo6 orpuMatu nucnepciiiHi CHiBBIAHOIICHHS I HOPMaJbHUX
XBWIb y 3araJIbHOMY BHUMAJKy MPUITYCTUMO, IO HOBHUM MAKET, SKUH MOPOKYE CTPYKTYPY
CKJIAJAa€Thcsl 3 M TOYATKOBUX «IOPOJKYIOUHM» TMAKETIB, a Ha 30BHIINIHIX TPaHULISLX

Xo | Xyo BUICYTHI 30BHIINIHI ME€XaHIYHI HAaIpyrn BHKOHaBIIM IEepETBOPEHHs, aHAJIOIT4HI
IPOBEACHUM BHUIIIE, OTPUMAEMO XapaKTEPUCTHUHE PIBHIHHS JUUIS IlepeaBaibHOT MaTPUIIL
7’ —2byox +1=0,
11 22 M

A€, byo =(Nyo +Nuo)/2, Nyo =(Ng)", M=12,...

Buxonsun 3 BUIy XapaKTepUCTHYHOTO PIBHSIHHS, AWCHEPCiiHE PIBHAHHS IS
HOPMaJIbHUX XBUJIb Y IbOMY BUIIAJAKY MOKHA 3allMCATU y BUIIISLI

(bMQ _1)(bMQ +1)=0 (12)
Buxopucroyroun popmyny Abeneca [1, 2]

m _ N(lylu m—l(bQ) _Um—z(bQ) N(lQZU m—l(bQ)
(NQ) - 2 29,
NGU 1 (bg) NGU 1) =U, (Bg)

nucnepciitae piBHSHHS (12) MOXHA TIOJIATH Yy BUTIISI
(bU 13 () = U2 (B) = 1BV 1 (0g) Uy o (0g) 1) =0 (13)
Jlucnepciiiae piBHSHHS B IIbOMY BHIQJIKY JIJII HOPMAITbHUX XBHIIb OyI€ MaTH BUTJIISIT
N (05)U 11 (Byg) =0 (14)
ne U,.,(b,) mnomHomu Yebumesa.  Anamiz piBHAHHA (14) n03Boisie BHBUUTH

0COOJIMBOCTI MOUIMPEHHS HOPMAJIbHUX XBWJIb B IEPIOIMYHO-IIAPYBATIH CTPYKTYPI.

204



"Enepeemuxa i asmomamuxa', Ne3, 2025 p.

Ananiz uucenvHux excnepumenmig. Y poOOTI OylO YHUCETBbHO MPOAHATI30BaHO
oTpuMaHaH1 aucnepciiini cmiBBigHomeHHs (11) 1 (14) gis pi3HOi reoMeTpii 1 PI3UUHUX
BJIACTUBOCTEN MarepiaiiB, 10 YTBOPIOIOTh «IOPOKYIOUHI» HMakeT. SK m'€e30eIeKTpUyH1
Matepianu posrasganucs CdS 1 ZnO [1], a map aienekrpuka BUOMpaBCs 3 MapameTpamu
GaYIG [1, 11]. YucenpHu#t aHasi3 mokasas, 1o OCOOJUBICTIO IAHOTO CIEKTpa 00'€MHHUX
XBWJIb € T€, 110 B Ji1ama30H1 3MIHM XBHJILOBOTO YHKCJA 1 KPYroBOi YacTOTH MEX1 30H HE
nepeTuHaroThea. CHeKTp HOPMaIbHUX XBWJIb JIOKaJdi30BaHUM B 30HAaX MPOITYCKaHHS
00’€MHHUX EJIEKTPONPYKHUX XBWUJIb 3a BUKIIOUYCHHSIM KpPHUBOI, sIKa OTPUMYEThCSA 3

po3B’sa3ky piBHAHHA Ng'(b,)=0.. Sk Oymo mokazano B poGotax [4,7], ne piBHAHHA

BHU3HAUA€ TOBEPXHEBI XBWJII B PEryJIIpHO MIapyBaToMy HamiBmpocropi. IIpo BriuB
n'e30eeKkTy Ha AUCHEPCIMHUI CIEeKTp 00'€eMHUX 1 HOPMaJbHUX XBUJIb MOXHA CYIUTH 3
pPE3YJIBTATIB YMCEIBHUX CKCIICPUMEHTIB. Sk TOKa3alyd pO3paxyHKH, Y IIbOMY BHUIIAJIKY
CHEKTp O0'€eMHHUX XBWJIb 3MIINIYETHCS B 00JaCTh BUCOKHUX YacTOT, HE 3MIHIOIOUHU IPHU
IIbOMY CYTTEBO CBOIO CTPYKTYDY.

