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COMPLEX MEASUREMENT OF PARAMETERS OF IRON ORE MAGNETIC
SEPARATION BASED ON ULTRASONIC METHODS

Purpose. To develop a method for complex ultrasonic measurement of such parameters of the iron ore slurry flow passing through
the working chamber of the magnetic separator as efficiency, concentration and grade size distribution of solid-phase particles.

Methodology. The research uses methods of modelling processes of ultrasonic wave propagation in the iron ore slurry. Ultra-
sonic wave absorption and scattering in water with solid particles and air bubbles are considered. To characterize absorption and
scattering of acoustic oscillations by oscillating gas bubbles, concepts of effective cross-sections of attenuation, absorption and

scattering are introduced.

Findings. The dependence of the phase velocity of asymmetric Lamb waves on the wall thickness of the magnetic separator was
obtained. As a result of computer simulation of the process of ultrasonic waves propagation, its time and frequency characteristics
were obtained. Based on the data obtained using ultrasonic measurements, the coefficients of the Rozin-Rammler equation for the
characteristics of the ore material at various points of the technological line were calculated.

Originality. The proposed method of ultrasonic measurement of characteristics of the iron ore slurry in the working chamber
of the magnetic separator differs from the existing ones in the fact that the Lamb wave source operates in a wide pattern and is
connected by a V-shaped scheme which makes it possible to create a beam of coherent waves propagating both in the container wall
(the working separator chamber) and in the measured medium (the iron ore slurry).

Practical value. The practical value consists in developing an ultrasonic measuring channel scheme for determining character-
istics of the iron ore slurry in the working chamber of the magnetic separator.

Keywords: ultrasound, measurement, iron ore slurry, magnetic separator

Introduction. In processing iron ore raw materials, charac-
teristics of technological flows between technological opera-
tions are monitored [1, 2]. These parameters include flow effi-
ciency, solids concentration and grade size distribution. At the
same time, control of these parameters in the working contain-
ers of technological units is a complex task. It should be noted
that the potential to control parameters of the material flow
inside the magnetic separator in different working conditions
allows selecting the optimal operation mode and increasing
both efficiency of the separator and the end product quality.

Literature review. Wet magnetic separation is characterized
by the following main parameters: efficiency, waste rock con-
tent in the concentrate, magnetic material losses in tailings and
total water consumption during the process [3]. At the same
time, there is a large number of mode parameters that influence
operation of the magnetic separator. In [4], such parameters as
the rate of the magnetic material feed, content of the magnetic
material in the ore material, concentration of solid-phase par-
ticles, the design of the magnetic separator unit and that of the
separator container are considered. Also, the separator efficien-
cy is influenced by such parameters as the slurry level in the
separator, the angle of the magnetic unit, clearances between
the drum and the container and the drum rotation speed.

Research [5] reveals that the main mechanism of obtaining
fine-grained magnetite particles is magnetic flocculation in
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the separator’s working container. In order to implement floc-
culation, it is necessary to maintain sufficiently high concen-
tration of the magnetic material in the separator feed.

When processing coarser materials, the solids flow rate is
the factor that requires reduction of the solid-phase slurry out-
put [3]. When the ore material reduces in grade size due to the
removal of waste rock by chains of ferromagnetic particles,
shearing of waste rock particles into the concentrate increases.
It should be noted that if ore particles are sufficiently fine,
waste rock particles tend to act as part of the fluid medium and
a significant portion of them is extracted into the concentrate
along with water.

The amount of ore materials inside the separator is an im-
portant factor that affects the solids concentration in the con-
centrate and its quality [3]. The accumulated material is sig-
nificantly influenced by the following separator parameters.
First, the angle of the magnetic unit which determines the
height to which the separator drum lifts the magnetic material
when discharging the concentrate: the greater the mentioned
height is, the more effective removal of the material is and the
less material accumulates in the dehydrated area. Second, the
drum rotation speed: the higher the speed is, the less time for
the water to drain is needed. Third, the distance between the
overflow drain and the separator drum is important as well.

