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Y pooomi euxonamno odocaioxicen-
M 3aKoHoOMipHOCMElU 38'A3KY (Qayk-
myayii vucaa i po3mipié 36anNCeHUx
Y pidunu uwacmox Ha xapaxmepucmu-
KU NOAs 00 €EMHUX YAbMPa3eYyKOBUX
xeunv. Busieneno, wo eenuuuna 3ea-
CaHHA 00’ eMHUX YIbMPA3BYKOBUX KO-
aueans eucoxoi wacmomu (=5 mlyy) y
peanvhill nyavni 3anexiunms npaxKmuy-
HO MinvKu 6i0 KoHuenmpauii meepooi
Qaszu i kpynnocmi uacmox nodpioneno-
20 mamepiany

Knouosi crosa: 2azoei oywbawmxu,
30azavenns pyou, 06’emui yrompaszey-
K06i x6uui, po3noodin wacmox, xapax-
mepucmuxu nyaonu

T u |

B pabome e6vinoaneno ucciaedoea-
Hue 3aKoHoMepHOCmel Ccéa3uU Payk-
myauui wucaa u pasmepos 636e-
WEHHLIX 6 JHCUOKOCmU uacmuy Ha
xapakmepucmuxu mnouas 00seMHbLX
yasmpaszeyxoevix 6oan. O0Hapyoiceno,
UMO GeAUMUHA 3AMYXAHUSL 006EMHBIX
YALMPA3BYKOBLIX KONCOAHUU BbICOKOTU
yacmomvt (=5 mliy) 6 peanvroil nyao-
ne 3aeucum npaxKmuuecKu moasko om
KoHuenmpayuu meepooil pazol u kpyn-
HOCMU 4acmuy, U3Meab4eHH020 mame-
puana

Knouesvte crosa: 2azoevie ny3vipv-
Ku, ob6ozauenue pyovt, 00eemHbLe YIlb-
mpaseyxoevie 60JHGL, pacnpeoeenue
uacmuy, Xapaxmepucmuxu nyaonot

|l =,

1. Introduction

Ultrasonic methods and technologies are widely used
at present in various research projects. Specifically, they
are applied when examining, identifying, and controlling
quality of different materials [1]. For example, in order to
distinguish characteristics of the varieties of enriched ore
raw materials [2—4].

To optimize control over processes of enrichment mineral
resources, an important aspect is the availability of qualita-
tive information on the characteristics of technological me-
dia [5]. A need to exercise operational control over charac-
teristics of the solid phase of the pulp is also stressed by the
existence of uncertainty in the parameters of technological
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units [6]. It should be noted that the application of ultrasonic
methods in a given case would provide the required perfor-
mance speed and measurement accuracy.

Significant losses of the useful component in wastes of
enrichment production lead not only to a decrease in perfor-
mance indicators, but also negatively affect the environment
[7, 8]. One of the ways to reduce the negative impact of the
loss of a useful component is to improve efficiency of flota-
tion processes. Paper [9] proposed a method for ultrasonic
treatment of particles of the enriched ore materials in order to
better clean grains of the useful component from the gangue.
A positive effect is also noted of ultrasonic oscillations on the
formation of gas bubbles and maintaining a cavitation regime,
which also improves efficiency of flotation [10, 11].




Ultrasonic oscillations represent periodic disturbances
of the state of elastic medium that are characterized by a
change in its physical properties that occur synchronously
with disturbance. At the propagation of ultrasound oscil-
lations of the local volume of the medium are transferred
to neighboring regions by means of elastic waves that are
characterized by a change in the density of medium in space
and which carry energy of fluctuations. Basic relations that
describe ultrasonic oscillations and waves in a medium fol-
low from equation of state of the medium, Newton’s equation
of motion, and continuity equation [12].

Using ultrasonic methods and technologies for exam-
ining, recognition and quality control of different materi-
als makes it possible to significantly improve accuracy of
measurement and efficiency of technological processes. At
the same time, there are certain difficulties related to the
complexity of processes of ultrasonic wave propagation in
gas-containing suspensions. Specifically, there are still in-
sufficiently studied regularities of the effect of fluctuations
in the amount and dimensions of particles, suspended in
fluid, on the characteristics of ultrasonic field.

