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PosmstHyTO MUTSIXM TOOY0BH 3araibHOL
MaTeMaTHYHOI MOJIE/I KaBITAIIHHUX PeaKTo-
piB. 3amporoHOBaHO  yHIBepcajbHy Mare-
MaTH4Hy MOJENb, SKa aJICKBATHO OITHCYE
JIMHAMIKYy — [1aporasoBuUx  Oynb0amok —Ta
KaBITAI[ITHOTO KJIACTEpa B IIHPOKOMY 1HTEp-
BaJTi 3MIHH PEKUMHUX MapameTpiB. B pamkax
MOJIEJTl  TIPOAHAJII30BAHO BILIMB TEMIIEPaTy-
pM Ta Ta30BMICTY PiIMHM Ha €(EKTUBHICTH
kaBiTamiiigol  mil.  IlokasaHo MOXIJIMBICTH
Momu(iKarii Momesi CTOCOBHO ONTHMI3ALLii
PpoOOTH KaBiTALIHHUX PEaKkTOpiB.
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PaccMoTpeHBl  myTH  TIOCTpPOCHUS
o0mieli MaTreMaTH4eCcKOl MOJEIH KaBH-
TallMOHHBIX ~ peakTopoB, Ilpemmaraercs

MareMaTH4eckass Mojellb, KoTopas 0e3
HCTIONB30BaHMsl OTPAaHUYMBAIOIINX JIOIY-
IIEHUH aJEeKBATHO OMMCHIBAECT JUHAMHUKY
I1apOTra30BbIX MY3bIPHKOB 1 KABUTAIIMOHHO-
ro KJIacTepa B IIMPOKOM HHTEpBAJIC M3Me-
HEHMsI PeXXHMMHBIX IapameTpoB. B pamkax
MOZIEIH PAacCMOTPEHO BIHMSHHE TIa30Co0-
JIepKaHUST ¥ TEMIEPATypbl KUAKOCTH Ha
MHTEHCUBHOCTh  KaBUTAI[MOHHOTO  BO3-
nerictusi.  OOCyXkIaeTcs BO3MOXKHOCTD
MoAu(HUKAIUN MOJEIH MPUMEHUTEIBHO K
OIITHMH3AIMHU pa0OThl KABUTAI[HOHHBIX pe-

Possible ways of constructing a
general model of cavitation reactors are
considered. A mathematical model is
proposed that without using any limiting
assumptions describes adequately the
dynamics of vapor-gas bubbles and
the behavior of a cavitation cluster in a
wide range of regime parameters. In the
framework of the model, the influence
of gas content and liquid temperature on
the cavitation intensity is considered.
The possibility of modifying the model
as applied to optimizing the operation of
cavitation reactors is discussed.
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m— mass;
P — pressure;

T — temperature;

R — bubble radius;

w — velocity;

H — dynamic viscosity;
P — density;

o — surface tension;

T — time;

Introduction

In recent years there has been a trend of widespread
use of hydrodynamic cavitation in various industrial
technologies, such as wastewater treatment and sterilization,
the creation of nano-emulsions, the synthesis of biodiesel,
food processing and others [1,2]. The cavitation technique
not only produces the desirable transformation but also
reduces the total processing cost and is found to be more
energy efficient than many other conventional techniques.

In practice, cavitation mechanisms are initiated in
acoustic fields with using various ultrasonic emitters or

Subscripts:

ac — acoustic;

b —bubble;

cl — cluster;

g — non-condensable gas;

[ —liquid;

IR — liquid parameter at the bubble interface;
min — minimum;

sat — saturated vapor.