Ultrasonic nondestructive testing methods are applied to
measure the above parameters of the magnetic separator mak-
ing it a promising trend.
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To measure the fluid (slurry) flow rate using ultrasound,
the following methods are applied [6]: phase, frequency, and
time-pulse. The ultrasonic flow-meter operation is based on
shearing ultrasonic oscillations passing through the moving
fluid medium [7].

The phase method is based on the process of forming two
ultrasonic oscillations directed along the fluid flow and against
it followed up by measuring a phase difference of these oscilla-
tions [6, 8]. The disadvantage of this method is the need to use
four piezo-element pairs instead of two, this making the de-
sign more expensive. Another disadvantage is the mortise
method of installation [9].

The frequency method involves pulse modulation of ultra-
sonic oscillations with subsequent measurement of their frequen-
cies. These ultrasonic oscillations are formed simultaneously
along the medium flow and against the movement, the difference
in their frequencies being proportionate to the fluid flow rate [6].

The time-pulse method is based on the fact that the propa-
gation velocity of sound waves in the moving medium is equal
to the vector sum of the sound velocity in the stationary me-
dium and the medium velocity [6, 10].

To improve accuracy of the time-pulse method, two mea-
surement channels are used with the fluid flow movement in-
creasing the ultrasound velocity in one direction and reducing
it in the other by an order of magnitude respectively [6].

[11] suggests an approach to measuring the fluid rate. This
approach is based on the dependence of the flow velocity of
the measured medium on the time difference of short ultra-
sonic pulses movement. These pulses are generated both in the
direction of flow movement of the measured medium and
against it. At that, primary ultrasonic transducers operate in
two modes of radiation patterns — narrow and wide ones.

When forming the narrow radiation pattern, Rayleigh sur-
face ultrasonic waves are used. This mode is mainly applied to
measuring the flow of pure fluid media [12].

The wide pattern is formed by using Lamb waves. Waves of
this type are generated and propagate in the pipe wall and also
in the flow of the measured medium. Thus, they create a beam
of coherent rays that covers a significant part of the flow [10,
13]. The advantage of this method is its resistance to contami-
nation of the measured medium.

In [3, 14], the method of acoustic backscattering is pro-
posed to study the above processes in the magnetic separator.
The approach is based on the ultrasonic velocity profiling
method for measuring the slurry particle velocity and short-
term evaluation of power spectral density to obtain informa-
tion on concentration of solid-phase particles. The first
method, ultrasonic velocity profiling, is the ultrasonic echo-
pulse method of measuring particle velocity [15, 16]. For ar-
bitrary directed measurements in a two-dimensional plane,
the results of two simultaneous measurements are combined.
The advantage of this method is high spatial resolution and a
discrete sampling rate. The second method, short-term eval-
uation of power spectral density, implies radiation of ultra-
sonic pulses into the slurry and recording of the resultant
backscattering.

Research [17] presents the results of studying piezoelectric
active sensors for excitation and detection of Lamb waves. The
model presented in this paper uses the Fourier transform in
the spatial domain. A general solution for the generalized ex-
pression for shear-stress distribution on the media boundary is
obtained and reduced to the closed-form expression form for
the ideal coupling case.

Research [18] considers a classical one-dimensional anal-
ysis of piezoelectric active sensors. An analytical model based
on the theory of structural oscillations and the theory of piezo-
electric transducers for predicting the electromechanical im-
pedance response to be measured at the piezoelectric trans-
ducer leads is presented. The response of the structure is prov-
en not to be altered by the transducer available, this fact con-
firming its non-invasive characteristics.

Purpose. The research is aimed at developing a method for
ultrasonic measurements of the following parameters of the
iron ore slurry flow passing through the working chamber of
the magnetic separator:

- efficiency;

- fraction of solid-phase particles;

- grade size distribution of solid-phase particles under the
wide radiation pattern of the Lamb wave source, which is con-
nected by the V-shaped scheme to create a beam of coherent
waves propagating both in the container wall (the separator’s
working chamber) and in the measured medium (the iron ore
slurry).

