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RATIONAL SHAPE OF THE TANK OF A SMALL-SIZED ULTRASONIC SYSTEM
FOR THE INTENSIFICATION OF EXTRACTION PROCESS

Functional food products allow a person to maintain his/her health, as well as fully meet
the physiological needs for energy and nutrients that the body uses to build cells, organs and tissues.
Extraction is one of the most common methods used in the process of obtaining biologically active
substances from plant or animal raw materials. Extraction efficiency can be increased by using inten-
sifying methods used in the extraction process, such as ultrasound.

The paper considers the design and features of mathematical description of ultrasonic systems
for the intensification of the extraction process, the principle of operation of which is based on the use
of piezoelectric ultrasonic radiators. A computer model of an ultrasonic system to intensify the extrac-
tion process with a tank of different shapes has been built using the COMSOL Multiphysics software
package, taking into account the full set of geometric, physical, mechanical and electrical parameters.
As a result, the frequency is determined at which the maximum amplitudes of oscillations of ultrasonic
systems with a tank in the form of a horn are provided for intensifying the extraction process, which
leads to the implementation of the most efficient resonant mode of operation of the system. The locations
of the maximum acoustic pressure on the object of extraction in an ultrasonic system to intensify the ex-

traction process in the manufacture of concentrated drinks for functional purposes are determined.
Further research by the authors can be directed to the experimental studies of the horn-shaped
ultrasonic system, as well as determining the most efficient tank geometry of the ultrasonic horn-
shaped tank system using the COMSOL Multiphysics application package.
Keywords: piezoelectric element, ultrasonic system, extraction process, acoustic pressure,

modelling.

Introduction. Today, functional food
products, especially health-improving and pre-
ventive ones, with a high content of vitamins,
trace elements, macronutrients, essential amino
acids, and biologically active substances (BAS),
are becoming more popular. Such products allow
a person to maintain his/her health, as well as
fully meet the physiological needs for energy and
nutrients that the body uses to build cells, organs
and tissues. Therefore, it is the food industry that
is currently an important component of
healthcare and occupies a special place in the
field of intellectual and industrial human activity
[1, 2]. According to the Law of Ukraine "On the
quality and safety of food products and food raw
materials”, a functional food product is a food
product that contains medicinal components
and/or can be used to prevent or mitigate the
course of human disease [3].

Extraction is one of the most common
methods used in the process of obtaining biologi-

© C. V. Bazilo, S. O. Filimonov, N. V. Filimonova, 2022
DOI: 10.24025/2306-4412.4.2022.269164

cally active substances from plant or animal raw
materials. Extraction efficiency can be increased
by using intensifying methods used in the extrac-
tion process, such as ultrasound.

One of the promising physical methods of
influencing substances in order to intensify bio-
technological processes is a method based on the
use of acoustic vibrations of ultrasonic range [4].

All ultrasonic technologies are based on
the effects of the interaction of ultrasound with
the medium. Powerful ultrasound causes several
specific effects in liquid media — cavitation, in-
tense micro- and macro-flows, leading to rapid
and high-quality mixing of medium components,
the formation of stable emulsions, extraction of
soluble components from particles that are in the
liquid, the swelling and destruction of these par-
ticles [5]. Piezoelectric transducers are applied in
the design and development of highly efficient
ultrasonic systems for the intensification of bio-
technological processes, which are widely used
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in various fields of science and technology, in
particular medicine. Piezoelectric transducers are
widely used as sources of ultrasonic vibrations.
The change of the characteristics of piezoelectric
components can have technological and dimen-
sional limitations, especially for mobile small-
sized ultrasonic equipment. Modelling of their
characteristics can drastically reduce the number
of experiments that are necessarily performed
during the development of new devices. Moreo-
ver, with the help of a mathematical model, it is
possible to make a rational choice of production
technology that is to choose from a number
of technologies the least expensive one.

Problem statement. Extraction is one of
the most common methods used in the process of
obtaining biologically active substances from
plant or animal raw materials. All extraction pro-
cesses are limited by diffusion at the interface of
the phases through the diffusion layer with the
gradient of the concentrations of the extracted
substance. The use of mixing devices does not
significantly improve an interphase mass transfer.

Despite the rapid development of the pro-
duction of synthetic food flavours, flavour addi-
tives, and nutraceuticals, a lot of biologically ac-
tive substances are still obtained from natural
plant or animal raw materials.

