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INCREASING THE EFFICIENCY OF FINE WET GRINDING 
OF ORE USING THE DYNAMIC EFFECT OF ULTRASOUND

Purpose. The aim was to develop a method that would enhance the efficiency of classifying crushed ore by particle 
size, thereby preparing it for metallurgical proces

Methodology. The following methods were used in the work: analysis of scientific and practical solutions; statisti-
cal methods for processing the results of experimental studies; methods of analytical synthesis; and methods of com-
puter modeling for the synthesis and analysis of mathematical models.

Findings. The forces acting on crushed ore particles as they move in a layer of material on a vibrating screen have 
been investigated. The mechanism of contact interaction between solid-phase pulp particles has been substantiated, 
taking into account the geometry of contact surfaces, mechanical properties of materials, and loads applied to the 
contact. It has been proven that crushed ore particles and gas bubbles in the pulp flow, due to their individual charac-
teristics (size, density, mass), each react in their own way to acoustic energy and the dynamic influence of ultrasonic 
vibrations applied and propagated in the medium. Based on the results of the analysis, it was concluded that ultra-
sound contributes to the diversity of dynamic reactions and increases the mobility of the components of the hetero-
phasic structure of pulp materials. The conditions under which the influence of ultrasonic vibrations in ore pulp 
containing gas bubbles causes the destruction of ore aggregates and flocculates in it were analyzed. The parameters of 
ultrasonic vibrations that cause cavitation, the collapse of gas bubbles, and pressure surges of destructive amplitude in 
the pulp have been determined. It has been proven that acoustic emission arising from the propagation of ultrasonic 
vibrations in the pulp can be a general characteristic and property that determines the requirements for the form and 
parameters of controlling this process. A method for improving the efficiency of fine wet ore screening using the dy-
namic force of ultrasound on the classification product has been proposed.

Originality. A method has been developed to increase macrodiffusion and reduce the overall resistance to the 
movement of crushed ore pulp particles during screening by introducing ultrasonic vibrations of a certain amplitude 
and frequency into the oversize product of the screen, which allows increasing the speed of passage of crushed ore 
particles through the screen and reducing the proportion of unclassified product.

Practical value. The analysis of the results obtained shows an increase in the efficiency of fine wet screening of 
crushed ore by an average of 3 % due to ultrasonic treatment of the input product of the screen.

Keywords: rumbling, vibration, classification, control, pulp, ultrasound, modelling

Introduction. During the preparation of raw ore ma-
terials for metallurgical processing, involving many 
technological operations, the particle size of the crushed 
ore is gradually reduced. The purpose of these opera-
tions is to expose the grains of the useful component for 
its subsequent extraction into concentrate in enrich-
ment devices. Currently, many mining and processing 
plants have begun to use fine wet screening screens to 
classify crushed ore by particle size. This approach has 
gained popularity because replacing the commonly used 

mechanical spiral classifiers and hydrocyclones with 
them improves the quality of the final enrichment prod-
uct, reduces the loss of useful components and process-
ing costs, and increases productivity. In particular, ref-
erence [1] provides an example of installing a high-fre-
quency screen after the fourth stage of magnetic separa-
tion with a screening size of 0.045 mm. Analysis of the 
results showed that this technological solution increases 
the iron content in the undersized product to 67.0 % 
compared to the existing content of 65 % in the concen-
trate of the existing plant. At the same time, it is noted 
that preliminary deflocculation of the input product is 
necessary to increase the efficiency of screening, release 
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non-metallic grains trapped in flocs, and improve the 
characteristics of the subsequent filtration process. At-
tention is also drawn to the rapid clogging of the sieving 
surface, which reduces the yield of fine grades in the un-
dersized product and requires frequent stopping of the 
screens for cleaning or replacement of the sieves.

It is impossible to solve these problems by applying 
standard solutions in the conditions of modern intensive 
production [2]. Therefore, in order to transition to a new 
technological level and achieve high-quality indicators 
in mineral enrichment processes, the use of ultrasonic 
technologies is promising [3].