by creating optimal hydrodynamic conditions in the liquid
flow [1-5]. To implement the hydrodynamic cavitation
processes in solving scientific and applied problems various
types of rotory-pulsed apparatuses [1,5], Venturi nozzles
[2,3,6,7], orifice plates [3,6,8], pulsation dispersers [9,10]
centrifugal pumps [11] are used. The experience in using
of these devices in scientific research and in carrying out
various technological operations proves that the realization
of the cavitation phenomena allows to dramatically affects
the heat and mass transfer, the hydrodynamic, chemical and
biophysical processes in liquid at the micro- and nanoscales
[2,7,10,11].
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The choice and justification of the most effective
method of cavitation influence on the liquid material to
be handled, as well as the use of the most suitable type of
cavitation device, depend on the specific technological task.
Obviously, the study of cavitation phenomena with a view
to their rational and efficient use in industrial technologies
requires a unified approach to the analysis of cavitation
mechanisms and prediction of their action on the studied
object, regardless of the type of cavitation reactor.

The paper discusses some aspects of the processes
and phenomena of hydrodynamic cavitation with
recommendations for a rational reactor design and
optimal operating parameters. The ways of constructing a
mathematical model of cavitation reactors are considered,
which are based on both the results of our own research on
the study of hydrodynamic cavitation and the analysis of
well-known publications on this topic.

The principle of operation of cavitation reactors.
The principle of operation of cavitation reactors.
Cavitation devices are designed to create conditions that
ensure the formation of an ensemble of vapor bubbles
(cavities) in a liquid (so-called “cavitation cluster”), their
subsequent growth, compression, and final collapse. At the
collapse instant the bubbles emit high-amplitude pressure
pulses, which are converted into the resulting powerful
energy pulse of the cavitation cluster. In the zone of bubble
collapse a so-called “thermic” forms, which for extremely
short time occupies the micron-sized liquid domain with
temperature of 7; >>1000 K. These short-term dynamic
and thermal effects determine the effectiveness of cavitation
influence on micro-objects located in liquid inside and in the
vicinity of the cluster.

According to the accepted definition [2-6,9,10],
cavitation occurs, if pressure in liquid p; becomes less than
the saturated vapor pressure (P; < Pgur (Tl )), which leads to
the formation and growth of bubbles, and then increases to
a higher value p; > py4 (Tz ), which results in compression
and subsequent collapse of the bubbles. This definition
applies equally to acoustic and hydrodynamic cavitation,
where the pressure drop and rise are caused by periodic high-
frequency tension and compression of the liquid volume, or
by stretching of the liquid high-speed stream when passing
through a contraction of the channel. The analysis of the
operation of hydrodynamic cavitation devices is based on
two independent models. One of them - the cavitation model
- describes the evolution of bubbles from the moment of
its formation to the final collapse, regardless of the type of
cavitation reactor. Another model, which can be called a
cavitating flow model, takes into account the design features

of the reactor.

Cavitation models are designed to predict the behavior
of'a single gas-vapor bubble (or a bubble ensemble) in liquid
with temperature 7; under isothermal variation in liquid
pressure in the vicinity of the bubble. The dynamics of a
spherical vapor-gas bubble in viscous incompressible liquid,
as a result of a sharp change in external pressure p; (13, is
described by the well-known Rayleigh-Plesset equation

d’R _ pir—pi —3/2p,(dR/d)’
dr? pIR ‘
Here pjp is pressure in liquid at the bubble interface,
which is determined from the balance of normal forces acting
on the surface of growing or contracting bubble. With account
of the contribution of both capillary and viscous stresses
to total stresses on the bubble interface the force balance
writes as follows: pir = pp —20(Tjg )/ R — 41, (dR/dx)/ R,
where pressure inside the bubble Py = Pg + Py. Obviously,

the derivative dR/dr determines the liquid radial velocity of
liquid at the bubble interface (w;z (’C) =dR/dv).