2. Literature review and problem statement

The best studied and mostly used among all currently
known ultrasonic waves are the surface waves by Rayleigh
[13]. These are waves that propagate along the border of
solid space. A Rayleigh wave consists of two flat inhomoge-
neous waves longitudinal and transverse. These waves, and
the Rayleigh wave composed of them, are the waves with
vertical polarization. Rayleigh waves have the greatest con-
centration of energy on the surface of a solid body. However,
characteristics of the process of their distribution are highly
dependent on the condition of the propagation surface. There
is a possibility of reflection of wave scattering that is caused
even by microdefects of this surface.

The main types of ultrasonic surface waves also include
waves on the border of two half-spaces — the Stoneley waves
[13]. A Stoneley wave is characterized by elliptical polar-
ization oriented along normal to the border of half-spaces.
Stoneley waves propagate both in liquid and solid half-spac-
es. In this case, a component that propagates in a liquid half-
space is exposed to the action of the same disturbing factors
as typical volumetric ultrasonic oscillations. For example,
one should expect a strong dependence of the magnitude of
their attenuation on the content of gas bubbles in the indus-
trial suspensions.

Similar to the Rayleigh waves in nature, but with hori-
zontal polarization, are the Love waves [14]. The Love waves,
similar to the surface waves, exist due to the addition to the
half-space of a solid layer, which is a load for the half-space. It
should be noted that Love waves are characterized by strong
dependence on the condition of the surface layer, which
makes their use during measurements difficult.

Surface waves also include waves in plates: normal waves
with horizontal polarization (transverse normal waves) and
normal waves with vertical polarization — the Lamb waves
[13, 15]. These waves are characterized by large enough
concentration of energy and are less affected by disturbing
factors than the Rayleigh and Love waves.

When investigating processes of deposition of particles
of crushed ore in the iron ore pulp, authors of papers [16, 17]
applied surface Lamb waves and volumetric ultrasound waves.

The propagation of ultrasound in liquid under conditions
of cavitation is considered in [18]. Numerical methods were
employed to determine the energy dissipated by bubbles.
A direct dependence was established between the energy
lost by gas bubbles and the attenuation of ultrasonic waves,
which leads to the formation of traveling waves. Based on
the results described above, authors of [19] calculated the
magnitude of the Bjerknes force and predicted structures of
gas bubbles that are generated as a result of traveling waves.

Study into dissipation of acoustic waves in fluids in the
presence of bubbles is reported in paper [20]. The resulting
model makes it possible to predict nonlinear attenuation of
ultrasonic waves inside. It is noted that the predicted values
of damping are much higher than the numbers estimated by
previous models.

Theoretical study of ultrasound propagation in bubbly
liquids with the experimental test of results was performed
in work [21]. The approach was proposed implying consid-
eration of a non-uniform pressure field outside of bubbles.
The instability of bubbles is quantitatively estimated using
analytical methods.

A numerical tool for studying propagation of ultrasound
in bubbly liquids is described in paper [22]. The proposed
model is based on the method of finite volume and finite-dif-
ference method. A given model solves the differential system
created by the wave equation, and the Rayleigh-Plesset
equation, connecting a sound pressure field to bubbles os-
cillations. The results obtained make it possible to observe
physical effects caused by the presence of bubbles in a liquid:
nonlinearity, dispersion, attenuation.

Nonlinear propagation of ultrasonic waves in the mix-
tures of air bubbles in water, under conditions of a hetero-
geneous distribution of bubbles, is reported in work [23].
Modeling is performed using a set of differential equations
that describes connection between an acoustic field and bub-
ble vibration. In this case, it is assumed that the attenuation
and nonlinear effects are due solely to the presence of bub-
bles. The heterogeneity of bubble distribution is represented
in the form of clusters of bubbles that can act as acoustic
screens and which affect behavior of ultrasonic waves.

A method for predicting the number of active bubbles
in the field of acoustic cavitation was proposed in paper
[24]. The influence of ultrasonic frequency on the number of
active bubbles was examined. It was shown that an increase
in ultrasound frequency leads to a significant increase in the
number of bubbles.

Results of modeling a primary Bjerknes force in an ul-
trasonic wave in the presence of bubbles in a fluid are given
in work [25]. It is noted that the obtained results at small
amplitudes are consistent with the classical theory. At the
same time, it is shown that at an increase in amplitude the
force field has important modifications that greatly affect
the motion of bubbles.

Simulation of the distribution of fluid flow rate, caused
by ultrasound action, is reported in paper [26]. Based on a
comparison of modelling results and experimental data, the
authors estimated ultrasonic absorption coefficient.

Work [27] considers models of certain complex phenom-
ena, such as vibration of the walls of the tank and nonlinear
phenomena caused by ultrasonic cavitation.