Literature review. Ore pulp is a heterogeneous me-
dium consisting of crushed ore particles and gas bubbles. 
The concentration and fractional composition of both 
the solid and gas phases change as the raw materials and 
enrichment products move along the processing line. 
The effectiveness of using ultrasound in technological 
operations involving energy-intensive contact interac-
tion primarily depends on understanding the behavior 
of solid-phase particles and gas bubbles in its force field.

The dynamic behavior of solid particles is based on 
interactions between them, such as contact forces and 
long-range non-contact forces (e.g., acoustic pressure 
force, Van der Waals force, capillary force, etc.) [2, 4]. 
Understanding these interactions is key to elucidating 
particle systems, as well as to designing and controlling 
the corresponding processes. The paper [4] reviews the 
achievements in the fundamental laws of particle inter-
action obtained using numerical methods in the range 
from the atomic to the continental scale. It also discuss-
es the influence of friction and adhesion on particle 
packing, particle flow, mixing, destruction, and 
strengthening of particles in composites.

The study [5] determined the key parameters of 
physical properties, including apparent density, Young’s 
modulus, and static and rolling friction coefficients, of 
iron ore pellets with different moisture contents. The 
measurement results showed that both the apparent 
density and Young’s modulus of iron ore pellets gener-
ally decrease with moisture content due to the growth of 
the layer adhering to the particles. The coefficient of 
static friction generally increased with increasing mois-
ture content, but at lower moisture contents, its fluctua-
tions differed between granule types. The coefficient of 
rolling friction usually has a minimum value as the 
moisture content increases within the range considered.

In shear flows of concentrated suspensions, frequent 
collisions between particles significantly alter the dynam-
ics and rheology of suspensions. Many of these changes 
cannot be attributed solely to viscous interactions; allow-
ing contacts between solids during collisions, even when 
the suspended liquid is viscous and inertial effects are 
minimal, eliminates many qualitative discrepancies be-
tween models and experimental observations [6].

In [7], it was shown that the presence of solid parti-
cles in Newtonian fluid increases the effective viscosity 
of such a mixture. The increase depends on many fac-
tors, including the volume fraction of particles and their 
shape; spatial (e.g., gravitational) and surface (e.g., elec-
trical) forces; and moments (e.g., magnetic) acting on 
the particles.

The paper [8] presents the main results of the study 
of bubble dynamics in a liquid, starting with Rayleigh’s 

model, which studied pressure prediction during the 
collapse of a spherical bubble, assuming that the sur-
rounding liquid is incompressible. His work was ex-
panded upon by Plesset, who derived a nonlinear sec-
ond-order ordinary differential equation for the time-
dependent evolution of the bubble radius. Improve-
ments to this equation have been proposed by many au-
thors, including Keller and Miksis [9], to include the 
effect of fluid compressibility on bubble dynamics and to 
study the propagation of waves emitted during collapse.

The characteristics of individual bubble oscillations, 
induced radiation pressure, and scattered power are im-
portant for a wide range of applications. For bubble os-
cillations with a high Mach number, the effect of fluid 
compressibility is significantly stronger and must be 
fully taken into account [10].

In study [11], the acceleration-induced expansion of 
a bubble and its non-spherical collapse in a rapidly 
changing pressure field under mechanical influence 
were modeled. Numerical results show that the cavita-
tion bubble embryo rapidly expands in the pressure field 
caused by the impact, and the pressure wave is emitted 
and propagates in the liquid during the subsequent col-
lapse of the bubble. When the pressure wave reflects off 
the wall, it causes a high-pressure peak on it, which can 
provoke the destruction of this obstacle.

When an acoustic wave interacts with a medium, two 
phenomena occur: forces caused by acoustic flow and 
forces caused by acoustic radiation. One of these phe-
nomena, or a combination of both, manipulates the par-
ticles of the medium [12].

In [13], experiments and molecular dynamics mod-
eling were used to lay the theoretical foundation for the 
industrial application of ultrasonic viscosity reduction, 
at least with regard to petroleum products. Viscosity was 
calculated using the Green–Kubo method, which is 
sufficient for low-pressure systems [14].
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where V is the volume of the system; kB is Boltzmann’s 
constant; T is the temperature of the system; α and β are 
directions in the Cartesian coordinate system; sharp 
brackets show the average value of the autocorrelation 
function in a balanced system; Pαβ(t) is a component of 
the system shear stress in the α and β directions at time t.

