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Abstract. The change in characteristics of ultrasonic waves’ transmittion in solid rotating media is the basis for the op-
eration of acoustic angular velocity sensor. The transmission coefficient of the sensing element (SE) of the acoustic path de-
ter-mines the level of angular velocity sensor informative signal based on detecting changes in characteristics of bulk acous-
tic waves in solid media. In this regard, the efforts aimed at obtaining maximum transmission coefficient are relevant and
represent an important stage in the design of such devices. The sensitive element of the acoustic path consists of radiating
and receiving plate piezoelectric transducers, propagation medium (acoustic duct), contact layers and electrical load. The
coefficient is identical to the path of ultrasonic delay lines on bulk acoustic waves. Although, many sources present the theo-
retical analysis of the path of this type, they carry out the analysis in so-called one-dimensional approximation, i.e. they per-
form the analysis without taking into account the limited transverse dimensions, whereas the path of the sensing element
should have limited lateral dimensions, which can affect the value of transmission coefficient. The above-mentioned sources
do not present the results of experiments. Thus, it is necessary to conduct a complex of simulation and experiments to ana-
lyze the acoustic path transmission coefficient of the angular velocity sensor. Authors of the paper developed a path-
modeling program in Mathcad software to perform simulation. For implementation of the experiment, authors created the
installation, as well as a number of proto-types with transducers made of piezoelectric quartz and piezoelectric ceramics.
The results demonstrate that fundamental statements developed for one-dimensional approximation one can use to deter-
mine the transmission coefficient of the acoustic path with limited dimensions. Besides, the use of the matched electrical
load gives the opportunity to increase the transmission coefficient. For example, in case of Y-cut piezoelectric quartz convert-
er prototype the increase reached 20 dB.
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MUBHO20 CU2HAAA 308UCUM OM KO3YPUUYUEHMA nepeodayu aKyCmu4ecko2o0 mpakma 4yecmeumesnsHozo 3aemeHma (43)
0amyuKa Mako2o muna, 8 €eA3u € YeM aKmyobHbl Pabomsl N0 GOCMUNMEHUIO MAKCUMAIbHO20 Ko3gduyueHma nepeda-
yu. Akycmudeckuli mpakm Y3 Ha 06beMHbIX 80/IHAX COCMOUM U3 U3/y4Yarolye2o U npueMHo20 NAOCMUHYAMbIX Nbe3-
onpeobpazosamenel, cpedsl pacnNpPOCMPAHeHUs (38YKonpoeooa), KOHMAKMHbIX ¢10e8 U 3nekmpudeckol Ha2py3ku. OH
udeHmMu4eH mpakmy ynbmpa3eykossix AUHUU 300epxKu. Teopemuyeckuli GHOU3 XGPAKMEPUCMUK MpPaKmMo8 mako2o
muna wupoko hpedcmaesieH 8 AUMepamype, 00HAKO aHOAU3 6A3UPYemMcs Ha pellieHuU cUCmeM 80/HO8bIX ypasHeHUl 8
00HOMePHOM npubALUdeHUU. B 3momM ciy4ae pacdems! 8bINOAHAIOMCA 6e3 y4ema 02paHUYeHHOCMU NONEPeYHbIX pasme-
pos. Ha npakmuke mpakm Y3 dosmxeH umems o2paHUYeHHbIe NonepeyHsle pasmepsbl, KOmopsle Mo2ym noeausmes Ha
3HaYeHue KoappuyueHma nepedaqu. ONUCAHUS IKCNEPUMEHMANbHbIX UCCIe008aHUL 8 Aumepamype He npueoodsamcs.
TakuM 06pa30oM, NoMpebo8anoce NPo8ECMU KOMN/AEKC MeopemuYeckux U 3KCNepuMeHmasbHbIX Ucc1ed08aHuUll no aHa-
/U3y Ko3pPuyueHma nepedayu aKyCcmu4eckozo mpakma 0am4uka y2a080l ckopocmu. [is meopemuyeckozo aHaAu3a
paspabomaHa Modenupyrowas mpakm npozpamma 8 cucmeme Mathcad. Jaa akcnepumeHmMasbHbIX ucciedo8aHull co-
300HO ycmaHo8Ka U U320moeseH pso MaKemoe € Npeobpa3oeamensMu U3 Nbe30K8apya U Nee3okepamuku. B pesynema-
me NoKa3aHO, YMO meopemuy4eckue NOMOXEHUs, PaspabomaHHsle 011 0OHOMEPHO20 NPUB/UXNEHUS, Mo2ym npume-
HAMbCA 0415 onpedesieHuUs Ko3pduyueHma nepedadu aKyCmu4ecko20 mpakma 02paHUYeHHbIX pasmepos. Kpome mozo,
UCNosb308aHUE CO2/10COBAHHOU 31eKmpuyYeckoli Ha2PY3KU N0380/5iem yeeaudumes Ko3gduyueHm nepedadu. Hanpumep,
071 Makema ¢ npeobpasosamenamu U3 nee3okeapya Y-cpesa smo yseauyeHue cocmasuso 20 0b.

