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Abstract—A theoretical study is made of the process of cavitation bubble collapse between two solid wallsin
an ideal incompressible fluid. Following the method developed and running numerical calculations on an
electronic computer, the radius and rate of collapse of a cavitation bubble between two solid walls have been
determined for different instants of time and angles. The presence of the second solid wall, which brings about
a change in the velocity and flow pattern of the added quantity of fluid, is shown to lead to a lesser rate and a
markedly different scheme of collapse of cavitation bubbles. These were observed to reduce the erosive
activity of acoustic cavitation due to its lesser mechanical attack on the surface and smaller heat transfer from
collapsing cavitation bubbles to the surface treated as compared to the case of only one solid wall.

The results obtained, when used to select the optimal conditions for surface treatment, will allow a more

effective application of ultrasonic energy in those technological processes which are associated with
destructive action of acoustic cavitation resulting from high pressures and heat loads.
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distance between two parallel solid walls
(ultrasonic emitter and solid surface
treated);
Legendre polynomial of order n;
vapour—gas mixture pressure inside of a
bubble;
the value of p, at time zero, t = 0;
liquid pressure far from a bubble;
instantaneous radius of a cavitation bubble;
maximum initial radius of a cavitation
bubble;
dimensions of a torus;
radial coordinate;
distance from point O, (Fig. 1);
temperature in the system “solid
surface—liquid—cavitation bubble” at time
zero, t = 0;

temperature inside of a cavitation bubble
reached at the final stages of its collapse;
time ;

volume of a cavitation bubble at time zero, ¢
= ();

volume of a cavitation bubble at final stages
of its collapse close to one solid wall ;
liquid flow velocity ;

rate of cavitation bubble collapse;

= R, m/Riad's

Greek symbols

¥, ratio of heat capacities;

A, Laplace operator;

9, gas content parameter;

0, angular coordinate;

0, angle (Fig. 1);

2 = R,../1;

P, liquid density;

1, dimensionless time ;

@, liquid flow velocity potential;

v, Hamiltonian operator.
Subscripts

max, maximum value;

in, refers to the initial instant of time, t = 0;

b, refers to bubble;

0, at a distance from a bubble.
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1. INTRODUCTION

MoTION of cavitation bubbles in an infinite liquid and
close to one solid wall has been the concern of a
number of studies [1-5].

Strong absorption in the region of cavitation rapidly
reduces the intensity of sound when it moves away
from an ultrasonic emitter. It is for this reason that
during hydroabrasive treatment of metals in ultrasonic
field, metal coating, ultrasonic cleaning of plane sur-
faces etc., the surface to be treated is usually brought as
close as possible to the emitter. As a result, in
technological processes associated with the destructive
effect of cavitation there frequently occur situations
when a bubble oscillates and actually collapses
between two solid walls, i.e. an ultrasonic emitter and a
treated solid surface.

At the same time, no practical study has been
made of the problem of cavitation bubble collapse
between two walls, although it is clear that the hydro-
dynamic conditions there will differ markedly from
the one solid wall case which should affect the erosive
activity of acoustic cavitation. This has been proved
experimentally [6] at the frequencies 21.7 and
41.9 kHz by measuring a cavitationally induced loss of
mass by the specimens vs the distance from an
ultrasonic emitter.

It has been established that as the specimen is
brought closer to the emitter, it first starts to lose mass
monotonically faster and at/ = 0.5-5.107 > m the mass
loss reaches the maximum. Then with a further
reduction of | the mass loss becomes smaller despite an
increase of sound intensity at the specimen surface.

It has been postulated in [6] that a lesser erosive
activity of acoustic cavitation on curtailment of the
distance I, i.e. when ! becomes of the order of maximum
initial dimensions of cavitation bubbles D,,,,, is due to
a smaller rate of collapse of cavitation bubbles and the
absence, under‘these conditions, of a cumulative jet to
a solid surface which is responsible for surface
destruction.

The objective of the present research was to theoreti-
cally calculate the rate of cavitation bubble collapse
between two solid walls and its instantaneous radius
and to make a comparison with the case of one solid
wall.

2. STATEMENT OF THE PROBLEM: BOUNDARY AND
INITIAL CONDITIONS

Consider a cavitation bubble collapsing in a liquid
bounded by two parallel solid walls. At time t = 0 let
the liquid be quiescent, the bubble be spherical and
located at the point O a distance /2 from each wall
(Fig. 1). The cavitation bubble collapses under con-
stant pressure at infinity, p,., so that p, — p, > 0.

