Ioeipwenns axocmi rxonuenmpamis 6
0CHOBHOMY 8100YBAEMbCA 6HACTIOOK YMEO-
PEHHS MIKPDOHHUX MEXHOZEHHUX 3POCMKIG.
3anpononosano euxopucmanus 6ucoxoemep-
2eMUUH020 YAbMPA3BYKY 6 KAGIMAUIUHOMY
pescumi 011 OHUWEHHS NOBEPXOHD MIHePAiE.
Zosedeno, wio epexmusnicmo yavmpazsyxo-
601 00po0KU No6’A3a1HA 3 OHOGIIEHHAM NoGep-
XOHb HACMOK, W0 NPU3B00UMD 00 30LIbMEHHA
KOHMpPAcmHocmi MazHimuux i gromauiitnux
eaacmueocmeii minepanie. Buxonano pospa-
XYHOK npucmporo popmyseanns 6ucoxoexep-
2eMUMH020 YIoMPa3eyKy

Kntouoei cnosa: yavmpaseyrosuil eniue,
ouuwenta minepanie, 3anisna pyoa, Kaeima-
ULHHULL Pexcum, mexHoz2eHHI 3POCMKU

Yxyowenue xauwecmea xonuenmpamos 6
OCHOBHOM npoucxooum 6 pesyavmame oopa-
306AHUA MUKPOHHBIX MEXHOZEHHIX CPOCMKOG.
IIpednosceno ucnonvsosanue 6vicoKodHepee-
MUUeCK020 Yaompazeyka 6 KaGUmMauuoHHOM
pevicume 0N OMUCMKU NOBEPXHOCMEN MuHe-
panos. Jloxazarno, wmo s pexmusnocmo yno-
mpaseyxoeoi obpabomxu céazana c 061osJe-
HUeM noeepxHoOCmeli Hacmuy, ¥mo nPuUeoOum
K YGequuenuto KOHmpacmuocmu maznum-
HbIX U PAOMAUUOHHBIX CEOUCHE MUNEPALO8.
Botnoanen pacuem ycmpoiicmea opmupo-
6aHUS BLICOKOIHEP2EMUUECK020 YIbMPAZBYKA

Kmiouegvte cnosa: yavmpaseyxosoe 603-
delicmeue, OUUCMKA MUHEPATO8, NCeNe3HAs
pYyoa, KAGUMAUUOHHDLIL PeXHCUM, MEXHOZEH-
Hble cpocmru

1. Introduction

Iron ore is the main raw material for the metallurgical
industry worldwide. The iron ore market largely affects many
economies. It is known that today 98 countries of the world
have deposits of iron ore of varying quality. Experts estimate
that the world reserves of iron ore may be about 790 billion
tons. To date, the total reserves of iron ore worldwide are
equal to 464 billion tons, of which about 200 billion tons have
been already confirmed [1, 2]. Ukraine is one of the leading
countries in the world in terms of iron ore reserves, and it has

|DOI: 10.15587,/1729-4061.2017.1 18448|

HIGH-ENERGY

ULTRASOUND TO IMPROVE
THE QUALITY OF PURIFYING

THE PARTICLES OF IRON
ORE IN THE PROCESS OF
ITS ENRICHMENT

V. Morkun

Doctor of Technical Sciences, Professor,
Vice-Rector for Research***

E-mail: morkunv@gmail.com

G. Gubin

Doctor of Technical Sciences, Professor, Head of Department

Department of metallurgy of
ferrous metals and foundry production®***
E-mail: zagalniy@knu.edu.ua

T. Oliinyk

Doctor of Technical Sciences, Professor, Head of Department*

E-mail: taoliynik@gmail.com
V. Lotous

Chairman of the Board****
E-mail: pgok@ferrexpo.com
V. Ravinskaia
Head of test center****
E-mail: pgok@ferrexpo.com

V. Tron
PhD, Associate Professor**
E-mail: vtron@ukr.net

N. Morkun

Doctor of Technical Sciences,

Associate Professor, Head of Department**

E-mail: nmorkun@gmail.com

M. Oliinyk

PhD, Senior Lecturer*

E-mail: oliinyk.max@gmail.com

*Department of mineral processing and chemistry***

**Department of automation, computer science and technology***

***Kryvyi Rih National University

Vitaliya Matusevycha str., 11, Kryvyi Rih, Ukraine, 50027
**%*Pr)SC Poltavskii GOK

Budivelnykiv str., 16, Horishni Plavni, Ukraine, 39800

a strong ore mining industry. Significant reserves of iron ore
have been discovered on the territory of Ukraine, and their
total volume exceeds 32 billion tons. The main volume of
ores is concentrated in 52 deposits. Today, mining is carried
out in Ukraine in 25 fields: 21 in the Kryvyi Rih basin, 3 in
Kremenchuk, and 1 in Bilozerske.

The total volume of extracting commodity iron ore
exceeds 1 billion tons per year, with 55-58 % of the raw ma-
terial being used for smelting metal. Today, iron products are
manufactured in 50 countries of the world, with more than
85 % of the output of commodity products being accounted




for in 8 countries (Brazil, Australia, China, the USA, India,
Canada, Venezuela, and Japan). Ukraine holds the 7th place
in the world for producing commodity iron ores (4.9 % of the
world output), only behind China, Brazil, Australia, India,
the Russian Federation, and the USA [2].

The world reserves of iron ores are mainly of low and me-
dium quality. In part, they account for over 87 percent of the
total explored reserves in the world. Such ores contain from
16 to 40 percent of iron and require enrichment. Ukraine is
no exception.