A study into nonlinear frequency mixing for ultrasonic
waves in a resonator is described in paper [28]. The analy-
sis is carried out using numerical experiments under both
linear and nonlinear modes. Differences in parametric mix-



ing at high and low amplitudes are shown using numerical
methods.

A method of numerical simulation of propagation of
ultrasonic oscillations in the gas-liquid two-phase flow is
reported in work [29]. As a result of the analysis, the au-
thors selected two characteristic parameters of ultrasound
signals that are sensitive to the gas-liquid ratio, specifically
standard deviation of the amplitude and the mean value of
frequency.

A study into propagation of sound waves in two-com-
ponent mixtures of liquid and polydisperse gas bubbles of
different composition was performed in [30]. The authors
presented a system of differential equations for the per-
turbed motion of the mixture and obtained a variance
ratio. They obtained equilibrium speed of sound, low
frequency and high frequency asymptotic of linear atten-
uation coefficient. Characteristic medium radii of bubbles
were determined.

An analysis of the scientific literature, which we per-
formed, revealed that in the process of development of
methods for ultrasonic control over characteristics of tech-
nological media, mostly used are the Rayleigh, Love, Stone-
ley, Lamb waves. However, employing these types of waves
implies significant constraints associated with condition of
the propagation surface, as well as with the content of gas
bubbles in the examined medium. Failure to comply with
the mentioned restrictions leads to a larger measurement
error. It is noted in some papers that a promising direction
for eliminating the shortcomings is the use of volumetric
ultrasound waves.

3. The aim and objectives of the study

The aim of present study is to identify patterns of con-
nection between fluctuations in the number and size of
particles, suspended in the controlled volume of a fluid, and
characteristics of the field of volumetric ultrasonic waves
propagating in it.

To accomplish the aim of the study, the following tasks
have been set:

— to identify dependences of the ultrasound radiation
field characteristics on quantitative and qualitative param-
eters of particles of a solid phase in the examined medium;

— to explore special features of the effect of quantitative
and qualitative parameters of gas bubbles in the investigated
medium on the characteristics of ultrasonic field;

— to investigate the effects of fluctuations in the number
and size of solid particles and gas bubbles on the characteris-
tics of ultrasonic field.

4. Materials and methods of research

During propagation of acoustic waves, a fluid undergoes
irreversible energy losses, caused by internal friction (vis-
cosity) and, to a certain extent, by thermal conductivity of
the medium.

The expression to determine the magnitude of a flat
wave absorption in a fluid, depending on the viscosity of
medium, was obtained in the works of Stokes [14]. The
sound absorption coefficient, predetermined by thermal
conductivity of the medium, was defined in the works by
Kirchhoff and Beeker [14].

The presence of particles of the solid phase and gas bub-
bles introduces certain features to the process of attenuation
and scattering of the ultrasonic wave energy.

Scattering of waves on the particles of solid phase be-
comes considerable if the wavelength /is commensurate with
dimensions of the particles themselves. If the wave passes a
medium containing a large number of randomly spaced par-
ticles, the phases of waves, scattered in an arbitrary direc-
tion, are non-coherent. As a consequence, the full intensity
of the ultrasonic wave at a given point is equal to the sum of
the intensities of waves coming from all scattering centers.
In this case, the scattering cross-sections are additive, which
is why linear absorption X (L) and scattering X (A) coeffi-
cients can be determined from formulae

Z (AM)=no ();
Z (M) =nc, (L), €))

where 7 is the particle concentration (number of particles
per unit volume); ¢, (L) and o (A) are full cross-sections
of absorption and scattering of acoustic wave on a particle.

Full absorption and scattering cross-sections depend not
only on the wavelength of ultrasonic oscillation, but also on
the size of particles 7. The linear absorption and scattering
coefficients should be understood as magnitudes that deter-
mine the average share of energy, absorbed and scattered by
the medium at unit path length per unit of time.