Let us make the following assumptions:

(1) the liquid is incompressible and inviscid;

(2) surface tension and gravity force can be
neglected ;
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F1G. 1. A cavitation bubble collapsing between two solid walls
at time zero, t = 0.

(3) compression of the vapour—gas mixture inside of
a bubble is adiabatic, with the heat capacity ratio being
y = 4/3.

It is necessary to determine the radius and rate of
cavitation bubble collapse at ¢t > 0. The problem will
be solved in a spherical system of coordinates {r, 6}
with the origin at the point 0.

Presuming the liquid flow to be irrotational (Vxv=
0), introduce the potential ¢(r, 8, t) of the liquid flow
velocity

v = Vol(r,0,1).

The symmetry of the problem implies the absence of
translational motion of a bubble, so it moves only
radially.

Based on the above assumptions, the velocity poten-
tial @(r, 0, t) should satisfy the Laplace equation,

Ap =0, )
and the following boundary conditions:

¢e=0atr— o, (2)

) 10
(a—(fcose—; a—(gsin0=0alr=|1/(2cost9)|, (3)
dp 1 8¢ R _ R

_ ~Catr=R
o o8 a “

op 1/0g\ 1 (540 > pe—Dv
a 2\ar) 22\ 20 PR ©)
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The initial conditions are:

drR

R=R —t=0att=0.

max?

3. VELOCITY POTENTIAL
The velocity potential satisfying equations (1-3) is

0 - (r., 0
oo Z pm["' (r.6) E,,n(r.,e.)]' 6

2n+1 riln +1
Here, the first term within square bracketsis due to the
hydrodynamic sink [1] located at the point O that
replaces the collapsing cavitation bubble, while the
second term accounts for the total action of an infinite
number of sinks introduced to fulfill the boundary
conditions on solid walls and located at the points of
reflection relative to these walls, O, (Fig. 1). In this case
the first term in square brackets and the first term in
the sum over i correspond to the velocity potential for
bubble collapse close to one wall [3].

The quantities E,(r,0) and E, (r,0,) in (6) are
written as

€K

+ 3

i=1

E,(r,0) =r"- P,(cos ),
E; (r,0) =1} P,cos8,),

7

while r; and 0, can be easily expressed in terms of r, , I, i
from Fig. 1.

At r < | the functions E;, satisfy the following
relation

Ei,n(ri,oi) Ei+1,n(ri+la6i+l)
rint it
1 m n
G+ DT 2 Z [(-1) +(_1)]Cm+n|:(

1
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Substitution of (8) and (7) into (6) and respective

transformation yield:
G,,(t)G) ] ‘P,(cos 6)  (9)

g[ A0

rn+1
where
L F C o ©
G,(t) = Z { (,2“"' -y
=0 k=1
_1)m+(_1)n (_1)m+n+l
><[(Zk—l)'"*"“ (2K ]} (10)

4. DETERMINATION OF THE RADIUS AND RATE OF CAVI-
TATION BUBBLE COLLAPSE
The instantaneous radius of the cavitation bubble,
which characterizes the shape of its surface, can be
written as

RO.H= 3 R0/

m=0

HMT25:3 F
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R(6,1) = Z R, (1) Pcos0), R, =Ry, (11)

m=0

Expand the function F,(t) into the series

Foo=0, Foo#0. (12)

=Y F,.J/
m=0
Then, for the term (p. — p,)/p on the right-hand
side of (5) one can easily obtain

(p. — Po)/p = A — B/R%,
A = psc/p7 B = pin R;ax/p (13)

In equation (10), for the quantity G,(t) in the sum
over k, let us restrict ourselves to the principal term,
which corresponds to the first two reflections

- S+

and neglect small contributions of subsequent
reflections.