KniouyeBble C/10Ba: y/IbTPa3ByKOBbIE BOJHbI, akyCTUYECKUIA TPaKT, KO3GPMUMEHT nepesayn, AaTUMK Yr10BOM CKOPOCTY

Ansa yntmnposaHumsa: JypykaH 4., Neperygos A. H., LLiesenbko M. M. AHann3 koaddurLmeHTa nepesayn
aKyCcTL4eckoro TpakTa gatuumka yrnosoi ckopoctu // 3B. By30B Poccun. PagrnosnekTpoHuka. 2019. T. 22, Ne 1.
C. 66-74. doi: 10.32603/1993-8985-2019-22-1-56-65

Introduction. Studies of the possibility of using

Ugyt =Uin K. K, Q,
bulk acoustic waves (BAW) dissemination features out metrac

in rotating solid medium for further creation of angu-
lar velocity sensors (AVS) are relevant both, in fun-
damental [1]-[4] and in practical terms [5]-[7].
Researchers of the Department of Electrical
Acoustics and Ultrasonic Engineering of St. Peters-
burg Electrotechnical University "LETI" proposed a
number of concepts for construction of AVS on BAW
[5]-[7] within the frames of the studies carried out at
the department. The solid-state acoustic duct (AD)
presents the sensing element (SE) (Fig. 1) of the unit.
On the opposite ends of the duct, locate ultrasonic
vibrations radiating piezoelectric plate (Ra) and re-
ceiving piezoelectric plate (Re) with d., and d.
thicknesses respectively. The contact layers (CL)

ensure the transfer of these oscillations between Ra
and AD, and AD and Re.

d d
> - > -
Ra|C AD C| Re
L L
o— —o
Uin Uout
o——— L— o

Fig. 1. Sensing Element Diagram

Researcher can determine the informative AVS
output signal, regardless the proposed concepts, by
the following correlation:

where U;, — voltage applied to Ra; K, — transmission

coefficient of the gyroscopic component, determined
by the concept of building the sensor [6]; K,. —

transmission coefficient of the acoustic path of the
sensor; ) —angular velocity of rotation of the SE.
K, is largely determined by the properties of

structural elements of SE: materials and the value of the
resonant frequency transducers, the material and thick-
ness of the CL, as well as the parameters of the electri-
cal load. Thus, studies aimed to optimize the design of
the acoustic path, providing the maximum transmission
coefficient, are an integral part of the work on the crea-
tion of the considered AVS type. Researchers use piezo-
electric plate transducers for the emission and reception
of ultrasonic waves in the megahertz frequency range.
Transducers of this type are widely used in flaw detec-
tion, ultrasonic thickness testing, medical diagnostics,
studies of the physical and chemical properties of mate-
rials, as well as in acoustic electronics devices [8]. The
acoustic system of the AVS is similar to the path of the
ultrasonic delay line (UDL).

Researchers of the Department of Electrical
Acoustics and Ultrasonic Engineering of St. Peters-
burg Electrotechnical University "LETI" carried out
studies on the analysis of factors affecting the trans-
mission coefficient of the acoustic path for a long
time [9]-[16]. The main goal of the research was to
optimize the constructive elements of the converter,
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taking into account the effect of the CL and electrical
circuits on the transmission coefficient.

The performed works relate both, to the field of
flaw detection [9]-[11] and to the task of the UDL
design optimization [12]-[16]. The work [9] shows
the expressions describing the transmission coeffi-
cient for a multilayer transducer consisting of the
piezoelectric plate, the damper, and the number of
matching layers.