Main characteristic of the ultrasonic emission field must
be derived from the kinematic equation. Before we record
this equation, we shall introduce the notion of a scattering
coefficient differential by angles

Q- Q)=n6,(Q—Q), (2)

where 64(Q— Q) is the cross-section of energy scattering,
differential by angles, on the particle of a solid phase. Mag-
nitude 64(Q—Q')d<Y’ is part of the energy scattered by a
particle to the element of solid angle d€’. It is obvious that
a full cross-section of the scattering s is associated with a
differential scattering cross-section by relation

o= Jos(fl—ﬂﬂ)’)dﬂ’. 3)

4m

Kinetic equation, whose solution is a function I}L(F,Q),
can be obtained by considering energy balance in the ele-
mentary volume of a phase space

QVI, (7,Q)= -\, (F,Q) +
+[AYE (D > D)L (F.Q)+ S, (F.Q), “)

where Z(M)=Z, (M) +Z,(L), S, (7,Q) is the density func-
tion of ultrasound source radiation, which defined the mean
magnitude of energy emitted per unit time by a single phase
volume. Phase coordinates are understood as a set of vari-
ables 7 and Q, with the elementary phase volume defined
by the product of d7-dQ. A change in the intensity of ultra-
sonic beam in (4), with direction Q at point 7, occurs for
the following reasons. First, due to its weakening-absorption
and scattering (the first term of the right side). Second, as a
result of scattering energy flow, which formerly had direc-
tion €, to direction Q (the second term of the right side).
Third, due to the energy coming to this bunch from sources



(the last term of the right side). Equation (4) can be reduced
to an integral equation of the following form:

. - - N RS
Ix(r,Q):jdr'jdg'zs(g'—g)mx
xs[é- (F_fl) }IK(F’,Q’)+ 1) (7,Q), (5)
F—r

where ©(7,7,1)=Z(L)|F—7'|, () is the Dirac delta-func-
tion;

L7, Q) = [ $,(F-£Q,Q)e "M dg
0

is the free term of integral equation (5) that defines the in-
tensity of the unscattered ultrasonic wave; &=|F —#’

Solution to equation (5) can be written as a series by
Neumann [15], which is a decomposition of the solution by
multiplicity of scattering of ultrasonic waves. The first term
of the Neumann series defines the field of non-scattered radi-
ation of ultrasonic waves, the second term defines once-scat-
tered radiation, etc.

However, it is impossible to obtain an analytic expression
even for the once-scattered radiation. Therefore, one should
employ numerical methods for solving integral equations of
the form (5). One of the most common is the Monte Carlo
method [16].

Attenuation of ultrasonic waves in water in the presence
of solid particles and air bubbles occurs mainly due to the
absorption and scattering of wave energy waves on particles
and bubbles. To theoretically study patterns of ultrasound
propagation, it is required to know the appropriate cross-sec-
tions of absorption and scattering.

We shall assume that there are solid spherical particles of
radius 7 and density 7 in water, then the absorption cross-sec-
tion for such a particle would be determined from formula [14]

4nr® (p JZ S
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where k=2m/\ is the wavenumber, 7y is the density of a
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w=mn/p,, n is the viscosity coefficient of a liquid; v is the
frequency of ultrasonic oscillations.

Absorption cross-section determines part of the energy
absorbed by a particle. These energy losses are due to friction
(viscosity) at particle fluctuations.

Diffraction phenomena, caused by inhomogeneities in
the medium (suspended particles), lead to the scattering of
energy of sound waves. The cross-section of this process is
determined from expression

4T 1
Gs(k)=?"’3'gk4'73, (7

where 7 is the radius of the particle.

Expression (7) shows that o,(1)~1/A", which is why
an increase in frequency leads to the increase in a scattering
cross-section.

Fig. 1 shows dependences of the magnitude of cross-sec-
tions of absorption, scattering and attenuation of ultrasound
on the particles of a solid phase in water on the frequency
of acoustic oscillations. The radius of the particles was
0.01 cm. Ultrasound scattering becomes significant when
the wavelength 4 of acoustic oscillations is commensurate
with the size of the particles.

The presence of gas bubbles in the fluid also leads to
the absorption and scattering of sound energy. However,
in contrast to the solid phase particles, the absorption and
scattering on gas bubbles is resonant in nature.

The main reasons for this phenomenon are as follows:

a) heating the bubble and releasing the heat into a fluid
at periodic changes in the volume of a bubble that act on it
under the influence of a sound wave;

b) scattering of part of the sound energy, due to the fact
that an oscillating bubble is a spherical source of sound;

c) energy losses through the formation of fluid flows
around an oscillating bubble.

2
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Fig. 1. Dependence of the magnitude of cross-sections of
ultra sound absorption and scattering on suspended particles
on oscillation frequency: 1 — scattering cross-section ss;

2 — absorption cross-section ss, particle radius /=0.01 cm;
3 — o0=o.t0,, particle radius ~=0.01 cm

In order to characterize absorption and scattering
of acoustic oscillations by oscillating gas bubbles, there
were introduced the concepts of effective cross-sections of
damping o, absorption o, and scattering o,. The effective
cross-section of attenuation oy, is understood as a cross-sec-
tional area, perpendicular to the direction of incidence of
the sound wave. In this case, the arriving sound energy is
equal to the sum of the energies absorbed and scattered by
a bubble.