Methods. Viscosity and thermal conductivity of the medi-
um cause irreversible losses of ultrasonic wave energy [19].

Research [11] suggests mathematical description of the de-
pendence of the medium flow on the difference of ultrasonic
signals propagation time along the slurry flow and against it

A
2L, cosa’

where ¢, is the ultrasonic signal velocity in the stationary mea-
sured medium; L, is the length of the active part of the acous-
tic channel.

It should be noted that the study on attenuation and scat-
tering of ultrasonic wave energy is complicated by solid-phase
particles and gas bubbles available in the medium. When the
wavelength A is commensurate with the size of the solid-phase
particles, the degree of wave scattering becomes significant.
With a large number of chaotically arranged solid-phase par-
ticles, scattering occurs in different directions. As a result,
when determining the total ultrasonic wave intensity in a par-
ticular point of the medium, it is necessary to calculate the
sum of wave intensities reflected from all the particles. In this
case, the values of scattering cross-sections are additive, this
resulting in the following dependences of linear coefficients of
absorption X.(A) and scattering X s()

Z(h) =no(1);
Zs(d) = nos(h), ey

where n is concentration of the solid-phase particles in the
measured medium; c.(1) is the full absorption cross-section of
the ultrasonic wave; () ) is the full scattering cross-section of
the ultrasonic wave.

It should be noted that the values of the total absorption
and scattering cross-sections in (1) are significantly influenced
by the wavelength of the ultrasonic signal, as well as the size of
solid-phase particles.

Based on the kinematic equation, the main characteristic

of the ultrasonic radiation field |, (T, £2) can be calculated. To
write the equation of ultrasonic field characteristic, it is neces-
sary to set the scattering coefficient value

2 Q> Q) =noy(Q—Q),

where © S(Q — Q) is the value of the energy scattering cross-

section on the solid-phase particle. This value © S(Q — Q')dﬁ’
defines part of the energy scattered by the particle into the solid

angle characterized by the value dQ. To determine the total
scattering cross-section os based on the value of the differential
scattering cross-section, the following formula is applied
Gg= I os(Q—)dCY.
4n

On the basis of the energy balance equation in the elemen-
tary volume of the phase space, let us express the kinetics

equation the solution of which results in the function 7, F,Q)
QVI, (F,Q)=-2(\) I, (F,Q)+

+[dE (& > D (F,Q) + S, (F,0), @
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where S(L) =X_(1) + Z5(1). S, (F,Q) is the value of radiation
density of the ultrasonic source. Let us reduce expression (2)
to the integral representation

TP

I, (F,0)+ j dF’JdQZS(Q’ —Q)Wx
o, 3)
x 8[() —(’_’)]Ik #,)+ I (F,Q)

-
where (7,7, 1) = S(WIF —Fl, 8(-) is the Dirac delta-function;
L (F,Q) = _[Sx(f‘ ~£Q,Q)e " EMdE s the intensity of the non-

0
scattered ultrasonic wave; &= IF 7. By decomposing the solu-
tion by multiplicity of ultrasonic wave scattering, we can write it
in the form of the Neumann series [20]. In this decomposition,
the first term defines the non-scattered ultrasonic radiation
field, the second term defines the single-fold scattered radiation,
the third term defines the twofold scattered radiation, etc.

Since the procedure for obtaining an analytical solution is
already unsolvable in case of single-fold scattering, it is rea-
sonable to use methods for numerical solution of integral
equation (3), e.g. the Monte Carlo method [12].

Ultrasonic waves attenuate in water in the presence of sol-
id particles and air bubbles mainly due to absorption and scat-
tering of wave energy on particles and bubbles [19]. To theo-
retically investigate into ultrasound propagation, it is neces-
sary to know the corresponding absorption and scattering
cross-sections.