Then, substituting (9), (11-14) into (4) and (5),
assuming n = 4 in the resultant equations to simplify
calculations [3], separating and setting equal to zero
the terms from the Oth to the 4th order in 1/1, we obtain
a system of 10 differential equations of the 1st order for
R, and F, . Then, determining and setting equal to
zero the coefficients of P,(cos #) and introducing the

+ (=] F Gy /im™t, (14)

dimensionless parameters Xpm = Ry /RME T =
tAl/z/Rmax’ B/A - pm ax/po( - 6Rmax9 5 pin/pa(’
A = R,,,,/l, we obtain (omitting all intermediate steps)

r

+1)1/2T (€08 ), =1+ 4k,

r

1)i/2 P.(cos®), i=3+4k k=0,1,2,.... (8)

that x,, ,,, 2m = n) = x, 5.+, = 0, while for x, and

Xpom(2m < n),n =1,2,3,4,m = 0, 1,2—a stationary
system of seven 2nd-order ordinary differential equa-
tions which, by introducing seven new unknown
functions

_ dx, _ dx, 4 _ dx,
Yo = dt ’ 1,0 dr Yoo = de
_ dx;, _ dxy,
Yio _d‘c » Va2 =T
_dx,, dx, »
Yao = dc Yaor = dr

has been reduced to a system of fourteen 1st-order
ordinary differential equations. Knowing the solution
of this system, one can determine the instantaneous
radius of a cavitation bubble collapsing between two
solid walls from the equation
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R/Rpx=Xo+ 3, A,
n=1

k
x |: Y Xp.2m  Pamicos 0)], 2k <n (15)

m=0

and to calculate the rate of its collapse from

0 %
g(R/Rmax) = Ub(px/p)—l/z = yO + Z }'"

n+1
k
X[ yn.zm'sz(cosﬂ)} 2k <n. (16)
m=0

5. RESULTS OF NUMERICAL CALCULATIONS

The stationary system of fourteen lst-order or-
dinary differential equations subject to the initial
conditions xy = 1,%, 3y = Yo = Vn2m = 0att = Ohas
been integrated numerically for 6 = 0 and 4 = 0.01.
Then, from the known values of X4, X,, 3ms Yo» Vu.2m the
radius of the cavitation bubble collapsing between two
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FiG. 2. Collapsing cavitation bubble radius as a function of
time at 8 = 0.01. Dashed lines correspond to the solution for
the one solid wall case [3].
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FiG. 3. Rate of cavitation bubble collapse at = 0.01. Dashed
lines correspond to the solution for the one solid wall case [3].

solid walls has been determined by equations (15) and
(16) as a function of time t as well as the rate of its
collapse for A = 1/3,1/6, 1/10 and different values of 8.
All the calculations were made on an electronic
computer “Minsk-32". The results of these calcu-
lations are presented in Figs. 2 and 3 and in Tables 1--3.
The dashed lines in Figs. 2 and 3 show the respective
results obtained in [3] for the case of one solid wall.

5.1. Cavitation bubble radius as a function of time and
angle 6

The time history of the bubble radius is presented in
Fig. 2 and Tables 1 and 2 with the angle 0 as a
parameter. One can see that at the same instant of time
the bubble has different radii at different angles 8, i.¢. at
the time of collapse the bubble is non-spherical and at
0 = +90° its radii are at a minimum.

It also follows from Fig. 2 that the closer the bubble
is to the solid walls (the larger is 1), the larger is its
radius at the same time instants t and angles 6.
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Table 1. Values of R/R,,,, at 1 =04

2 1/3

] 0° +30°(+£150°)  £50°(£130°)  +70°(+£110°)  +90°
=0 R/R e 0.954 0.950 0.945 0.940 0.938
8 =001 R/R... 0.954 0951 0945 0941 0939

A 1/6

0 0° +30°(£150°)  +50°(130°) +70°(110° + 90°
6=0 R/R o 0.939 0938 0937 0.936 0.936
4 =001 R/R . 0.940 0.939 0938 0.937 0.936

A 1/10

0 0° +30°(£150°)  £50°(+130°)  +£70°(+110°)  +90°
6=0 R/R 0 0.930 0.930 0.930 0.930 0.929
=001 R/R,.. 0.931 0.931 0.931 0.930 0.930

Table 2. Values of R/R,,, at © = 0.6

Yl 1/3

0 0° +30°(+£150°)  +50°(+£130°) 4+ 70°(+ 110°)  +90°
=0 R/R,... 0.882 0.872 0.859 0.848 0.844
4 =0.01 R/R 0y 0.884 0.875 0.862 0.851 0.846

A 1/6

2} 0° +30°(+£150°)  £50°(+130°%) +70°(110°) +90°
=0 R/R,.« 0.852 0.850 0.847 0.845 0.844
=001 R/R, .. 0.854 0.852 0.849 0.847 0.846

A 1/10

0 o +£30°(+150°)  +50°(£130°)  +70°(+110°)  +90°
=0 R/R,x 0.830 0.830 0.829 0.828 0.828
& =0.01 R/R ux 0.832 0.832 0.831 0.831 0.830

