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ABSTRACT: The model of cavitation area containing cavitatimrbbles ensemble in high-viscous and non-
Newtonian (usually with a solid dispersed phasg)itis is presented in this article. Proposed maslblased on
the study of the cavitation bubbles ensemble aB@ebut taking into account the main effects ahdnmmena
occurring inside this ensemble. This model takés account coalescence and breakup of bubbles due t
collapsing. According to model, breakup and coatese effects lead to concentration bubbles depayden
ultrasonic pressure amplitude or intensity. Thusese effects affect on total energy of shock waeasy
generated by collapsing cavitation bubbles as welbubble radius. The analysis of the model allevealing
optimum intensities of the ultrasonic influencettare necessary to provide maximum total shoclevemergy,

at which, for example, the maximum degree of spédicle’s destruction (maximum interphase surface
contact) or maximum free surface “liquid-gas” due formation and breakage of capillary waves (fornoed
liquid’s free surface) is achieved. The analysistted model lets evaluating, that optimum intensitythe
influence for the most of liquids does not exce@dMcni at the frequency of 22 kHz. However for dilatant
liquids intensity of influence can achieve 100 W/dBbtained results can be applied for the choicgmier
modes of the ultrasonic technological equipmetit¢oease interphase surface under cavitation infleee
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l. INTRODUCTION

One of promising approach to increase interphasgact surface in systems “liquid-solid particles”
and “liquid-gas” is an ultrasonic cavitation infaee on liquid or liquid-dispersed media. This iefice
implements ultrasonic dispersing of solid partidiediquids or formation of capillary waves on ligis free
surface bounding between liquid and gas. The umiggge and efficiency of the ultrasonic influencdiquid or
liquid-dispersed media is determined by the fororatf cavitation gas-and-steam bubbles, which acitate
energy at their extension during one of half-pemddibrations and generate shock waves and cuimel@ts
at their collapse during the other half-period ddrations [1-3]. Cavitation influence helps to charstructure
and properties of substance and materials, incredsghase surface of the interaction in liquidpdirsed
systems or surface “liquid-gas”, realize the preesof dissolution, extraction, emulsification,. etc

However, most liquid-dispersed mediums are higleeds or non-newtonian. Cavitation ultrasonic
treatment of such media in practice cannot be zedliowing to a number of reasons which are absefice
scientific data on the influence of the modes, laictv maximum total energy of shock waves causisgetising
of suspensions is achieved; necessity of high sityef ultrasonic influence (more than 25 WRro advance
cavitation with maximum total energy of shock wauehigh-viscous and non-linear viscous liquid-disged
media. Stated problems do not allow designing sitnic equipment providing the productivity of utoaic
cavitation dispersing (increasing of interphasefazgr between liquid and solid) in high-viscous arah-
Newtonian liquid media, which is sufficient for iastrial applications.

II.  PROBLEM STATEMENT
To determine the modes of ultrasonic influence jliog the formation of the cavitation area in
processed liquids different in their propertiess ihecessary to develop the model, which takesdotmunt both
all the main effects and phenomena occurring inigearea, and allows analyzing cavitation aredagoimg
cavitation bubbles ensemble as a whole. The pmolidecame more complicated, as in the most part of
theoretical papers [3-6] directed to the developneérscientific foundation of efficiency increasé wtrasonic
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cavitation treatment of liquid or liquid-disperse@dia it is considered the behaviour of single teibbliquids,

which viscosity does not depend on deformation fi@ of shear). However, obtained results ofisgidannot

be applied to high-viscous and non-newtonian meaathey do not take into account following impntta

factors:

[1] nonlinear character of the dependence of viscaessforces on fluid velocity gradient preventingnf
the extension of cavitation pocket;

[2] changes of mean viscosity of processed medium afttme due to the influence of the processes of
mixing and viscosity hysteresis leading to the dase of threshold intensity, which is necessary for
occurring of cavitation shock waves causing dispgrsf solid particles.

Moreover the efficiency of cavitation influence mhefd by total shockwave energy of cavitation
bubbles depends not only on the behaviour of sibglebles but also on the concentration of bubbléss
concentration due to the interaction of cavitatbubbles changes with a time and depends on thesityeof
ultrasonic effect, that is proved by the resultshef experimental studies carried out before.