Extraction of biologically active substanc-
es is the most time-consuming stage of raw mate-
rial processing. Traditional extraction methods
often take hours, days, or even weeks. The use of
ultrasound can significantly expedite the extrac-
tion process, increase the yield and reduce the
cost of the extracted substance, improve working
conditions and increase its productivity.

The possibilities of significantly increasing
the efficiency of extraction technologies and de-
vices through ultrasound are far from being de-
pleted. This reduces the need for chemical addi-
tives, and new principles of radiator design de-
crease the credibility of the inactivation of bio-
logically active substances.

Traditional extraction methods are very
long and time-consuming. One of the promising
methods is the use of ultrasonic extraction. It is
necessary to find an individual approach to the
choice of optimal modes of ultrasonic processing
to achieve the maximum vyield of valuable com-
ponents in the liquid phase while maintaining
their structure [5].

The use of ultrasound has significant ad-
vantages over traditional raw material processing
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technologies. In particular, it provides deeper
penetration of the solvent into the material with
a cellular structure, reduces the processing time,
provides a higher product yield and reproducibil-
ity, reduces solvent consumption, increases
the speed of the process, and allows the extrac-
tion of thermolabile substances. The equipment
does not require large maintenance costs, less
energy is consumed for processing; as a result,
the process becomes more environmentally
friendly and economically justified.

Currently, ultrasonic equipment is un-
derused due to the high cost, narrow
specialization and low efficiency of previously
developed large-sized industrial plants, the lack
of small-sized high-efficiency ultrasonic devices
for modern small and medium-sized industries,
military units, and individual applications.

The development of ultrasonic technology
is also hindered by the low awareness of
consumers about the effectiveness of ultrasonic
impacts and the lack of methodological
recommendations that take into account the
peculiarities of the use of ultrasonic technologies
in small production.

Intensification of extraction by ultrasonic
exposure can be achieved due to the following
factors: acceleration of diffusion of interacting
substances on the verge of separation of phases
and liquid transfer inside the extracted material;
violation of colloidal structures in the adjacent
layer and reduction of viscosity in the volume of
the medium. In this case, during the extraction
process in a cavitating liquid, it is possible to in-
crease the efficiency of the process.

Under the influence of ultrasonic
vibrations, faster and more active destruction of
intracellular tissues of plant raw materials occurs,
which leads to an intensification of the extraction
process and allows to increase the content of
biologically active compounds in the solution.
An increase in the coefficient of internal
molecular diffusion under other equal conditions
can be achieved by reducing the size of the
extracted material.

Modern ultrasonic technologies are based
on the use of two properties that certain materials
have: piezoelectricity and magnetostriction.
The works [6-8] consider the design of ultrasonic
systems for the intensification of biotechnologi-
cal processes, containing a piezoelectric ultrason-
ic generator, based on the generation of electrical
oscillations of a certain frequency, which a mate-



BicHuk YepkacbKkoro aepxaBHOro TeXHOJNOri4YHOro yHiBepcuteTty

4/2022

rial with piezoelectric properties (transducer)
transforms into mechanical oscillations. The pa-
pers [9-11] present the features of modelling ul-
trasonic systems for the intensification of cavita-
tion processes, the principle of operation
of which is based on the use of piezoelectric ul-
trasonic radiators. However, the considered
works are not united by any systematic approach,
they have the character of disparate episodes,
on the basis of which it can be argued that at pre-
sent there is a need to create a holistic technique
for modelling of piezoelectric transducers, which
could be used as a theoretical basis for calculat-
ing the characteristics and parameters of systems
based on their basis. Thus, the relevance
of the development of physically meaningful
models of systems with piezoelectric transfor-
mations remains at the present time.

The aim of the work is to determine the ra-
tional shape of the tank of an ultrasonic system
for the intensification of the extraction process.

To determine the rational shape of the tank
of the ultrasonic system, it is necessary to per-
form the following tasks: create virtual models
with different shapes of tanks similar to physical
models and determine the acoustic pressure in
the liquid.

Materials and methods. The COMSOL
Multiphysics software has been used to create a
virtual model and study the acoustic pressure
during the operation of an ultrasonic system
to intensify the extraction process [12].