The cross-sections of absorption and scattering of air
bubbles are derived from formulae

__AnR*(§/m-1)
CE NV =148
__4mR*(§/m)

V=148



where vy is the resonance frequency of the bubble of radius R;
3 is the constant of attenuation; 1n=2nR/A.

An analysis of formulae (8) reveals that the maximum
values of cross-sections are reached at v=2y.

Full cross-section of damping (or attenuation) is the sum
of absorption and scattering cross sections

4TR?
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For the case of air bubbles in water, the value of reso-
nance frequency can be derived from formula

v,R=0,328-10° Hz-cm. (10

The value of attenuation constant depends on the fre-
quency of ultrasound. Within the interval of frequencies
from 20 to 1,000 kHz, this value varies from 0.08 to 0.013
[17]. The absorption and scattering of ultrasound energy
on air bubbles is resonant in nature. In this case, in order to
calculate the attenuation of ultrasonic wave by air bubbles,
it is required to know not only the appropriate cross-sections
of damping, but also a distribution function of air bubbles
by size.

We shall denote by f(R) a distribution function of bub-
bles by size, then magnitude f(R)dR defines part of bubbles
whose dimensions range from R to R+dR.

Particular values for a volumetric part of air in water and
a function of gas bubbles distribution by size were chosen

taking into consideration results of the studies reported in
[5, 18, 19].

3. Results of the study into a process of propagation
of volumetric ultrasound oscillations in gas-containing
suspensions

Dependence of the magnitude of cross-section of ultra-
sound damping by air bubbles on the frequency of a sound
wave is shown in Fig. 2. The dependence presented was
obtained for air bubbles of radius R=0.005 cm.
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Fig. 2. Dependence of the magnitude of cross-section
damping of ultrasound by air bubbles on the frequency of
oscillations; R=0.005 cm

The existing theories of ultrasound propagation in a fluid
with suspended particles presuppose the existence of parti-
cles of the same size. Since the granulometric characteristic
of a shredded material in the pulp is probabilistic in nature,
it is advisable to investigate the effect of fluctuations in the
number and size of solid particles and gas bubbles on the
characteristics of ultrasonic field.

The absorption and scattering of ultrasound on the
particles, suspended in a fluid, depend on the wavelength
of acoustic oscillations. At low frequencies, the ultrasound
absorption dominates over scattering, which is why at these
frequencies the radiation field forms mostly by the non-scat-
tered acoustic oscillations. But even at high frequencies
there are regions where the non-scattered radiation dom-
inates over the scattered radiation. This happens at small
distances from the source of radiation. Otherwise, the con-
tribution of the scattered radiation becomes essential. From
the point of view of examining the factors that influence the
propagation of ultrasound in an actual pulp, each of these
components is of a separate interest.

Suppose that a single disk source produces a directed
beam of ultrasonic waves (Fig. 3). Such a source of acous-
tic oscillations can be described by the density of a source
radiation

S,(F,.Q0)=8Z~-2,) —, 1

d(cosv—1) St(a—p)
2n o

where cosv=(Q-k); kis a unit vector, directed along the
Z axis;
p=vyr’+y’;

a is the radius of the disk source; Zj is the coordinate of plane
of the disk source; St(x) is a step function with property

1, X>0;
SHO=1" %20 (12)
X A
a
A V4
I

e

Fig. 3. Spatial orientation of the disk emitter of ultrasonic
oscillations; oo — emitter radius

The intensity of the ultrasonic non-scattered wave is
determined by the free term of equation (5) through the
density function of source radiation

L(#Q)= IS(? —£Q,Q)e M dE, (13)

Substituting (11) in this formula, we shall obtain



L (Z,p,cosv)=
_ O(cosv—1) St(a

;p) xexp{—Z(Z—Zo )}

2n na

(14)

The readout from a detector of ultrasonic waves radiation
is proportional to the integral intensity, i. e. to magnitude

I,(7)= [dQL, (7,Q). 15)

Following the integration of expression (14) by the an-
gular variable, we shall obtain a value of integral intensity

I;(Z:P):Io,xSt(a_p)eiz(ZizO)r (16)
where I, is the intensity of the wave beam at points with
coordinate Z=Z. Z, subsequently can be considered equal to
zero. This means that the source is located at the coordinate
origin.