Equation (1) ought to be solved together with those,
which describe the change in temperature T, (’C) and pressure
p, (T) of gas phase within the bubble, heat an mass transfer
through the interface, the phase changes kinetics with due
account of liquid temperature at the interface 7jr (x) ,as well
as the temperature dependences of liquid density P; (Tir ),
viscosity 1 (Tr ) and surface tension G(TIR )

(1

The Rayleigh-Plesset equation is also included in
the system of equations of cavitation cluster models. In a
cavitation cluster model the general equation system, in
addition to the ones mentioned above, should also include
equations, describing the force and thermal interaction
between the cluster bubbles. This allows the calculation
of non-stationary fields of velocities, temperatures and
pressures in liquid within the cluster, where processed
micro-objects are present [9].

Adequate description of cavitation mechanisms requires
a strict accounting of all the above factors. However, even in
the most developed reactor models, the cavitation processes
are described with alarge number of simplifying assumptions.
For instance, the process of bubble compression is believed
to be adiabatic one, vapor pressure inside a bubble is equal
to the saturation vapor pressure (P, = Pgyy (T1)= const), the
parameters Py, 1; and ¢ are temperature-independent, etc
([3-6,8,12,13]. In some cases, calculations are performed
for a single bubble only, and in analysis of cluster behavior
the interaction of bubbles is not taken into account [1,3,12].
Most models use an unjustifiably large number of empirical
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or adjustable parameters. According to the majority of
researchers [2-6,12,13], the theoretical basis have yet to
be developed to identify key parameters of cavitation, and
the problem of studying cavitation mechanisms actually
comes down to testing the behavior of a “black box™ [6]. An
analysis of publications on the topic suggests that there is
currently a lack of valid reliable of cavitation models.

Cavitating flow models describe the pressure variation
p; = /(1) in a fixed elementary liquid volume during its
movement in a channel of variable geometry. The calculated
values p; (T) are included then in equation (1), which enables
determination the cavitation cluster behavior in a particular
reactor with a given channel geometry. For the flow of liquid
through a Venturi tube or an orifice plate the dependence
p; = f(1) is calculated using the Bernoulli equation [4.5]
or the Reynolds averaged Navier-Stokes equation [3-6,
13]. In solving the problems of optimizing the structural-
operational parameters of cavitation reactors of this type,
ready-made software products of the ANSYS type are used
[3,14]. Of particular difficulty is the theoretical description
of unsteady hydrodynamic processes in rotary pulsation
apparatuses (rotary disintegrators), which are used in various
technologies as effective cavitation reactors. This is due to
the complexity of the design of such devices and the need
to take into account the diverse factors of influence on the
processed medium [1,2]. It is also worth noting that mass-
flow rate of a two-phase boiling flow through any cavitation
reactor varies periodically with time, which determines the
specific feature of the cavitation flow modeling.

Analysis of cavitation mechanisms. One of the most
detailed cavitation models is the unified mathematical
model of the bubble ensemble dynamics (BED model)
[9,15]. Unlike other known models, it takes into account the
force and thermal interaction of bubbles in the ensemble,

which enables accurate calculation of the pressure change in
liquid inside the cluster (p.; = f (T)) and precise definition
of the cavitation inception. A feature of this model is the
description of interphase heat and mass transfer in the
framework of molecular kinetic theory. Using the same
general system of equations, the model adequately describes
the bubble cluster dynamics in boiling processes, as well as
in the processes of hydrodynamic and acoustic cavitation
over the entire temperature range of liquid phase existence
up to the thermodynamic critical point [9]. The model uses
the generally accepted assumption that a bubble ensemble
is monodisperse one at all stages of its evolution. The BED
model has been successfully used to calculate cavitation
reactors of various types in solving specific technological
problems [7,9-11].