Figure 1 shows the variants of the investi-
gated axonometric models of an ultrasonic sys-
tem for intensifying the extraction process in the
manufacture of functional concentrated drinks
with various tank options.
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Figure 1. General view of axonometric models of ultrasonic systems for intensifying the extraction process
with different shapes of tanks: a) of a cylindrical shape: 1 — ultrasonic radiator; 2 — tank, 3 — liquid, 4 — points
where acoustic pressure is recorded (36-41 numbering of points corresponds to the numbering of the COMSOL
Multiphysics model and is the same for all structures); b) in the form of a horn; c) in the form of a tapering horn

Details of a mathematical model that takes
into account multiphysics processes described by
a combination of various partial differential equa-
tions and some of the highlights of calculations
using the Piezoelectric Effects module and the
COMSOL Solid Mechanics and Electrostatics
tools are detailed in [13, 14]. The analysis of the
operation of the ultrasonic system for the intensi-
fication of the extraction process has been carried
out in the Frequency response mode. The Pres-
sure Acoustics, Frequency Domain module is
used to determine the acoustic pressure. Acous-
tic-Structure Boundary is used to combine the
above modules.
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Direct is used as a resolver, in which
the SPOOLES numerical method is chosen for
solving systems of linear equations with sparse
matrices [15].

The dimensions of the tank shapes are cho-
sen in such a way that the volume remains con-
stant. For our case, it is 7,116-10°m?®.

Tank dimensions: for the model with a
tank in the form of a cylinder, the diameter is
45 mm, the height is 49 mm, the wall thickness is
1 mm; the horn-shaped tank model has a bottom
diameter of 45 mm, a top diameter of 64 mm, a
height of 33.2 mm, and a wall thickness of 1 mm;
the tapering horn tank model has a diameter
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of 45 mm, a top diameter of 32 mm, a height
of 65.9 mm, and a wall thickness of 1 mm.

The dimensions of the ultrasonic transduc-
er are the same for all models: waveguide diame-
ter maximum is 55 mm, waveguide diameter
minimum is 45 mm, waveguide length is 24 mm,
reflector thickness is 12 mm, piezoelectric ele-
ments diameter is 45 mm, total length is 46 mm.
The tank and the ultrasonic radiator are connect-
ed using epoxy glue. As a material for modelling
a piezoelectric transducer, a brand of piezoceram-
ics PZT-4 is used. The grade of the material of
the waveguide and reflector of the ultrasonic ra-
diator, as well as the tank corresponds to AISI
4340 steel. Water is used as a liquid.

When modelling an ultrasonic system to
intensify the extraction process, the type
of boundary conditions Fixed to the upper end
of the tank is adopted. Electric potential 300 V is
applied to the outer sides of piezoelectric ele-
ments, and the common "minus" (Ground) — to
the sides of piezoelectric elements connected to
each other. The polarization of piezoelectric parts
is opposite.

The principle of operation of the ultrasonic
system is as follows. When an alternating electri-
cal voltage is applied to piezoelectric elements,
mechanical vibrations occur, which are transmit-
ted to the liquid tank, resulting in acoustic pres-
sure in the liquid.

Numerical experiments and research re-
sults. An important step in obtaining reliable re-
sults of numerical simulation is the construction
of a finite element model of the ultrasonic system
design by introducing a mesh (Mesh), on which
the results of calculations significantly depend.
The computational mesh of finite elements is
chosen with such conditions. We have used La-
grangian finite elements with elementary basis
functions of the second order — Lagrange-
Quadratic. The number of Lagrangian elements is
6 per local wavelength, which propagates in the
structure and in water. The mesh is built by a te-
tragonal partition, a variant of one of which is
shown in Figure 2.

The main resonance of the ultrasonic radia-
tor used is designed for a frequency of 40 kHz.
Since the strength of the acoustic impact directly
depends on the choice of the operating (resonant)
frequency of the ultrasonic emitter, the determi-
nation of the maximum acoustic pressure is car-
ried out at frequencies in the range from 37 kHz
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to 47 kHz, which is carried out using the Acous-
tic-Structure Boundary multiphysical connection,
we determine the acoustic pressure in the control
points according to Figure 1.
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Figure 2. Finite element model of an ultrasonic
system for intensifying the extraction process
with a tank in the form of a cylinder

The results of simulation of the ultrasonic
system for the model with a tank in the form of
a cylinder are shown in Figure 3.
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Figure 3. Frequency response of acoustic pressure

in a tank in the form of a cylinder with liquid
in an ultrasonic system

The results of simulation of the ultrasonic
system for the model with a tank in the form of a
horn and tapering horn are shown in Figures 4, 5.