It has been established that the total energy and tem-
perature of the system increase rapidly after applying 
ultrasound to heavy oil macromolecules. The viscosity 
of heavy oil decreases significantly after ultrasound 
treatment, and this decrease in viscosity can reach 60 %. 
Ultrasound causes the macromolecules in heavy oil to 
break down into low-molecular-weight hydrocarbons, 
which causes the viscosity to decrease.

The paper [15] presents a mechanistic description 
of the energy conversion chain in an ultrasonic proces-
sor, which affects its energy efficiency. The gas content 
in the medium, both free and dissolved, affects several 
physical factors related to acoustics and cavitation 
phenomena. The underlying mechanism was elucidat-
ed through parallel analysis of experimental results 
and a mathematical model. A relationship between 
these factors was revealed. Finally, two examples are 
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presented, each relating to the physical process of ul-
trasonic cleaning and the chemical process of the 
Weissler reaction, which demonstrate the influence of 
gas content in the medium on the yield and efficiency 
of the process.

Ultrasonic treatment is an effective method for re-
fining the dimensions and dispersing nanomaterials 
during their synthesis. In [16], it was found that the par-
ticle size decreased exponentially with increasing ultra-
sound power. A quantitative model was also proposed to 
describe the effect of ultrasound power on the size dis-
tribution of metal nanoparticles in terms of competition 
between surface energy and ultrasonic force.

Ultrasound remains an excellent method for forming 
emulsions for food products and other applications (e.g., 
cosmetics and pharmaceuticals) due to its high efficien-
cy, excellent emulsion stability, and cost-effectiveness 
[17]. A problem is the low power of ultrasonic equipment 
and the undesirable distribution of acoustic waves 
through the medium during large-scale processing.

Purpose. The aim of the study is to develop a method 
for improving the efficiency of crushed ore classification 
based on particle size. The results of the research and 
examples of the application of ultrasonic methods indi-
cate their potential for determining and forming the 
characteristics of liquid media containing solid-phase 
particles, gas bubbles, and their various aggregations 
and flocculation [2, 3]. At the same time, it should be 
noted that the mechanism of the effect of high-intensity 
ultrasound on such heterophasic structures and the in-
teraction of its components in high-concentration sus-
pensions requires further research. Another problem is 
the modeling of the specified contact interaction and 
movement of crushed ore particles with gas bubbles on 
the results of their passage through.

Methods. A trommel, as a classifying technological 
unit in the ore enrichment process, separates the incom-
ing crushed product according to the size of its particles. 
This operation can be mathematically represented by 
the following operator [18]
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where L is the noise operator; { }      
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the vector of output values of the subgrid product; 
{ }      

( ) ( ) ( )
2 2 2, ,II II IIQ r d s d  is the vector of output values – 

supergrid product; {Q1} is the vector of control influ-
ences; {r1[d], s1[d]} is the vector of disturbance influ-
ences (characteristics of the input flow of ore material).

A fully analytical representation of the screen opera-
tor L is impossible due to the complexity of the relation-
ships between the output and input signals.

Among such signals in the rumbling process, the fol-
lowing elements of the operator should be highlighted:

- redistribution (change in particle size) of particles 
in the initial ore material flows

{ } { } { }( )     = L     
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-	redistribution (due to changes in particle size) of 
iron content in the particle size classes of the initial ore 
material streams

{ } { } { }( )     = L     
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It should be noted that using the material balance 
equation, one of the screen outputs can be calculated 
based on the values of another output, for example, the 
output parameter ( )

2{ }[ ]IIr d  can be calculated based on 
the known output parameter ( )

2{ }[ ]Ir d  and input {r1 [d]}.
According to Newton’s laws of motion, the transla-

tional and rotational motions of particle i and ore mate-
rial during screening can be represented by the following 
expressions [19, 20]:

-	for translational motion

= + +∑( ) ;i n t
i ij ij g

j

dv
m

dt
F F F

-	for rotary motion

= ∑ ,i
i

j

dw
I

dt
T

where mi and Ii are the mass and moment of inertia of 
particle i, respectively; vi and wiare translational and an-
gular velocities of the i th particle, respectively; Fg is grav-
itational force acting on a particle; n

ijF  and t
ijF  are nor-

mal and tangential contact forces, respectively; T is 
torque acting on a particle, including rolling friction 
torque and tangential friction torque.

