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JOCJIJPKEHHSA IMMPOLIECIB B3AEMO/IIT ATTIAPATY 1 TEXHOJIOI'TYHOT'O
CEPEJIOBHUIIIA B YMOBAX PO3BUHEHOI KABITALII

Abstract. Approaches the definition and parameters of the model cavitation technology environment. Found that the technological
environment, subdued cavitation processing, is a visco-elastic-plastic body and can be described by the model Binhama-Shvedova.
Implemented is the idea to review the contact zone of interaction of the system "cavitation device — technological environment" by
determining the balance of power system pressure and stress, surrounded by bubbles emerging in consideration of the fluid model as
a system with distributed parameters. As the research is subject to various technological environments the cavitation is shown as
viscous and plastic properties, considered taking into account the energy dissipation in cavitating environments, including the
contact area on the laws change frequency independent and frequency dependent damping. This approach made it possible to reveal
the physical nature of the interaction, receive analytical dependences to establish the basic parameters, including contact pressure
and impedance in the contact area «cavitation machine systems — technological environmenty. Research results select the input
impedance compensator length /4 for maximum transfer conditions under which the impedance compensator system and
coordination. When placing the device between the border and the environment auxiliary layer of material with the acoustic
impedance ensured equality acoustic impedance device and transmission line equivalent. Then, a reflection of both boundary layer
additionally installed waves are equal in amplitude, thus ensuring maximum transfer of energy to the flow of the process.

Keywords: cavitation, ultrasound, technological environment, the contact zone, dissipation, wave resistance.

FORMULATION OF THE PROBLEM

The phenomenon of cavitation that occurs when exposed to an acoustic device manufacturing environment is
widely used for accelerating various processes (dispersion, extraction, mixing, etc.). In chemical, food, construction and
other industries [1 — 9]. Therefore, a study of this type of processing and search methods intensification of various kinds
of processes is the task urgent.

The process of cavitation caused by a sharp variable characteristics of the velocity field and pressure cavities
technological environment (water, suspensions, emulsions and others. Liquid medium), which are the key parameters of
nucleation and cavitation. There are a number of [10 — 12] devoted to defining the nature and the numerical values of
pressure in different parts of the cavitation bubbles and the ratio of the numerical values of pressure, for which there is
slamming bubbles.

In this paper put forward the idea to review the contact zone of interaction of the system "cavitation device -
technological environment" by determining the balance of power system pressure and stress, surrounded by bubbles
emerging in consideration of the fluid model as a system with distributed parameters. This approach makes it possible
to reveal the physical nature of the interaction, to develop proposals to improve the technology of process fluids.

RESEARCH ANALYSIS

Implementation of the proposed idea requires consideration of the physical and mathematical model of cavitating
environment, which is in the form of bubbles. Cavitating environment in accordance with the ratio between the yield
point T in pure shear and atmospheric pressure p,,, may be:
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Consideration of wave phenomena in the cavitating medium can be measured by the ratio of time wave
propagation ¢, and oscillation period 7.
. t, <T;
Subject: 2)
t,>T.
For the first condition (2) fluctuations in the process environment can be considered slow and neglected elastic
wave. That is, in this case, acceleration and strain are determined solely by the arising technological environment.
In fulfilling the second condition (2) environmental movement is determined by elastic waves.

Because t1=1//c, where / — the characteristic size medium in which the direction of application of force, and

¢? ==, where E — modulus, p — density of the medium, the same module density and technological environment

p
require accurate account at all stages of cavitation process.

In most real action cavitation protection between these criteria for dependence (2) that is usually necessary to take
into account the elastic and inertial properties. It should be noted that dependence (2) does not take into account
dissipative properties, because their influence is substantial in resonance as the regime most used for the treatment of
process fluids.

To account for these properties are offered a number of models [13 — 18], which in one way or another law take
into account the rheological parameters and characteristics.

In [18] proposed a generalized rheological model cavitating medium (Fig. 1). According to the block of A (Fig. 1,
a) corresponds to a volume stretching the body, block B — pure shift in power is an auxiliary unit.

Generalized model qualitatively describes the behavior of dispersed environment in terms of cavitation, but its
use in the equations of motion joint cavitation system and environment presents certain mathematical difficulties.