BucHoBku Ta mepcmekTUBHM. TakuM YHMHOM, 3alPOIIOHOBAHO CIOCI0 MOOYHOBU
TUCHEPCIMHUX  CIIBBIHOIICHb JJIsi 00'€eMHMX aKyCTOCJIEKTPUUYHHUX XBWIb, IO
NOLIMPIOIOTECS B IIAPYBATO-MEPIOMYHUX CEPEOBUIIAX, YTBOPEHUX IOBTOPEHHSIM
'€30€JIEKTPUYHOTO 1 JIEJICKTPUUYHOTO METalTi30BaHOro "MopokKyBanbHOTO' makera. Ha
OCHOBI METOAy, 3amporioHoBaHoro B [3,4,7], 3amada mpo 00'eMHI XBWJII 3BeJEHA 0
JOCIIHPKEHHSI BIACTUBOCTEH MepelaBaIbHUX MATPHILh «IIOPOJIKYBATBHOTOY MAKETY, Yepe3
€JIEMEHTH SKHX BHPAXKAIOTHCS HEOOXITHI JUCIEPCiHI CIIBBIIHOMICHHS. Y poOoTi
BJIAJIOCS, BUKOPHCTOBYIOUM YMOBY MeTaji3alii Ha 30BHINIHIX [MOBEPXHIX IaKeTa,
3aMMCAnTH JIUCTIEPCIHI CIIBBIJHOIICHHS 4Yepe3 €JIEMEHTH MATPHUIlh APYroro MOPSIKY
3aMICTh YETBEPTOTO. Y MIMPOKOMY Jdiama3oHi 3MIHM YacTOTH Ta XBUIHOBOTO YHCIIA
MPOBEJICHO YWCENbHI JOCTIPKEHHS] Ta OMHMCAHO 3aKOHOMIPHOCTI MOIIMPEHHS 00'€eMHHMX
XBWIb y PI3HUX CTPYKTypax. BuBueHO BIIUB (Pi3UKO-MEXaHIYHUX MapameTpiB IMIapiB Ha
HOPMaJTbHI €JICKTPOIPY>KHI XBWIII 1 CTPYKTYPY 30H 3alMpaHHs Ta MPOIMYCKaHHSA, a TaKOX
JOCIIHPKEHO BIUIMB M'€30€(PEKTy HA pO3TalTyBaHHS MEX 30H TPOMYCKAaHHS TMPH 3MiHI

BIIHOCHHMX TOBIIWH IIAPIiB Y MAKETI, IO MOPOJIKYE CTPYKTYPY.
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ELECTROELASTIC BULK AND NORMAL SHEAR WAVES IN A
LAYERED-PERIODIC MEDIUM OF THE TYPE METAL-PIEZOELECTRIC-
DIELECTRIC

V. Levchenko

Abstract. A method for constructing dispersion relations for bulk and normal
electroelastic shear waves propagating in layered-periodic media formed by repeating a
"generating" metallized package consisting of a piezoelectric layer and a dielectric layer
that has no electrical properties is proposed. As a result of the analytical calculations,
dispersion relations for normal and bulk electroelastic shear waves were obtained. CdS or
ZnO were considered as piezoelectric materials, and the dielectric layer was chosen with
the parameters GaYIG. The obtained dispersion relations were numerically analyzed for
different geometries and physical properties of the materials forming the "generating"
package. . Numerical analysis showed that a feature of the obtained bulk wave spectrum is
that in the range of changes in the wave number and circular frequency, the zone
boundaries do not intersect. The spectrum of normal waves is localized in the transmission
zones of bulk waves except for one dispersion curve. The influence of physical, mechanical
and geometric parameters of the layers on the structure of the blocking and transmission
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zones has been studied, as well as the influence of the piezoelectric effect has been
investigated.

Based on the approach proposed in the works of M.O. Shulga, the problems of bulk
and normal electroelastic waves are reduced to the study of the properties of the
transmission matrices of the "generating” package of layers, through the elements of
which the desired dispersion relations are expressed. In the work, it was possible, using
the condition of metallization on the outer surfaces of the package, to write the dispersion
relations through the elements of second-order matrices instead of the fourth, which
allows simplifying the analysis of the dispersion equations.

Key words: bulk and normal shear waves, periodic layered structure, piezoelectric,
dielectric, transmission zones, bulk wave blocking zones
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