Suppose that there are spherical solid particles of the ra-
dius r and density p, in water, then the absorption cross-sec-
tion on such particles, as shown in the works by L. Bergman,
will be defined by the formula

2
0.0)=41" h[p'—lj  a
3 p. S$2+(p, /Py +1)

where i = 2rn/A is a wave number, p, is fluid density;

9 1 : 19
=—|1+—|; B= ; T=—t—— p = i i
4Br( Brj (mv/u)’s @ 2 e HE/Pe s

the fluid viscosity coefficient; v is ultrasound frequency.

The absorption cross-section in (4) defines the fraction of
energy absorbed by a particle. The energy losses occur due to
friction (viscosity) during particle oscillations.

Diffraction caused by heterogeneity in the medium (sus-
pended particles) results in sound wave energy scattering. The
cross-section of this process is defined by the expression

cs(x)z%t~r3%k4-r3, (3)

where k is a wave number; 7 is the particle radius.

It is revealed in (5) that c4(L) ~ %
quency the scattering cross-section increases (cg) ~ v*.

Fig. 1 reveals dependences of ultrasound absorption, scat-
tering and attenuation cross-sections on solid-phase particles
in water on frequency of acoustic oscillations. The particle ra-
dius is 0.01 cm. As can be seen from Fig. 1, ultrasonic scatter-
ing becomes substantial when the wavelength / of acoustic os-
cillations is commensurate with the particle size.

Gas bubbles available in the fluid make sound energy be ab-
sorbed and scattered. However, unlike on solid-phase particles,
absorption and scattering on gas bubbles is of resonant character.

The main reasons for this phenomenon are as follows:

a) heating of the bubble and heat removal to the fluid by
periodic changes in the bubble volume which it experiences
under the action of the sound wave;

b) scattering of part of the sound energy because the oscil-
lating bubble is a spherical sound radiator;

, so with increased fre-

10° 108 107
v, Hz
Fig. 1. Dependence of ultrasound absorption and scattering cross-
sections on suspended particles on frequency of oscillations:
1 — o, — scattering cross-section; 2 — c. — absorption cross-sec-
tion, the particle radius is ¥ =0.01 cm

¢) energy losses due to formation of fluid flows around the
oscillating bubble.

To characterize absorption and scattering of acoustic os-
cillations by oscillating gas bubbles, notions of effective cross-
sections of attenuation o, absorption ., and scattering o, are
introduced. The effective attenuation cross-section G, refers to
the cross-section area perpendicular to the sound wave inci-
dence for which the incoming sound energy is equal to total
energies absorbed and scattered by the bubble.

Absorption and scattering cross-sections of air bubbles are
determined by the formulas

o - 4nR*(3/n-1) o - 4nR*(3/) 6
Y N F AV | R ©

where v is the resonant frequency of the bubble of the radius
R; & is the attenuation constant;
n=2nR/\.

Analysis of formulas (6) reveals the maximum values of
cross-sections achieved at v = v,

The total attenuation cross-section is determined by the
sum of absorption and scattering cross-sections

4nR?
V3 V=12 +8

G,=0,+0g=

The value of resonant frequency of air bubbles in water can
be evaluated by the formula

voR =0.328 - 10°,

The value of the attenuation constant depends on the
sound frequency and varies from 0.08 to 0.013 within the fre-
quency interval from 20 to 1000 kHz [23].

Since sound energy absorption and scattering on air bub-
bles is resonant, in order to calculate ultrasonic wave attenua-
tion by air bubbles, it is necessary to know not only the corre-
sponding attenuation-cross sections, but also the grade size
distribution function of air bubbles.

Let us denote the bubble size distribution function by f(R).
Then the value dR conditions the fraction of bubbles of sizes
within Rto R+ dR.

The specific values of the air volume fraction in water and
the gas bubble size distribution function are selected according
to the research results presented in in the works by V. A. Nosov.

