symmetry

Article

High-Frequency Ultrasonic Radiator Power Increase by Means
of Summation of Vibrations of Symmetrically Arranged
Langevin Transducers

Vladimir N. Khmelev *, Andrey V. Shalunov *, Victor A. Nesterov * and Alexander S. Bochenkov *

check for
updates

Citation: Khmelev, V.N.; Shalunov,
A.V,; Nesterov, V.A.; Bochenkov, A.S.
High-Frequency Ultrasonic Radiator
Power Increase by Means of
Summation of Vibrations of
Symmetrically Arranged Langevin
Transducers. Symmetry 2023, 15, 208.
https://doi.org/10.3390/sym
15010208

Academic Editors: David Bassir
and Jiri Majak

Received: 18 November 2022
Revised: 27 December 2022
Accepted: 4 January 2023
Published: 11 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Biysk Technological Institute (Branch), Altay State Technical University, Trofimova Street 27, 659305 Biysk, Russia
* Correspondence: vinh@u-sonic.ru (V.N.K.); shalunov@u-sonic.ru (A.V.S.); nva@u-sonic.ru (V.A.N.);
sanya.bochankov@mail.ru (A.S.B.); Tel.: +7-(3854)-43-25-70 (A.V.S.)

Abstract: The article focuses on the research of processes of summation of ultrasonic vibrations of
individual Langevin transducers symmetrically arranged on a common summator. This design could
be used to solve the problem of increasing the power of a high-frequency ultrasonic radiator by
means of the summation of the vibrations of individual Langevin transducers. The results of the
presented theoretical and experimental investigations supported the possibility of summation of
symmetrical diametrical vibrations when they are transformed into longitudinal vibrations. As a
result, a new design scheme for high-frequency radiator construction was developed that provides
symmetry and uniformity of vibration amplitude distribution of piezoceramic elements. This made it
possible to eliminate the damage of piezoceramic elements. The article establishes that an acoustic
power (continuous mode) of 1450 W at an efficiency of 78% is achieved when the vibrations from 9 to
11 of symmetrically arranged Langevin transducers at a resonant frequency of 30.05 kHz with an
amplitude of 26 um are summed. The use of this ultrasonic high-frequency radiator with increased
power will provide intensification of processes in various areas of industry.

Keywords: ultrasonic radiator; Langevin transducer; high-frequency vibrations; symmetrically
arrange

1. Introduction

The development of new ultrasonic technologies is limited by the absence of high-
frequency ultrasonic radiators with increased power. Such radiators are relevant for solving
the problems of intensification of extraction processes in liquid media [1] and air purification
from suspended particles with a size of less than 2.5 um due to their agglomeration [2,3].

Moreover, ultrasonic vibrations with a frequency of more than 25 kHz and an intensity
of more than 10 W/cm? are known to make it possible to exfoliate emulsions, separate
oil from water [3], clean drilling fluids from foreign particles [4], create fine-dispersed
mists for spraying homogeneous coatings in the production of electronic (microcircuits and
processors), and medical products (coronal stents) [5,6].

Nowadays, the devices for the creation of ultrasonic vibrations are made according
to the Langevin design scheme, which provides the conversion of electric energy into the
energy of ultrasonic vibrations with maximum efficiency. This scheme includes a radiating
element, two or four piezoelectric elements, and a reflecting element that are successively
installed, mechanically connected, and acoustically connected. The length of the entire
construction corresponds to half the wavelength of ultrasonic vibrations in the transducer
materials and determines the resonance frequency of the generated ultrasonic vibrations [7].
The Langevin scheme proved itself in the construction of modern transducers for operating
frequencies from 15 to 22 kHz [7-12].

