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ABSTRACT: The article describes the model of the interactibithe cavitation area formed upon influence
of ultrasonic vibrations with the interface of gasd liquid phases. In the system “liquid-gas” sediin the
frameworks of the model liquid spreads on somel sliface in the form of the film and it is in cacttwith
gas medium. It is shown, that the interaction ofitedion bubbles with the interface of liquid andsgeads to
the generation capillary waves and consequentlyhtoincrease of the surface of phase contact. Theéem
analysis allows determining the modes of ultrasaffect, which are necessary for maximum enlargémin
interphase boundary area. It leads in turn to therease of the rate of physic-chemical processeedan the
surface interaction of dissimilar substances (apson of gas mixtures both for cleaning and foraggion of
specific-purpose components, drying, wet cleanihgases from dispersed admixtures, etc.). As altre$u
model analysis we determined threshold vibratiorpl#todes of solid surface covered with the filmliqéid
phase, which excess resulted in stability failuFeapillary waves and their decomposition to liquitbps. It
was shown, that the most efficient frequency eoéstdinic effect was 60 kHz, at which phase contadase
increased in more than 3 times.
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l. INTRODUCTION
The rate of the most of physicochemical processdisnited by the interface of interacted substances

or phases and also by the rate of agent introduairigis boundary. The most part of such procesesesars in
two-phase system “liquid-gas”. For instance in fystems “liquid-gas” following process such as \ges
cleaning from different dispersed admixtures, apson of gas mixtures both for their cleaning ama f
separation of specific-purpose components, dryintpe® materials and others can be realized. IVideat, that
for maximum efficiency of mentioned above procedsssof all it is necessary to provide large aoézontact
surface of liquid and gas phases. In existing chal@ngineering apparatuses (absorbers, wet dilstioos,
dryers) specific interface area (for the mass urgfuired for the industrial realization of physitemical
processes at the interface can be achieved bylibaing ways:

a. liquid is sprayed during gas phase in the formnodi$ drops;

b. liquid spreads on the surface of the solids asma (the thickness is no more than 5 mm) and costgas

medium.

The first variant has limited application, as fds realization there is a need in good reciprocal
solubility of interacted phases (for instance, biity of gas in the absorbent). In this paper waimty consider
the second variant.However the second method isacteized by insufficient interface area for inias
realization of physic-chemical processes, whicteguired higher power inputs. One of the promigimgthod
of the increase of phase contact surface is ttheein€e by microscopic shock waves leading to theeiggion of
the profile disturbance of interface “liquid-gagagillary waves) of small length (no more than 200). The
appearance of shock waves can be provided dueetgeheration of periodically expanding and collagsi
cavitation bubbles in liquid phase.
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It is known, that the most advantageous method?]1of creation of cavitation bubbles is the in-
troduction ultrasonic vibrations into liquid phasiéh the frequency of 20...60 kHz. Ultrasonic influe can
be carried out by excitation of mechanical vibrasiaof the solid surface, on which liquid film spiealt is
necessary to develop theoretical model allowingdtermine optimum modes of ultra-sonic effect (amgé
and vibration frequency of the solid surface), whprovides maximum interface area “liquid-gas”. fehes a
need to study in details the interaction of shoelkes of cavitation bubbles with the surface of phamtact.

For a long time the development of the theoriethefinteraction of shock waves of cavitation bubble
with the interface had some mathematical diffi@dfias there was no correct solution of the equatid the
hydrodynamics of supersonic liquid flow streamimyitation bubble. At the beginning of 20th centémyeign
scientists (B.E. Nolting, E.A. Neppiras, H.G. FlynhG. Kirkwood, H.A. Bethe) [3-5] gave basic thetizal
descriptions of the growth and pulsation of theite&ion cavity (bubble). These descriptions areatipns of
radial vibrations of the bubble, which take intoc@ent possible factors influencing the dynamicstlo#
cavitation cavity including compressibility of lighand change of its wave properties at the supérdtow.
These equations are non-linear differential equatiof second order relative to the radius of thigbley which
is a function on time. It was stated, that the beilbbbtained its spherical form during the cyclerpanding and
collapsing, and it was assumed, that shock wavesphdrically divergent character. Such assumptaas dhot
allow explaining experimentally observed the getienaof capillary waves of small length (no moreith
200um) at the interface “liquid-gas”.