Assessing the reduced model should take into account that in general technological environment, subdued
cavitation processing, is a visco-elastic-plastic body and can be described by the model Binhama-Shvedova.

FORMULATION OF THE PROBLEM

Analytical power describe the process of interaction between the working body of the apparatus that implements
ultrasonic liquid dispersion effect on the environment. Methodology provides an assessment of existing models and
phenomena that occur in the contact zone system "device environment." Achieving this can solve the problem of
determination made by contact pressure under different laws that change dissipative forces and adopt the idea that the
main parameter interaction process is the wave resistance.

STATEMENT BASIC MATERIALS
Research Methodology provides Consideration of conduct cavitation bubbles in the region and identification of

By  synthesizing the
results of studies [17] it can be
determined that the basic
equations of static equilibrium
bubbles having a spherical shape
(Fig. 2) without the forces of
viscous friction:

2c
p:pv[+pg_?ﬂ 3)
where p — external pressure

surrounded by bubbles; p, -
vapor pressure of the liquid; p,

— the partial pressure of gas; ¢ —
the surface tension; R — radius
of the bubble.

Pressure p,; and o factor

dependent on temperature. For

example, water at ¢t = 20°C

p,; =2.35%10° Pa, 0=7,35*%10~

N/m, and at t = 40C
Fig. 1. Generalized model cavitating environment: D =0.78*10° Pa. [17].

k, G, | — coefficient of elasticity, shear and viscosity, respectively; 1...4 — elements
of mechanical models that simulate the behavior of the environment in the transition.

13



ISSN 2305-9001. BicHuk HTYY «KIl». Cepist mawmnHobyayBaHHa Ne1 (76). 2016

It is known [17] that the pressure associated with the volume and temperature Clapeyron equation:
p, =BT/R’, 4)

where T — the absolute temperature; B — a constant that depends on the mass of gas bubbles in the middle.

Substituting (4) into (3) you can balance equation, which
takes into account the effect of temperature. Lack of these
equations is that force does not include viscosity, gas diffusion
through the surface bubbles compressibility, inertia. An important
aspect is to define the process of changing the radius of the bubble
that needs clarification equation (3). There are other assumptions.
So by the process of expansion or compression of the bubbles is
isothermal, changing the gas pressure and the radius of the bubble
accepted the law of Boyle-Mariotte [19].

Using the law under which (index "0" corresponds to the
initial state of the bubble) of (3) can be transformed to a form

Fig. 2. Diagram vapor bubbles which takes into account the change bubble radius:
26 R} 20
=p,+(Ppo+py+—)———, 5
P=py+(py+py R & R (5)
Actually equation (5) although it makes it possible to calculate the value of the unknown parameters, also has
disadvantages.

There is an approach [20] where the law changes in the state of gas in bubble accepted adiabatic at which the
condition is accepted that the bubble has a lot of gas and the movement of its walls is so fast that the heat dissipation in
the fluid is considered as educating slow process:

&)” _2_6

R R’ ©

P =p,(

where y - adiabatic index.

It should be noted that the general equation of the problem of movement bubbles are too complex, because in
addition to clearly defining traffic conditions contact zone "machine-environment" the challenge consider yet one
system "liquid-bubble" forming two distinct parts: the liquid with dissolved gas - water and the mixture bubbles of gas
and vapor liquid - in the middle of the bubble.

Obviously, in this case to determine the motion of cavitation region should use gas and laws of thermodynamics,
which consists of equations comprising equations: continuity, energy balance, diffusion, motion of fluid particles and
gas, thermal conductivity and boundary conditions. The above equation albeit cumbersome, but their application for
review of a linear process in solving particular difficulties are not.

In general we can say that the process of the birth and development of cavitation processes for certain conditions
to determine their occurrence settings.

Thus, in [17] proposed definition dimensionless minimum radius R ;, of the bubble as follows:
3c
R. /R, =———) (7
T 143551

where R, — the maximum radius; &= p,, / p, ( p,, — pressure in the middle of the bubble, which consists of the
partial pressure of steam p; and gas p, ); p, —hydrostatic pressure.