However, the development of transducers with an operating frequency of more than
25 kHz, according to the Langevin scheme, is conditioned by a number of technical diffi-
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culties. Reduction of the longitudinal resonance size of the elements (which is necessary
to provide an increased resonance frequency of the transducer) requires increasing the
diameter of such elements (including piezoceramic elements) to maintain or increase the ra-
diated power. The reason is that the power of the generated vibrations is determined by the
volume of the piezomaterial used and does not exceed 20 W per 1 cm? of the piezomaterial
for modern materials [13].

Conversely, an increase in the diameter of the piezoceramic elements breaks the
symmetry of the transducer vibrations and leads to an increase in parasitic diametrical
vibrations and a decrease in the efficiency of the formation of longitudinal vibrations. It is
theoretically and experimentally established that the outer diameter of the piezoceramic
elements in this design scheme cannot be more than half of the resonant length of the
transducer (equal to half the wavelength) [14-16].

To solve this problem, the authors earlier proposed to increase the intensity of the ra-
diated ultrasonic vibrations by summing the vibrations of individual transducers arranged
on a common radiating element [17,18].

Meanwhile, summing the vibrations of the Langevin transducers on the longitudinally
vibrating common summator to create high-frequency transducers is unacceptable because
of the vibration symmetry breaking and the appearance of diametrical vibrations in the
summator itself. Breaking of symmetry increases mechanical stresses in the transducer
material to critical values, leading to its failure. This occurs when the diameter of the summator
exceeds a quarter of the wavelength of the formed vibrations in the element material.

To eliminate the drawbacks of existing designs and increase the specific density of ra-
diating energy, we proposed to use diametrical vibrations (considered parasitic in Langevin
transducers) of the common summator. For this purpose, high-frequency vibrations gen-
erated by symmetrically and radially arranged Langevin transducers are summed on the
element. The element is made in the form of a cylinder, the diameter and height of which
correspond to half the wavelength of ultrasonic vibrations in the element material. In
such a design scheme, the radiating element performs simultaneously the functions of the
summator of symmetrically formed vibrations and the transducer of diametrical vibrations
into longitudinal vibrations [17].

2. High-Frequency Radiator Design for Power Summation of Symmetrically Arranged
Langevin Transducers
The design of an ultrasonic high-frequency radiator, providing the summation of
vibrations of symmetrically arranged Langevin transducers is shown in Figure 1 [17].
The radiator consists of a summator (item 1), radially and symmetrically arranged
piezoceramic elements (item 2), a reflective element (item 3), and connecting pins (item 4).
Area A of the summator (item 1) with diameter D1 and length Ln is a transducer of
diametric vibrations into longitudinal vibrations. Two piezoelectric elements (item 2), a
reflective element (item 3), and a connecting pin (item 4) represent a piezoelectric packet
(area D). The emitter contains n piezoelectric packet (area D). The piezoelectric packet (area D)
and the part of the summator (area C) with thickness L1 act as a Langevin transducer (area B).
Area A of the summator (item 1) summarizes the symmetric vibrations of radially
arranged Langevin piezoelectric transducers (area B) by forming diametric tensions and
compressions. The resulting diametrical vibrations lead to the formation of longitudinal
vibrations. Moreover, the amplitude on the end surfaces (ALONG) depends both on the
amplitude of vibrations of symmetrically arranged Langevin piezoelectric transducers
(area B) and on the transformation coefficient of the summator (area A). This coefficient
depends on the ratio between the dimensions D1 and Ln as well as on the number of
piezoelectric packets (area D). The force created on the end surface of the radiating element
is proportional to the sum of forces (power) created by all transducers symmetrically
arranged along the summator. To increase the strength and simplify the design of the
transducer, the profile shape of the summator is made conical (region E).
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Figure 1. High-frequency radiator design with increased power and symmetrically arranged
Langevin transducers: (1) summator; (2) piezoceramic elements; (3) reflective elements; and

(4) connecting pins.