Thus, complex studies of the process of the caoitatrea formation should include:

[1] study of the behavior of single bubble to determpaemissible regimes of the influence, at which

collapse of cavitation bubble occurs and it doagsdegenerate into long-lived one. At that for fingt time the

presence of the dependence of liquid viscosityhenrate of shear and the relaxation of the visg@sta result

of the cycle of radial expansion and collapse e@itation bubble are taken into consideration;

[2] study of the behavior of all bubbles ensemble @kimto account their interaction, which determine

energy characteristics of the area as a wholerevehling of optimum modes of the interaction, &fol total

energy of bubble collapse is maximum. At this stagav approach based on revealing of stationary

concentration of cavitation bubbles as a resultthafir breaking up and coalescence and determining o

ultrasonic absorption coefficient in cavitating med caused by expenditure of energy on the formatib

cavitation can be used [7].

1. ANALYSISOF THEDYNAMICSOF SINGLE BUBBLE FOR THE EVALUATION OF
ALLOWABLE RANGE OF THEINTENSITIESOF ULTRASONIC EFFECT

The analysis of the dynamics of single bubble subje the properties of liquid is in definition of
functional dependence of cavitation bubble radiumRimet, amplitude of acoustic pressyseand rheological
properties of liquid;

R= f(t,p,P).

Required functional dependence is defined on ttee lzd the analysis of obtained equation of the
dynamics of single bubble taking into account thpehdence of liquid viscosity on the rate of shear:

ROR, B(GRJ p(R)-p. R at I 1 0¢(\/—)6r @)

6t2 ot 0
whereR is the instantaneous radius of the caV|tat|0n ybh; p(R) is the liquid pressure near the walls of the

cavitation bubble, Pa,, is the instantaneous value of the acoustic presﬁ’lﬂ:e\/i is the Euclidean norm of

deformation rate tensor, s ¢ is the certain function defined the dependenctqafd viscosityp on rate of

_oly1.)

shear, Pa-s, at tHat™ 2 ;risdistance from bubble center, m.

Euclidean norm of deformation rate tensor is

wherey; (fori = 1...3) are liquid velocity projections to Cartesixes.

Equation (1) is obtained as a result of integratafnthe momentum conservation equation in
differential form in the volume of liquid flowingraund the cavitation bubble. Integrated equation of
momentum conservation takes into consideratiorptesence of arbitrary dependence of the liquidogitg on

the rate of shear, which is Euclidean norm of téfodnation rate tensgfi, .
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The functiong is defined by three parameters characterizinglolggzal properties of liquids: starting
viscosityp (Pa-s), consistency ind&x(Pa-8™) and nonlinearity indeX.

d)-afu () ()

This function was obtained by experimental datdiéprid and liquid-dispersed mediums with different
concentrations of solid particles.

As it is known, that surface tension of liquid lilyhinfluences on the maximum radius of the bublle,
is possible not to take it into account at the gsialof the formation of cavitation area, it equal®.072 N/m,
[1-3]. The density of the most liquids varies ir tharrow range (900...1200 kgfjrand it does not influence
greatly on the cavitation process. Therefore highpkasis is placed on the studies of the influente o
rheological properties of liquid on optimum actiolodes. At that depending on the rheological pragemf
liquids they are divided intbnear-viscous(the viscosity does not depend on the rate ofr¥hpseudoplastic
(the viscosity decreases with the growth of the rat shear) andlilatant (the viscosity increases with the
growth of the rate of shear). Generally, dilatagtids are suspensions with high-concentration értbian
30%) of solid particles. Obtained results are gifa all three types of liquids. The analysis lné dynamics of
single bubble allows determining of permissiblegaf intensities, in which it is necessary toimalltrasonic

influence depending on starting viscosity, consisgeindex K and nonlinearity index N of the liquifsee
Fig.1).
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Fig. 1. Dependencies of boundary intensities dtigrice on rheological properties of liquids

At minimum intensities determined by these depeodstavitation only begins to originate (the speed

of bubble collapse achieves speed of sound in lguels), at maximum intensities bubble collapsesioot
occur (the absence of collapse during 3 periodsitiél ultrasonic wave and more from the momenirofial
expansion of the bubble). As it follows from presehdependences, the range of possible intensiieexceed
100 W/cri.Thus, theoretical analysis of the dynamics ofstmgle bubble is insufficient for determination of
optimum modes and conditions of the influence,tdsoandary intensities the energy of shockwave®iggad
by the aggregates of bubbles is close to zero ansegjuently the efficiency of treatment will beigmficant.
It is evident, that in this range there is narrowarge of optimum intensities, at which efficierafycavitation
causing dispersing of solid particles will be manim To determine this range of intensities it isassary to
study the formation of ensemble of cavitation belbls the energy of cavitation influence is defihg total
energy of shockwaves generated by each singleatiavitbubble.

