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Ilpeocmasaeni pesyavmamu docaioicen-
HSl 6NIUBY XAPAKMEPUCMUK HEOOHOPIOHONO
2emepozennozo cepedosuwa Ha napame-
mpu npouecy nowupenns xeuav Jleméa no
naACMuHi, WO KOHMAKMYE 3 UuM cepeo-
osuwem. Pozenanymo ennue napamempis
docaioxcyeanozo cepedosuuwia Ha GeaUMU-
Hy 3azacannsa xeuav Jeméa. Bcmanogaeno,
wo 6'A3Kicmb piouHu i WEUOKICMb NOMOKY
He 8NUBA0Mb HA NPOUEC NOWUPEHHS X6UTL
Jdemba. Ompumani pesyavmamu Moxicymo
Oymu euxopucmani npu po3pooui memoois
i 3aco6ie KoHmpoo napamempie 2a3oemic-
HUX cycneusiil

Kntouosi cnoea: zazoemicha cycneusis,
xeuni Jlemba, 3eacannsa yrompazeyxy, 6'a3-
Kicmo pidunu

=, u |

IIpedcmasnenvt pesyavmamot uccaedo-
8aHus GAUSHUSL XAPAKMEPUCMUK HEOOHO-
POOHOI 2emepozenHOll cpedvl Ha napamempol
npouecca pacnpocmpanenus eonn Jamoéa
no Koumaxmupyrowel ¢ O0aHHOU Ccpedoll
nnacmune. Paccmompeno eénusnue napa-
Mempo6 ucciaedyemoil cpedvl HA BeAUMUHY
samyxanus eoan JIsméa. Yemanosneno, umo
853K0CMb HCUOKOCMU U CKOPOCMb NOMO-
Ka He 87USLIOM HA NPOUECC pacnpocmpaue-
nus 6onn JIomoéa. llonyuennvie peyavmano.
Mozym Gvtmb UCRONBL3I0BANL NPU pA3padom-
Ke Memo0dos u cpedcme KOHmMpoas napame-
mpoe 2a30co0epHcauux cycneH3ui

Kntouesvie caosa: ezazocodepicawas
cycnenzus, eoanvt JIomoa, 3amyxanue yno-
mpaseyxa, 63K0CMb HCUOKOCMU
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1. Introduction

Ultrasonic surface waves have been widely applied in
the practice of control over characteristics of technological
media [1-9]. The reason for this is the following features of
ultrasonic waves. The first feature is the relatively large con-
centration of energy in a wave due to the small magnitude of
the layer of its location. The second feature is the possibility
for obtaining an ultrasonic signal from any point of the sur-
face (including curvilinear), along which it propagates [2].

The most studied and utilized of all currently known
ultrasonic waves are the Rayleigh surface waves [1-3]. The
waves of a given type propagate along the boundary of a solid
space. A Rayleigh wave consists of two flat inhomogeneous
waves — longitudinal and transverse, which, similar to the
Rayleigh wave composed of them, are characterized by ver-
tical polarization. The Rayleigh waves possess the greatest
concentration of energy along the surface of a solid body.
However, the characteristics of the propagation process sub-
stantially depend on the state of the surface of propagation.
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It is possible to observe reflection, scattering, caused even by
the microdefects of this surface.

Similar by their nature to the Rayleigh waves, but with
horizontal polarization, are the Love waves [4, 5]. The Love
waves, as the surface waves, exist due to the addition of a sol-
id layer to the semi-space, the former acting as a load for the
semi-space. The Love waves are distinguished by a strong
dependence on the state of inhomogeneity of the surface
layer, due to which they do exist, which makes measuring
surfaces along which they propagate rather vulnerable and
thereby “unstable”.

The third basic type of ultrasonic surface waves are the
waves on the boundary of two semi-spaces — the Stoneley
waves [1]. A Stoneley wave is characterized by the elliptical
polarization oriented perpendicularly to the boundary of
semi-spaces. The Stoneley waves propagate in both liquid
and solid semi-spaces. That is why their component, which
propagates in a liquid semi-space, is exposed to the same dis-
turbing factors that are experienced by ordinary volumetric
ultrasonic oscillations. For example, one should expect a




strong dependence of the magnitude of their attenuation on
the content of gas bubbles in industrial suspensions.