However, as it was mentioned above in these presediguid spread on solid surface as a film. The
thickness of the film does not exceed 5 mm [6lidselirface reflects shock waves. Reflecting phemantgeak
the sphericity of cavitation bubbles at their codla [7]. This sphericity failure narrows the diagraf shock
wave directivity, and this fact explains the getieraof capillary waves of small length (no morarthi200um).
Stated factor should be taken into consideratiothebretical studies of the interaction of cavi@atbubbles
with the interface “liquid-gas”. Thus, the aim dfet paper is to develop the mathematical model ef th
interaction of cavitation bubbles with the inteddtiquid-gas” for the determination of the moddsutirasonic
effect providing maximum surface area of phaseaxiniThe model includes following stages of theggation
of capillary waves on the interface “liquid-gas™dem the action of ultrasonic cavitation:

[1] expansion of cavitation bubble up to maximum radidsich is spherically symmetric due to the lowespe
of its walls (no more than 15 m/s);

[2] asymmetric collapse of the cavitation bubble froaximum radius to minimum size;

[3] generation and propagation of narrow directionalckhwave in the thin liquid film at the collapse tbe
cavitation bubble;

[4] formation of capillary waves on interface “liquidg. In this stage capillary waves profile is detered
and square of the interface “liquid-gas” is caltedh

Further proposed model is described.

I MODEL OF INTERACTION BETWEEN CAVITATION BUBBLES

Theoretical study of the process is carried oubaling to the scheme shown in Fig. 1.
Az

Deformed cavitation
bubble at its collapse

Undistorted cavitation bubble

Capillary wave

Interface "liquid-gas" in undistorted state
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Fig. 1. Scheme of theoretical study of the intécacbetween cavitation bubbles and interface “liggas”

At the stage of cavitation bubble expansitgmmaximum radiufyax and center location relative to
the solid surface are determined. At this stagedssumed that:
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[1] expansion of the bubble is spherically symmetribicl is caused by low speed of walls motion, howeve
the bubble center vertically moves relative togbkd surface in the course of time;

[2] in initial time the center of the cavitation bublidelocated near the solid surface, as such bubhtesly
influence on the formation of capillary wave.

Maximum radius of the bubblgyx is defined on the base of Nolting-Neppiras equiafs):
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whereR is the instantaneous radius of the cavitation lybh; R, is the radius of cavitation nucleus, enis the
liquid surface tension, N/np; is the density of liquid, kg/fpy is the static pressure in liquid, Ras the
frequency of ultrasonic action, Hazjs the thickness of liquid film, n# is the amplitude of ultrasonic action,
m; py is the pressure of saturated vapor of liquid,tPathe time, s; u is the dynamic viscosity of lidjuPa-s.

The distance between the center of the cavitatitible (at the moment of maximum expansion) and
the solid surface is defined from the equation giveRozhdestvenskiy’s paper [8]:
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whereb is the distance between the center of the cavitatidoble and the solid surface, m.

Obtained values of maximum bubble radius and th®dce between its center and the solid surfacesae
for theoretical studies of further stages of thgiltary wave formation.

During the study of the stage of cavitation bulii@éapse its form in the moment of the minimum size
determined.

The form of the cavitation bubble is defined frone integral equation (1) with boundary conditioRs3) on
the wall of the cavitation bubble for liquid velocipotential and entry conditions (4, 5) on cawtatbubble

wall:
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wherer,, r are the vectors of the coordinates of the poihthe wall of the cavitation bubble or solid sudac
m; ¢ is the fluid velocity potential on the wall of tisavitation bubble or solid surface?/s) V, and \, are the
normal and tangential components of fluid velocity/s; E (r) is the fundamental solution of Laplace’s

equation; V is the volume of the cavitation bubble *np,is the pressure of saturated vapor of flgidndo are
the density (kg/rf) and surface tension (N/m) of fluid, respectivédyis the mean curvature of the walls of the
cavitation bubble, iy Sais the wall of the cavitation bubbles is the solid surface on whidh, is equal 0.

With the help of system of equations (1-5) we cialii deformation of the walls of the cavitation
bubble in the course of time. Entry conditions §386ing a part of the system (1-5) is determinedhieybubble
radius and the position of its center at the moneémhaximum expansion, which were found at the jonew
stage of the model study. Integral equation (hea at the determination of distribution of fluiélecity
potential on the walls of the cavitation bubblesddved by the boundary element method. For thipqgme the
discretization of the cavitation bubble wall intog elements is carried out, as it is shown in Big.
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Fig. 2. Discretization of the cavitation bubble Wato ring boundary elements

It is assumed, that in the frameworks of each eillegnent the velocity potential is constant. It alo
solving boundary integral equation (1) as a systétimear equations (6). This system is obtainedibing
method of “images” (replacing solid surface by syetrically placed cavitation bubble).
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where {A;} is the matrix of linear system\/n(i) is normal velocity ori-th bubble wall boundary item with
coordinatesr(; z) and (. 1; z+1); {b} is right part of systemi\ is count of boundary items;

The coefficients of the system of linear equati¢iss andb;) are defined by the following obtained
expressions:
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wherely, J, | are integrals over on each boundary itbgis starting distance (at maximum bubble expansion)
between bubble center and solid surface, m.