The Hertz-Mindlin contact model allows solving the 
above equations and finding the numerical values of the 
specified forces.

The normal force Fn can be determined by the nor-
mal overlap δn and is expressed as follows [20]
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3
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The equivalent Young’s modulus E* and equivalent 
radius R* are defined as
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where Ei, vi, Ri and Ej, vj, Rj are Young’s modulus, Pois-
son’s ratio, and the radius of each sphere in contact.

In addition, there is a damping force  ,d
nF  which is 

defined as [20]

= - β * ,52
6
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n n nS m vF

where m* = (mi mj)/(mi + mj) is equivalent mass; rel
nv  is 

normal component of relative velocity; Sn normal stiff-
ness; b are defined as

β = -
+ π2 2

ln ,
ln

e

e
where e is the restitution coefficient.
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The tangential force Ft depends on the tangential 
overlap dt and the tangential stiffness St [20, 21]

Ft = -St δt,

where = δ* *8t nS G R  is the equivalent shear modulus.
In addition, there is tangential damping, which is de-

fined by [20, 21]

= - β * ,52
6

d rel
t t tS m vF

where  rel
tv  is the relative tangential velocity.

The tangential force is limited by Coulomb friction  
μs Fn, where ms is the coefficient of static friction.

The main statistical parameters of a set of crushed 
ore particles describing the characteristics of contact 
forces and the force chain include the probability den-
sity distribution of the contact force and the average co-
ordination number of particles [22].

The calculation of the probability density distribu-
tion relative to the normal contact force is as follows [23]

=

=

∑
1
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i N

n
i
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F
f
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where n is the normal contact force, i is the contact num-
ber; n

if  is the standard value of normal contact force I; 
n

iF  is the normalized value of the normal contact force 
of contact i; N is the total number of such contacts.

Other forces of contact interaction can be normal-
ized in a similar way.

The coordination number Z, also known as the aver-
age number of contacts, reflects the density of the contact 
network. The coordination number is defined as [22]

=
2 ,c

p

N
Z

N

where Nc  is the number of contacts in the particle ag-
gregate (contacts with normal contact force greater 
than 0); Np is the number of particles.

The coordination number can be understood as the 
average number of particles in contact with each particle, 
which to a certain extent reflects the state of the granular 
material in the measured area (in terms of factors such as 
stress level and contact force distribution intensity).

In an ultrasonic field, solid particles, gas bubbles, 
and their aggregates suspended in an acoustically con-
trolled liquid are subjected to constant (time-averaged) 
hydrodynamic forces that cause them to move, group 
together in certain areas of space, interact with each 
other, etc. [2, 24]. With respect to any body immersed 
in a liquid, these forces are defined as acoustic radia-
tion pressure forces and can be represented in tensor 
form as [24]

= σ∫ ,i ik k
S

F n dS

where S is the surface of the body, nk is the unit external 
normal to S; σik is the stress tensor in the fluid

σik = -pδik,
where p is the fluid pressure; dik is the Kronecker delta.

The acoustic radiation forces acting on gas bubbles 
(Bjerknes forces) are divided into two types, namely pri-
mary Bjerknes forces, which act on individual bubbles, 
and secondary Bjerknes forces, which are responsible for 
the interaction between bubbles. Primary forces cause 
bubbles to migrate in the acoustic field or gather in cer-
tain areas, such as pressure nodes or antinodes of stand-
ing sound waves. Secondary forces cause them to attract 
or repel each other and can also lead to stable bubbles 
under certain conditions. Mathematically, the Bjerknes 
force is calculated as the time average of a certain expres-
sion, which is the instantaneous force acting on a bubble 
by the surrounding (acoustically excited) fluid [25].

Results. To determine the parameters of elastic con-
tact between crushed ore particles when they collide dur-
ing movement in the screening process, the HertzWin 
calculator [26] was used, which implements the basic 
properties of the Hertz-Mindlin contact model [19‒21].

Elastic energy is the integral of the force F (dZ ). This 
energy contributes to the formation of stresses and 
strains in the particles, as well as the speed and trajec-
tory of their further motion.