Surface waves also include waves in plates: normal waves
with horizontal polarization (transverse normal waves) and
normal waves with vertical polarization — the Lamb waves
[1, 6-9]. Given that the walls of technological containers
and a number of industrial units are typically made of sheet
metal, in the realization of ultrasonic control over parame-
ters of media that come into contact with them, it is conve-
nient to use the Lamb waves. These waves are characterized
by a large enough concentration of energy and are exposed
to disturbing factors to a lesser extent than the Rayleigh
waves and the Love waves. However, when devising meth-
ods and tools for control over parameters of gas-containing
suspensions, it is an important task to determine the degree
of influence of parameters of the investigated medium on the
magnitude of attenuation of the Lamb waves.

In many cases, when developing methods for ultrasonic
control over characteristics of technological media, the
ultrasonic Rayleigh, Love, Stoneley waves are employed. It
should be noted that the use of these types of waves is appro-
priate under conditions of meeting a number of significant
limitations. Such limitations are related to the state of the
surface of wave propagation, as well as the presence of gas
bubbles in the examined medium. Otherwise, when failing to
meet the limitations, the measurement accuracy is compro-
mised. It is possible to resolve these shortcomings by using
the Lamb waves. This type of wave is much less sensitive to
the state of a propagation surface, the existence of gas bub-
bles in the investigated media. Thus, the study of processes
of the Lamb waves propagation along a plate in contact with
randomly heterogeneous medium is a promising and import-
ant area of research.

2. Literature review and problem statement

Research into optimization process of enrichment of
iron ore whose results are reported in papers [10, 11] led
to the following conclusion. Efficiency of control over
technological processes of ore enrichment depends on the
accuracy of operative information on the status of techno-
logical processes.

The patterns of propagation of ultrasonic oscillations in
a fluid under the cavitated mode were considered in paper
[12]. Based on numerical methods, the authors calculated
the energy dissipated by bubbles. They obtained a direct
correlation between the energy lost by gas bubbles and the
attenuation of ultrasonic oscillations, which leads to the
formation of traveling waves. Based on the results described
above [13], the authors estimated the magnitude of Bjerknes
forces and predicted the structures of gas bubbles generated
as a result of traveling waves.

Study into dissipation of acoustic oscillations in liquids
in the presence of bubbles is described in [14]. The model
formed makes it possible to predict nonlinear attenuation
of ultrasonic waves. It is noted that the predicted values of
damping are much higher than the numbers estimated by
similar models.

A method for modeling propagation of ultrasonic waves
under conditions of heterogeneous media was considered in
papers [15, 16]. To generate controlled ultrasonic waves to
control characteristics of ore pulp, it was proposed to use
phased arrays.

Theoretical and experimental studies into ultrasound
propagation in bubbly liquids were undertaken in paper [17].
An approach to modeling the process of ultrasound propaga-
tion was proposed, which implies consideration of a non-uni-
form pressure field away of bubbles. To quantify the instabil-
ity of bubbles, the authors applied analytical methods.

Numerical approach was applied to describe the pro-
cess of ultrasound propagation in bubble liquids in paper
[18]. This model is based on the methods of finite volume
and finite differences. Such an approach makes it possible
to solve a differential system formed by the wave equation
and the Rayleigh-Plesset equation, which relates a sound
pressure field with bubbles oscillations. The results obtained
make it possible to observe the physical effects caused by
the presence of bubbles in a liquid: nonlinearity, dispersion,
attenuation.

The results of research into nonlinear propagation pro-
cesses of ultrasonic waves in water at a non-uniform dis-
tribution of bubbles are presented in paper [19]. The math-
ematical model was synthesized using a set of differential
equations that describes the connection between an acoustic
field and bubble vibration. It is expected that the attenuation
and nonlinear effects are due exclusively to the existence of
bubbles. It should be noted that the heterogeneity in the
distribution of bubbles is presented in the form of clusters
of bubbles that can act as acoustic screens, and affect the
behavior of ultrasonic waves.

The necessity of applying means of nondestructive test-
ing in the process of enrichment of mineral-technological
varieties of ore raw materials is substantiated in works
[20-22]. Specifically, the means of ultrasonic testing will
make it possible to obtain necessary information for the op-
erational control over technological processes.

As a means of nondestructive testing, authors of paper
[23] used the multimode Lamb waves. By measuring the
characteristics of different modes in experimental disper-
sion curves of the Lamb waves and matching them against
theoretical curves, the authors derived estimates for some
physical parameters of the investigated medium. It is noted
that the Lamb waves dispersion curves depend only on the
plate parameters while the frequency and phase speed can be
set relative to the speed of a shear wave and thickness of the
layer of the investigated medium.