The iron-magnetite raw material extracted in Ukraine
is characterized by a complex texture, structure, and a high
content of harmful impurities such as silicon dioxide, potassi-
um oxides, sodium, magnesium, and sulfur. At the same time,
the requirements for the quality of iron ore concentrates
entering further metallurgical processing are increasing, as
the high quality of magnetite concentrates can significant-
ly reduce the cost of metallurgical production. Magnetite
concentrates, which are in demand on the world market,
have the following mass fractions: 69-70 % of iron, 2.5-3 %
of silicon dioxide, 0.06—0.08 % of sulfur, and about 0.3 % of
other harmful impurities [3—5]. The concentration of the raw
materials on the world market requires immediate measures
to improve the quality of iron ore concentrates and simulta-
neously reduce their cost at Ukrainian mining and enrich-
ment plants, which can maintain their place on the world
market only by improving the production of a concentrate
that should contain 69-70 % of iron, not more than 2.5 % of
silica, and not more than 0.16 % of KyO+Na,O.

Standard solutions in modern conditions do not allow
achieving high technical and economic indicators of pro-
duction. Consequently, new approaches are needed to move
to a new technological level of production that provides
high-quality indices of world-class iron ore raw materials.

Thus, the need for a deep enrichment of iron ore raw
materials to intensify and increase the efficiency of their
processing is beyond doubt. Consequently, the important
task is to create new and improve existing technologies for
producing high-quality iron ore concentrates while reducing
the losses of iron with the enrichment waste.

2. Literature review and problem statement

Ores of different types are characterized by mineral com-
position and texture-structural features, which necessitates
the application of various enrichment technologies. In this
regard, the depth of enrichment and the technological per-
formance in the processing of ore of each particular type are
determined by a number of its characteristics. These charac-
teristics include: the material composition, the nature of the
components, the contrast of the properties, and the efficiency
of separation processes. The technology of enriching magne-
tite ores is uniform and involves phased separation with the
sequential removal of the nonmetallic part into tails. This is a
distinctive feature of the technology of processing magnetite
ores, as the enrichment of most minerals is pursued for the
purpose of successive removal of disclosed ore minerals into
finished products.

Abroad, the improvement of the technology for enriching
iron ores is carried out by combining technological schemes.
A rough concentrate is obtained according to the schemes of
magnetic separation, and then special methods of enrichment
are used to improve it. Among the distinguished methods,

there are washing, settling, enrichment on concentration
tables, extraction by screw separators and heavy suspensions,
magnetic enrichment, flotation, and flotogravitation [6, 7].

High-grade concentrates are obtained at the Ukrainian
ore mining and enrichment plants with the use of existing
magnetic enrichment equipment, and the technology pres-
ents some difficulties [7].

The main reasons for this are as follows:

—low separation efficiency due to the redistribution of
the material and its increased flocculation;

— insufficient disclosure of minerals with the formation
of “heavy” splices;

— clogging of concentrates due to violations of the tech-
nological mode (roughness of crushing, breaking of the sep-
arators, etc.);

—the predominance of certain types of aggregation of
minerals that are unfavorable to the ore opening — poikilitic and
myrmekite-like mergers that dramatically reduce the quality of
the magnetite concentrate when enriching quartzites;

— the presence in the concentrate of particles the size of
which exceeds the standard;

— adhesion of nanosized nonmetallic minerals to mag-
netite particles that are sent as part of the pulp to magnetic
separation;

— flocculation of magnetite particles in the magnetic sep-
arator field. In this case, the flocculates include particles of
nonmetallic minerals.

It is noteworthy that the quality of concentrates is de-
creased by re-crushing, which leads to formation of slurry.
This is due to the low efficiency of the re-crushing and grad-
ing. Thus, if in stage I of the classification in spiral classifiers
the efficiency is 50—60 %, then in stage II in hydrocyclones
with a diameter of 500-700 mm the efficiency is reduced
to 30-38 %. In stage III in hydrocyclones with a diameter
of 360—-500 mm, the efficiency is reduced to 25-30 %. That
is, 70-75 % of the already opened material is again direct-
ed with the sands of the hydrocyclone to the last stage of
crushing. Therefore, at some plants, the finishing operation
consists in using thin screening (for example, at the Kosto-
mukshsky GOK, RF), which allows increasing the mass
fraction of iron from 65.7 to 67.6 %. For these purposes, the
main screens of thin sifting by Derrick (USA) [8, 9] are used.
In order to improve the quality of the concentrate at three
ore mining and enrichment plants of Kryvbas (ArcelorMittal
Kryvyi Rih, PIVNGZK PJSC, and PIVDGZK PJSC), as well
as Poltava GZK, in the period from 2003 to 2015, studies
were conducted on the feasibility of using thin screening to
improve the quality of the magnetite concentrate. During
the experiments, Stack Sizer screens (by Derrick) were used.
Research has shown that a high-quality concentrate with a
total iron content of more than 67 % can be obtained using
the method of thin screening of ordinary concentrate (the
mass fraction of total iron in the concentrate at the level of
64.5-65.5 %). It should be noted that the practice of thin
screening, as well as the flotation of iron ore concentrates to
high quality, has been used at ore enrichment plants in the
United States and Canada for many decades.