For circular contact, the elastic energy Ej is equal to 
[26]

( ) δ
= δ δ = δ∫ ∫

3
24, , ,

3j
E R ZE F E R Z d Z d Z

where R is the contact radius; dZ is the total compres-
sion.

Contact force causes deformation and, consequent-
ly, stress in the material particles. Stress in point con-
tacts is distributed unevenly. Most stresses in the general 
contact zone slowly decrease with increasing distance 
from the contact. However, the shear stress reaches its 
maximum at some distance from the contact surface.

Compression of bodies during force contact occurs 
nonlinearly, with contact stiffness depending on the ap-
plied force. For spherical contact, compression dZ is 
determined by the expression [26]

 
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Therefore, the contact force divided by the total 
compression is equal to
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Local stiffness Cz is derived from compression [26]
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Below are graphs of stresses in elliptical ore particles 
during elastic collision. The dependencies shown are 
calculated for contact conditions, the parameters of 
which are given in Table.

Table uses the following symbols: p1is density, 
g/cm3; p2 is Young’s modulus, GPa; p3 is shear modulus, 
kg/mm2; p4 is Poisson’s ratio; p5 is dimensions r1a ⋅ r1b, 
mm; p6 is dimensions r2a ⋅ r2b, mm; p7 is the contact an-
gle, degrees; p8 is external force, Н.
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Fig. 1 shows graphs of subsurface stresses in an ore 
particle during force contact interaction along the 
Z axis.

The subsurface stress dependencies shown in Fig. 1 
belong to the contact center. The horizontal axis shows 
stress in MPa. Contact occurs between elliptical parts, 
the dimensions of which are determined by the radii 
along its two axes r1a  and r1b.

Thus, the geometry of contact surfaces, the mechan-
ical properties of materials, and the loads applied to the 
contact determine the mechanism of interaction be-
tween crushed ore particles when they collide. These 
factors form the stress at the point of contact and the 
trajectory of particle movement in the environment in 
which they are located.

When ultrasonic waves propagate in the pulp, their 
energy is absorbed and scattered by ore particles and gas 
bubbles. To characterize the absorption and scattering 
of acoustic vibrations by these inclusions in the pulp, the 
concepts of effective cross sections of extinction σp, ab-
sorption sc and scattering ssare introduced. Under ef-
fective cross-sectional repayment (attenuation) sp, this 
refers to the cross-sectional area perpendicular to the 
direction of the sound wave, for which the incoming 
acoustic energy is equal to the sum of the energy ab-
sorbed and scattered by inclusions, i.e. [27]

σp = σc + σs.
The absorption cross section σsc determines the pro-

portion of energy absorbed by the solid phase particle. 
These energy losses are caused by friction (viscosity) 
during particle vibrations. For a spherical particle with 
radius r and density r1 the absorption cross section is 
determined by the formula [27]


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where k = 2π/λ is the wave number; r0 is the density of 
the fluid;
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where η is the fluid viscosity coefficient; ν is ultrasonic 
vibration frequency.

Diffraction phenomena caused by media inhomoge-
neities lead to the scattering of sound wave energy. The 
cross-section of this process is determined by the ex-
pression [27]

π
σ λ = ⋅ ⋅

3
4 3,4 1

3 6
( )ss

r k r

where k is the wave number; r is the particle radius.
The presence of gas bubbles in the pulp also leads to 

the absorption and scattering of acoustic energy.
Unlike solid phase particles, absorption and scatter-

ing on gas bubbles is resonant in nature. Absorption 
cross sections σgс(λ) and scattering σgs(λ) gas bubbles are 
determined by the formulas [27]

π δ -
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where n0 is the resonance frequency of a bubble with ra-
dius R; d is the decay constant; k1 = 2πR/λ.

The expressions show that the maximum cross-sec-
tional values are achieved at ν = ν0.