Assuming that 6>>1 [17] dependence (7) is simplified:
Rmin /Rmax =30 s (8)
Average for the period of the density p, and compression 3, determined according dependencies:
Pc = pl(l_kc)+pg’<c ;

Bc:Bl(l_Kc)+Bch’ (9)
where p;,p, — density of liquid and gas respectively; x, — cavitation coefficient [17]:
K. =AV IV, (10)

where AV — volume cavitation bubbles; V — volume of liquid.

Parameter AV determined by the average size of cavitation bubbles and their number. As the size and number of
bubbles during cavitation process of changing the formula (10) is very difficult.

The contact pressure is determined by consideration of the settlement scheme "cavitation machine — technological
environment", which is reasonable represent discrete-continuous model under different laws scattering energy [21], the
solution of which is as follows.
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As the research subject to various technological environments that cavitation in the show as viscous and plastic
properties, considered taking into account the energy dissipation in cavitating environments, including the contact area
on the laws and changes frequency independent and frequency dependent coefficients damping.

For frequency independent model of energy dissipation in a technological medium of acoustic wave propagation
equation is:

o%u P o%u
o*  E" ot
where p — density of the medium; £~ — the complex modulus.

Law deflected mode of technological environment described relationship:

o= FEe+iEey,

an

where i — the imaginary unit, indicating the rotation vector relatively hard elastic component Eey FEe at an

angle m/2, that inelastic component has direction, the opposite direction of speed; y — loss factor, which assesses the
level of energy dissipated in the environment in one cycle fluctuations.
If we take the general law of change of power:

F@)= Z:O:O_OO Fneinwt,
where
2n * /2 —inot
60:7;1’1 = il,iz,El = El — j_T/ZF(T)e 10} d'l.',

the solution of the original equation, according to the Fourier method can be represented by complex wave function:

+00

w(z,0)= Y (A, + Ay, e (12)

n=—0

Moving u determined by the product of two functions, one of which depends on the argument
2(z) = 4,,€"™* — 4y, , and another — only by argument T, (¢) = ¢"*" .
In the decision (12) A;, and A4,, - constant due on boundary conditions:

atz =10
+0
u(0,0)= Y x,e"", (13)
n=—ow
x, - Fourier decomposition in the movement of the working body;
atz =/
ol,=0. (14)
Then, equating coefficients of the same harmonics, we obtain:
A1n+ A2n =Xns

4 e’(%”ﬁn) _Aznel(“n+iﬁn) =0

n >

where o, — coefficient that determines the extinction wave at n-th harmonic; B, — coefficient effect on the same wave

length.
From this value we find:
7l(an+[ﬁn)
X, e
A — n . 1
b gl iB,) | e, +i,) (1)
/o, +iB,)
X, e
A, = L . 16
2n e*l((l”#’l'ﬁ,,) +el(a/1+[ﬁ/1) ( )

Pressure device environment fluctuations (contact area), after corresponding changes:

p(Oat) = plAl(D2 \/Xlzn +X§n ’ (17)

where A; — amplitude contact zone; y;, and y», — wave ratios:
o,sh2a,l+p,sin2p,/
Kin = ; (18)
(0} + B} )[ch2a, ! +cos 2B, 1]

o, sin2B,/—B,sh2o,/
l(aﬁ +B2 )[chZanl +c0s2B,/] .

Xon = 19
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Wave equation based frequency dependent energy dissipation in the technological environment will be as
follows:

Pu_ i
or* 0z 3pot oz°

), (20)
where ¢ — velocity of waves; 1 — viscosity.
In the case of harmonic vibrations occurring during ultrasonic impact, amplitude is:
u = u(x)sin ot. 21
Substituting expression (21) to (20) we obtain a second order differential equation with constant coefficients,
whose decision is:

u(x) = 4, cosk,x+ 4, sink,x, (22)
where &, — complex continuous wave propagation that with the influence of viscous given by:
2
kp=k—iw=9—i(2”°’3) 23)
c 3pc
Then the expression for the amplitude will look like:
u = (4 cosk,x+ 4, sink,x)sin wt. (24)