In Ukraine today, magnetite quartzites are processed
with the refinement of concentrates by flotation at the
PJSCs Poltava GZK and Inhulets GZK. The flotation of
concentrates is the most perfect solution to the problem of
removing silica and producing pure magnetite concentrates,
even down to the monomine fractions [10], along with the
decreasing content of potassium and sodium alkanes, which



are part of the rock minerals. The increase in the iron content
in the flotation of rolled magnetic concentrates varies at
factories from 2 to 9 %. As a result of reverse flotation, it is
possible to obtain “superconcentrates” containing more than
70 % of iron and less than 2 % of silica in total. Removal of
iron in concentrates depends on the content of magnetite in
ores (18-35 %) and varies from 65 to 85 %. The quality of
flotation in iron concentrates depends on the mineral com-
position of ores.

Analysis of works [3—6, 10—11] allows determining the
main cause of contamination of concentrates. Its essence lies
in the deterioration of the contrast of the technological prop-
erties of minerals, which occurs due to magnetic flocculation
of particles and the formation of technogenic micron splices.
The mechanism of the appearance of technogenic splices is
mainly due to the presence of particles of ion-electric and
molecular fields on the surface. At first glance, the simplest
approach is to apply mechanical fracture of the surfaces of
mineral particles, but this does not always lead to the expect-
ed results [11]. The formation of technogenic splices reduces
the difference in the properties of the surface of the ore and
nonmetallic grains, changes their magnetic susceptibility
and, consequently, differentiates the efficiency of various
separation methods.

A team of researchers at the State Higher Educational
Establishment “Krivyi Rih National University” studied the
products of enrichment of PJSC TsGZK and PJSC North-
ern GZK [11]. The specimens were subjected to intense
ultrasound. The findings resulted in a conclusion that in
different classes of products of magnetic enrichment the
mass fraction of iron changed after exposure to ultrasound.
In the size classes with the concentration of open grains of
minerals (—0.071 mm), the mass fraction of Fe, increased by
2.7-4.1 %. At the same time, in slurry products (-0.02 mm), it
decreased by 14.7 and 7.2 % for the magnetic products of the
Ist and Vth stages of enrichment, respectively. This indicates
the predominance of cleaning particles from slurry coatings
over the release of nonmetallic minerals from magnetic floccu-
lates. Removal of technogenic micron formations occurs both
from particles of iron oxides and from particles of quartz and
silicates, as a result of which there is a renewal of the surface
of particles and an increase in the contrast of technological
properties in magnetic separation and flotation.

The study of the processes of purifying the surface of ox-
idized pyrite in the process of flotation is carried out in work
[12]. The performed experiments show that purification of
the surface of pyrite with different degrees of oxidation is
achieved by ultrasound with an intensity of >0.3 W /cm? for
40 s. Tt is noted that the effectiveness of ultrasonic influence
mainly depends on the length of the material processing. To
a lesser extent, the effectiveness depends on the magnitude
of the intensity of the ultrasound. In addition, ultrasound
contributes to the formation of bubbles, which also increases
the effectiveness of flotation.

The method of ultrasonic cleaning of coal with a high
content of sulfur in water and mixed alkalis is presented

n [13]. The study determined that the effect of ultrasonic
fluctuations with a frequency of 20 kHz ensured maximum
removal of ash, pyrite sulfur, sulfate sulfur, and total sulfur
in the amounts of 87.52 %, 83.92 %, 12.50 %, and 18.80 %,
respectively.

The influence of ultrasonic cavitation on the purification
of particles in liquids was investigated in work [14]. It is
noted that ultrasonic cavitation in a liquid medium causes a

number of physical and chemical effects. Fluctuations and
collapse of cavitation bubbles moving at low ultrasound
frequencies (20 kHz) can generate strong shear forces,
microcurrents, and shock waves. It is indicated that these
effects can be used to influence the surface activity of solid
particles in a liquid.

It is stated in paper [15] that a powerful ultrasound can
be used to enrich coal for the removal of sulfur from it. It is
noted that the main effects of ultrasound in a liquid medium
are acoustic cavitation and acoustic currents. It has been
proven that application of ultrasonic influence helps achieve
better purification in comparison with chemical methods.

The tests on the laws of cavitation processes in the pulp
[16] resulted in forming a method for determining the op-
timal parameters of ultrasonic vibrations to maintain the
cavitation mode. The proposed analytical dependence allows
calculating the values of the optimal frequency, taking into
account a certain size of gas bubbles in the pulp.

Consequently, an increase in the quality of magnetite
concentrates is possible due to removing and destroying the
so-called technogenic splices from the surface of minerals of
clayey sludge particles. The analysis of the main directions
and approaches in this issue has shown that the application of
high-energy ultrasound of a certain intensity for the pretreat-
ment of the iron ore pulp before flotation will form a clean
surface of mineral particles. Thus, due to the disintegration of
ore flocculoforms, the output of the high-quality concentrate
will increase. Therefore, improvement of the technology of
flotation of magnetite concentrates is proposed due to the use
of a pulsed magnetic field of decreasing tension and high-en-
ergy ultrasound in the cavitation mode.

3. The aim and objectives of the study

The aim of the work is to improve the quality of cleaning
iron ore particles in the process of the ore enrichment with
the use of high-energy ultrasound to increase the efficiency
of the technology of flotation enhancement of magnetite
concentrates.

To achieve this aim, the following research tasks were
solved:

— to perform simulation, to investigate the influence of
the dynamic effects of ultrasonic vibrations on the ore pulp
in the process of enrichment, and to determine the optimal
parameters of the source of ultrasonic vibrations to provide
the necessary intensity and direction;

— to investigate the possibility of using pretreatment of
the iron ore pulp with the help of high-energy ultrasound to
improve the purification efficiency;

— to determine the optimum values of the intensity and
duration of ultrasonic treatment in the purification of min-
eral particles;

— to investigate the effectiveness of ultrasonic influence
on the reduction of the mass fraction of nonmetallic oxides
in purified samples of flotation probe samples.