The use of controlled ultrasonic influence on the ore raw
material in the enrichment process, in order to improve the
efficiency of a given process, was studied in papers [24-25].
The authors presented a mathematical description of cavita-
tion processes in a heterogeneous medium and generalized
model of the dynamics of gas bubbles. The technique for
determining optimal parameters for the source of ultrasonic
oscillations was proposed.

The advantage of a Lamb wave in the field of nonde-
structive testing, as noted in [26], among the multitude of
ultrasonic waves is that they can scan a large area with a
minimum number of receivers. Since the Lamb waves are
dispersing, it is recommended that the sinusoidal emission
signal should be used. Simulation of the Lamb waves was
performed using the software ATILA.

In paper [27], it was also noted that the Lamb waves are
the most widely used ultrasonic waves to control various
media. However, a theoretical analysis of the propagation of
a controlled wave is a complex task. The authors considered
a method for modeling the local interaction during propaga-
tion of waves in metallic structures. It should be noted that



the application of the proposed method is complicated by the
coexistence of at least two highly dispersive modes at any
given frequency.

A method of control over parameters of liquid media us-
ing the ultrasonic Lamb waves was presented in paper [28].
It is shown, that a change in the characteristics of waves can
be used as a function that depends on the level of the liquid.
It is noted that in order to determine the optimal conditions
for measuring the parameters of a liquid medium using the
Lamb waves, further research is needed.

Development of approaches to the use of means of ultra-
sonic testing in order to optimize control over technological
enrichment processes was described in papers [29-31]. The
results obtained suggest the appropriateness of employing
ultrasonic control over characteristics of ore material in the
technological flows at the enrichment line.

An analysis of the scientific literature revealed that in
most cases, when developing methods of ultrasonic control
over characteristics of heterogeneous media, certain types
of waves are utilized. The most commonly used for these
purposes are the Love, Stoneley, Rayleigh and Lamb surface
waves. Selecting a specific type of waves for solving the set
tasks requires taking into consideration a number of strict
requirements and limitations imposed both on the charac-
teristics of a propagation surface and properties of the con-
trolled medium. To define characteristics of gas-containing
suspensions, it appears promising to use the Lamb waves.
However, still unresolved is the task on assessing the extent
of influence of perturbing factors on the results of measuring
the parameters of propagation of these waves.

3. The aim and objectives of the study

The aim of present research is to refine the patterns in
the propagation of Lamb waves along a plate in contact with
randomly heterogeneous medium, and to estimate the degree
of influence of viscosity and motion speed of a gas-contain-
ing suspension on the attenuation magnitude of the Lamb
waves.

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

— to form a mathematical description of the Lamb wave
propagation process in a metallic plate;

— to investigate the dependence of Lamb waves atten-
uation on the characteristics of a fluid in contact with the
propagation medium.

4. Mathematical description and modeling of the Lamb
wave propagation process in a metallic plate

Consider a flat harmonic Lamb wave that propagates in a
plate with a thickness of 2d in the positive direction of the X
axis. Introduce for the area occupied by the plate the scalar
¢ and vector y potentials of displacements that describe, re-
spectively, the longitudinal and transverse waves. The values
of ¢ and y can be represented in the following form [1, 2]

¢ = Achqze™ + B shqze™; €))
y = Dyshsze™ +C chsze™, 2

where A, B,, C,, Dy are the arbitrary constants; k is the
wavenumber of the Lamb waves;

g=\F —k; s=\k* -k

Values of wavenumber £ are derived from characteristic
equations

(kz+52)2ch-qh-sh-sd—4k2qs-sh-qd-ch-sd:0; 3)

(kz+52)2sh-qd~ch-sd—4k2qs-ch-qd-sh-sd=0. 4)

Upon performing mathematical transformations, one
can obtain, in order to calculate the desired potentials, the
following expressions

0= Agch-q ze™* + B,sh-q,ze™"; )

_ 2ikg.sh-qd

= Ash-s_ze™ +
M (k‘2 +sz)shssd N

2ik,q,ch,-q,d

7B h ikax, 6)
(kj+sj)ch-sud Wz (

where

D50 =~ ks2,a —k; S.=

Expressions (5) and (6) allow us to calculate displace-
ment components U and W

K, -k

U=Us+U,; )
W=W,+W; )
e o) S BT
e v ) A
e s o
i et v ] A

where A and B are constants.