By means of modal analysis using the finite element method, the optimum diam-
eter/length ratio (M = Dn/Ln) of the summator was established in order to ensure the
maximum amplitude of vibrations at the radiating surface. The obtained dependence
of the transformation coefficient on the diameter/length ratio (M = Dn/Ln) is shown in
Figure 2 [17].
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Figure 2. Dependence of the piezoelectric transducer transformation coefficient (Krg = Ajgg/Anut) on
the ratio (M = Dn/Ln).
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The optimum ratio of the M value that provides the maximum amplitude was 1.6. A
total of 12 piezoelectric packets are installed symmetrically on the transducer with respect
to the acoustic axis (area D, Figure 1).

The jumps in the transformation coefficient in the graph (Figure 2) are caused by the
appearance of gaps between the Langevin transducers when the diameter of the radiating
element increases, but the number (1) of Langevin transducers connected remains unchanged
until there is enough gap to install the next transducer (i.e., the diameter of the radiating
element changes continuously, but the number of Langevin transducers is discrete).

3. Research of the Radiator’s Functionality and Optimization of Its Design

In the process of determining the functionality of the developed radiator with a conical
transition and an axisymmetrical arrangement of Langevin transducers, an experimental
sample of the radiator with a resonance frequency of 30 kHz was calculated and manufac-
tured, and its resource tests were conducted.

A photograph of the manufactured transducer assembled with a cylindrical radiator
(for radiation into water) is shown in Figure 3.

Figure 3. Transducer assembled with a cylindrical radiator.

Table 1 shows the results of measurements of the transducer power characteristics
with a symmetrical arrangement of piezoelectric elements.

Table 1. The results of the measurement of the transducer power characteristics.

Transducer Frequency, Vlbra'tlon Electrical Acoustic Efficiency, Intensity, No
Tvoe Amplitude, Power, Power. W o, More Than,
P pm w ’ W/cm?
Summing 22 1800 1200 66 35

The research established that after 7-10 h of operation at full power (1800 W), the
resonance frequency of the radiator decreased by 150 Hz. Meanwhile, the impedance at
resonance also increased from 10 to 15 ohms. After the transducer was disassembled and
the condition of the individual elements of the radiator was visually assessed, diametrical
cracks were found in the majority of piezoceramic disks (21 out of 24).
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The most probable reason for the appearance of cracks is the asymmetry of the vibra-
tion amplitude distribution of the summator in piezoelectric packets. The rigid design of
the summator with a conical transition during the vibrations forms a diametrical bend-
ing on the boundary of the ceramic summator. Therefore, this causes the asymmetry of
vibrations. Meanwhile, the vibration amplitude of the central part of the connection planes
(the planes between area C and area D in Figure 1) of the summator is significantly greater
than the peripheral one. As a result, the symmetry of the formed vibrations is broken, and
bending vibrations of the piezoceramic disks occur, which lead to their damage.

To eliminate the identified cause of piezoceramic element damage, the authors op-
timized the radiator design to ensure symmetry and uniformity of vibration amplitude
distribution of the piezoceramics adjacent to the summator.

As the criterion of optimality, we used the value of the normalized standard deviation
(NSD) of the vibration amplitude on the piezoceramic plane, defined by the expression:

1 1 & _
A ; k—lZ(Xi_x) (1)
nu i=1

1

o =

where x—arithmetic mean of the sample, pm; x;—values of vibration amplitudes within
the plane of the piezo-disk, pm, A,,;—vibration amplitude in the center of the reflecting
element, pm, and k—number of points in the sample. Normalization was carried out
according to the vibration amplitude of the reflecting element A,

To reduce the asymmetry of vibration distribution in the piezoceramic area, we pro-
posed changing the transition shape of the summator (area E, Figure 1) from conical to
radial. Figure 4 shows the modified design of the ultrasonic radiator.
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Figure 4. Modified high-frequency radiator design with increased power and symmetrically ar-

ranged Langevin transducers: (1) summator; (2) piezoceramic elements; (3) reflective elements; and
(4) connecting pins.