Let us examine the case when a radiation detector is
located along the axis of beam of acoustic oscillations. Then

the detector readout will be equal to, in proportion to mag-
nitude

D(2)=1e". a7
We can record with respect to (1) and (4)
(M) =nc,(AR)+no(A,r), 18)

where n is the concentration of air bubbles; » is the concen-
tration of particles of the solid phase; 6(A, R) is the cross-sec-
tion of damping the ultrasonic oscillations of wavelength A
on the air bubble of radius R; 6(A, r) a full cross-section of the
attenuation of ultrasonic oscillations with wavelength A on a
solid phase particle of radius .

It should be noted that the gas phase in the pulp does
not contain bubbles of the same radius. Therefore, in order to
correctly assess the impact of air bubbles on the magnitude of
attenuation of the ultrasound beam, it is required to take into
consideration both the fluctuation in the number of bubbles in
the volume and the distribution of bubbles by size. The latter
is especially significant, because the damping cross-section on
bubbles is resonant in nature. A similar accounting should be
performed also for particles of the solid phase.

The situation described above corresponds to the ge-
ometry of experiment shown in Fig. 4. Detector D registers
ultrasonic waves passed through controlled volume V. Fluc-
tuations in the number of bubbles in controlled volume V
affect detector D readout.

The concentration of air bubbles will be determined
through the number of bubbles Ny in volume V

n =

N 19

> (19)
As the number of bubbles fluctuates, N is a random num-

ber with the Poisson distribution [20]

<N, >*e ™

PN1(k): £l

, k=0,1,2,..., (20)

where <N;> is the average value of number Nj in volume V,
which can be determined through the mean value of concen-
tration 7,

<N,>=nV.

21

We shall select in expression (17) only the part that
determines the attenuation of ultrasonic oscillations by air

bubbles

1y
L(Z)=1, exp {—V:Vgop(x,Ri)z}. (22)

Z

Fig. 4. Geometric interpretation of measuring channel:
S — source of ultrasonic oscillations; D — detector;
V — controlled volume; d — effective diameter of the region
controlled by the detector

Detector D readout will be proportional to the value of
I, (Z), averaged by the fluctuations in the number and size
of bubbles, that is, in proportion to magnitude

Ny
<I;(Z)>:Ix<exp{—‘1/20p(k,Ri)Z}>. (23)
i=1
We shall denote by & a random magnitude
1y
E= exp{—vz Gp(k,Ri)Z} (24)
i=1

To find the average value of magnitude &, we shall apply
a formula of full mathematical expectation [20]

ME= %M(%)PN (k).

Here, ME denotes the mathematical expectation of ran-
dom magnitude &, M(§/k) is the conditional mathematical
expectation.

It is easy to show that

(25)

M(é): Mexp{—ic o R)Z} k (26)
k v ’
where

M exp {—%GP(X,R)Z} -

—Texp{—éopm,R)}f(R)dR -, @7)

Here, f(R) is the distribution function of gas bubbles

by size.
Substituting expressions (20) and (27) to (25), we obtain
- k
ME = znf (nV) o =
P k!

7w — _a V(-
—e ™ eXp{n1,V1’]1}=€ mV( Th).



Similarly, with respect to the fluctuations in the number
and size of particles of the solid phase, we shall obtain the av-
eraged value for integral intensity of ultrasonic oscillations
that passed through the controlled amount of pulp

<I(Z)>=1,; exp{-V[m (1-n)+n(1-n)]}, (29)

where

n= ]:exp {—%G(k, r)Z}(l)(r)dr;

¢(r) is the distribution function of solid phase particles
by size, which has the same meaning as function f(R).
Controlled volume ¥ can be defined through Z

2
_nd
4

14 (30)

In this case, n and 1y do not depend on variable Z.

As it is known, the intensity of the wave is proportional
to the square of the amplitude of wave [17], which is why,
if we know (29), it is possible to pass over to the amplitude
dependence

<A (Z)>=

1 nd
= A(),?» €xp {_2 4

2

[m(1—n1)+n(1—n)]2}- @31

Character <x>, similar to the previous case, means aver-
aging for the fluctuations in size and number of particles of
solid and gaseous phases.

In order to study dependence (29), it is convenient to
pass to the new magnitude oy:

1 Io,l

o, =—In—2"—=
Z <I(Z)>
nd® _ _
== [md-n)+ac-m] (32)
It should be noted that the phase composition of hetero-
geneous media is assigned, as a rule, by the volumetric part
of each phase, which is why when applying expressions (29),
(31) and (32), it is more convenient to pass from the average
concentration of the number of air bubbles 7, to their volu-
metric part W.