The value of the signal §; measured at the volumetric ultra-
sonic frequency of v > 5 MHz is determined by two parameters —
solid phase concentration and its particle size distribution [4]

S =, )
(1)

where (/,(Z)) is the mean wave intensity.
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It is reasonable to apply Lamb waves to obtaining the value
proportionate to the solid phase concentration only [28].

The intensity of Lamb waves at the distance / from the
wave source can be determined by the formula [28]

Ihlzlfvexp{H/h%”_pW]Ckl}, )
v p

where p, is density of ore particles; p,, is water density. As is
seen from (8), the signal

I e
8, =tn| Lx | P2 =PI
[I,v p

> )

is proportionate to the volume fraction of solid-phase particles
in the slurry W. It should be noted that this value does not
depend on availability and the number of gas bubbles in the
measured medium.

Thus, it is reasonable to apply the value of quotient S, from
expression (7) and S, from expression (9) to characterizing
grain size distribution of the iron-ore slurry

S Zp r
S="L=— =2 |(o(v,r)F(r)dr. 10)
S, ICX(p,-p,) -([ (

The value S is determined solely by the solid-phase parti-
cle size of the slurry, i. e. it unambiguously determines concen-
tration of the control grade size.

The particle grade size distribution function F(r) can de-
termine the content of particles of a particular size o,

o, =:njr3F(r)dr/N, (11)

o

rm

where N= %n‘[ r3F(r)dr.

o

To obtain lognormal distribution F(r), the mean particle
size (R) is the main parameter which also determines concen-
tration w_.. As can be seen from expressions (10) and (11),
there is a one-valued correspondence between w_, and S as
both values are determined by the same particle size distribu-
tion law F(r). Fig. 2 shows curves establishing the correspon-
dence between w_, and S for different grades.

Thus, the method described above enables determining
solid phase concentration and the content of the ground mate-
rial of several grade sizes. These measurements do not require
slurry pre-degassing.

Findings. The scheme in Fig. 3, a is proposed to implement
the method of complex ultrasonic measurement of parameters

50 . | '
p
P [ — ! |
3
3 /
. / 4
) — |
/
30 | /// / 4
°\° /
i —— 7
| -
20 7 / |
// “»‘»‘”
15 |
10 |
5 /// |
0 L | | | | | ‘
0 5 10 15 20 25 30 e !
s

Fig. 2. Curves for different grades:
1—r=44um; 2—r=60um; 3 —r=74 um; 4—r=50 um

of the iron-ore slurry flow passing through the working cham-
ber of the magnetic separator, namely efficiency, fraction of
solid-phase particles, prevailing grade size of the solid phase. In
accordance with this scheme, the source of Lamb waves oper-
ates under the wide radiation pattern and is connected in a V—
shaped scheme (Fig. 3, b) to create a beam of coherent waves
propagating both in the container wall (the separator’s working
chamber) and in the measured medium (the iron ore slurry).

There are various ways to excite Lamb waves [19, 20], but
the wedge method is the most common (Fig. 4). Lamb waves
excited in plates can have different orders (modes). In order to
excite waves of the desired order with minimal amplitude of
other order waves, the wedge angle ¢ (Fig. 4) should be deter-
mined from the ratio

0 = arcsin(C*/C,), (12)

where C¢ is the longitudinal wave velocity in the wedge material;
C, is the velocity of n-order Lamb wave propagation in the plate.

The wedge method is normally used to excite either a sym-
metric or an antisymmetric zero-order Lamb wave. To deter-
mine the wedge angle in this case, one needs to know the cor-
responding Lamb wave velocities in the plate. Let us denote
the wave number of zero-order Lamb waves by K(K= (2rv)/C).