Table 3. Values of vy(p,/p)~ ' at T = 04

i 1/3

] 0° +30°(+£150°)  +50°(+130°) +£70°(+110°)  +90°
6=0 vp(p o/p) "2 0.242 0.263 0.292 0.317 0.327
4 =001 vp(p o/p) "2 0.239 0.260 0.288 0313 0.323

i 1/6

[} 0° +30°(+150°)  +50°(+130°) +£70°(£110°) +90°
6=0 vp(p /o)~ 2 0.320 0.325 0.331 0.336 0.338
5 =001 vp/p)" 1 0316 0.321 0327 0332 0334

j 1/10

] 0° +30°(+£150°)  +£50°(+£130°) £70°(+110°)  +£90°
6=0 vp(po/p) "2 0.367 0.369 0.370 0.372 0372
& =001 vp(p/p) " 12 0.363 0.364 0.366 0.367 0.368

An increase in the gas content § from 0 to 0.01
retards the process of collapse, as is evident from
Tables 1 and 2.

5.2. Collapse rate of a cavitation bubble

The calculation results for the bubble collapse rate
are presented in Fig. 3 and in Table 3 with the angle 0
as a parameter. It follows from Fig. 3 that the collapse
rate decreases with increasing A and rapidly increases
with time.

It should be noted that the collapse rates are
maximum at 8 = +90°, which is in accord with what
has been said in Section 5.1 regarding the minimum
values of the instantaneous collapsing cavitation bub-
ble radius at these angles.

It is seen from Table 3 that an increase in the gas
content 4 from 0 to 0.01 leads to a decrease in the rate
of collapse.

6. COMPARISON WITH THE ONE SOLID WALL CASE

As is seen from what has been said in Sections 5.1
and 5.2, the presence of the second solid wall sub-
stantially alters the pattern of flow of the added mass of
liquid on collapse of a cavitation bubble. In this case
the instantaneous radii of a cavitation bubble are
minimum, while the collapse rates are maximum, at ¢
= +90°. This scheme of cavitation bubble collapse
differs markedly from that observed in the vicinity of
one solid wall when the instantaneous radii of a
cavitation bubble are minimum, while the collapse
rates are maximum, at # = 180° (dashed lines in Figs. 2
and 3) which eventually leads to the formation of a
cumulative jet directed to the solid wall [5].

In addition, the presence of the second solid wall
deteriorates the conditions of liquid inflow to a
collapsing cavitation bubble, and the flow velocity of
the added mass of liquid decreases. This leads to a
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decrease of the rate of cavitation bubble collapse and
to an increase of the time of its collapse as compared
with the case of one solid wall (Figs. 2 and 3).

Thus, the second solid wall markedly changes the
main characteristics of the process of collapse of
cavitation bubbles and, consequently, their erosive
activity.

6.1. Mechanical effect of acoustic cavitation

The magnitude of the erosive activity of acoustic
cavitation can, first of all, be affected by a change in the
mechanical action of high-speed cumulative microjets
of liquid originating during collapse of cavitation
bubbles. As follows from the above results of numerical
calculations, the cavitation bubbles located between
two solid walls (a treated surface and an ultrasonic
emitter) at a distance //2 ~ R, from each wall
collapse without forming such jets. This may decrease
the mechanical effect of acoustic cavitation as com-
pared with the one solid wall case.

A lower rate of collapse, established above, may also
be the reason for a decrease in the destructive action of
acoustic cavitation on the treated solid surface due toa
diminished mechanical effect in the case considered.

6.2. Thermal effect of acoustic cavitation

A change in the velocity and pattern of the added
liquid mass flow on cavitation bubble collapse in the
space between two parallel solid walls may also lead to
a change in the thermal effect of acoustic cavitation on
the solid surface treated.

By thermal effect of acoustic cavitation we mean
heating of a solid wall close to which cavitation
bubbles collapse. It is due mainly to conversion into
heat of the mechanical work of cavitation on the
interaction of bubbles with the solid surface and also to
heat transfer from collapsing cavitation bubbles to a
solid surface.

Since the second solid wall diminishes the mechani-
cal effect of acoustic cavitation, it may also reduce the
thermal effect which is due to conversion into heat of
mechanical work done by high-speed cumulative micro-
jets of liquid responsible for destruction of the solid
surface treated.