We shall consider this transition in more detail

nd-n)=n -T[1—exp{—n22Gp(h,R)}}/(R)dRz

:T[i—exp{—thsz(k,R)HszQ .

4/3nR® G3)

In a given expression, WF(R)dR defines the volumetric
part of those air bubbles whose radii are within R to R+dR.
Function F(R) is associated with f(R) through ratio

FRy=RI®)

. (34)
[R*f(R)AR

Thus, taking into consideration the latter values, expres-
sion (32) can be represented in the form

I 2
1 N o Td

S P S 35
M7 n@2)s 4 (35)

[WQ+7,(1-m)].

In the calculation of oy, a distribution function of solid
phase particles @(r) by size conformed with the beta distri-
bution [20]

1

X 1=-X)
B(a,B) =%

ap(X) =

(36)

where oo=27; 7 is the average value of radius of solid phase
particles, suspended in a fluid; B(a,B) is the beta function.

6. Discussion of results of examining the process of
propagation of volumetric ultrasound oscillations in
gas-containing suspensions

Fig. 5 shows dependence of o, on frequency for different
values of parameters o and f.
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Fig. 5. Dependence of o, on the frequency of ultrasound for
different values of parameters in the beta distribution:
1—a=p=1;2 —a=p=2; 3 — a=p=3; 4 — a=P=w0

The value of oy, depends on the concentration of solid
phase particles n. Fig. 6 shows dependence of oy, on frequency
for different values of n. It is demonstrated in Fig. 6 that in
the region where the ultrasonic beam attenuation on the par-
ticles of a solid phase dominates over the absorption by air
bubbles, there is influence of the concentration of the number
of particles. In this case, a change in n leads to a change in
the absolute value of o, in this region of frequencies, though
the slope of graphical dependences does not change. This fact
can be used to determine the concentration of particles of the
solid phase of pulp.

The magnitude of o, depends not only on the concentration
of n, but also on the average particle size, which is clearly seen in
Fig. 8. The dependences, shown in these figures, were obtained
at a=B=3. In the case when the value of oy, is determined by
the attenuation of ultrasound by the solid phase particles, the
slope of oy, curve does not depend on the average particle radi-
us (Fig. 9, dotted lines indicate the slope of the linear section
of charts). However, this does not prevent determining both
the average size and the concentration of suspended particles.



This is explained by the fact that the average size of particles
defines frequency ¥}, at which components of the absorption
and scattering on solid particles become equal. Therefore, given
the value of 7, one can tell the mean size of a particle. Fig. 9
shows constituents of oy;, predetermined by the attenuation
of ultrasonic oscillations by air bubbles, by the absorption and
scattering on the particles of a solid phase, suspended in a fluid.

10°

-2 L
0 10° 106 10’
v, Hz
Fig. 6. Dependence of o, on the frequency of ultrasound for
various concentrations of suspended particles:
1—n=10%cm™3; 2 — n,=103cm™3; 3 — n3=102cm3;
4 —n=10cm73; »=0.01 cm

10° 10° 10’
v,Hz
Fig. 7. Dependence of o, on the frequency of ultrasound for
different values of average particle radius: 1 — 7=0.1cm;
2—7=0.05cm;3— 7=0.02cm; 4 — 7=0.01cm;
5 — 7=0.005cm; n=10%cm 3; a=B =3

Here we also show frequencies vi; and v, which are
useful for the measurement of content of solid phase parti-
cles in the pulp with average 102 and 103 cm, respectively.
The values of frequency V; do not depend on the particle
concentration.

Direction of development of the obtained results is to
study the effects of ultrasonic oscillations on the trajectory
of particle motion in a flow of pulp. The possibility to exert a
targeted influence will in the future make it possible to shift
to a measurement region the particles of a certain size grade.
Thus, it could be obtained the information, important from
a technological point of view, on the distribution of physi-
cal-mechanical and chemical-mineralogical characteristics
of solid phase particles by size grades.
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Fig. 8. Dependence of o, on the average radius of suspended
particles for different frequency of ultrasonic oscillations:
1—vy=10"Hz; 2 — v,=5-10° Hz; 3 — v5=2.5-106 Hz;

4 —v4=1.610Hz; 5 — vs=10° Hz; 6 — =510 Hz; n=102cm3

T

v,Hz

Fig. 9. Dependence of frequency of the components of o,
on frequency of ultrasonic oscillations: 1, 3 — components,
predetermined by the scattering on solid particles;