This paper presents the results of numerical
investigations on effect of various factors on the cavitation
intensity, performed using the BED model

As noted above, to initiate the cavitation process it
is necessary that liquid pressure p;(t) should be sharply
decreased to a value Pmin, lower than saturated vapor pressure
(Pmin < Psat (Tz )), and then rapidly increased to value
DI > Psat (Tz ) These conditions, schematically presented in
Fig. 1a, are applied equally to acoustic and hydrodynamic
cavitation. It is fundamentally important that before the
formation of cavitation bubbles (cavitation inception) the
values ppin should be in the region of negative pressures
(Pmin <0) when liquid is in a state of tension. In the theory
of acoustic cavitation this is obvious, but when analyzing
the processes of hydrodynamic cavitation in almost all
known works on cavitation it is assumed a priori that
0 < Pmin < psat(Tl) [2,6,8,12,13]. This approach excludes
the possibility of describing the reactor operation, since
the question of directional control of the concentration and
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Fig.1. Schematic representation of the conditions for creating cavitation (a), and typical curves of

pressure change over time in fixed volume of water flow in different hydrodynamic cavitation reactors: -

in the Venturi nozzle (b), in the channels of a rotary-impulse apparatus (b), in the tube of a pulsating disperser.
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initial size of bubbles is no longer considered. The necessity
of fulfilling the condition pp,i, <0 is considered in detail in
[3,9]. The calculated data presented in Fig. 1b,c,d indicate
that the condition ppi, <0 is satisfied for any types of
hydrodynamic cavitation reactors. These calculated results
are in good agreement with experimental data [3-5, 9-11,].

Practice shows [2-5,10,11] that the level of cavitation
intensity is highly dependent on the gas content of liquid,
or on the relative proportion of neutral gas in the initial
micronuclei. This is in good agreement with the results
of the calculation according to the model [9], which are
presented in Fig. 2. Even relatively small gas content in an
micronucleous in the stage of bubble formation dramatically
reduces the degree of dynamic impact in the final stage of
the bubble collapse. This is explained by the fact that the
presence of a neutral gas prevents the bubble from being
compressed to its minimum size, which excludes the
possibility of its collapse with subsequent emission of a
high-amplitude pressure pulse [4,5,9,15]. For the reactor

1300_Time. K

to operate efficiently, it is necessary to ensure an extremely
high rate of lowering liquid pressure to negative values, and
thus initiate the growth of micro- and nanoscale vapor nuclei
with relatively low content of neutral gases. In acoustic
cavitation this is achieved by increasing the frequency and
intensity of the sound field.

Another important factor determining the level of
dynamic and thermal effects on an object as a result of
the collapse of a cavitation cluster is the value of liquid
temperature 7;. When a single bubble collapses, the amplitude
of the pressure pulse rapidly and monotonously decreases
with increasing temperature [5,9]. However, experiments
show [7,16], when a cavitation cluster collapses, a maximum
is recorded in the temperature dependence of the pressure
pulse amplitude (Pimp =/ (Tl )) in the temperature range
T; =45+55°C. This is characteristic of both hydrodynamic
and acoustic cavitation.

Figure 3 shows the temperature dependences of
the pressure pulse amplitude Pimp =/ (T) calculated
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Fig.2. The pressure (1) and temperature (2) of the medium inside the extremely compressed cavitation

bubble, depending on the relative gas content in the initial micro-bubble.
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Fig.3. Influence of liquid temperature on the intensity of cavitation action: 1 - loss of mass of an

aluminum sample due to cavitation erosion in acoustic field at various values of liquid temperature

(experimental data [16]); 2 - change in pressure amplitude during collapse of a bubble cluster in an

acoustic field depending on liquid temperature (calculation with the BED model).
The frequency of the ultrasonic field f,.= 20 kHz, the field intensity p,.~ 0.12 MPa.
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with the model [9] during the collapse of a cavitation
cluster in pure water in an acoustic field with a frequency
fu.—= 20 kHz at field intensity value P,.=0,12 MPa (solid
line). The curves show a pronounced maximum at liquid
temperature of 7; =55°C (solid line). The dotted line
shows the experimental data [16] on erosive mass loss of
an aluminum sample in water over a certain period of time
during cavitation ultrasonic exposure, depending on liquid
temperature. It is seen that the maximum erosion is recorded
at the same temperature. The reason for the appearance of the
maximum in the curves F,. = f (Tl) in the temperature range
1;=45-55° C is still the subject of discussion. Nevertheless,
this nature of the dependence of cavitation effects on liquid
temperature should be taken into account when using
cavitation, for example, in technological operations of
extraction or sterilization, where the temperature of the
liquid is an important factor in the intensity of the process.