As follows from the works by 1. A. Viktorov, characteristic
equations defining eigenvalues of the wave number K have the
form

(K? + 5% ch (qd) sh (sd) — 4K?gs sh(gd) ch (sd) = 0;

Fig. 3. Complex ultrasonic measurement of iron ore slurry flow
parameters:
1 — slurry flow; 2 — non-magnetic product; 3 — magnetic product;
4 — ultrasonic measuring channel; 5 — ultrasonic source; 6 — ultra-
sonic receiver
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Fig. 4. Location of the piezoelectric radiator on the measure-
ment plate:

1 — radiator; 2 — shaping prism; 3 — plate

(K? + ) sh(gd) ch (sd) — 4Kgs ch(gd)sh (sd) =0, 1)

where dis thickness of the plate; s = \/K2 -K%; g= \/K2 -K?;
K;and K, are longitudinal and shear wave numbers determined
through the corresponding velocities C; and C, of longitudinal
and shear waves in the plate material

The phase velocity of Lamb waves C is found by numerical
solution of characteristic equations (13), which for these cal-
culations are convenient to be rewritten in the dimensionless
form for symmetric waves

tg[ l—ng]

4“2 ’&2_M2 /1_H2

tg[ g? —uzﬂ (20 —1)2
for antisymmetric waves
tg[ l—uzaﬂ (Zuz—l)z

B ; (14)
tg[ gz_usz 4H2\/§2—H2\/1—M2

where d = K,d; §2=C?/C}; n> =C2/C2.

Numerical solution of equation (14) is carried out by di-
viding the segment in half. The programme implementing the
solution of this equation is given in [19].

Table 1 shows the results of C/C, calculations for a steel plate

Fig. 5 presents a dependence of the phase velocity of anti-

symmetric Lamb waves on d =k,d

The Lamb wave phase velocity values found in such a way
allow evaluating the wedge angle according to formula (12).
Table 2 presents the data on phase velocities for ultrasound
frequency v = SMHz, wedge angles for plates of various thick-
ness made of stainless steel 12X18H10T. The material of the
wedge is Plexiglas.

The velocity of longitudinal waves in the wedge material
(Plexiglas) is assumed to be equal to C," =2670 m/s.

According to the above scheme, the proposed method for
complex ultrasonic measurement of parameters of the iron-
ore slurry flow passing through the working chamber of the

Table 1
Results of C/C, calculations

d 0.25 | 0.50 | 1.00 | 1.25 | L.50 | 2.0 3.0 5.0
C/C, | 0.063 | 0.164 | 0.461 | 0.611 | 0.717 | 0.820 | 0.887 | 0.918

Table 2
Calculation of the wedge angle v=5 MHz
d, mm d C/C, C, m/s q, deg.
0.5 4.99 0.916 2886 67.71
0.7 6.98 0.923 2905 66.77
1 9.98 0.924 2911 66.53
19.96 0.924 2911 66.53
3 29.93 0.924 2911 66.53

0.8 q

0.7 q

0.6 4

0.5 4

C/C,

04 T

03 T

02

0.1F a

Fig. 5. Dependence of the phase velocity of antisymmetric Lamb

waves on d =kd; d — thickness of the plate; k, — the shear
wave number in the plate material (steel 12X18H10T)

magnetic separator, namely efficiency, fraction of solid-phase
particles, the prevailing grade size of the solid phase is noted
for operation of the Lamb wave source under the wide pattern.
Connecting the source of ultrasonic waves by the V-shaped
scheme creates a beam of coherent waves propagating in the
container wall (the separator’s working chamber), and in the
measured medium (the iron ore slurry). As a result, the prob-
lem of dividing the received signal into the signal received from
the container wall and that received from the iron ore slurry
should be solved when receiving ultrasonic waves.

The specialized software package Waveform Revealer [13]
is used to simulate ultrasonic wave propagation. The thickness
of the magnetic separator wall in which ultrasonic waves prop-
agate is Smm. The software package Waveform Revealer al-
lows simulation of multi-mode directional waves in thin plates.
Piezoelectric wafer active sensors (PWAS) are used as signal
receivers, Fig. 6.

The receiving transducer is placed at a distance of 10 cm from
the ultrasonic wave source. The resulting signal is shown in Fig. 7.

Frequency characteristics of .S, and A, trains are shown in
Figs. 8—11.