One should note that the results of the obtained
theoretical correlation are for the so-called one-
dimensional approximation, which means, that the
value does not take into account the limited trans-
verse dimensions of the propagation medium and
converters. The work [10] describes the possibility of
constructing a consistent piezoelectric ceramic trans-
ducer, the sensitivity of which does not depend on
the thickness of the CL. The results of simulation and
experiments performed show that sensitivity of Ra
made from piezoelectric ceramics is 20 times higher
than one that quartz transducer has.

The work [12] describes studies on UDL band-
width and solves the problem of ensuring uniform
frequency response and low acoustic absorption in
the acoustic duct. The work shows that in case of CL
presence, the maximum of the transmission coeffi-
cient is located above the anti-resonant frequency of
the X-cut of the piezoelectric quartz transducer. The
work also studies the electrical load in the form of
electric oscillatory circuit effect on the value of the
pass band. In case of the CL absence, the resonant
properties of the oscillating circuit reach a peak. With
the thickness of the CL equal to 0.02 of Ra and Re
thickness, the frequency dependence K, (f ) has

two peaks, and the pass band increases markedly.
The resonant properties of the circuit in this case are
less noticeable. The further increase of the CL thick-
ness is inexpedient, since the resonant properties of
the contour effect slightly, and the mechanical reso-
nance in the "piezoelectric plate on CL" system ef-
fects sufficiently. Works [12], [14] observe similar
issues for the Re of the Y-cut. The obtained results
are consistent with previous research. The work [14]
describes the entire system of waves in piezoelectric
plates, CL and AD in radiation and reception modes.
The work [16] gives the analysis of the oscillatory
systems of the piezoelectric transducers of ultrasonic
flaw detectors, as well as the basic correlations re-
quired for simulation and design of the oscillatory
systems of such transducers.

68

A large number of works devoted to obtaining
the optimal characteristics of the acoustic path con-
firm the relevance of the research. However, it is
obligatory to note the following:

1. The works use expressions for the analysis of
the acoustic path obtained for the so-called one-
dimensional approximation, what means, without
taking into account the limited transverse dimensions
of the propagation medium and transducers, while
the SE of the AVS has limited dimensions.

2. The majority of the listed works present the
results of fundamental research, which do not have
reliable experimental confirmation. In this regard, the
data obtained from the experimental studies, and the
conditions of the experiments are of greatest interest.

3. In most cases, the purpose of the analysis was
to achieve a wide bandwidth of the acoustic path,
therefore there was a requirement to use short pulses
which provide high resolution (transducers convert-
ers), as well as to provide a bigger information ca-
pacity of the UDL. AVS on BAW use the pulse mode
operation. Due to the condition of the standing waves
formation absence, the pulse duration should be less
twice times than the pulse passing time through the
acoustic duct. This condition enables the sufficiently
longer pulse duration and does not impose high de-
mands to the bandwidth.

In this regard, it became necessary to conduct a
set of experimental studies to determine the influence
of the structural elements of the AVS SE acoustic
path on the transmission coefficient. In addition, au-
thors carried out the study of the limited transverse
dimensions effect of the acoustic path on K,. to

assess the admissibility of the one-dimensional ap-
proximation. In the field of flaw detection, the prop-
agation medium is considered semi-infinite, its’ di-
mensions are bigger than the length of the ultrasonic
wave. Therefore, researchers did not carry out the
studies of this kind before. In the experiments carried
out by the authors of this article, the prototypes have
limited dimensions approaching to the dimensions of
the SE of the designed AVS.

Analysis of the transmission coefficient of the
acoustic path. Fig. 2. Represents the investigated
AVS with SE path. Along with the SE, the diagram
shows: Ry — the output resistance of the generator;

C,. — the capacity of Re and external electrical cir-

cuit; L — the inductance of the external circuit; R —
the load resistance.
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Fig. 2. The path of the angular velocity sensor
with a sensitive element

The considered transmission coefficient of the
Kae =Ugyt /Ui system is a multivariable parameter
function, since it depends on a number of system
characteristics: CL thickness, Ra and Re resonant
frequencies, quality of the electric circuit at the out-
put, acoustic impedances of the materials included in
the system [16].