4. Materials and methods for studying ultrasonic influence
on the parameters of magnetic flotation enrichment

4. 1. Materials and equipment used in the experiment
The research work included a complex of methods such
as generalization of scientific information; X-ray and mineral



analysis of ore and enrichment products; research on the
methods of forming high-energy ultrasound. The study also
included simulation and analysis of high-energy ultrasound
effects; technological tests in laboratory conditions; synthe-
sis of analytical regularities; and substantiation of rational
parameters of the process of flotation finishing of magnetite
concentrates. Experimental tests were carried out using a
specially designed laboratory complex, which included the
following equipment: an ultrasonic disperser with a regulated
intensity and power of 130 W, an emitter with a mushroom
working end with a diameter of 18 mm and a radiation area
of 254 mm?, microscopes Nu and Vertival and a precision
microscope, a stopwatch, and a thermometer. The investigat-
ed disperse media used in experiments were samples of very
finely dissolved magnetite quartzites. Sampling was carried
out at the testing of the ecological scheme of enrichment in
the conditions of PJSC Poltava GZK: the powering and un-
loading of a vertical mill, a magnetic separation feed, as well
as the concentrates and flotation waste of magnetic products.

4. 2. Methods of research on ultrasonic processing of
products

To simulate the process of spreading the ultrasonic signal
in a fluid medium, under conditions of change in the velocity
of sound propagation and density change, the study involved
the use of the k-space method of the first and second orders,
based on the system of linear equations of the first order [17].

Experimental tests of the products were carried out
according to the scheme below (Fig. 1). The imposition of
product samples was subjected to ultrasound treatment, and
further, washing of each treated sample in a weak magnetic
field was carried out. To equalize the results in a weak mag-
netic field, a sample of the product that had not been subject-
ed to ultrasound was washed. Further, optical mineralogical
research of the products was conducted.
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Fig. 1. A general scheme of research on the ultrasonic
processing of pulp samples

Acoustic power was measured to assess the degree of tem-
perature rise AT=T,—T; of the liquid medium in the volume V
during the time of the ultrasound effect on the liquid (¢),
with the known heat capacity C and density p, using the
following formula:

P:CpVAT'

t

(1)

Since practically all acoustic energy is converted to heat,
the measurement of the final temperature ¢, allows using the
calculated formula to calculate the acoustic power.

Using the capabilities of a scanning microscope, it is pos-
sible to determine the presence or absence of adhesive con-
tamination with rock particles on the surface of the exposed
ore grains. With the help of spectroscopy and software, it is
possible to determine the mineral composition of contami-
nants, the size of nonmetallic inclusions, etc. All images of the
raster electronic microscope are made in shades of gray. For
the visualization effect, such images are not suitable, since
when the size of the particles under study is reduced, the
contrast of the images increases. In some cases, the images
of ore and rocky grains look the same, and they can be dis-
tinguished only by the results of spectroscopy. Therefore, in
the tests, the priority indicators of the degree of purification
were the chemical analysis of the processed products and
enrichment tests using a Davis tube.

5. Results of simulating the influence of
ultrasonic signal in the medium

The mathematical description of cavitation processes in a
heterogeneous environment adapted to the flotation process
of iron ore enrichment is discussed in detail in [16].

To create a model of the effect of high-energy ultrasound on
the pulp flow, it is necessary to calculate the device for the for-
mation of high-energy ultrasound with controlled parameters.

For a two-dimensional medium without loss, the equations
of the ultrasonic signal propagation in a fluid medium under
conditions of change in the velocity of the sound propagation
and the density change have the following form [17, 18]:

o125,

1 dp(re)
p(r)e(r)” ot

where u is the velocity vector of the ultrasonic particle with
components u, and u, p is the ultrasonic pressure fluctua-
tions, p(r) is the density of the medium, ¢(r) is the sound
velocity in the medium, and 7 is the coordinate vector (x, y).

The second-order wave equation corresponding to ex-
pression (2) has the following form [17, 18]:

1 p(re)

1
V[p(r)vp(ryt)J_p(r)c(r)zatQ:O' 3)

Let us consider the procedure for numerical solution of
the above equations by the k-space method. To simplify con-
siderations, we believe that the velocity of sound and density
are constant, that is, p(r)=7, and ¢(r)=c,. The general
principles that underlie the k-space method are given in [19].
At the same time, the method under consideration can be
extended to the case of a heterogeneous medium.

For narrowband signals, such as ultrasonic pulses, very
accurate spatial derivatives can be obtained by the Fourier
transform of the pressure field [20].

=—Vu(rz), (2)



This principle is at the core of the pseudospectral
methods described in particular in [21]. Spatial derivatives
of equation (2) are calculated using the discrete Fourier
transform and time iteration, which are implemented using
the Adams-Bashforth and Adams-Moulton methods of the
fourth order. For a case of a uniform velocity of sound and
density, equation (3) can be written in the space-frequency
domain in the following way:

2a
TP gﬁf’” = ~cik*p(k), 4)
where p(k,¢) is a two-dimensional spatial Fourier transform
of the ultrasonic pressure fluctuations p(7,t).

The discrete representation of the left-hand side of equa-
tion (3) is obtained using the second-order finite differ-
ence method. Consequently, the approximate pseudo-spectral
method is described by the expression

p(rt+At)=2p(rt)+ p(r,t—Ar)
(az)’
=c§F’1(k2F(p(r,L'))), ()

where F is the operator of a two-dimensional Fourier trans-
form of space. In numerous realizations of equation (4), the
spatial derivatives from the right-hand side of equation (3)
are precisely represented using a discrete Fourier transform.