Differentiating expression (24) by the time we get the expression for speed:
L = (4 cosk,x+ 4, sink,x)cos wr. (25)

After differentiating expression (25) by the time we get an expression for determining acceleration. The integral
of the acceleration of the coordinate given Newton's second law will be equal to the pressure of sound waves:
P .
p(x)= —k—(A1 sink,x — 4, cosk ,x). (26)
P
Thus, as in this case there is a standing sound wave, you can exclude from Members, depending on the time.
Continuous integration with defined initial and final conditions of wave propagation in a layer of liquid. As an initial
value provided useful vibrational velocity on the radiating surface of the ultrasonic transducer. Assume the limit
distribution transformer — a layer of liquid on the origin, that x = 0 and thus, v = vy). When x =4 is a limit distribution of
liquid — gas, which according to the accepted assumptions wave reflection coefficient is unity, and as p,¢,>>p,c, , are
on the verge of unit sound pressure.

Substituting the boundary conditions obtained in the equation (24) and (25), we obtain expressions for the
permanent integration:

4 =20,
© 27)
v, sinlx

A4, = .
o coslx

Substituting the obtained boundary conditions (13, 14) in equation (26), we obtain an expression for the pressure
in the reservoir environment depending on its thickness:

POPL Sink, (1 - x)

_ P
P = (28)

The practical interest is the development of cavitation in the layer, which directly borders the surface of
ultrasound transducer. Omitting the intermediate transformation, we obtain the amplitude pressure:

sinkpl

P =VYpw® (29)

kp coskpl

or based on the formula (26):

. 2 2
p=v 0)\/ (sinkl cosyl)” —(cos kishwyl) (30)

(k* +y?) [(cos kichyl)* + (sin kishyl)? J '

The resulting expression makes it possible to determine the amplitude of the ultrasonic pressure wave depending
on the coefficient k, y coefficient of resistance and layer thickness / for different technological environments.

An important parameter that is dependent (30) is wave propagation speed ¢ and density p, which seem
characteristic impedance as defined modes without cavitation and cavitation depends on the rheological properties of a
particular technological environment.
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Consider the process of acoustic waves from the device to the manufacturing environment. We assume that the
plane wave X axis of the apparatus to the border with the environment of distributed acoustic impedance Z,,, and the

environment on the border with the device on the same axis X, as a result of this resistance, there is a wave resistance
Z,, . It is clear that apart from the wave that is transmitted to the environment, there is on the verge of a contact device

with medium wave which moves in the opposite direction. Thus is formed a complex wave field, which can provide the
transmission coefficient and the reflection wave in the form:

Kref = pm.ref /pm.[nc;
Ktr = Pminc /pmre/

By analogy with the decision of the equation of motion (13) can be written expressions for the incident and
reflected waves of pressure and speed:

1)

—iK; X iKX

p(x) = Pm.inc€ + pm.refe >
iK X (32)

_ —iK X
v(x) =v,;,.e 0, € .

where k; = o, /¢;, —wave number; i —imaginary unit.
Applying the condition of continuity of motion parameters in the contact zone system "machine — environment"
(no discontinuity):

pm = pen; (33)
Um = U@l’l
get:
Pm.inc _ pm.ref _ Pmr (34)
Zm ZITL Zen

Dividing the left and right of the amplitude of the acoustic pressure p,,;,. and using (32) we obtain expressions

for the coefficients of reflection and transmission waves:
K f = (Zen _Zm)/(zen +Zm);

K,=27,/(Z,+Z,).
The condition determining the impedance to maximize its passage may realize by entering the border

compensator system and environment, which serves as the load impedance and reflection of acoustic waves only in the
area of the device. This load impedance must be equal to the characteristic impedance environment: Z, =Z,, .