The total cross section for the absorption of acoustic 
energy by a gas bubble is determined by the sum of σgс(λ) 
and σgs(λ)

π
σ = σ λ + σ λ =

ν ν - + δ
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2 2 2
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( )
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)

(gp gc gs
R

From the above, it can be concluded that each parti-
cle of the crushed ore and each gas bubble, due to its in-
dividual characteristics (size, density, mass), reacts dif-
ferently to the acoustic energy and dynamic impact of 
ultrasonic vibrations applied and propagated in the pulp. 
That is, ultrasound promotes a variety of dynamic reac-
tions and increases the mobility of its heterophase struc-
ture components.

An important element of the process of ultrasound 
propagation in a liquid containing gas bubbles is the 
phenomena accompanying their cavitation collapse. To 
model the dynamics and acoustic radiation of a cavita-
tion bubble, the Keller-Miksis equations [9] and the 
methods given in [11] were used. The dynamics of a gas 
bubble is determined by the expression

     
- + - = + +     r r     

� � �
��� 23 11 1 ,

2 2
w

w
dpR R R RRR R p

c c c c dt

where R is the instantaneous radius of the bubble as a 
function of time; t is time; c is the speed of sound in the 

Table
Parameters of ore particle contact

 p1 p2 p3 p4 p5 p6 p7 p8

2.520 68.33 27.06 0.258 0.15 ⋅ 0.1 0.074 ⋅ 0.12 30 6

Fig. 1. Subsurface stresses:
1 ‒ Sa(Z); 2 – Sb(Z); 3 – Sz(Z) – compressive stresses in 
the particle in the corresponding directions; 4, 5 – shear 
stresses Ta(Z), Tb(Z) in the particle, the size of which is 
given r1a ⋅ r1b
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medium; r is the density of water; pw is the pressure on 
the bubble wall.

The pressure on the bubble wall in the zone of ultra-
sonic impact is calculated

( )  σ σ η
= + - - - -  
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�3
0

0 0
0

2 2 4 sin ,
k

w a
R Rp P P P wt

R R R R

where s is the surface tension at the gas-water interface; 
h is the dynamic viscosity of water; R0 is the equilibrium 
radius of the bubble; k is the polytropy index; Pa is the 
amplitude of ultrasonic pressure.

The amplitude of acoustic emission of a cavitation bub-
ble is inversely proportional to the distance from its center

+
= r
�� �2 22 ,rad

R RRRP
r

where Prad is the acoustic emission; r is the distance 
from the center of the bubble to the observation point.

Fig. 2 shows the dynamics of a bubble with a radius 
R0 = 50 μm in an ultrasound field of 21.5 kHz.

The cavitation collapse of a gas bubble is accompa-
nied by changes in pressure, as shown in the dependence 
shown in Fig. 3.

That is, ultrasonic vibrations in a liquid containing 
gas bubbles, under certain conditions, cause pressure 
surges of destructive amplitude in the space close to it. 

Thus, the reaction shown in Fig. 3 contributes to the de-
struction of ore aggregations and flocculoformations in 
the pulp. It should also be noted that there are numer-
ous harmonic components of the pressure (Fig. 4) emit-
ted by the cavitation bubble, which is a consequence of 
the fact that cavitation is inherently a nonlinear response 
to ultrasonic irradiation of the medium under study

The processes occurring in the ore material moving 
along the sieve under the influence of the above forces 
are modeled in a program that implements numerical 
analysis and graphical representation of the results of 
changes in the granulometric characteristics of the sol-
id phase of the pulp in the over-grid product of the 
screen. The geometry of measurements, the position of 
the source and the intensity of ultrasonic vibrations, 
and the concentration of solid-phase particles, and 
their size distribution are set before the start of the sim-
ulation. The measurement area is represented by a sieve 
model, the length and inclination of which can be 
changed depending on the task at hand. The measure-
ment range is set by sections along the length of the 
sieve, in which the number of particles that fall into 
them is counted. The ordinate axis (Fig. 5) shows the 
number of processed particles, with the scale automati-
cally expanding as the simulation time increases, i.e., 
the number of particles, and the abscissa axis shows the 
distance, cm.

Fig. 5 shows the results of modeling the movement 
of crushed ore particles in the screen over-mesh prod-
uct, which are transmitted by the vibrations of the 
sieve surface.

The granulometric characteristic of the product is 
given by 5 size classes from 44 to 150 microns. The den-
sity of the crushed ore particles in the model example is 
2.0‒4.2 g/cm3. The primary concentration of the pulp 
solid phase is 1.65 g/cm3.