The considered pseudo-spectral methods [17, 20, 21], as
a rule, use approaches of time integration of a higher order
to reduce disorientation errors. However, for a homogeneous
medium, the time iteration can be performed precisely, that
is, without any dispersion using the 2—¢ method of space [19]:

pkt+At)-2p(kt)+p(kt—At)
(Ar)’ sin (c,Atk / 2)2/(60Atk/2)2 -
=—(ck)” (k)- (6)

The method of time iteration is mathematically equiva-
lent to the method originally presented in [17].

As shown in [19], the time accuracy of this method fol-
lows from the exact discrete representation of the differen-
tial equation of the harmonic oscillator described in [22].
The time iteration can be performed in the spatial-fre-
quency domain, as shown in [19], using the generalized
form of equation (5). Also, an equivalent iterative method
can be obtained by using the inverse spatial Fourier trans-
form of equation (5). The resulting iterative formula has
the form [17]:

p(rt+At)=2p(r,t)+ p(r,t—At)
(ac)’

:C§F1(k25in(COAtk/2)F(p(r,t))} )

oAt k /2

To the right-hand side of equation (6), we apply the
k-space operator of the second order, which looks as follows:

(V) p(r1)=

- sin(c,At k/ 2)2
(et b/ 2)’

F (p(r,t))]’ ®

where (c,At) is the upper index that indicates that the op-
erators used are the standard gradient operator and also the
functions of the parameter (c,At).

The form of equation (6) implies that the method of
k-space of the second order can be considered as a modified
finite difference method, in which the spatial Laplacian is
replaced by the k-space operator. However, the k-space oper-
ator in equation (7) includes not only the spectral estimation
of the Laplacian but also the time correction element associ-
ated with the k-t spatial iterator of equation (5).

To apply the k-space method to a system of first-order
equations describing wave propagation, the k-space operator
of the second order can be used. For this, the operator of the
second order is divided into parts that are associated with
each spatial direction. For a two-dimensional case, this pro-
cedure is performed in the following way:

ap(r,t) = F_1 lk eiklA‘,/Z MP(ﬁ(f t))

9lad) * c At k/2 )
ap(r’t) EFA lk eikuAv/sz(p(r t))

o)y v ALk /2 )
ap(r,t) = F ik ™A Mp(p(r t))

o) . oAtk /2 )
ap(r’t) = F—1 ik eikvAy/QwF(p(r L‘)) (9)
sy v ALk /2 )

so that

[ap(r,t) ap(r,t) .
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a(CnAtyy a(CoAff)?y
=(vV) p(r). (10)

The spatial-frequency components &, and k, are defined
so that k* =k +k;.

Using the operators of equation (8) in equation (2)
makes it possible to form the &-space method of the first or-
der as equivalent to (6). The application of the exponential
coefficients from equation (8) requires the estimation of the
velocities of the ultrasonic wave of u, and u, in the points of
the array at the intervals Ax/2 and Ay/2, respectively. The
resulting algorithm has the form

ux(n,t")—ux(rpt’)_ 1 op(rt)
At p(n) gy
uy(’}’f)_uy(%’f): 1 Bp(r,t)'
At p(r,) a(CoAzYy’
p(r,t+At)—p(r,t)_
At B
B ) aux(rpt*) Buy(rz,t*)
_—p(r)c(r) [ s + a(%m,y , (11)

where

n=(x+Ax/2,y), n=(x,y+Ay /2),



t'=t+At/2, tT=t—NAt/2.

(12)

In equation (11), the spatially varying values of the sound
speed and density ¢(r) and 7(7) are used instead of the coef-
ficients ¢p and py. The spatial distribution in equation (10) is
implicitly included in the spatial derivatives of the consid-
ered operators. For example, the operators a9/ 9" x and
9 /9" x, which are defined by formula (9), correspond to
the derivatives calculated after the spatial shifts of Ax /2and
—Ax /2, respectively.

The nature of the change in the concentration of particles
and their distribution by size in the field of high-energy ul-
trasound depends on the density of the particles themselves,
the frequency and intensity of the radiation. Let us evaluate
the effect of radiation pressure of ultrasound on the change in
the concentration of particles of the radius 7. Let us suppose
that in the positive direction of the x axis, a pulse flows at a
velocity V. We denote by n,(Z, t) the concentration of parti-
cles of the radius 7 at the depth Z at the time z. In view of the
aforementioned, it is possible to write down that

on(Zt) 9
= =g [V.(Z,6)n (Z,0)].

(13)

In this equation, V(Z, t) is the rate of displacement of a
particle of the radius » with the coordinate Z in the ultrasonic
field. The velocity is directed along the z axis, that is, it is
perpendicular to the flow of the pulp. In general, it depends
on the time ¢, as the concentration of particles changes as a
result of ultrasound, which results in a change in the inten-
sity of the ultrasound, which ultimately affects the particle
shift rate. However, this greatly complicates the solution of
equation (12), so we will assume that the speed depends only
on the coordinate Z.

Assuming that the intensity of the ultrasonic wave I var-
ies according to the exponential law (initial value), the coef-
ficient of its attenuation o depends on the frequency of the
sound v, and, taking into account the analysis performed in
[23], the concentration of the particles 7,(Z, ) is determined
by the formula

n(Zt)=n, ﬁé’t(@“ “—opt),

p

where #n,(Z,0)=n,, n,(0,6)=0 are the initial and final con-
ditions;

(14)
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rc? p—p
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p, and ¢, are the particle density and ultrasound velocity in
the particle material; p and ¢ are the density of the investigat-
ed medium and the speed of the ultrasound in it.