Figures 3-5 show that the maximum sound
pressure corresponds to frequencies of 37.5 kHz,
38 kHz, 39.5 kHz, 41 kHz and 45 kHz. It should
be noted that values of acoustic pressure above
zero correspond to the upward direction of the
vector, and below zero — to the downward vector
direction of the ultrasonic radiator.
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Figure 4. Frequency response of acoustic pressure
in a tank in the form of a horn with liquid

in an ultrasonic system

In addition to graphical results in the cal-

culation process, a visualization of the propaga-
tion of acoustic pressure is also obtained, which
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Figure 5. Frequency response of acoustic pressure
in a tank in the form of a tapering horn with liquid
in an ultrasonic system

is shown in Figure 6. These results are presented
as a longitudinal section about the centre and cor-
respond to the highest acoustic pressure.
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Figure 6. Results of numerical simulation to determine the acoustic pressure
in ultrasonic systems with different shapes of the tank with liquid at frequencies:
a) 37.5 kHz; b) 41 kHz; c) 45 kHz

© C. V. Bazilo, S. O. Filimonov, N. V. Filimonova, 2022
DOI: 10.24025/2306-4412.4.2022.269164



ISSN 2306-4412 (Print), ISSN 2306-4455 (CD-ROM), ISSN 2708-6070 (Online)

From Figure 6 (on the scale on the right
side) it can be seen that the highest acoustic pres-
sure reaches 8.6-10° Pa at a resonance frequency
of 41 kHz for the construction of an ultrasonic
system with a tank in the form of a horn.

Discussion of results. It can be seen from
the graphs that the maximum acoustic pressure:
for an ultrasonic system with a tank in the form
of a cylinder is observed at a frequency
of 37.5 kHz and 39.5 kHz at points 38 and 41 and
is 7.6:10°Pa and 5.6-10°Pa, respectively; for
an ultrasonic system with a tank in the form
of a horn is observed at a frequency of 41 kHz
at point 36 and is 8.63-10% Pa; for an ultrasonic
system with a tank in the form of a tapering horn
is observed at frequency of 38 kHz and 45 kHz
at point 38 and is 1.44-10°Pa and 1.96:10° Pa,
respectively. This means that the intensification
of the extraction process will be faster in an ul-
trasonic system with a tank in the form of a horn.

To test ultrasonic system for extraction, an
experimental sample is developed (Figure 7).
Cylindrical tank dimensions: diameter is 45 mm,
height is 49 mm, wall thickness is 1 mm.

Figure 7. Experimental sample of ultrasonic system
for extraction

The essence of the experiment is as fol-
lows. The tank is filled with liquid (water), and
the object of extraction (propolis with a volume
of 1cm®) is also placed there at a distance
of 1 cm from the bottom. Then, a signal from
a high-voltage generator with a frequency
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of 38.5 kHz and an amplitude of 300 V is applied
to piezoceramic elements of the ultrasonic sys-
tem. As a result, mechanical vibrations have aris-
en, which are transmitted to the tank with liquid,
as a result of which the propolis extraction pro-
cess takes place. The test results of the experi-
mental sample have confirmed the operability of
the developed design.

Conclusions. The design of tanks of ultra-
sonic systems, the principle of operation of which
are based on the use of piezoelectric ultrasonic
radiators, for increasing acoustic pressure to in-
tensify the extraction process is considered.

The scientific novelty of the work lies in
the improvement of the computer model of the
ultrasonic system for intensifying the extraction
process using the COMSOL Multiphysics soft-
ware package, taking into account the full set of
geometric, physical, mechanical and electrical
parameters.

The practical value of the work is as fol-
lows:

— the rational shape of the tank of the ultra-
sonic system and the frequency at which the
maximum acoustic pressure of ultrasonic systems
is provided for the intensification of the extrac-
tion process have been determined, which leads
to the implementation of the most efficient reso-
nant mode of operation of the system;

— places of concentration of maximum
acoustic pressure on the extraction object in the
ultrasonic system to intensify the extraction pro-
cess have been defined;

— the obtained data can be used in the de-
sign of devices based on ultrasonic radiating sys-
tems to intensify the extraction process in the
production of functional concentrated beverages.