2, 4 — components, predetermined by the absorption of solid
particles; 5 — components of the attenuation by air bubbles;
1,2—7=0.01cm; 3,4 — 7=0.001cm

7. Conclusions

1. We have constructed an integral equation that makes
it possible to determine characteristics of the absorption and
scattering of radiation field of ultrasound in the presence of
particles of solid phase in the examined medium. The solu-
tion to a given equation can be written in the form of the
Neumann series. In order to solve the equation numerically,
it is possible to apply a Monte Carlo method. It was estab-
lished that the ultrasound scattering becomes considerable
when the wavelength of acoustic oscillations is commensu-
rate with the size of the particles.

2. It was established that in contrast to the solid phase
particles, the absorption and scattering of ultrasonic waves
on gas bubbles is resonant in nature. The magnitudes of
absorption and scattering of bubbles reach their maximum
values at the equality between frequency of ultrasonic os-
cillations and resonance frequency of the bubbles with a
specific radius.



3. In order to correctly evaluate the impact of air bubb  intensity of ultrasonic oscillations, passed through a con-
bles on the magnitude of attenuation of ultrasound beam, it trolled amount of pulp, on fluctuations in the number and
is required to take into consideration both the fluctuation  size of solid phase particles. The dependences obtained
in the number of bubbles in the volume and the distribution =~ make it possible to determine the average size and concen-
of bubbles by size. We found dependences of the integral  tration of suspended particles in the examined medium.
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Pozensnymo xeuneeoony cucmemy 3
Memanesoro cheporo 0 onpominenns oio-
N02IUHUX  00'€Kmie  enexkmpomazHimiHum
noaem. J[nsa cmeopenns xeune6oonoi cuc-
memu 0YJ10 nposedeHo meopemunHull ananis
PO3N00inY eneKmpomMazHimnozo noas eéce-
peouni oionoeiunux 06 'cxmis. Teopemuunuii
ananis 63aemoo0ii eeKmpomMazHimmo20 noas
3 Oilonoziunumu 06'ekmamu nposedenuil 0ns
oazamowaposux cmpyxmyp. Posmipu 6aza-
mowaposux 6ionoziunux 00'cxmie mani
nopieHano 3 006xcuUHOI0 nadarouoi xeui.
Bupasu meopemuunozo awanizy mocymo
oymu euxopucmani 0as 00CHIOHCEHHS
Mexanizmy 63aEmo0ii eneKmpomazHimnozo
noJas 3 6ionoziunumu 00'cxmamu

Kniouosi cosa enexmpomaznimne noe,
oazamowaposi 6ionoziuni 00'cxmu, xeune-
600Ha cucmema, onpominenns 6Giono2iunux
00'exmie
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Paccmompena eonnosoonas cucmema
¢ Memannuueckol cepoi 0as ooayuenus
Ouonoeuneckux o00seKmos 3Inexmpomae-
HumnolM nonem. /lns cozodamus 60aHO-
680010l cucmemvt Obl1 nposeden meope-
muueckuill. anaau3 no pacnpeoeseHuro
ANEKMPOMAZHUMHOZ0 NOLSL GHYMPU OUONO-
euneckux oosexmos. Teopemuuecxuii ana-
U3 63AUMO0EUCMEUSL ITIEKMPOMAZHUMHO-
20 noas ¢ OuonozuneckKumu o0sexmamu ool
nposeden 01 MHOZOCIOUHBIX CMpPYKmyp.
Pazmepvt MHO20CNOUHBIX OUOI02UMECKUX
00beKmo6 Manvl N0 CPAGHEHUIO C OJUHOU
naoaroweii 6oanvl. Boiparncenus meopemu-
Y4ecK020 ananuza mozym Ovimv UCNONBL3IO-
8amnvl 011 UCCAEO08AHUS MEXAHUIMA 63AU-
MoOelicmeuss 3NeKMpoMAZHUMHOZ0 NONS C
ouonozuneckumu odsexmamu

Knioueevte cnosa: snexmpomaznumnoe
noJse, MH020C0lHbIe OUo02UMecKUue 006-
eKmol, 60IHOBOOHASL cucmema, oOayueHue
ouonoeuneckux 00oexmos
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1. Introduction

is based on the principles that a living organism is a fine-

Systemic information approach is linked to studying
the effect of electromagnetic field on biological objects. It

ly-tuned informoenergetic field structure [1]. The ultimate
biological effect depends on the biotropic parameters of
electromagnetic field and exposure [2].