Analyzing expressions (5)—(12), one can notice that in
the first group of waves, denoted with symbol s, the motion
occurs symmetrically to the plane Z=0. That is, at the up-
per and bottom parts of the plate displacement U has the
same signs, while displacement W — opposite. In the second
group of waves, denoted with index a, the motion occurs
anti-symmetrically relative to Z=0. That is, at the upper
and bottom parts of the plate, displacement U has opposite
signs, and displacement W — similar. The waves of the first
group are the symmetrical Lamb waves while waves in the
second group — anti-symmetrical.

In the plate with a thickness of 2d at frequency o there
can be a certain finite number of symmetric and antisym-
metric Lamb waves. The mentioned waves are different one



from another in phase and group velocities, as well as distri-
bution of displacements and stresses along the thickness of
the plate.

Fig. 1—4 show simulation results of the Lamb wave prop-
agation process in an aluminum plate using the software
package LAMSS [34].
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Formulas (7)-(12), obtained above, for the mathematical
description of the Lamb wave propagation process allow us
to proceed to the exploration of factors influencing the de-
gree of attenuation of a given type of waves.
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Fig. 4. Lamb wave length

5. Investigation of dependence of the Lamb wave
attenuation on characteristics of the plate in contact with
a liquid propagation medium

If a plate in which the Lamb wave propagates borders the
fluid, and the speed of sound in liquid C;is less than speed C
of the wave in the plate, the Lamb wave will attenuate, radi-
ating energy into liquid. Attenuation coefficient of the Lamb
waves per unit length is determined from formula [1, 15]

@=4%hﬂw (13)

where p, is the density of the fluid that borders the surface
of the plate; p is the density of a material of the plate;

__ ik'AS,,d [ L

=- +
- Skfa ) SS a \/kfz - ksza 253’“ Qq‘ia
4k, Kd
et (thS, ,d - cthS, d)-
s.a + s.a s.a ' '
R, .d

-1
—gi(thqmd —cthqsyad)] , (14)

s,a

where k_, is the wavenumber of the symmetric and antisym-
metric Lamb waves;

N
S, =k R

k and k, are the wavenumbers of longitudinal and trans-
verse waves of the plate’s material.

It should be noted that coefficient k5 of the Lamb waves
attenuation monotonically grows with an increase p,-p™,
which means that &, can be represented as

@:%q, (15)

where C, is the magnitude that almost does not depend on
the fluid density.



Fig. 5 shows dependence of the attenuation coefficient
per a Lamb wavelength on parameters of the medium: 1 —
C,-C'=15 2- C-C'=2 3-C,-C/'=3. Poisson’s ratio
of the plate’s material is equal to 0.3.
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Fig. 5. Dependence of attenuation coefficient per a Lamb
wavelength on parameters of the medium
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Fig. 6 shows dependence of the magnitude of relative
change in the Lamb wave speed on parameters of the medi-
um under the same conditions.
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Fig. 6. Dependence of the magnitude of relative change in
the Lamb wave speed on parameters of the medium

1—¢.C'=15 2—C,-C'=2 3-C,-C/'=3

Consider the case where a plate is in contact with
water, which contains solid phase particles of various size
(suspension) and gas bubbles, that is a randomly hetero-
geneous medium. An example of such a medium is the iron
ore pulp. As the gas phase of pulp has almost no effect on
its density, gas bubbles do not affect the weakening of
Lamb waves. In this case, the density of suspension p,
is determined by the volumetric fraction of particles of
solid phase W, their average density p,, and the density
of water p,

P, =(1-W)p, +Wp,. (16)

Attenuation coefficient &5 of the Lamb waves in this case
can be represented as

k, ={(1—W)pm+wps}cv. (17)

p p

Thus, the intensity of Lamb waves at a distance / from
the source of waves can be derived from formula

I,,=1,, eXp{—kzl} =

=10vexp{—[(1—W)p’”+WpT:|Cvl}
’ p

p

(18)

If we accept in formula (18) that W=0, we obtain the
expression that will determine the intensity of Lamb waves
in contact between the plate and clean water.

I,=1, exp{—p“"Cvl}. (19)

p

Consider the influence of viscosity of the investigated
medium and the speed of its motion on the magnitude of
Lamb waves attenuation.