Further research by the authors may be
aimed at experimental studies of the horn-shaped
ultrasonic system, as well as determining the
most efficient tank geometry of the ultrasonic
horn-shaped tank system using the COMSOL
Multiphysics application package.
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PALIOHAJIBHA ®OPMA PE3EPBYAPY MA.JIQFABAPI/ITHOi YJILTPA%BYKOBOT
CUCTEMMU JJIA IHTEHCU®IKALII IIPOHECY EKCTPAKIII

Cb0200Hi RONYIAPHIWUMU CIATOMb XAPYO8I NPOOYKMU (OYHKYIOHATLHO2O0 NPUSHAYEHHS, 30Kpe-
Ma 0300p06H020 Ma NPOPIIAKMUUHO20, 3 NIOGUWEHUM BMICTNOM BIMAMIHIB, MIKDOEIeMeHmMi8, MAKpO-
eleMeHmiB, He3aMIHHUX aMIHOKUCTIOM ma 0ioN02iuHo akmugHux pe4osut. Taki npodykmu daroms aio-
Oumi 3Mo2y 30epicamu C80€ 300P08’1, A MAKONIC NOGHICMIO 3A0080JbHUMU Di3i0N021uHi nompeou
6 enepeii ma Xapyosux CNnoayKax, SAKUMU KOPUCMYEMbCA OPeAHiZM 051 nOOYO08U KIIMUH, OpP2aHie i
MKAHUH.

Exempaxyis — o0un 3 Haiibinbu nowupenux Memoois, GUKOPUCMOBY8AHUX Y NPOYeci OmpuUMAaH-
HSl OI0SI02IUHO AKMUBHUX PEYOBUH 3 POCIUHHOL ab0 meapurHoi cuposunu. Epexmuenicme excmpaxyii
Modice Oymu 30iNbUeHd, 8UKOPUCMOBYIOUY THMEHCUDIKYIOUl Memoou 6NIUBY, W0 3ACMOCO8YIOMbC S
8 npoyeci ekCMmpaxyii, HanpuKIao YIbMpPazeyx.

B pobomi posensinymo KOHCmMpYKYilo pe3epeyapié yibmpa3eyKoeux cucmem 01s 30iTbuieHHs
aKyCmu4Ho20 MucKy npu inmexcugixkayii npoyecy ekcmpaxkyii, npuHyun Oii’ AKux 6a3yemMvbCs Ha BUKO-
PUCMAHHI N’ €30eIeKMPUUHUX YIbIMPA3EYKOBUX BURPOMIHIOBAYIS.

Hayxosa nosusna pobomu nonseac 6 yOOCKOHANEHHI KOMN IOMEPHOI MOOeNl YIbmpaszeyKoeoi
cucmemu 0Ons iHmencu@ixayii npoyecy excmpakyii 3a 0onomoecor naxema npoepam COMSOL
Multiphysics, epaxosyiouu nosnuii na6ip eeomempuunux, PizuKo-MexaHiuHux ma eleKmpuUUHUX napa-
mempig. [lpaxmuuna yinuicms podomu nonseac y U3HAUenHi payionanvHoi popmu pesepgyapy yivm-
PA368YK0GOi cucmemu ma 4acmomu, npu AKil 3a0e3neuyiomvCcs MAKCUMATbHUL aKyCMUYHUL TMUCK
VIbMPA38YK0GOL cucmemu 015 iHmencugbikayii npoyecy excmpaxyii, wo npueooums 00 peanizayii
HaubibW eghekmusHo20 pe30HAHCHO20 pexcumy pobomu cucmemu. Ompumani 0ani Modcymos 6ymu
BUKOPUCMAHI NPU NPOEKMYBAHHI NPUCMPOIB HA OCHOBI YIbMPA38YKOGUX GUNPOMIHIOIOUUX CUCHEM
0ns inmencugixayii npoyecy ekcmparkyii npu 8UOMOGIeHH] KOHYESHMPOBAHUX HANO0I8 (PYHKYIOHATb-
Hoeo npusHadents. Tlodanviui 00CiodNiCceHHs a8Mopie MOXCYmb Oymu CHPAMOBAHI HA eKChnepUMeHma-
JIbHI QOCAIOAHCEHHSA YIbMPA3BYKOBOT cucmemu y ¢hopmi pynopa.

Knrouoei cnosa: n’czoenemenm, ynompasgykosa cucmemd, npoyec eKCmparyii, axyCmuyHui
MUCK, MOOETIOBAHHS.
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