In order to determine K. authors introduce the

ac»
notation of elements’ acoustic impedances of SE
Zras ZCL» ZAD H Zpe for Ra, CL, AD and Re, re-
spectively, as well as acoustic impedances of the
electric wave input transducer into acoustic wave

Z0ra = Zraj tg Xy, and output transducer of acoustic
wave into electrical wave z(g =z jtgxe>. The
propagation of the acoustic wave over individual
elements of the SE can be described with the intro-
duction of the concept of the acoustic thickness of

these elements and

Xra = kradraw XCL = kCLdCL
Xpe = kpehye for Ra,

(ky =2nf /c1, 1€ {Ra, CL, Re} —are the radian wave

CL and Re respectively,

numbers; ¢y — the speed of the acoustic wave). Au-
thors also introduce the concepts of impedance corre-
lations oy = 21 /27y, I, Il e {0, Ra, CL, AD, Re}.
K, is determined by the product of the amplitude
conversion factors of the electric wave to the ultrasonic
amplitude in the radiation mode K, and inverse con-
version in the reception mode K., provided by the

equality of waves displacement amplitudes (oscillatory
velocity) at the boundaries of the Ra and Re:

Kac (f) =K K =

2 42
_ 2Cefara 2k rakcreZre |€raPra
Y+ 2nfCe ZAD €raPra

Fra(xra )Fre(xre )»

2 Authors do not take into account the influence of dampers and rear
loads on the mentioned in [16] transducers due to the narrowband
nature of the considered problem.

where f — the frequency of ultrasonic vibrations;
Jara — the frequency of the Re anti-resonance; Y —
the conductivity of the load represented by the oscil-
lating circuit CpoL; k¢ 15, ke o — coefficients of elec-
trical and mechanical coupling of Ra and Re respec-
tively; €., & — dielectric permeability of Ra and

Re materials respectively; pry, Pre — density of Ra

and Re materials respectively; F,, Iy — frequency-

dependent parts of the Ra and Re transmission coef-
ficients respectively.

Authors determine the frequency-dependent por-
tions of radiation transmission coefficients by the
following formulas:

Fra (%) = [1 — 08 (X ) = jOl|rq SIN (¥ )]/Ara ;
Fre () = [1 — €08 (Xpe ) = jOpelg SN (Xre )]/Are )
The denominators are determined as:

Ara =Qc0s(xy ) + jRy sin (xy, ) -
(K 10 ) [2R0 [1= 005 ()] = Osin (33 )}
Are = Qcos(xpe )+ JRy sin(xpe ) —

(k2 1B xre ) {2Ro [1- cos (7 ) |~ jOsin (w7 )

where
Q=(1+ aO‘AD)cos(xCL)+j(aO‘CL+aCL‘AD)sin(xCL);

Ry = (aO\ra + 0paAD )COS(XCL) +
+ /(gL * Colra®crlap )Sin (xcL )
Ry =dyap cos(xcp )+ JOalcL sin(xcr )

— coefficients determined by the circuit path
B=Y/(Y + j2nfCy).

To carry out the analysis authors developed a
program in "MathCad" system. The program gives
the opportunity to carry out the analyses of the
acoustic path in different modes of Re. The zero con-
ductivity of the external circuit Y ensures the idling
mode. The presentation of the conductivity Y in the
form of a parallel connection C,, and L created a load
on the resonant circuit. The authors did not take into ac-
count the losses due to diffraction divergence in the theo-
retical model, since the Ra operates in the near zone.

The experiment. Fig. 3 presents the block dia-
gram of the installation for the experimental deter-
mination of the coefficient K,. under investigation,
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GRI
Prl SE Pr2
Oscillograph
K1 K2 Synec.
¥ ¥
]

Fig. 3. Test Facility Block Diagram

where GRI is a generator of radio pulses; Prl, Pr 2 —
oscillographic probes (input capacitance 16 pF, input
resistance 10 MQ); K1, K2 — signal inputs, Sync —
sync signal input. For conduction of experimental
study authors of the article used GRI AKIP 3402, a
Tektronix oscilloscope TDS 1002 V. Authors used
salol material for CL, which provides the possibility
of multiple gluing of piezoelectric transducers.

For the implementation of the experiments, au-
thors took a number of identical acoustic ducts made
of fused quartz and created acoustic paths on their
basis. The table below shows the parameters of the
mentioned acoustic paths.

Further authors present the results of a compara-
tive analysis of the results of fundamental and ap-
plied research of these prototypes.