In the next step, the modeling of the modified radiator was carried out. During the
calculations, the value of the natural vibration frequency equal to 30,000 &= 50 Hz was
provided. The size of D1 remained unchanged. Meanwhile, the diameter of the summator
Dn (item 1, Figure 1) was constantly changing and was recalculated. After each calculation,
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the results were analyzed, and the length (Ln) was corrected to maintain the natural
vibration frequency within 30,000 & 50 Hz.

The material data (density, Young’s modulus, and Poisson’s ratio) used in the calcula-
tions are presented in Table 2.

Table 2. Characteristics of the material used [13,18,19].

Element Material MOIEE:EIE, Pa Dingsllrgg o PI({);:;; nl;s

Summator AA7075 7.1 x 1010 2800 0.31
Reflecting elements Steel 1045 2 x 1011 7810 2.8
Piezoceramic disk APC-841 7.6 x 1010 7600 0.33

A tetrahedral finite element type was used to calculate and analyze the operation of
an ultrasonic radiator under a volumetric stress state. The tetrahedral finite element mesh
approximates bodies of complex shapes well and provides satisfactory results in modeling
physical tasks for objects of arbitrary shape, whose characteristic geometrical dimensions
are comparable in three dimensions (length, width, and height). The linear size of the
tetrahedral mesh element was 6 mm. The analysis was carried out in the frequency range
from 28 to 32 kHz.

At the initial stage, the dependence (Figure 5) of the non-uniformity of vibration ampli-
tude distribution on the piezoceramics (NSD) on the radius (on the ratio of radius/diameter
W = R1/Dn) was obtained. According to the dependence shown in Figure 2, modeling was
conducted for the most optimal case, in which the maximum vibration amplitude is provided
when the number of symmetrically arranged piezoelectric packets is equal to n = 12, at the
ratio M = Dn/Ln = 1.6.
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Figure 5. Dependence of non-uniformity of vibration amplitude distribution on ratio (W = R1/Dn).

Analysis of the obtained data showed that the minimum asymmetry is achieved at the
ratio W = R1/Dn = 0.27. Since the modified transducer design (the use of radial transition)
leads to a change in the vibration amplitude, at the next stage of research we proposed to
reinvestigate the radiator design to find the maximum transformation coefficient Krg and
the minimum asymmetry of vibrations, depending on the ratio M = Dn/Ln. Therefore, the
dependences of the transformation coefficient (Figure 6) and the asymmetry of vibrations
(NSD) on the diameter at W = 0.27 (Figure 7) were obtained.
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Figure 6. Dependence of the transformation coefficient of an ultrasonic radiator with gradual
transition (Ktg = Ajpug/Anut) on the ratio (M = Dn/Ln).
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Figure 7. Dependence of the non-uniformity of the vibration amplitude distribution of piezoceramics
(0cer/Anyt) with radial transition on the ratio (M = Dn/Ln).
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Figure 8. Vibration amplitude distribution of the ultrasonic radiator at different ratios (W = R1/Dn).
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Examples of symmetric amplitude distributions obtained as a result of the modal
analysis of constructions are shown in Figure 8.

Analysis of the obtained data establishes that the maximum amplitude of vibrations
in the modified radiator design is achieved at n = 12-14 when M = 1.6-2. However, the
minimum asymmetry of the piezoceramic vibration distribution is achieved with the dense
installation of piezoelectric packets at a number equal to 9-11 at W = 0.27, which is a more
important factor influencing the radiator reliability.

It was determined that the smaller the number of piezoelectric packets, the greater
the difference between the adjacent NSD values. This is caused by the fact that when the
diameter of the summator is small (for example, with the number of piezoelectric packets
n = 6, the non-uniformity changes from 1.2 to 1.47), the distance (the gap between adjacent
piezoelectric packets) changes significantly. In comparison with the larger diameter (with
the number of piezoelectric packets n = 16, the non-uniformity changes from 1.08 to 1.12),
a change in the number of piezoelectric packets by 1 does not significantly affect the gap
between the packets. Meanwhile, the presence of large gaps between the piezoelectric
packets on the summator causes asymmetric bending vibrations of the connecting surfaces,
which leads to additional bending of the piezoceramic elements.