Heat transfer from a collapsing cavitation bubble to
the solid surface is attributed to very high temperatures
originating inside of a bubble in the process of its
adiabatic collapse. Thus, when a non-spherical bubble
collapses with formation of a cumulative jet, the
vapour-gas mixture inside of it is heated up to the
average maximum temperature

ViV !
To=Tanl+ ] -
’ ”<n>

Taking into account that the initial volume of a
cavitation bubble, V,, = 4/3nR32,,, and the volume V,
being equal in this case to the volume of a torus whose
form is acquired by the bubble at the final stages of
collapse, V, = (n?/4) (R, + R,) (R, — R,)* and

(17)
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assuming R, ~ 02 R,,.. R, =~ 0.1 R, [5], Tiw =
300K, we obtain from equation (17)

T, ~2500K.

When a cavitation bubble collapses between two
solid walls, then, due to non-uniformity of vapour—gas
mixture compression, the zone of maximum tempera-
tures inside of a bubble will obviously be located in the
region § ~ +90°, while in the case of one solid wall, in
the region 8 ~ 180° (at the tip of a cumulative jet), i.e.
at | ~ D,,.. directly near the solid surface treated.

Moreover, in the case of two solid walls heat is also
transferred from a collapsing cavitation bubble to the
second solid wall (to the surface of an ultrasonic
emitter). These circumstances may reduce thermal
effect of acoustic cavitation which is contributed by
heat transfer from a collapsing cavitation bubble to the
solid surface treated.

Thus, the second solid wall reduces the mechanical
and thermal effects of acoustic cavitation and dimin-
ishes its erosive activity, which is consistent with the
experimental data of [6].

What has been said above confirms also the hy-
pothesis advanced in [6] regarding the reasons for
reduced erosive activity of acoustic cavitation in the
space between an ultrasonic emitter and a solid surface
with a decrease of [, i.e. at | ~ D_ .

7. CONCLUSIONS

(1) The procedure has been developed for theoretical
calculation of the radius and rate of collapse of a
cavitation bubble between two solid walls in an ideal
incompressible liquid on the assumption that the
surface tension and gravity force may be neglected,
while the vapour-gas mixture inside of a bubble is
compressed following the adiabatic law.

Based on the theory developed, a change in time of
the radius and rate of collapse of a cavitation bubble
have been calculated.

(2) It is shown that at large values of 4 (> 1/10) the
shape of a collapsing cavitation bubble differs mark-
edly from the initial spherical one. At 4 = 1/10 the
collapsing bubble is practically spherical.

(3) It has been found that with increasing 4 the rate
of collapse of a bubble decreases, while the time of
collapse increases, with the collapse rates being maxi-
mum, and the radii minimum, at the same time
instant at 6 = + 90°.

(4) It has been established that an increase in the gas
content parameter from 0 to 0.01 decelerates collapse
of a cavitation bubble.

(5) It is shown that at [ ~ D_,, the second wall,
which alters the pattern and velocity of flow of the
added mass of liquid, also causes a substantial change
in the very scheme of cavitation bubble collapse and
decreases the rate of collapse as compared with the one
solid wall case. These factors may influence the erosive
activity of acoustic cavitation, reducing it due to (along
with other reasons) smaller mechanical effect of acous-
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tic cavitation and heat transfer from collapsing cavi-
tation bubbles to the solid surface treated. This
conclusion agrees with the available experimental
results.
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COLLAPSUS D’'UNE BULLE DE CAVITATION ENTRE DEUX PAROIS SOLIDES

Résumé—On étudie par voie théorique le mécanisme du collapsus d'une bulle de cavitation entre deux parois
solides dans un fluide incompressibie idéal. Les caiculs numériques sur ordinateur déterminent, pour
différents instants et plusieurs angles, le rayon et la vitesse du collapsus. La présence de la seconde paroi
modifie [a vitesse et la configuration de I'écoulement et conduit 4 une diminution de Ia vitesse de collapsus et &
une évolution nettement différente. Elle réduit I'activité érosive de la cavitation acoustique du fait d'une
attaque mécanique moindre de la surface et le transfert thermique est plus faible par rapport au cas de bulle de
cavitation qui collapse en présence d’une seule paroi solide.

Les résultats obtenus, lorsquiils correspondent aux conditions optimales de traitement de surface,
conduisent a une application plus efficace de I'énergie ultrasonore dans les procédés technologiques qui sont

associés a I'action destructrice de la cavitation acoustique a pression élevée et a forte charge.