At the border between liquid and solid media there arise
the outflowing waves propagating along the border and con-
tinuously re-emitting energy into the fluid. This event leads
to the Lamb waves attenuation.

As the fluid motion can affect the Lamb waves parame-
ters only by internal forces of friction (viscosity), studying
this factor gives an idea not only of the degree of influence of
fluid flow velocity, but also its viscosity.

In terms of theoretical analysis of the specified situa-
tion, it is appropriate to consider an outflowing wave of the
Rayleigh type at the border of solid and liquid semi-spaces.
From a mathematical point of view, this problem is much eas-
ier, and from a physical standpoint is similar, which is why
quantitative ratios of such a problem will properly reflect the
influence of the factors under consideration.

Let the semi-space of the solid medium occupy region
Z>0 and fluid Z<0. As it is known, in a general case, the
equation of motion of elastic medium is written in the fol-
lowing form

0%,
ot?

p—-—HAU, +(A+2u)gradU, (20)

where U is the vector of medium particles displacement;

p is the density; A and p are the elastic constants of the medi-

um (Lame parameters); A is the Laplace operator.
Represent displacement vector in the form

0=0,+0,

where U, =grad¢; U, =roty; ¢ and \ are the scalar and
vector potentials.

Then equation (20) can be reduced to two independent
equations

U -

P Btzl —(A+2u)AU, =0; (21)
0, -

P Y —uAU, =0. (22)

The first one describes the propagation of longitudinal
waves, the second — transverse waves.



Consider a flat Rayleigh wave propagating in the positive
direction of the X axis along the boundary between the semi-
space and liquid.

In this case, the movement does not depend on coordi-
nate Y. Then vector’s potential  will be different from zero
only by the component that is denoted . Proceed from U,
and U,, to the scalar and vector potentials ¢ and y. For a
flat harmonic wave the equations of motion (21) and (22)
will hold if ¢ and wy are the solutions to wave equations
of the form

9% 9%
+
oX* 0z’

+k0=0; (23)

o’y . o’y
0X* 97’

+hy=0 (24)

for a solid semi-space and

82¢l a2¢l
x? oz

+k0' =0, (25)

for a liquid semi-space.
Here

k=o\p/(A+2u), k=yp/u

are the wavenumbers, respectively, of the longitudinal and
transverse waves of a solid semi-space;

kc: p/kl

is the wavenumber of longitudinal waves propagating in a
liquid half-space.

Solutions to equations (23), (24) and (25) will take the
form:

0 =Aexp[—qZexp[i(kx—ot)];

v = Bexp[-SZ|exp[ i(kx - wt)]; (26)

o' =Cexp|q,Z]exp[i(ky—wt)],

where g° =k’ —Fk}; S*=k*—k’; q, =k —k; A, Band C are
the arbitrary constants.

Particle displacement components in a wave along the
X and Z axes are expressed through potentials ¢, v, ¢' as
follows

a0 Iy

U(}):———;

*TAX oz

p 09

x aX’

L L @7
3Z " ax
90’

U =2t

Y

Here indexes (1) and (2) apply to the medium with solid
and liquid semi-spaces, respectively.

The components T_,
expressed via o, y, ¢’

2 2 2 2
T.=X aq;Jran +2u E)q)2+ oy ,
0X* o7 0X° 0XoZ
2 2 2 2
T,=\ a¢2+aq; +2u aq;+ A :
0X* o7 0Z° 0XoZ

2
sz=k(2 AL +

T,, T, ofthe stresstensor can be

2
0XoZ 0X* 97’ (28)

%y 82\|1)
Expressions (26)—(28) are initial for determining the
arbitrary constants A, B u C and finding the wavenumber k.
Boundary conditions are used for this purpose at Z=0. In this
case, we assume the equality of displacement components along
the Z axis of particles of solid and liquid semi-spaces. That is

U(z=0)=U"(z=0),

and when Z=0 component T,_ and T, of stress tensors of
both media are the same.

Expression (26), when recording a scalar potential ¢/,
does not reflect the fact of the liquid motion. Therefore, before
proceeding to the boundary conditions to obtain the charac-
teristic equation for &, let us find out how the magnitude ¢’
changes when taking into account the motion of liquid.

Let the liquid medium flows along the X axis from right
to left (Fig. 7) at speed V.