(35)

Using the solution (24) replacing x =/, where / — the length of the device which is distributed wave, we get
resistance in the section (x =—/):

. —ilgl
-l Mk e
Zyx=-t)=LnCD _7 & Tha? | (36)
oD g e
In view of (31)
7 -7 Z,,coskl+iZ, sink!/ 37)
* "7, coskl+iZ,, sinkl

If we assume that between the device and the environment is set equalizer length / =A /4, where A — wavelength
compensator, we get the following relationship:

kl=Q2n/N)/(A/4)=n/2. (38)
Substituting (38) to (37) we obtain an expression for determining the input impedance:
Z.\&=2Z)1Z,,. (39)

Therefore, choosing the input impedance compensator length A/4 condition obtain maximum transmission at
which the impedance compensator system and coordination. Indeed, having the border system and auxiliary layer
material environment with the acoustic impedance can ensure equality acoustic impedance device and transmission line
equivalent. Then, a reflection of both boundary layer additionally installed waves are equal in amplitude and counter-
phase move in the direction that will lead to their mutual compensation. A shift between phases of movement for 180°
provided path difference between the waves bounds by a half wavelength. Equal amplitudes provided rational choice
impedance compensator.

CONCLUSIONS

1. Consider the physical and mathematical models of the environment and the process of their transformation
over time.
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2. Revealed that the technological environment, subdued cavitation processing, is a elastic-visco-plastic body,
which can be described model Binhama-Shvedova.

3. Established parameters that affect the value of contact pressure, among which is the dominant resistance.

4. Analytical dependence for determining the resistance of the equalizer, which enable to reconcile the wave
resistance of the system with maximum energy transfer to the technological process of cavitation processing
environment.

Anomauia. Poszenanymo nioxoou 0o eusnauenHss MoOeni mMa napamempie npoyecy Kasimayii mexHonio2iuHo2o cepedosuiyd.
Busgneno, o mexnonociune cepedosuuje, niokoperne kagimayitiniti 00pooyi, npedcmasiie cobor Npys’CHO-8 A3K0-NIACTUYHE MIT0 |
Mmodxce Oymu onucane mooenno bineama-Illsedosa. Peanizosana ioes po3ensdy KOHMAKMHOL 30HU 63aEMOOI cucmemu «KagimayiviHuil
anapam — mexHonoeiune cepedosulyey Ha OCHOSI GUIHAYEHHS PIBHOBARU CUNOB020 MUCKY ANApamy i HANPY*CeHb, SUHUKAIOWUX 6 OMOYeHi
Oynvbawiku 3 posensioomM Mooeni piouny, aK cucmemu 3 posnooiieHumu napamvempamu. OCKibKU O0O0CHIONCEHHIO NiONA2aroms pisHi
MexHoN02IuHI cepedosuya, AKi 6 npoyeci Kagimayii nposAeAMy AK 8 A3Ki, MaK i NIACMUYHI 61ACMUBOCTNI, PO32IAHYMO 8PAXYEAHHS
PO3CII08aHHS eHepaii 6 KAGIMYIouoMy cepedosuwyi, y momy 4ucii 8 KOHMAKMHIl 30Hi 34 3aKOHAMU 3MIHU YACMOMHOHE3ANeHCHUX |
YACOMHO3aAeNHCHUX Koeghiyienmie Oucunayii Taxuil nioxio 0ag Moxcaugicmv poskpumu QisuuHy cymHicmv 63aemMoolil, ompumamu
ananimuyni 3anexicHocmi 0l 6CIAHOGACHHS. OCHOBHUX NAPAMEMmpis, 8 MOMY YUCH KOHMAKMHO20 MUCKY I X6UlTb0B0O20 ONOpY 8
KOMMAKMHIL 30HI cucmemu «Kagimayitimuil anapam-mexHonoeiune cepedosuiyey. 3anponoHosano ubupamu 3HA4eHHs! 8XIOHO20
onopy Komnexcamopa O008X4CUHOIO /4 Oni OmpumanHs YMOSU MAKCUMANbHOI nepedaui, 3a AKOW XEUnbosuill onip anapamy i
KOMNneHcamopa y3200oicenti. Posmawiosylouu mixc epanuyeio anapamy i cepedosuujem OONOMINCHUL wiap mamepiany 3 maxkum
aKyCmudYHUM ONOPOM, 3a0e3neyyeEmvbCs pieHICMb aKyCMuYHo20 ONOpy anapamy i exgieaneHmuoi ninii nepedaui. Tooi, giobumms 6i0
000x zpanuyb 000amMKO80 8CMAHOBNIEHO020 Wapy Xeuni 6y0yme pieHi 3a amniimyooro, 3abe3neyyiouu makum YUHOM MAKCUMATbHY
nepeoauy enepeii Ha NPOMIKANHSA MEXHOI02IUHO20 NPOYecy.