DAS ZUSAMMENBRECHEN EINER KAVITATIONSBLASE ZWISCHEN ZWEI FESTEN
WANDEN

Zusammenfassung—Das Zusammenbrechen von Kavitationsblasen in einer idealen inkompressiblen
Fliissigkeit zwischen zwei festen Winden wird theoretisch untersucht. Mittels des entwickelten Verfahrens
und numerischer Berechnungen wurden Radius- und Zusammenbruchs-Geschwindigkeit einer Kavitations-
blase zwischen zwei festen Winden fiir verschiedene Zeiten und Winkel bestimmt. Das Vorhandensein der
zweiten Wand, das eine Anderung der Geschwindigkeit und der Strémungsform der zugefiihrten Fliissigkeit
bedingt, fithrt zu einer Geschwindigkeitsverringerung und zu einem merklich verinderton Ablauf des
Zusammenbrechens von Kavitationsblasen. Verglichen mit dem Fall nur einer festen Wand resultiert daraus
eine Abnahme der Erosionswirkung der akustischen Kavitation aufgrund des verringerten mechanischen
Angriffs und Warmeiibergangs von der zusammenbrechenden Kavitationsblase auf die behandelte Ober-
flédche.

Bei der Auswahl optimaler Bedingungen zur Oberflichenbehandlung erméglichen die erhaltenen
Ergebnisse eine wirkungsvollere Anwendung der Ultraschall-Energie in den technologischen Prozessen, die
mit der zerstrenden Einwirkung akustischer Kavitation aufgrund hoher Driike and Wirmebelastungen

verbunden sind.

3AXJTIONBIBAHUE KABUTALIMOHHOI'O TTV3bIPBKA MEXAY ABYMS TBEPJAbIMU
CTEHKAMH

Annoraums — [IpoBeaeHo TeopeTHuecKoe HCCNENOBAHHE MNpPOLECCa 3aXJIONbIBAHHS KaBHTALHOHHOIO
ny3pipbKa MeXy OBYMs TBEPIABIMH CTEHKaMH B MealbHOH HeckuMaeMoii kuaxocru. Ha ocnose pas-
paboTaHHONR METOMMKH MyTeM HHCJICHHBIX pacyeToB Ha DBM ans pa3nMyHbIX MOMEHTOB BpPEMEHH M
YTI0B GBbUTH BLIMHCIIEHBI PAXHYC M CKOPOCTDb 3aXJIONBLIBAHUA KaBUTALHOHHOrO MY3BIPbKa MEXAY OBYMs
TBepabIMH cTeHKaMu. [lokalzaHo, 4TO Hanu4YMe BTOPOW TBEPHOH CTEHKH, BhLI3bIBAIOIEE HM3IMEHCHHE
CKOPOCTH NOTOKa MPHCOSAMHEHHOH MACCHI XKHMAKOCTH H XapakTepa €€ ABHXEHHs, PHBOMMT K yMeEHb-
HICHHIO CKOPOCTH 3aXJIOMbIBAHNS KABHTAHHOHHBIX MY3LIPbKOB H CYIIECTBEHHOMY H3MEHEHMIO CaMoii
CXeMBbl HX 3axjJonkBaHHA. OTMEYEHO, YTO YKa3aHHble OGCTOATENBLCTBA CHHKAIOT IPO3MOHHYIO AKTHB-
HOCTb aKyCTHYECKOHW KABHTAUMH 33 CYET YMEHBILECHHS €€ MEXaHHYECKOTO BO3AEHCTBHA H CHHXKCHHA
TEIIONEPEHOCa OT 3aXJIONLIBAIOLIHXCH KABHTALHOHHEIX NMy3bIPbKOB XK 0OpabaThiBaeMoi NMOBEPXHOCTH
N0 CPAaBHEHHIO CO Clly4aeM ONHOH TBEPIOH CTEHKH.

Vet nosny4eHHLIX B NaHHOH paboTe pe3yabTaTOB NPH BRIGOPE ONTHMAILHBIX PeXHMOB 06paGoTku
no3oauT Gonee apGekTHBHO HCIIONB30BaTh YILTPA3BYKOBYIO SHEPIMIO B TEXHOJOrHYECKHMX NMPOLECCAX,
CBA3aHHBIX C Pa3pyLUAIOLMM AEHCTBHEM aKYCTHHECKOH KABHTALMH, KOTOPOE OGYCNOBNEHO BBHICOKMMH

JaBJIEHHSMH H TEMIOBBIMH Harpy3KaMH.