The prototype 1. Fig. 4 shows the frequency de-

pendences K, (f) of the first prototype in idle

mode for several values of the CL thickness dcy .
Authors obtained the results presented with the
dashed curve during the experiments. The analysis
showed that a change in the CL thickness in the actu-
ally achievable limits leads to a change in the value

K,., dB
Fig. 4. Model 1 Transfer Factor. Idle running

K, within 6 dB. Authors observed the best conver-

gence of the simulation and experimental results at
thicknesses of the CL d¢p =4 um. On this basis

authors can conclude that the equivalent thickness of
the CL of the experimental sample is 4 um.

Fig. 5 shows the analysis of the prototype operation
in the oscillating circuit load mode with different values
of inductance. Black curves show the results of the draft
simulation results, gray — the results of experiments.

Curves for L =300, 220 and 120 pH have two

maxima. The first corresponds to the resonant frequen-
cy of the electric circuit, the second — to the mechanical
system. At L = 82 uH there occurs the same resonance,
since the frequencies of the contour and Re locate close
to each other. The maximum value of the transmission
coefficient is equal to —6 dB, which is 20 dB higher
than in case of the electrical load absence (Fig. 4).
Since, the capacity of the Re piezoelectric quartz
is not significant, it is necessary to take into account
the input capacity of the oscilloscope probe
Cpr =16 pF. Fig. 6 shows the diagram of measuring

the resonant frequency of vibration circuit formed by

Model Parameters
Model
Acoustic Duct Dimensions
1 2 3

Length, mm 23
Diameter, mm 20

Radiating piezoplates/ Radiating Receiving Radiating Receiving

Parameter .. . . . . .
receiving piezoplate piezoplates | piezoplate | piezoplates | piezoplate

Material Piezokvarts Y — cut Piezoceramics LZT-19
Form Rectangular Round
Length and width, mm 10x16 _ _ _ _
Diameter, mm - 15.7 15.7 15 15
Thickness, mm 0.6 0.95 1.0 0.32 0.32
Resonance Frequency f;,, MHz 3.25 2.0 1.94 5.9 6.25
Antiresonant Frequency f,, MHz 3.26 2.33 2.17 7.00 7.3
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ac?

Fig. 5. Model 1Transfer Factor. Electrical Oscillating Circuit Load Operation

GRI

Oscillograph

Fig. 6. Circuit Resonance Frequency
Measuring Set Block Diagram

the capacity Cp. with the regard to Cp,. and the in-

ductor of a known type.

In order to assess the parameters of the measur-
ing stand, authors carried out the determination of
the total capacity at R = 15 kQ, L = 82 uH. The reso-
nant frequency of the circuit is equal to
Jfr =3.3 MHz, so the total capacitance has the value

is equal to:

Cy = =29 pF.

(2nf, ) L

The prototype 2. Authors used plate transducers
LZT-19 made from piezoelectric ceramics. Fig. 7
shows the results of studies of the frequency re-
sponse in idle mode in for several values of CL
thickness dp . The dashed curve demonstrates the

K,., dB
dep =4 pm >
cL=Thm \/\\ L=46pH
()] //. P S \‘
//' .", ‘\\\
. \
/'(6 ,' ‘o\\
5 // s \\
/7
N "\
10 N B A

14 16 18 20 22 24 26 f,MHz
Fig. 7. Model 2Transfer Factor. Idle running

results obtained during the experiments. The present-
ed dependences show that for this prototype, there is
no such significant change in the transmission coeffi-
cient in case of different CL thickness. The forms of
the experimental and simulated curves coincide. The
maximum value of K,., obtained during the exper-

iment was equal to 0 dB, which is 30 dB higher than
the corresponding value for the first prototype with
piezoelectric quartz transducers (see Fig. 4).

Fig. 8 shows the results of the influence of the
oscillatory circuit on K,.. Authors constructed the

curves representing the simulation results at CL
thickness of 5 pm for several specified values of the
resonant frequency of the circuit. The dashed curve
presents the results of the experiment. The graphs
show that the maximum value of the obtained trans-
mission coefficient during the experiment is equal to
3 dB. Thus, the electrical load effect on K,. is not

so significant for a piezoelectric ceramic transducer.
In addition, a distinctive feature of the path with
transducers made from piezoelectric ceramics is the
appearance of a dip at the resonant frequency of the
oscillatory circuit [16].