When increasing the intensity of high-energy ultrasound
from zero to a certain value and the constant velocity of the

pulp flow in the measuring zone, all or only individual size
classes of the crushed material can be shifted [23]:

0

Tm-1

(].f(r)rBdr + ]l.f(r)rsdr+ o+ T f(r)rBer
F(r)= . . (15)
J'f(r)r"‘dr

The power of high-energy ultrasound, which makes it
possible to predict displacement of particles of crushed ore
of a certain mass in the pulp flow, was calculated using the
package HIFU Simulator v1.2 [24].

Thus, the simulation and analysis of the dynamic effects
of high-energy ultrasound on the ore pulp have helped de-
velop a method for changing the trajectory of the motion of
particles of a certain size class.

Article [25] considers forced fluctuations of monopole
domain margins under the action of ultrasonic waves propa-
gating along them. This phenomenon is explained by the fact
that ultrasound causes variable mechanical stresses in parti-
cles of iron, which leads to an increase in the magnitude of
the magnetoelastic energy Uy, which is generally determined
from the expression [26]

U,=—c-\, (16)
where A is magnetostriction, and o is stress. In accordance
with the law of anisotropy by M.S. Akulov, the expression for
U, takes the following form:

1
Ud=—(5~(a1 Z (53[3?_3)"‘“22(51‘5/‘[31'31'))- 17)
i=1,2,3 i#]
To preserve the condition,
oU,+U,+U,)
e TrdaTEm) g,
% (18)

where U, is the energy of the magnetic anisotropy of the crys-
tal; U, is the energy of the external magnetic field.

According to expressions (15)—(18), if the energy of U,
changes, then the magnetization of the particles will increase.

Below, the design of the channel of influence of high-
energy ultrasonic oscillations on the pulp flow performed by
ultrasonic phased array technology is considered.

The ultrasound phase array is viewed as a set of point
sources of ultrasound, located at the same distance (d) from
one another. The design is developed on the basis of studying
the influence of the distance between elements, the wave-
length and the number of elements on the controllability and
efficiency of ultrasonic radiation [23].

The pressure of the ultrasonic field is determined using
the Huygens principle according to the formula [27]

p(?’,Q,t) = p(;ro mejx(N1)ej(mkr) ,

_ OAT—kdsin®

5 , (19)

where 7 is the infinitely small radius of the pulsed point
sources of ultrasound radiation; pg is the amplitude of pres-
sure of the point sources of ultrasonic radiation; & is the wave



number; o is the angular frequency; N is the number of point
sources of ultrasound radiation; and j is the imaginary unit.
The required delay time between neighboring sources is de-
termined by the direction of ultrasound radiation at an angle
0, and is given by the ratio [28]

At dsines,
¢

(20)

where ¢ is the speed of sound in the medium of propagation (the
reference liquid, water, and the iron ore pulp, respectively).

The direction of ultrasonic radiation, based on expres-
sion (8), will then be determined as

. (nd(sinex—sine)J ‘
sin| —————*

A

Nsin(nd(sjne}i —sinG)J"

The optimal parameters of the ultrasonic phase array are
selected on the basis of the indicators characterizing the di-
rection diagram of the ultrasonic phase array (Fig. 2).

H(8)= 1)

300 60

270 90

Fig. 2. A diagram of the direction of the ultrasonic phased
array: —— total; ------ — of a point element

The index of the width (sharpening) of the main petal of
the diagram, taking into account (20), is determined by the
formula

q:%(sin_1 (Sines""%)_ﬁn_1 (Sines_%))' (22)

In this case, the better orientation corresponds to less
than the value of the ¢ index. It should be noted that in
the case when the value of A/Nd is close to zero, then ¢ also
goes to zero. Thus, a better orientation can be achieved by
applying a greater number of radiating point elements or by
increasing the distance between these elements.

Based on expression (22), which describes the width of
the main petal of the directional diagram, we can conclude
that the increase in the number of elements of the ultrasonic
phase array raises efficiency. However, the results of study
[27] show that the value of the index g sharply decreases
when the number of piezoelements in the phase array varies
up to 8. If the number of elements exceeds 32, an increase in
their number does not bring a significant improvement in the
index g. Taking into account this circumstance, the optimal
number of elements in terms of improving the direction of the
phased array and the cost of its manufacturing is 16 [23, 27].

The distance between the elements is also an essential
indicator that affects the radiation pattern of the ultrasonic

phased array. In [27], it is shown that a greater distance
between elements of a phased array corresponds to a better
value of the direction indicator. However, it should be noted
that, along with the change in the direction of ¢, the lateral
petals of the directional diagram also increase. This is con-
firmed in Fig. 9 by the results of calculating the directional
patterns of the ultrasonic phased array with 16 elements
(4x4) with a change in the distance between the elements
from 0.4 mm to 0.7 mm in increments of 0.1 mm.
Consequently, it is necessary to find a compromise value
of the distance between the elements of the phased array.
This value, on the one hand, provides the optimal level of
the radiation direction, and on the other hand, it provides
reduction of the side petals of the directional diagram. From
equation (20) under condition H(n/2)=1, the distance be-
tween the elements of a phased array is determined as follows

1

= 22
1+sin@, (22)

cr

As a result of simulation and calculation, the obtained
optimal value of the distance between the elements of the
ultrasonic phased array is equal to d,,=0.45 mm.

The three-dimensional representation of the directivity
diagram of this ultrasonic phased array is shown in Fig. 3.