The proposed method of ultrasonic measurements results
in obtaining data on efficiency, fraction of solid-phase particles
and grade size distribution of solids in the slurry to create a
mathematical model of the process based on the Rosin-Ram-
mler. The total yield of fractions is determined by the following
formulas: for the fraction r{d,] — R[>d,] = r|d,]; for the fraction
rld]] — R[>d,] = r[d|] + rld,] + ... r|d]], for the fraction r|d,,] —
— R[>d,,] = 1. The following ore particle size fractions are con-
sidered during the research: +3, 3+ 1, 1+0.5,0.5+0.25,0.25+
+0.125, 0.125 + 0.071, 0.071 + 0.056, 0.056 + 0.044, 0.044 + 0.

Sensing signal PWAS-1
T T T

Amplitude
)

1 I I | I I
0 50 100 150 200 250 300

Time, microsecond

Fig. 6. Initial 5-period 5M Hz signal of sinusoidal wave excitation

Sensing signal PWAS-2
T T T

¥

1 1 L L L 1
0 50 100 150 200 250 300

Time, microsecond

Amplitude
o

Fig. 7. Waveform of the received signal at 10 cm from the source

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2022, N¢ 3 41



10000 ; Wave seeed dllspersn?n cur\{e

9000 -

8000 -

7000 -

6000 -

5000 -

4000 [

3000 - =

2000 - 1

1000

0 L L I L L | I L I
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

f, kHz

Fig. 8. Dispersion curves of the phase ultrasound velocity in a
5 mm thick steel plate
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Fig. 9. Turning curve
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Fig. 10. Frequency of the wave train

The method proposed by prof. L. P. Shupov is applied to
determining the Rosin-Rammler equation coefficients. The
results of specifying the Rosin-Rammler equation coefficients
to simulate distribution of ore particles by grade sizes are
shown in Fig. 12.

Parameters of the Rosin-Rammler equation for characteris-
tics of products at various process points are presented in Table 1.

To identify dependences that cannot be described analyti-
cally, it is appropriate to use a hybrid approach with fuzzy
Takagi-Sugeno models.

Conclusions. Thus, the proposed method of complex ul-
trasonic measurement allows evaluating efficiency, solid-
phase fraction and grade size distribution of solid-phase par-

Fig.

14

Fig.

Plate transfer fi ion G
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Magnitude
o
>

o
~
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0 05 1 15 2 25 3 35 4 45 5
f, kHz <108

11. Frequency of the wave propagation surface
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d
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O Rycasue
80 —*— Rigent
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12. Results of identifying parameters of the Rosin- Rammler
equation:

a — the I"'-order magnetic product of the I¥'-stage magnetic separa-
tion; b — the 2"-order magnetic product of the 1°-stage separation;
¢ — the 2"-stage magnetic separation; d — the 3"-stage magnetic
separation product; e — the 4"-stage magnetic separation product

42 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2022, N2 3



Table 3
Identification of Rosin-Rammler equation parameters

=)
8 )
S s
. A a =t =
= =3
Process unit coeff. coeff. é . é
Q &= <5
S 9 s 2
Ag | =5
I1*-order 1%-stage magnetic | 0.6612 | 0.7841 | 0.9054 | 5.7896
separator
2"d_order 1%-stage magnetic | 0.5767 | 0.8354 | 0.8972 | 6.5903
separator
2"d_gtage magnetic separator | 0-6173 | 0.9121 | 0.9609 | 3.8813
3"_stage magnetic separator | 2:0908 | 0.4914 | 0.9224 | 1.2758
4"_stage magnetic separator | 3-4752 | 0.4152 | 0.9418 | 0.2736

ticles in the iron ore slurry flow passing through the working
chamber of the magnetic separator
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KommiekcHe BUMiplOBaHHS napamMeTpiB
MPOoIEeCY MATHITHOI cemapaiii 3a/i30pyaHoi
CHPOBHMHHM HA OCHOBi YJIbTPa3BYKOBHX METOJIB
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A. A. Tanonenko
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MeTta. Po3po0iieHHSI METOIYy KOMIUIEKCHOTO YJbTpa3By-
KOBOTO BHMIpIOBaHHSI MapaMeTpiB MOTOKY 3aJli30pyAHOL
MyJbIX, 110 MPOXOAUTh Yepe3 pododyy KaMepy MarHiTHOro
cemapartopa: TpOLyKTUBHOCTI; KOHIIEHTPAIlil YaCTUHOK TBEP-
Joi (pa3u; po3Moily 1o KPYIHOCTI YaCTMHOK TBEPIOi (ha3u.