(8)

In expressions (7-8) it is mentioned that follogvequalities are true:
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Integralslg, J, | are defined as follows (9-11):
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Obtained system of linear equations (6) is solweddrative Seidel method.
Obtained forms of cavitation bubble walls (by eéuag (1-5) at the collapse in different moments of
time are shown in Fig. 3. The initial moment oféif® us) is the moment of the maximum bubble expans

N

Q () O O o ©

— interface “liquid-gas”; — wall of the cavitation bubble
a) 0 us b) 0,38 us ¢) 0,75 pus d) 1,13 pus 23 1s f) 1,35 pus

Fig. 3. Evolution of the form of asymmetrically Egsing cavitation bubble in the course of timdifferent
initial distances (at the moment of maximum expamsbetween its center and solid surface

As it is shown in Fig. 3, cavitation bubble is artigpherical radiator of shock wave.
At the study ofthe stages of generation and propagation of shoakeit allows approximating its
pressure profile at different distances from thblde by the following obtained expression (12).
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where ¢; 2) are the coordinates of the points, anis the circular vibration frequency of solid swda s t and

t; are the moments of time, 1$js the viscosity of liquid, Pa-s;andc is the velocity of sound in liquid, m/s;
pc(tl) is the pressure in the nucleus of the cavitatiobbe, Paa is the radius of the cavitation bubble at

maximum pressure in the nucleus, m.

The function of shock wave pressure in the nuctifube cavitation bubbled, (t,) being a part of the
expression (12) is defined as:

p.)=p, R

pv is pressure of saturated liquid vapBgjax is bubble radius at maximum expansion; V is bubloleme at
timety; vy is a adiabatic index of gas.

Given profile of shock wave pressure is used furfioe the definition of capillary wave form and
finally interphase boundary area.
The form of the capillary wave is defined from #hgression (13):

”apat ot, (13)
where g(r,t) is the value of displacement of the interfacquid-gas” along the axis

Thus mathematical description presented above altietermining the profile of single capillary wave
generated by separate bubble.
However at the realization of the technologicalgess it is impossible to obtain separate bubbleisha
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why it is necessary to consider the interactiorwken the aggregate of cavitation bubbles and ttesfate
generating set of capillary waves.

The specific area of the interface “liquid-gas” peit volume of liquid phase at the generationhaf t
set of capillary waves is defined by the expression

0,51 a{ 2 1
S=2 1+ —= =
n(n)J;r +[arjar+h
where S is the specific area of the interfac&nth A is the length of the capillary wave (m) definednfr the

condition E(ﬂ t)=0'; nis the concentration of cavitation bubbles;*;m > is sign of averaging by liquid film
ar\2’
thicknessh is thickness of liquid film, m.

The term 2”<n>o'J§Ar 1+(3§t)26r characterizes a shock wave energy being geneateoubble
r
0

collapse.

For the concentration of cavitation bubbles kinedguation (14) obtained from Smolukhovskiy’s
equation [9] for the processes of coalescence aedkhge of disperse particles (liquid drops, gas solid
particles) is true [10]:

on_nli-g_, o (14)

ot iT,
wheren is the calculating concentration of cavitation bigls depending on timtem?, i is the average number
of cavitation bubble pulsation before its collagggs the constant of coalescence rate of the bubisfiés, T, is
the period of ultrasonic vibrations,jss the mean amount of the nuclei generated atrikiage of the separate
bubble.

By solving the equation (14) following analytic egpsion is obtained:

- NNy ; (15)

n= 3

Ny + (noo - rl))eimkst
wheren, is the initial unknown concentration of cavitatioubbles, i, n,, is the stationary concentration of
cavitation bubbles,

According to the expression (15) the concentratibthe bubbles in time, which equals tens periods
of ultrasonic vibrations, achieves stable value equaals ta,,, which is defined by the expression (16):
n, = _J -1 ;
ikgT,
Variablej being in expression for stable concentration {§ €nlculated from experimental data given
in Rozenberg’s book [3].
The constant of coalescence is defined as follows:

S (U)
2

where $ is square of effective bubbles collision’s crosstiem which is proportional tRua’, M <u> is
approach velocity of the cavitation bubbles, m/s.