0.8
0.6
0.4

0.2

0.5
0.5

y 05 05 X

Fig. 3. A diagram of the orientation of the ultrasonic phase
array at a distance between the elements d,=0.45 mm

Thus, a pretreatment of the iron ore pulp with the help of
high-energy ultrasound is a promising direction of increasing
the efficiency of the process of flotation of the iron ore con-
centrate by purifying the particles of the useful component
from the sludge. This approach can prove that the effective-
ness of ultrasonic treatment is associated with the renewal of
particles surfaces, which leads to an increase in the contrast
of the magnetic and flotation properties of minerals.

6. Discussion of the results of studying the ultrasound
influence on the indicators of magnetic flotation enrichment

To confirm the simulation results, samples of products
from technological flows of magnetic flotation enrichment
of fine and very finely dispersed magnetite quartzites of the
Kremenchuk iron ore district were selected. The samples
were processed using a pulsed magnetic field of decreasing




tension and high-energy ultrasound in a cavitation mode
modulated by high-frequency pulses. Grinding in a vertical
mill reveals splices of nonmetallic minerals with magnetite
in the form of particles of various sizes. The material for
unloading the mill is characterized by high content of non-
metallic minerals: quartz — 12.5 %, cummingtonite — 5.3 %,
carbonate — 4.9 %, aegirine and riebeckite — 2 %, and iron hy-
droxides — 2.2 %. Non-ore minerals are represented by micro-
disperse minerals. Their content in the material is 24—26 %.
The density of these nonmetallic minerals in comparison
with magnetite or hematite is 1.5-2 times less. That is, the
product of unloading the mill is a mixture of mineral ore and
nonmetallic grains with a bulk ratio of ~ 2:1. Such a product
is complicated by the size and the ratio of the ore and nonme-
tallic minerals to separation processes in magnetic fields and
requires the application of many stages of enrichment.

The mineralogical analysis has shown that the surface of
mineral particles in unloading the mill is the least contami-
nated with slag in comparison with other products. However,
in a laboratory experimental installation, the separation of a
product without prior ultrasound treatment did not signifi-
cantly improve the quality of the material: the mass fraction
of Feyy in the purified product had increased by 0.41 %. Then,
after ultrasonic treatment for 60 s and at an impact intensity
of 1.62 W /cm?, the quality of the purified product increased
by an additional 0.4—0.5 % while the magnetite extraction
increased by 1.1 %. The ultrasonic effect created favorable
conditions for the separation of even relatively “pure” fine
particles across the contaminated surface. Simultaneously
with the improvement of the quality of the purified product,
its yield increased due to the selective magnetic flocculation
of the fine magnetite particles purified from the nonmetallic
sludge. The effectiveness of cleaning the product, namely
the discharge of a vertical mill from nonmetallic minerals,
was calculated by using the Hancock-Luiken criterion: it
increased by 2.2-2.5 % or 1.8-2.1 times in the application of
ultrasonic treatment.

Subsequently, the influence of the intensity of the ultra-
sonic influence on the parameters of cleaning the mineral
surface from the slurry particles was studied.

The ultrasonic treatment of the material at an impact
intensity of 1.6 W /cm? and duration of up to 60 s has helped
obtain a dispersed material with a small amount of slurry
coatings of mineral grains. With an increase in the intensity
of ultrasound exposure up to 2.2-2.95 W /cm?, the clean-
ing performance of products is sharply reduced. Ultrasonic
treatment allows clearing the surface of the ore particles from
all sorts of mineral coatings. In [11], the possibility of ultra-
sonic purification of minerals from iron oxides was shown.
The physical basis for applying ultrasound is its dispersant
effect on the dispersion medium [29]. However, ultrasound
treatment, especially in liquid vs. solid systems, can also lead
to coagulation of particles and their adhesion (coalescence)
[30]. The initial stage of this process is the convergence of
particles of the dispersed phase and their mutual fixation
at small distances from one another. Between the particles,
there remain layers of the medium: double electric layers
and hydrated shells of particles. Long and intense ultrasonic
effects on the pulp can lead not only to the cavitation disper-
sion of fine particles but also to changes in properties of both
the liquid phase and the surfaces of solid grains. Therefore,
with ultrasonic influence on the pulp, there should be an op-
timal dispersion mode based on the intensity of the ultrasonic
wave pulse and the duration of the process.

Saturation of the pulp by cavitational steam-gas bubbles
increases its wave resistance. The increase of the wave resis-
tance of the liquid medium leads to an increase in the output
of acoustic energy in it, that is, it increases the active losses
associated with the radiation of ultrasonic energy in the me-
dium. The steam-gas bubbles absorb the energy of the ultra-
sonic waves and shield the solid particles from their effects.
Acoustic power, which is introduced into the environment,
increases, and the effectiveness of its effect on solid particles
is reduced.

High values of ultrasonic influences change the kine-
matics of the oscillatory motion of mineral parts, increas-
ing the probability of their collision with one another and
gas bubbles. There is a decrease in the surface energy of
particles and coagulation. The results of experiments have
shown that at high intensity of ultrasonic influence or with
prolonged influence on the pulp, the yield of the purified
product increases. This is due to an increase in the content of
its nonmetallic and ore minerals, and its quality is reduced.
For example, with an increase in ultrasound treatment from
60 seconds to 240 seconds, the amount of pulsed ultrasound
power increased from 3.5 W to 11.5-12 W, and the quality of
the product being purified is reduced. There is a dissipation
of ultrasonic energy in the liquid phase of the pulp, which
causes a sharp decrease in the processing efficiency.