Fig. 2. Changes in the size of a gas bubble (primary ra-
dius 50 μm) under the influence of ultrasonic waves 
with a frequency of 21.5 kHz

Fig. 3. Pressure changes during cavitation collapse of a 
gas bubble

Fig. 4. Spectral analysis of cavitation bubble radiation:
PS – spectral power of pressure p; NF – normalized fre-
quency
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The efficiency of the screening process was deter-
mined by the following expression [28].

η = ⋅1 00 %,Sp

St

m
m

where mSp is the total mass of sifted particles in the col-
lection box under the sieve plate, the size of which is 
smaller than the sieve opening; mSt is the total mass of 
particles in the input product, the size of which is small-
er than the sieve aperture.

Fig. 7 shows the results of the effect of ultrasound on 
the dependence of screening efficiency on the amplitude 
of screen vibration.

The dependencies shown in Fig. 7 are approximated 
by the following polynomial equations

y1 = 0.055x3 - 1,528x2 + 11,417 + 69,617;

R2 = 0.986;

y2 = 0.041x3 - 1,451x2 + 12,304 + 62,415;

R2 = 0.994.
The analysis of the obtained results shows a decrease 

in the proportion of unclassified particles (particles 
whose size is smaller than the sieve opening but falling 
into the under-sieve product), i.e., an increase in the ef-
ficiency of fine wet screening of crushed ore by an aver-
age of up to 3 % due to the ultrasonic treatment of the 
screen input product.

Conclusions. When a particle of crushed ore moves 
in a layer of material on a screen, it is affected by the 
resistance force of the medium (viscosity) and the resis-
tance force of the surrounding particles as the particle 
tries to pass through them. The geometry of the contact 
surfaces, the mechanical properties of the materials, and 
the loads applied to the contact determine the mecha-
nism of interaction between the crushed ore particles 
when they collide. These factors form the stresses in the 
point contact and the trajectories of the particles in the 
environment in which they are located.

Due to their individual characteristics (size, density, 
mass), the particles of the crushed ore and gas bubbles in 
the pulp flow each react differently to the acoustic energy 
and dynamic impact of ultrasonic vibrations applied and 
propagated in the medium. That is, ultrasound contributes 
to the diversity of the dynamic response and increases the 
mobility of the components of its heterophase structure.

Ultrasonic vibrations in a liquid containing gas bub-
bles, under certain conditions, cause pressure surges of 

The simulation results demonstrate the indepen-
dence of the particle size distribution law from the num-
ber of particles and the simulation time.

That is, in contrast to the existing assumption of per-
fect mixing of ore particles in the layer above the sieve, 
the modeling results indicate that large grains prevail in 
the upper part of the layer and small ones in the lower 
part. The above mechanism of ultrasound propagation 
in the pulp contributes to an increase in the macrodiffu-
sion coefficient and a decrease in the resistance of the 
medium itself and the braking force of a set of particles 
when one of them moves through their layer. This in-
creases the overall speed of particle passage of the 
crushed ore through the screen sieve.

In order to experimentally verify the effect of ultra-
sound on the process of fine wet screening of ore, a setup 
that is a scaled model of an industrial screen was used. 
Ultrasonic vibrations were introduced directly into the 
inlet stream of the screen. Product characteristics were 
determined, and the screening efficiency was quantified 
using standard laboratory methods. The acoustic and 
energy characteristics of the ultrasonic impact system 
(UIS) used in the study are shown in Fig. 6. The source 
of electric ultrasonic vibrations is an ultrasonic genera-
tor with acoustic feedback and a maximum output pow-
er of 300 W. The operating resonant frequency of the 
ultrasonic impact system is 21.5 kHz.

The effect of ultrasonic irradiation of the pulp on the 
efficiency of screening under different modes of opera-
tion of the screen (amplitude, vibration frequency, sur-
face angle, and quantitative and qualitative characteris-
tics of the pulp flow) was studied.