Knrouosi cnosa: kasimayis, yiempaszeyk, mexnoniociune cepe0oguiye, KOWMAKMHA 30Hd, OUCUNAYis, X8UIbO8ULl ONIp.

Annomayun. Paccmompensl nooxoovl K onpeoeieHuro Mooenu u Nnapamempos npoyecca Kasumayuu mexHOI02U4ecKol cpeobi.
Buisigneno, umo mexnonoeuueckas cpeod, NOOYUHEHHAS KAGUMAYUOHHOU 00pabomke, npedcmasisem coboll Ynpyeo-6a3Ko-
niacmuyeckoe meno u moducem Ovims onucano mooenvto Bunzama-Illsedosa. Peanusosana udes paccmompenust KOHMAKMHOU 30Hbl
63aUMOOEUCMEUSL CUCTHEMbL KKABUMAYUOHHBLIL ANNAPAm - MexXHOI02UHeCKas cpeday Ha OCHOBe OnpedeieHus PAGHOBECUSl CUTOBO20
0asienus annapama U HanPAXCeHUl, 603HUKAIOUUX 8 OKPYICEHUU NY3bIPbKA C PACCMOMPEHUEM MOOeNU HCUOKOCIU, KAK CUCTEeMbL C
pacnpeodenennvimu  napamempamu. ITIoCKonbKy UCCIe008anuio NOOAEHCAm pasiudHble MeXHOI02UYecKue cpeobl, Komopbvie 6
npoyecce Kasumayuyu nposeialom Kak 6sA3Kue, maxk u NidcmuyecKue CEOUCMEA, PACCMOMPEHbl C YHemOM pPACCesHus dHepauu 6
Kasumupyroweti cpeoe, 8 Mom Yucie 8 KOHMAKMHOU 30He ¢ 3aKOHAMU USMEHEHUs. YACTNOMHOHE3ABUCUMBIX U YACHOMHO3AGUCUMbIX
K0agpuyuenmos ouccunayuu Taxoil nOOX00 0an 603MOACHOCMb PACKPLIMb QUIULECKYIO CYUWHOCIb 83AUMOOCUCMEUs], NOTYYUMNb
aHanumuyecKue 3aeUcumMocmu O YCMAHOBKU OCHOBHBIX NAPAMEMPO8, 6 MOM YUCe KOHMAKMHO20 OABNeHUsi U B0IHOB020
conpomueienusi 8 KOHMAKMHOU 30He CUCMeEeMbl «KABUMAYUOHHbLI annapam — mexuonocudeckas cpeday. Ilpednodceno gvibupams
3HAYeHUs. 6XOOHO2O CONPOMUBNEHUS KOMREeHCamopa OAuHOU A / 4 0ns noayuenus ycroeus MakCuManbHol nepeoayu, no KOmopou
607IHO6OE CONpOMUBNEHUe anNnapama u KOMHEHCamopa coznacosamnvl. Pasmewenue medxcoy epanuyeil annapama u cpeobvl
6CNOMOAMENLHO20 CNI0S MAMEPUANA C MAKUM aKYCIMUYeCKUM CconpomuseiienueM, obecneuusaem paeeHCME0 aKyCMUYecKo2o
CONpOMUGNEHUA annapama U IKeUsareHmuou aunuu nepedayu. Toeda, ompadicenue om obeux zpanuy OONOIHUMENLHO
VCMAHOBNIEHHO20 CNOA BONHBL 6YOYM PA6HbL NO aMIAUMYOde, 06ecneuusas makum oOpa3oM MAKCUMATbHYIO nepeoavy dHepeuu Ha
npomeKanue MmexHoI02U4EeCKo20 npoyeccd.

Knrouesvie cnosa: kagumayus, yismpaseyk, mexHoI0suieckdas cpedd, KOHMAaKmHoe 30Hd, OUCCUNAYUS, B0THOB0E CONPOMUGTIEHUE.
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