Using the BED model a large amount of useful
information can be obtained, including the specifics of the
processes occurring in the most interesting and important
stage of the bubble collapse. It is at this extremely short
stage that intense energy transformations take place.

Due to the adiabaticity of processes at the final
stage of the bubble compression, temperature inside the
extremely compressed bubble significantly exceeds the
critical temperature, so that the bubble and its immediate
environment pass into the state of supercritical fluid (SCF),
where there is no difference between the gaseous and liquid
phases. Any substance in the SCF state is able, like gases,
to seep through solid materials and dissolve substances
like liquids. It is known, for example, that almost all both
organic and inorganic substances dissolve in supercritical

water. In the supercritical state, water mixes unlimitedly
with oxygen, hydrogen and hydrocarbons, facilitating their
interaction with each other - all oxidation reactions occur in
it extremely quickly [17]. The most indicative characteristics
of an extremely compressed bubble in the SCF state are
shown in Fig. 4a.

Figure 4b,c shows the change in pressure (b) and liquid
temperature (c) calculated with the BED model at the bubble
interface over a nanosecond period of its stay in the SCF
state. These results prove that when analyzing the cavitation
effect on supramolecular and microbiological objects, as
well as on the kinetics of chemical reactions, it is necessary
to take into account the transition of the liquid in the vicinity
of the bubble, as well as the vapor-gas mixture in the bubble
itself, to the state of supercritical fluid.

Conclusions

The study of cavitation phenomena with a view to
their rational and efficient use in industrial technologies
requires a unified approach to the description of cavitation
mechanisms, regardless of the type of cavitation device.
Within the framework of this concept, a mathematical
model is developed and improved, which, taking
into account the determining factors and an adequate
representation of thermophysical system parameters, will
provide an opportunity to evaluate and control the level
of impact on liquid disperse systems, depending on the
design and operating parameters of cavitation reactors.
These optimization strategies developed through the
theoretical analysis of many experimental studies may help
in the design, optimization, and scale-up of hydrodynamic
cavitation on an industrial scale for conducting various
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Fig.4. Schematic representation of an extremely compressed cavitation bubble in the state of supercritical

fluid (a), and typical nature of the change in time of pressure (b) and temperature (c) in water at the
bubble interface at final stage of the bubble collapse.
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chemical and physical processes.
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3acTocyBaHHsI MOTY)KHUX KaBiTalliHHUX MEXaHi3MiB €
OIHHUM 3 HaHOLIBII JIEBUX CIIOCOOIB MOCATHEHHS BHCOKHX
EHEPreTHYHMX IMOKa3HUKIB B TEXHOJIOTIAX MMOB'SI3aHUX 3 00-
POOKOI0 PIAMHHUX AUCTIEPCHUX CEPEIOBHII] 3 MIHIMAIbHUMH
HENPOIYKTHBHAMH €HEproBUTpaTaMi. BWBYEHHS SBUII
KaBiTalii 3 METOIO iX palioHaJbHOTO Ta €(EKTUBHOTO BH-
KOPUCTAHHS B IPOMHUCIIOBUX TEXHOJIOTISIX BUMArae €IMHOTO
MiAX0My 10 aHaji3y KaBiTaliiHUX e(EeKTiB i MPOrHO3yBaH-
Hs X BIUIMBY Ha JOCII/DKYBaHHM O0'€KT HE3AJICIKHO Bij
TUIy KaBHTAllMOHHOTO peakTopa. Ha choromHi BiacyTHS
YyiTKa TeopeTW4Ha 0a3a aJsl OOTPYHTYBaHHS MOMJIMBOCTI
a00 0OMeXeHb BUKOPUCTAHHS KaBITAIlIHHUX TMIPUCTPOIB ITPH
BUPILICHHS! KOHKPETHUX TEXHOJIOTIYHHUX 3aBJaHb.