MeTtoauka. ¥ poOOTi BUKOPUCTaHi METOIM MOJETIOBaH-
HSI TIPOLIECiB MOUIMPEHHS YIbTPa3ByKOBUX XBUJIb Y 3ali30-
pyaHii myaenu. Po3risiHyTiI pouecy MOTJIMHAHHS i po3ci-
SIHHSI YIbTPa3BYKOBUX XBWJIb Y BOJi 32 HassBHOCTi TBEPOUX
YACTUHOK i MOBITpAHUX OyJbOanok. s xapakTepucTUKu
MOIIMHAHHS ¥ PO3CiSIHHSI aKyCTMYHUX KOJMBaHb ra3oBOIO
Oy/ib0OAIKOI0, BBEHACHI MOHATTA €(MEKTUBHUX IMOMNEPEUHUX
repepisiB MmoraleHHs, MOIMHAHHS I PO3CiSTHHS.

Pe3yabratn. OnepxaHa 3ajexxHicTh (a30Boi IIBUAKOCTI
aCUMEeTPUYHUX XBUJIb JIeMba BiJ TOBLIMHU CTiHKM MarHiTHOTO
cemaparopa. Y pe3ysbTaTi KOMIT I0TePHOTO MOJIETIOBAHHS TIPO-
LieCy MOIIMPEHHS YIbTPa3ByKOBUX XBUJIb Ofiep>KaHi ioro yaco-
Bi i1 yacTOTHi xapakrepucTuku. Ha ocHOBi naHMX, OTpMMaHUX
i3 BUKOPUCTAHHSIM YJIbTPa3BYKOBUX BUMIpIOBaHb, OOUYMCIICHI
koedilienTn piBHsHHS Po3ziHa-Pammiiepa 11t xapakTepucTuk
PYAHOro MaTtepiajly B Pi3HUX TOYKAX TEXHOJIOTIYHOI JIiHii.

Hayxkosa noBusHa. [IporoHOBaHUIT METOI YABTPA3BYKO-
BOTO BUMIpIOBAaHHS XapaKTEPUCTUK 3ali30PYAHOI IMyJbIA B
po0bouiii Kamepi MarHiTHOTO cernapaTopa BiIpi3HSETHCS Bil
ICHYIOUMX TUM, 110 JIKepesao XBuib Jlem0Oa npaioe B pexkumi
IIMPOKOI JdiarpaMu CHPSMOBAHOCTI ¥ TiAKJIIOYEHE 3a
V-nonioHOI0 CXeMO10, 110 J03BOJISIE CTBOPUTHU MYYOK KOre-
PEHTHUX XBWJIb, SIKi MOUIMPIOIOTHCS K Y CTiHIi EMHOCTI (po-
0040i KaMepu cernaparopa), Tak i y BUMipIOBaHOMY Cepelo-
BUILLI (3aJTi30pYyAHINA MYJIbITi).

IIpakTiyna 3HaunmicTe. [lossirae B po3pobiieHHI cxemu
YIABTPA3BYKOBOTO BUMipIOBATHLHOTO KaHAITY JIJIST BUSHAUEHHS
XapaKTepUCTUK 3aJ1i30pYAHOI MYJIbIIU B poOOYiil Kamepi mar-
HiTHOTO ceTaparopa.

KirouoBi cioBa: yasmpaszsyk, eumiprosanHs, 3anizopyoua
nyavha, MaeHimHUL cenapamop
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