IV. ANALYSISOF THEFORMATION OF BUBBLE ENSEMBLE FOR THE
DEFINITION OF OPTIMUM INTENSITIESOF ULTRASONIC INFLUENCE
The analysis of cavitation bubbles ensemble isezhmut in the range with characteristic dimensions

L, which is much less than the length of the ultrésaevavel, but much more than the radius of the cavitation
bubbleR:

A>L>R

It helps to define the dependence of the concémira(mi®) of the cavitation bubbles on the amplitude
of acoustic pressure, time and rheological propei the liquidP.

The dependences of the concentration of cavitdtidsbles are determined on the base of the equation
of the kinetics of breaking and coalescence obtltgbles given in [8]:

on_ ”(_J y_ n? @)

o iT,
wheren is concentration of cavitation bubbles being deleenon timet(s), m>; i is average count of cavitation
bubble oscillations before its breakug; is coalescence rate’/c; Ty is ultrasonic oscillations period, sis
average number of nuclei formed after breakudmfeabubble.

Coalescence rate is defined by following expression

ke = Seff2<“>

whereS.¢is square of effective collision cross-section abhis S.=257Ryax’ (Ruax is maximum bubble radius,
m), nf; <u> is average velocity of bubbles proximity, m/s.

<u> is defined by differential equations of bubblestion given in [4].

Average number of nuclej)(formed after breakup of alone bubble is defingdekperimental data

given in [3].Obtained bubbles concentration depende on intensity and rheological properties oflityeid
are shown in Fig. 2.




2014

—— I mPa-s
) 1:44 A A NI —_
E PN TN 200 mPa-s
= w2 fliesy
s v \:.-“ Y A N 400 mPa-s
< R \ .
g 096 WH TN [=---600 mPass
"; 1 :,' i "". \ h \\
Som fy /N ----800 mPa-s
= 7!!\1’ . \‘ \ N
o i " X . . )
g 0,48 :'r i -, A 1000 mPa-s
=] :r’ s ~ ~
o 1 : ~ e
o2t i\ .
| 5"” Q e, " s
0 b S ——
0 10 20 30 40 50 60 70
Intensity, W/em?
a) linear-viscous liquids
1,68 1.68
- " ]
g 144 l._-"‘. B 144ty
= i / \ — k=04 g i "/\
2 1,2 BV | — = 1.2 |:‘F‘ —N=0.,15
] "’W‘ \ \ —K=03 - Ry
£ 096 iff . ; iy
s LY 3 g 096 4
= l:/[ " \ ....... K=0.2 e v EATY TN [ e N=0.1
= [H . - T
) 0,72 LIV A) . = HH \
= 'f/ Vo \ ———-F=01 Eom Jfy
048 N N g ;/ ‘ N\ -===N=0,03
g :’I AN N 2 048 §r—x%
O 024 ~ - g I v
; T et O 024 i
0 \ kL2 i ] -..,_q_‘: ..........
0 10 20 30 40 50 0+ S===s
Intensity, W/em? 010 20 30 40 50
Intensity, W/em?

b) pseudoplastic with different consistency indikgs c) pseudoplastic with different nonlinearity indsdd
Pa-8* (nonlinearity index N = 0.1, starting viscosity(consistency index K = 0.2 P¥‘§ starting viscosity is

1,68

—_—

Concentration, 101° m3
uo uo UO
E 3 & i

=
(=]
(=) +=

d) dilatant with different consistency indices K,

144

is 0.1 Pa-s) 0.1 Pa-s)
o 168

1 =
e s 144
129900 B — =0
I g \ B 1 \
VA : \
!;‘; }{ . \ —K=4 & 0.96 ph -===N=-015
e ., \
,:__-\/ VN s k=3 £ on th
OSSN 0 LW
pilp X ————k=) 8048 A —N=-0.1
I IE \ . N a \
"l:/l \ AN . - =K=] 5 \\\
s S e o 0.24 NN
". "--:-‘- =

— = 0 R
0 10 20 30 40 50 15 30 45 60 75

Intensity, W/em? Intensity, W/cm?

e) dilatant with different nonlinearity indices N

Pa-8™ (nonlinearity index N = -0.1, starting viscosity (consistency index K = 2 P!, starting viscosity is

is 1 Pa:-s)

1 Pa-s)

Fig. 2. Dependences of bubbles concentration omthasity of influence for the liquids with diffent

rheological properties

WWW.ajer.orqg

Pagel2¢




American Journal of Engineering 2014

These dependences were used for further defindtimorption coefficient, which is in proportion teet
total energy of shock waves and it is a measur¢hefefficiency of cavitation influence [9].At thdlhe
absorption coefficient in cavitating liquid is dedid on the base of following obtained expression:

2
2 W
w C 4 i
K.=-LmPl © [ = =R(ne ™ot
Co p 2m 53

whereﬁ is complex amplitude of theharmonics of the pressure (Pa)is the vibration frequency

of the acoustic radiator in liquid medium,*, $, is the steady-state density of liquid phase, Rgimis the
velocity of sound in pure liquid, m/sen;is previously determined bubbles concentratioff; R(t) is bubble
momentum radius determined equation (1) for alonbblke dynamics. The dependences of the absorption
coefficient on intensity of influence for the ligls with different rheological properties are giverrig. 3.
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The dependence of the absorption coefficient onirttensity of influence has extreme character and
maximum position determines optimum intensity dfagdonic influence, as in this case maximum degifee
energy transformation of initial ultrasonic waveoithe energy of shock waves generated by cawitdtidobles
is achieved. Thus, at optimum intensity maximuricefhcy of ultrasonic cavitation influence is acled.
Dependences of minimum, maximum and optimum interssof influence for linear-viscous liquids areosim
in Fig.4.
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Fig. 4. Dependences of maximum, minimum and optinmtensities of influence for linear-viscous
liquids

It should be noted, that in the case of nonlingsceus liquids the dependence of optimum interity
the parameters characterizing their rheologicaperties lies in the certain range. It can be causedhe
changes of their rheological properties due tovikeosity relaxation during the processing. Theahejences of
the range of optimum intensities for non-Newtonligiiids are shown in Fig. 5, 6. In Fig. 5 dependsnfor
pseudoplastic liquids are shown.
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In Fig. 6 dependences for dilatant liquids are show
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As it follows from Fig.5 during the processing eptim intensity decreases in 5...20 Wfcfor
pseudoplastic liquids, while for dilatant liquidSig. 6) intensity increases in 5...15 W/tdue to the rise of
their viscosity under the influence of ultrasoutidcauses the necessity of adjustment of outputgpat the
ultrasonic apparaus during the processing.

Table | shows the values of optimum intensitiesnfiuence and optimum amplitudes of radiator’s
vibrations for different liquids used in practighe values given in the table were obtained withapplication
of the dependences presented in Fig.4-6.

Table I. The values of optimum intensities of iefiice for the liquids used in practice

Name of liquid viscosty. Peslpas] N |7 Wienf | ampitudegm
Water 0.00082 0 0 1.73 0.7
Olive oil 0.085 0 0 451 1.7
Motor oil PMS-400 0.4 0 0 19.25 7.4
Glycerin 0.6 0 0 34.4 13.3
Epoxy resin ED-5 3 5| -0.15 19.95...24.77 7.7...9.6
Trifunctional oIigoestercyclocart_)onates on 4 5 0.2 11.92. 234 46. 903
the base of propylene oxide
(n\q’\gtseggr‘]’fést‘ggﬁgsz'%% 0.1 01| 01| 13.74..18.74 5.3..7.2

Presented results can be directly used for thecehof power operation modes of the ultrasonic
equipment at known rheological properties of preeddiquid or and liquid-dispersed medium.

V. CONCLUSION

During carried out researches for the first time pveposed the approach for the determination of
optimum modes of ultrasonic influence based orfdhmation of cavitation area as a whole. At thatedeped
model of the formation of cavitation area take® inbnsideration the main effects and phenomenarieegu
inside the area:

[1] coalescence of the bubbles at radial vibrationstaadking up at collapse;
[2] influence of the dependence of liquid viscositytloa rate of shear on the dynamics of the singlélegb
viscosity relaxation of liquid with time under thetion of cavitation.

It is shown that coalescence and breaking up oblesbcause concentration bubbles dependency on
ultrasonic intensity. This dependency may be exilan that optimum intensity at total collapse blelsb
energy achieving maximum is exist. The analysisttd model allows revealing optimum intensities of
ultrasonic influence, which is necessary for acimgwf maximum total microscopic shock waves endrging
generated in liquids with different rheological pesties. It is determined, that optimum intensitiéénfluence
for the most of liquids used in practice do notemd 40 W/crh However, for dilatant liquids with the
nonlinearity index of 0.15 and more the intensitynfluence can achieve 100 W/énit is evident, that due to
the viscosity relaxation the change of optimumnstty for non-newtonian liquids occurs in the cauos time.
The width of change range of the intensity achig@@§V/cnf. Obtained results can be applied for the definitio
of the intensity of ultrasonic influence providimgaximum efficiency of liquid or liquid-dispersed diem
treatment to increase interphase surface (for ebenplispersing of suspensions with solid partiahes
formation of capillary waves being broken into dedp on free surface “liquid-gas”) with known rhegical
properties.
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