The analysis of the results of ultrasound processing of
the supply load for reverse flotation of magnetite has shown
the following. With the increase in the intensity of ultra-
sonic influence, the quality of the washed product rises by
0.3-0.48 % to reaching the maximum. With further increase
in intensity, the qualitative indicators are reduced slightly,
unlike in the previous experiment, where there was a sharp
decline in quality. This is due to the fact that the product is
characterized by a significantly lower content of large non-
metallic grains. The output of the product after ultrasound
processing increases with an intensity of 1.2—1.9 W /cm? and
a processing time of 60—120 seconds. At a higher processing
speed, the output decreases. The processing time of 240 sec-
onds leads to a decrease in the yield of the washed product
throughout the range of the impact intensity. The optimal
treatment parameters for the Fey, extraction index in the
washed product during the purification of mineral particles
are the intensity of 1.2 W /cm? and the processing time of no
more than 60 seconds. In this case, the yield of the purified
product is increased by 0.8 % and its quality grows by 0.9 %.
The efficiency of washing under the Hancock-Luiken criteri-
on increases with the use of ultrasound treatment from 1.7 %
to 3.1 %, i.e. 1.8 times.

To evaluate the losses of the ore mineral with waste
and the degree of clogging of the flotation concentrate by
nonmetallic fine particles, ultrasonic analysis of concentrate
and flotation waste was carried out. After the ultrasound
processing, the quality of the flotation concentrate was prac-
tically unchanged, and with a long process, it even slightly
decreased. This is due to the fact that all mineral grains were
intensively cleared during the process of ultrasonic treat-
ment, but falling into the weak magnetic field of the experi-
mental plant in the liquid phase, these grains form magnetic
flocculates, which include poor iron-containing silicates. In
this case, the quality of the final concentrate does not grow,
but the yield increases.

The analysis of the results of purifying the flotation waste
of magnetite concentrates has shown that the ultrasonic ef-
fect cleans the surface of minerals from the sludge particles



and disperses the whole solid phase. This creates favorable
conditions for removal of nonmetallic minerals under experi-
mental conditions. The output of the washed product (waste)
is reduced by 1.8-2 %, and with an increase in the intensity
of exposure to more than 1.62 W/cm?, it increases. The mass
fraction of iron in this product is reduced by 2.2-2.3 % while
the purification efficiency rises 1.4 times.

The ultrasonic effect also reduces the mass fraction of
nonmetallic oxides in the refined products of the flotation test
samples. In the range of the intensity of ultrasound influence
from 1.2 to 2.2 W /cm?, there is a significant decrease in the
concentration of oxides in the purified product. The con-
centration of the oxides K50, NayO, MgO, and Al,O3in the
purified product is reduced 1.2 to 3 times. A further increase
in intensity leads to a decrease in the ultrasound effectiveness.

In the future, high-energy ultrasound can be used to
increase the efficiency of the main technological processes
of enrichment production. In the process of enrichment, as
shown by studies [31, 32], it is necessary to take into account
the distribution of physical and mineralogical characteristics
of ore in terms of grain size classes. These characteristics of ore
raw materials become particularly important in the process
of flotation [33, 34]. The justification for the need to select
the technological parameters of the flotation process in ac-
cordance with the distribution of the size of the ore particles
is proposed in [33]. In work [34], the influence of chemical
characteristics of ore particles on the efficiency of the flota-
tion process is investigated. Studies show that the presence of
this information is important in optimizing the parameters of
the ore enrichment process [35-37], the formation of mathe-
matical models [38, 39], and the synthesis of controlling the
enrichment process [40—42]. The application of high-energy
ultrasound, as shown in this article, allows for a controlled
shift of particles of a certain size into the area of measurement.
Consequently, it becomes possible to determine the distribu-
tion of certain physical, mechanical, chemical and mineralogi-
cal characteristics by the size classes of ore particles.

7. Conclusions

Standard solutions in modern conditions do not allow
achieving high technical and economic rates of production.
Consequently, in order to move to a new technological level
of manufacturing and achieve high-quality indices of iron ore
raw materials worldwide, the performed research has result-
ed in the following findings.

1. The results of simulating and analyzing the dynamic
effects of ultrasonic vibrations on the ore pulp have revealed
the optimal value of the distance between the elements of
the phased array as the source of ultrasonic oscillations. This
value (d,=0.45 mm) provides the optimal radiation direction
and, on the other hand, helps reduce the side petals of the
directional diagram.

2. It has been determined that the use of pretreatment of
iron ore slurry with the help of high-energy ultrasound can
improve the efficiency of cleaning ore raw materials. In par-
ticular, the efficiency of cleaning nonmetallic minerals from
the vertical mill by using the Hancock-Luiken criterion was
increased by 2.2-2.5 %.

3. The optimal parameters of treatment according to the
index of iron extraction in the purified product have been
determined. When cleaning mineral particles, the intensity
should be 1.2 W /cm?; the processing time should not exceed
60 seconds. In this case, the yield of the purified product
is increased by 0.8 %, and its quality grows by 0.9 %. The
cleaning efficiency by the Hancock-Luiken index rises from
1.7 % to 3.1 %.

4. Tt has been established that ultrasonic influence also
reduces the mass fraction of nonmetallic oxides in purified
products of flotation finishing. In the interval of the intensity
of ultrasound influence from 1.2 to 2.2 W /cm?, the concen-
tration of the oxides Ky0, NayO, MgO, and Al,O3 in the
purified product significantly decreases 1.2—3 times. At the
same time, a further increase in intensity leads to a decrease
in the effectiveness of ultrasound.
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