Y po0oTi 06TOBOPIOIOTHCS MIISIXHU TOOYIOBU 3arajabHOL
MaTeMaTHYHOI MOJIeNi KaBiTAaIlIHHUX pPeaKTopiB, B OCHOBI
AKOi JIeXaTh SK Pe3yJdbTaTH HAllMX BIACHUX KOMILICK-
CHUX JOCII/DKEHb MO KaBiTamii, Tak 1 aHaimi3 mmyOmiKarii
IHIINX aBTOPIB 1O BHUBUEHHIO MEXaHI3MiB KaBiTallliHUX
MexaHi3MmiB. llpomonyeThcs yHiikOBaHA MaTeMaTHIHA
MOJIeJIb, KA B PaMKax 3arajlbHUX TEPMOIUHAMIUHUX II0-
JOKEHb 3 MaKCHUMaJILHUM ypaxXyBaHHSM BH3HAYaJbHUX
YUHHHKIB aJIeKBaTHO OMUCYE TUHAMIKY OJAMHUYHHUX OyIlb-
0amok 1 KaBiTalilHUX KJIACTEPiB B IIMPOKOMY Jiara3oHi
3MIHM PEKUMHHX IMapaMeTpiB 3 MiHIMAJIBHOIO KiTbKiCTIO
00MEKYIOUHX MPUITYLICHb.

B pamkax mojeni rpoaHaiizoBaHo psj (akropis, Ta-
KHX SIK TEMIIEpaTypa i Ta30BMICT PiIMHU, SKi CyTTEBO BILIH-
BAlOTh Ha IHTEHCUBHICTh KaBiTauiHol mii. CTOCOBHO 10
3a7a4i ONTHUMi3aIlii poOOTH KaBITAIlIMHUX pPEaKTOPiB 00-
TOBOPIOKOTHCS NUISIXM MOAANbIIol Moaudikarii 1ux Moje-
JIeH BiATIOBIMHO IO 1X 3aCTOCYBaHHS IIPH BHPIMICHHI 3a71a4
onTHUMi3aIii poOOTH KaBiTAI[ITHUX peaKTopiB.

bi61.17, Puc. 4.
Kuaro4oBi cioBa: rimpoauHaMivHa KaBiTaIlis, MaTeMaTHIHA
MOJIeNTh, TTapora3oBa Oynp0arka, KaBiTaliiHui KiIactep.

1. Ashokkumar M., Krasulya O., Rink R.A. New Look at
Cavitation and the Applications of Its Liquid-Phase Effects
in the Processing of Food and Fuel. Appl. Phys. Research.
2012.V.4, Ne.1.P.19-25.

2. Carpenter J., Badve M., Rajoriya S., George S.,
Saharan VK., Pandit A.B. Hydrodynamic cavitation: an
emerging technology for the intensification of various
chemical and physical processes in a chemical process
industry. Rev. Chem. Engng. 2017.V.33, P. 433-468.

3. RoozeJ. Cavitation in gas-saturated liquids. Eindhoven.
Techn. Univers. Eindhoven.—2012.—120 p.

4. Franc J.-P. Physics and Control of Cavitation. In
Design and Analysis of High Speed Pumps, Educat. Notes.—
RTO-EN-AVT-143, 2006. Paper 2. P. 1-36.

5. Brennen Ch. E. Cavitation and Bubble Dynamics.—
N.-Y.: Oxford University Press, 1995. 294 p.

6. Arrojo S., Benito Y.A. Theoretical study of
hydrodynamic cavitation. Ultrasonics Sonochemistry, 2008.
V.15, Ne3. P.203-211.