Fig. 7. Geometrical interpretation of the simulated space

Proceed to the &', coordinate system in which fluid is
resting, it means that the system %’ moves along the neg-
ative X axis direction at speed V. If the Rayleigh wave with
frequency o propagates along the positive direction of the
X axis at velocity ¢, the frequency and speed of this wave in
the & system will be equal to ® =o(1+V /¢) according to
the Doppler effect, and ¢’=c+V, according to the classical
law of addition of velocities. Wave numbers £” and ¢; in the
system %" do not change because

k,_m’_co(1+V/c) o

¢ c(1+V/c) ¢

The same applies to g/, so the scalar potential ¢' will
take the form



¢ = Cexp(q,z)exp[i(kx’ - m’t)].

(29)

The presence of internal friction (viscosity) of liquid
leads to the occurrence of tangential forces that can be de-
scribed by assigning the stress tensor

avl avfl 82vfl
TV =m—r=—n—t=—n_—r, 30
w =N, 2 Voroar (39)

where m is the viscosity coefficient;

Ui 29

afq’

From the condition of equality of components of the
stress tensor of a solid medium and fluid with respect to co-
ordinate transformations of Galileo X’ =X +V¢, we obtain
equation

2ikq, A +(k* +S12)B—%qc(n’k€= 0. (31)
1

Thereafter, the magnitude n/A, will be denoted via B.
The second condition of equality

TY(X,Z=0)=T" (X=X +Vt,Z=0)

leads to equation:

(k? +52) A+ 2iS kB~ k? %c =0. (32)
1

And, finally, the condition of equality of components of
the Z displacement

UY(X,2)=0=U!(X"=X+Vt,Z=0)
produces equation
q,A-ikB+q,C =0. (33)

Thus, we obtain a system of linear homogeneous equa-
tions relative to arbitrary constants A, B and C.

2ikq, A+(k* +57) B—Bg,0'kC =0;
(K +52)A+2iskB—k: PLe =0, (34)
'py

¢, A—ikB+q,C=0.

The condition for the existence of a nontrivial solution to
this system is the equality of its determinant to zero

2ikq, k' +S! PBgo'k
K482 2iSk -k [=0. (35)
q —ik 4q,

This produces the following characteristic equation to
find the wavenumber %

2k°q,S, +(k* +57)=

_ p/’#1 q

vl iBR R (K + S7)+ 24,5, |

It can be shown that under condition ¢>c¢,, which holds
for almost all actual media, equation (36) has a complex root
k=Fk,, corresponding to the system of three waves. In this
case, for a given wave, ¢, in equation (36) should be under-
stood as the next branch of the root

= Jk -k =—i\Jk? .

The complexity of & has a simple physical sense: a surface
wave in this case continuously radiates energy into a liq-
uid, forming in it a heterogeneous wave diverging from the
boundary (an outflowing wave).

In characteristic equation (36) proceed to the dimen-
sionless variable

uzzkz/kf:.
The result is

_ luz_cz /H2_1+(2M2_1):
=izz\/%+iﬁmu2(1+ocu)x
x[(zuz—1)+21/u2—c2\/u2—1].

Because & is the complex magnitude, represent it as

(37)

b=k +ik,

where k, <<k, since k=k,.

Comprehensive part of the wave number is the attenua-
tion coefficient of a surface wave of the Rayleigh type, so the
main task is to determine this magnitude.

The method for its determining will imply the following:
a dimensionless variable is represented in the form

H=H,; +ill,,

where p, =k /k, ; W,=k, [k, . Inthis case, p, <<p,, because
k, <<k,. Next, decomposmg in equation (37) all magnitudes
containing y, into a series, and, confining ourselves to the terms
of the first-order smallness relative to p,, we obtain the equa-
tion that contains, separately, the integrated and the real parts

4 =l =0 (207 1), 8, (207 1)+

+4u1(2er)+“i \}/”21— g E}
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Next, by equating imaginary and real expressions from
the left and right side of ratio (38), we obtain two equations,
solving which produces information about p, and p,
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From equation (40), u, will be represented as
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In turn, y, is found from the solution to equation

Ap il = Ol — 1+ (20 - 1) =—(g’] i, (1) £, () -
—%B(DM“"‘O‘M)[% () £, () + 0, () £ (M1)]’

where

1 ui-g
= i
0, (1) \/Hf — Vi

Since u,=p, (an analysis reveals that the difference
between these magnitudes does not exceed 1-2 %), with a
good approximation W, can be estimated from formula (42)
assuming that in this case u, =p,.