Fig. 5. The results of modeling the movement of crushed 
ore particles in the over-grid product of the screen

Fig. 6. Acoustic and energy characteristics of the ultra-
sonic impact system:
PE, Вт ‒ electric power consumption; 1 ‒ volumetric den-
sity of acoustic energy, EVA/20, J/cm3; 2 ‒ acoustic power 
released in the load, PA ⋅ 5, Wis the amplitude of the wave-
guide end, А/2, μm; 4 ‒ is the efficiency of the SWS, h, %

Fig. 7. Results of ultrasound impact on the dependence of 
screening efficiency on the screen vibration ampli-
tude:
1 ‒ with ultrasonic impact; 2 ‒ without ultrasonic impact
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destructive amplitude in the space close to them. This 
reaction contributes to the elimination of ore aggrega-
tions and flocculoformations in the pulp.

The acoustic emission formed under the influence of 
ultrasonic irradiation of the pulp caused by the cavita-
tion collapse of gas bubbles is a manifestation of a com-
plex nonlinear process that includes numerous harmon-
ic components. This can be a general characteristic and 
property that determines the requirements for the shape 
and control parameters of this process.

The considered mechanism of ultrasound propaga-
tion in the pulp contributes to an increase in the macro-
diffusion coefficient, a decrease in the total coefficient 
of resistance of the medium, an increase in the speed of 
passage of particles by the crushed ore through the 
screen, and a decrease in the proportion of unclassified 
product. The efficiency of ore screening increases by an 
average of 3 %.
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Мета. Розробка методу підвищення ефектив-
ності класифікації подрібненої руди за крупністю її 
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часток у процесі підготовки до металургійного пе-
реділу.

Методика. У роботі використані такі методи: 
аналіз наукових і практичних рішень; статистичні 
методи для оброблення результатів експеримен-
тальних досліджень; методи аналітичного синтезу; 
методи комп’ютерного моделювання для синтезу 
й аналізу математичних моделей.

Результати. Досліджені сили, що діють на час-
тинки подрібненої руди при їх русі у шарі матеріалу 
на ситі грохота. Обґрунтовано механізм контактної 
взаємодії частинок твердої фази пульпи з урахуван-
ням геометрії контактних поверхонь, механіч-
них  властивостей  матеріалів і  навантажень, що 
прикладаються до контакту. Доведено, що частин-
ки подрібненої руди й газові бульбашки в потоці 
пульпи, у силу своїх індивідуальних характеристич-
них ознак (крупність, щільність, маса), кожна по-
своєму реагують на акустичну енергію та динаміч-
ний вплив ультразвукових коливань, що прикладе-
ні й розповсюджуються у середовищі. За результа-
тами виконаного аналізу зроблено висновок, що 
ультразвук сприяє різноманітності динамічної ре-
акції та підвищенню рухомості складових гетеро-
фазної структури пульпових матеріалів. Проаналі-
зовані умови, за яких вплив ультразвукових коли-
вань у рудній пульпі, що включає газові бульбашки, 
викликає руйнацію в ній рудних агрегацій і флоку-
лоутворень. Визначені параметри ультразвукових 

коливань, що викликають кавітаційний колапс га-
зових бульбашок і сплески тиску руйнівної амплі-
туди у пульпі. Доведено, що акустична емісія, що 
виникає при розповсюдженні ультразвукових ко-
ливань у пульпі, може бути загальною характерис-
тикою та властивістю, що обумовлюють вимоги до 
форми й параметрів керування цим процесом. За-
пропоновано метод підвищення ефективності тон-
кого вологого грохочення руди із застосуванням 
динамічного силового впливу ультразвуку на про-
дукт класифікації.

Наукова новизна. Розроблено метод підвищення 
макродифузії та зменшення загального опору руху 
подрібнених частинок рудної пульпи у процесі її 
грохочення шляхом уведення у надрешітний про-
дукт грохота ультразвукових коливань певної амп-
літуди й частоти, що дозволяє збільшити швидкість 
проходження частинок подрібненої руди через сито 
грохота та зменшити частку некласифікованого 
продукту.

Практична значимість. Аналіз отриманих резуль-
татів свідчить про підвищення ефективності тонко-
го вологого грохочення подрібненої руди в серед-
ньому до 3 % за рахунок ультразвукового оброблен-
ня вхідного продукту грохота.

Ключові слова: грохот, вібрація, класифікація, 
керування, пульпа, ультразвук, моделювання
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