4. Results of Experimental Research

To confirm the results of modeling and verify the performance of the developed
design and symmetrical arrangement of piezoelectric packets, an ultrasonic radiator was
manufactured with an operating frequency of 30 kHz, a number of piezoelectric packets
of n =11, and a radial transition of W = 0.27, at which R = 40 mm. Standard piezoceramic
elements of size 35 X 16 x 6 mm were used.

Further research was aimed at measuring the limiting power characteristics of the
ultrasonic radiator and conducting resource tests during its operation as a part of vibrating
systems designed to implement technological processes in liquid media.

For this purpose, the electrical power supply of Langevin transducers was carried out
by means of an electronic generator with independent excitation and a phase-locked-loop of
frequency. The generator was previously developed by the authors of the article [20,21]. At
the output of the generator, a transistor half-bridge and coordinating LC circuit were installed.

The electrical power consumed by the ultrasonic radiator was measured. The mea-
surements were made with a GWINSTEK GPM-8212 model. The power consumption
was measured in idle mode as well as with the load (radiation in water) at the maximum
amplitude of vibrations.

The power consumed by the developed radiator was determined using the
following expression:

Pg =Ps — Pg, ()

where Ps—total power consumption and Pgc—power consumption of the electronic genera-
tor without a connected radiator, W.

To determine the maximum power of the developed radiator, settled main water was
used as an acoustic load. A half-wavelength cylinder (with a natural vibration frequency of
29.95 kHz and a diameter of 66 mm) designed for the corresponding frequencies was used
as a working instrument immersed in water. Measurements of power consumption were
carried out with a fully immersed cylindrical instrument. The colorimetric method [22] was
used to measure the power of acoustic vibration output in water. To measure the maximum
values of the vibration amplitude, a stroboscopic method was used [23-25].

Table 3 summarizes the results of measurements of the power characteristics of the
optimized radiator with a symmetrical arrangement of piezoelectric elements.



Symmetry 2023, 15, 208 90of 10

Table 3. The results of the measurement of the transducer power characteristics.

Transducer Frequency, AV 1bra't10n Electrical Acoustic Efficiency, Intensity, No
Type KHz mplitude, Power, Power, W % More Thzan,
um \4Y W/cm
Summing, before 31.67 2 1800 1200 66 35
optimization ’
Optimized symmet- 30.05 2 1850 1540 78 4
ricsumming

The measurement results showed that the design optimization providing symmet-
ric vibrations of the piezoelectric packets provided a 17% increase in the main power
characteristics, while increasing the efficiency by 15-78%.

In addition, resource tests and inspection of the radiator elements showed that all
piezoceramic elements were not destroyed even after 1000 hours of operation.

Therefore, at the summation of vibrations from 9 to 11 symmetrically arranged Langevin
transducers at a resonant frequency of 30.05 kHz with an amplitude of vibrations of 26 um,
an acoustic power (continuous mode) of 1450 W at an efficiency of 78% was achieved.

5. Conclusions

It was found that the summation of the vibrations of individual Langevin transducers
symmetrically arranged on a cylindrical radiating element, which provides the transfor-
mation of summed diametric vibrations into longitudinal ones, can ensure the creation of
powerful high-frequency radiators.

The results of the theoretical and experimental investigations allowed us to propose a way
to optimize high-frequency radiators to reduce the probability of their failure and to provide the
required symmetry of the vibration amplitude distribution of piezoceramic elements.

It was established that at summations of vibrations from 9 to 11 symmetrically ar-
ranged Langevin transducers and radial transition to the summator at the resonance
frequency of 30.05 kHz and a vibration amplitude of 26 pm, an acoustic power (continuous
mode) of 1450 W at an efficiency of 78% was achieved.
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