As seen from expression (42), W, is defined by two ele-
ments; the second one assesses the contribution of viscosity
and movement of liquid on the surface wave attenuation
factor. Multiplier (1+oy,) shows effect of the fluid motion.
However, the magnitude oy, <<1 (ocu o~ 10’3).

W=kt Aw) =

(43)

6. Discussion of results of research into the processes of
Lamb wave propagation in a metallic plate

We have considered results of research into the Lamb
wave propagation process along a plate in contact with
randomly-heterogeneous medium. The importance of the
results obtained is emphasized by that they could be used to
develop improved methods and tools to control parameters
of gas-containing suspensions.

There are objective difficulties for using ultrasonic meth-
ods of control over parameters of gas-containing suspensions
related to the existence of microdefects at the surface of
propagation and gas bubbles in the examined liquid. In this
case, the results of the measurements of an ultrasonic field
will contain significant error. Study of the process of Lamb
wave propagation under similar conditions has shown that
the use of this type of waves makes it possible to overcome
these disadvantages, which is the benefit of the proposed
approach. The value of measurement error in this case does
not exceed permissible limits under different condition of
the surface of propagation of ultrasonic waves and varying
content of gas bubbles in the examined medium.

It was established that the attenuation is due to the
density of the studied medium. Viscosity and speed of a
gas-containing suspension, for example the iron ore pulp,
have almost no effect on the magnitude of attenuation of the
Lamb waves.

From a practical point of view, the results obtained could
be used for calculation of parameters of measuring channels
in the systems of ultrasonic control over characteristics of
shredded materials in the flow of pulp. For example, at ore
dressing plants, processed ore is categorized based on the
main chemical-mineralogical and physical-mechanical char-
acteristics. The resulting separation of ore into varieties is
subsequently used in the planning and organization of ore
extraction. At the same time, the task is to ensure constant
characteristics of ore over a certain time interval. Such an
approach makes it possible to better comply with technology
regulations for the enrichment process and contributes
to the improvement of quality of the finished product
the concentrate. However, the mining system does not
at present make it possible to extract the same type of
ore to provide for a sufficient time for stable operation
of the processing plants. Hence the relevance of opera-
tional control over characteristics of ore in technolog-
ical processes at an enrichment plant and recognition
of its mineralogical-technological varieties. In this
case, the ultrasonic control methods solve the import-
ant task on ensuring that the management systems of
ore-enrichment receive reliable operational information on
the characteristics of the material. Thus, there appears an
opportunity to improve the efficiency of technological pro-
cesses in the mining and metallurgical industry, specifically,
the enrichment of ore.

The disadvantages of the proposed approach include the
lack of a possibility to control characteristics of the particles
of the solid phase of the pulp that belong to a specific size class.
That is, under present conditions, it is not possible to obtain
information on the characteristics of solid phase particles of
a specific size class. This information is important in the for-
mation of control actions in the process of enrichment of ore.

The prospect of the development of present research is to
study the possibilities of combining the tools for ultrasonic
(using surface and volumetric waves) and nuclear physical



measurements. This would make it possible to control the
characteristics of certain particle size classes that make up
the solid phase of the pulp. It is necessary to investigate the
effects of a simultaneous impact of various types of radiation
on the ore pulp. Further research in this direction will re-
quire taking into consideration numerous disturbing factors
that differently affect various kinds of energy impact.

7. Conclusions

1. We have formed a mathematical description of the
Lamb wave propagation process in a metallic plate. Analyt-
ical expressions were derived for determining the displace-
ment potentials that describe, respectively, the longitudinal
and transverse waves in a plate with a thickness of 2d at

frequency . The possibility is shown of the existence under
these conditions of a specific finite number of symmetric
and antisymmetric Lamb waves. The mentioned waves are
different one from another in phase and group velocities, as
well as the distribution of displacements and stresses along
the plate’s thickness.

2. We have investigated dependence of the Lamb wave
attenuation on the characteristics of fluid in contact with
the propagation medium. In the case when the Lamb wave
propagation medium borders the fluid and the speed of
sound in liquid Cjis less than speed C of the wave in a plate,
the Lamb wave will attenuate radiating energy into liquid. It
was established that the attenuation is due to the density of
the studied medium. Viscosity and speed of a gas-containing
suspension, for example iron ore pulp, have almost no effect
on the magnitude of attenuation of the Lamb waves.
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