(16)

ke =

To define approach velocity of the cavitation bistu> the model of bubble interaction caused by
the forces of the second order is used.The inierachodel is based on th&°Newton’s Law for the separate
cavitation bubble taking into consideration Bjer&rferce acting from the neighbor bubbles and caused
radial vibrations of the last ones. According tstmodel the position of the center of each cawitabubble
making the ensemble can be described by the fatipwguation [10]:
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wherei is the ordinal number of the bubble in zone adiliphaseR; is the instantaneous radius pth bubble,
m; c is the local velocity of sound in liquid phasesmp,; is the gas pressure near the walls-ti bubble, Pa;

p is the instantaneous value of pressure of lighiglsp without cavitation bubbles, Pais the density of liquid
phase, kg/fh v, is the instantaneous vibrational speed of liquidge without cavitation bubbles, nis; is

the radius of-th bubble nucleus, myi is the equilibrium density of gas inside the bebliig/nT; t is the time, s;
n is the viscosity of liquid phase, Bgr;is the coordinate vector of the centeriefoubble,m; d;j = rj-riis the

vector of center line afth andj-th bubbles couple, m.

On the base of the results of equation solutiof épproach velocity of cavitation bubbles is define
by the following expression:

<u> - ‘dlz(TO)_dIZ(O)‘
TO
Thus proposed model allows defining dependenceseairdrea of interphase boundary on the modes of

ultrasonic action (frequency and vibration ampléuwaf solid surface covered with liquid film, whiterders on
gas phase) and liquid properties.

[l RESULTS AND DISCUSSION

Obtained dependences of relative increase of tieeface area on the modes of ultrasonic action are
shown in Fig. 4.Relative increakeof interface area is the ratio of the interfaceaaupon ultrasonic actiofs)
to the area without ultrasonic actid®,out u9:

K = Sis

SNithoulUS

Fig. 4 shows the breakage of the graph corresptntise fact, that capillary wave loses its stayilit
and breaks into drops [11]. The dependence of &eqy (Fig 4b) is built up at threshold amplitudegen
capillary wave remains stable.
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Fig. 4. Dependences of specific area of the interfan the modes of ultrasonic action: (a) on annbditat
different frequencies; (b) on frequency at maximammplitude

From presented dependences it is evident, thattivghincrease of amplitude interface area grows. If
frequency rises, surface area grows (up to more thaimes) due to the increase of cavitation bubble
concentration [3]. However starting with the freqag of 60 kHz the growth of the area essentiallgdmees
slower, and energy loss of the ultrasonic radiatareases quadratically. That is why; the applaratof
frequencies of more than 60 kHz is unpracticaly. Bi shows the dependence of threshold vibratioplitude,
at which capillary wave remains stable, on thedestgpy of action.
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Fig. 5. Dependence of threshold amplitude, at whafillary wave remains stable, on the frequencgobibn

According to presented dependence the asymptotlitahe reduces with the rise of frequency. In
particular at the frequency of 28 kHz the threshattblitude exceeds@n, and at the frequency of 60 kHz it is
1...1.2 um. Fig. 6 shows the dependences of specific irterfarea on amplitude at the change of physical
properties of liquid — viscosity (a) and surfacasien (b), which influence on the profile of contaarface
together with the modes of ultrasonic action.
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Fig. 6. Dependence of specific area of interphassbary on amplitude at different properties ofiigh
(frequency of 60 kHz): viscosity (a) and surfaaesten (b)

Presented dependences (Fig. 6) can be used fdetBemination of the area change caused by change
of the liquid type and change of its propertiesphrticular it is stated, that growth of viscosiéads to the
decrease specific area of the interface. It isedlby the absorption of energy of shock wavegyird phase
due to forces of viscous friction. At that decrea$surface tension leads to the growth of the ,aasasurface
energy of a liquid directly depends on its surfaaesion.

V. CONCLUSION

Thus model of the interaction of cavitation zoneeyated under the action of ultrasonic vibrations
with interface of gas and liquid phases is devedopieis shown, that this interaction leads to glemeration of
capillary wave and consequently to the growth afasie of phase con-tact. Analysis of the modelvedlo
determining the modes of ultrasonic action, whioh ecessary for maximum increase of interphasedsay
area. As a result of the analysis we determinestiold vibration amplitudes of solid surface codendth thin
film of liquid phase, which excess leads to stapifailure of capillary waves and their breakagto ifiquid
drops. It is shown, that the most appropriate feeqy of ultrasonic vibrations is 60 kHz, at whiclne than 3
times increase of contact surface. Obtained nevensfic results have fundamental interest for the
understanding of physical mechanism of the int@acof cavitation bubbles with the interface “ligujas”.
They can be used for the practical realization bfsic-chemical processes at the boundary “liquisli-ga
(absorption, drying, evaporation, etc.). In patcwltrasonic action in the packed absorbers dgfslying in
more than 3 times less number of the nozzles aalme productivity of absorption.
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