7. Ivanitsky G.K., Avdeyeva L.Yu., Makarenko A.A.
Using the effects of hydrodynamic cavitation for purposeful
dynamical action on the supramolecular structures. ®i3znuka
aepoaucnepcHux cuctem. 2016. Ne 53. P. 142—151.

8. Sharma A., Gogate P. R., Mahulkar A., Pandit A. B.
Modeling of hydrodynamic cavitation reactors using orifice
plates considering hydrodynamics and chemical reactions
occurring in bubble. Chem. Engng. Journal, V.143, Nel-3.
P. 201-209.

9. Jlonuncxuu A.A., Meanuyxuui I'K. TermomaccooOMeH
W TUAPOJAMHAMHKA B TIAPOXKHUJIKOCTHBIX JUCTIEPCHBIX Cpe-
nax.—Kues: Hayk. mymka, 2008.—381 c.

10. Usanuyxuii I'K., 'oocenxo JI.I1. AHATUTHYECKOE UC-
CJIC/IOBAHUE YCIIOBUI BO3HUKHOBEHHS KaBHTAIMH B TpyOe
MyJIbCAIIMOHHOTO Jucrepratopa yuapuoro tuma // [Tpom.
termorexauka.—2014.—T.36, Ne 6.—C.49-56.

11. Usanuyxuu I'K., Heobatino A.E. AHamuthdeckoe
HCCIIeIOBaHUE KaBUTAMHM B paboueM Koyiece HEHTPOOeK-
HbIX HacocoB. [Ipom. Temmorexuuka.—2011.—T.34, No2. —
C.40-47.

12. Kanthale PM., Gogate PR., Pandit A.B.,
Wilhelm A.-M. Dynamics of cavitation bubbles and design
of a hydrodynamic cavitation reactor: cluster approach.
Ultrasonics Sonochem.—2005.—V.12, P.441-452.

13. Singhal A. K., Athavale M.M., Li H., Jiang, Y.
Mathematical basis and validation of the full cavitation
model. Journal of Fluids Engineering, —2002.—V.124, Ne3 —
P. 617-624.

14. Kanpanosa A.b., Cononog C.A., Menvyep A.M. O
crioco0ax omucaHus Tmporecca (OPMUPOBAHUS KaBUTA-
IIMOHHBIX MOTOKOB. EBpaswuiickuii Coro3 Yuensix (ECY).—
2015.-Ne 6 (15), C.99-102.

Tennogpisuka ma mennoeHepaemuka, 2020, m. 42, Ne2

37



TEMNNO- | MACOOBMIHHI NMPOLIECU TA AMNAPATW, TEOPIA TA NPAKTUKA CYLLIHHA

15. Hsanuykuu I' K. YuclieHHOE MOAECIMPOBAHUE MTOBE-
JEHHs KABUTAIMOHHOTO KJIacTepa B MpoIeccax THApOoAnHA-
Mudeckoi kaputarui. CoBpeMeHHas HayKa: UCCIIe0BaHUS,
Wjeu, pe3ynsTarsl, TexHonornd. CO. HaydH. cTared. Boim.
2(7).—Kues: —Tpuanon, 2011.—C.52-58.

16. Hosuyxuii b.I' I[lpuMeHeHne aKyCTUYECKHUX KOJe-
0aHUil B XUMHKO-TEXHOJIOTHUECKUX TIpoueccax. — M.: Xu-

mus, 1983. 191 c.

17. Topoamuwiii IO.E., bonoapenxo I'B. CBepxkpuTnie-
ckoe coctostHue BoAbl. CBepxXKpuTHUECKHEe (urrouabl: Teo-
pus u npaktaka.—2007. — Ne 2.— C.5-19.

Ompumano 25.02.2020
Received 25.02.2020

38

Tennogizuka ma mennoeHepaemuka, 2020, m. 42, Ne2