The prototype 3. Authors used high-frequency
plate transducers LZT-19 made from piezoelectric

ceramics. Fig. 9 shows the K,. frequency depend-

K,., dB
50— f =1.8 MHz _\\\ 1.7
2.5— ",% /o-o;'\":‘\
s 15 e B\
o = L~ I} AR\
ey i VR AN
_2'5#";/ - -o—"/ \\
i/ - N
—5.0) R
7 A\
-71.5 ¢ {\
-10.0 | | | | | | A

12 14 16 18 20 22 24 26 fMHz

Fig. 8. Model 2 Transfer Factor. Electrical Oscillating Circuit
Load Operation
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47 53 59 65 71
Fig. 9. Model 3 Transfer Factor. Idle running

77 f MHz

ences obtained from simulation for the thickness of
the CL dcp in the range of 1..9 um. The dashed

curve demonstrates the results obtained during the
experiments. The appearance of the oscillatory cir-
cuit formed by the parasitic inductance of electric
circuits and the capacity of the Re explains a notice-
able difference in the form of dependence.

Research results show that for the prototype with
Y-cut piezoelectric quartz transducers (prototype 1),
the maximum value of the transmission coefficient in
idle mode is equal to minus 30 dB. For the prototype
with LZT-19 piezoelectric ceramic transducers (pro-
totype 2), the value obtained during the similar ex-
periment is equal to 0 dB. The indicated experi-
mental results correspond with the results of the pre-
vious modeling [9]-[15]. The presence of the oscil-
lating circuit formed by the Re capacitance and the
inductance of the external circuit, has a different im-
pact on the maximum value K,. for transducers

made from piezoelectric quartz and piezoelectric
ceramics. Therefore, from the comparison of experi-
mental dependences presented in Fig. 4 and 5, it fol-
lows that for prototype 1, the use of the oscillating
circuit with a resonant frequency close to its own
resonant frequency Re leads to the increase of the
maximum value of K,. equal to 25 dB. For the pro-

totype 2, the presence of oscillating circuit creates a
noticeable decrease of the transmission coefficient
value of at the circuit resonant frequency [16].

It is necessary to take into account the capacitance
of electrical circuits for prototype 1, since the capacity
of piezoelectric quartz plate consists of dozens of pico-
farads, while input capacity of the oscillograph probe
Cpr =16 pF. In this connection, when adjusting the

oscillatory circuit, it is necessary to take into account
the total capacitance of electrical circuits and Re.
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The experiment shows formation of the oscillato-
ry circuit with a resonant frequency equal to
6.5 MHz in idle mode in case of prototype 3 (the
prototype with high-frequency transducers made
from the LZT-19 piezoelectric ceramics. This effect
is stipulated by the fact that the capacitance of Re
made from piezoelectric ceramics has several nano-
farads capacity. Therefore, for formation of the oscil-
latory circuit, parasitic inductance of external electric
circuits for tenths of one microhenry is sufficient.
Researches should consider this negative effect when
developing acoustic paths with high-frequency trans-
ducers made of piezoelectric ceramics.

In addition, the work studied the effect of the im-
plicitly specified parameter — the thickness of the CL —
on the transfer coefficient. The variation of K,. with

varying of CL thickness locates within the frames of
6 dB for the prototype with piezoelectric quartz trans-
ducers. Researchers can consider this variation by
construction the system of dependencies for different
values of the layer thickness. For the prototype with
piezoelectric ceramic transducers, researchers can ne-
glect the effect of the CL thickness on the frequency
dependence of the transmission coefficient.

Conclusion. The results of simulation and exper-
iments performed show that researchers can apply
theory developed for the one-dimensional approxi-
mation to calculate the transmission coefficient of
paths with limited transverse dimensions.

The difference between experimental and simula-
tion results, determined by the difference between
the computational model and the real parameters of
the prototype is insignificant in terms of the charac-
teristics of the AVS prototypes.

The implemented studies to determine the design
of the acoustic path, providing the maximum K.,

allow developing the optimal design of SE of the
angular velocity sensor on bulk acoustic waves. De-
spite the fact that authors performed the experiments
on SE samples with specific sizes, researchers can
transfer the results to the models of significantly
smaller sizes. It is necessary to maintain the correla-
tion between the dimensions of the Re, AD, Ra and
the length of the ultrasound wave, determined by the
choice of the operating frequency range.
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