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Water is widely used in the mining industry, particularly in mineral enrichment processes. In the process of
magnetic separation or flotation of crushed ore, a concentrate (an enriched product), and tailings (a product
with a low content of a useful component) are obtained. One of the main tasks of enrichment processes is
the efficient use of water resources. This is achieved by reclaiming and subsequent reusing water contained in
ore beneficiation products by extracting it in industrial thickeners. Optimizing this process makes it possible
to reduce water usage in the mining industry, reduce costs of mineral enrichment processes, and address
extremely urgent environmental protection problems. To evaluate the process of sedimentation of the solid
phase in the pulp within the thickener, measurements of parameters of longitudinal ultrasonic oscillations and
Lamb waves that have traveled a fixed distance in the pulp and along the measuring surface in contact with it
are used. The proposed approach allows for the consideration of pulp density, particle size of the solid phase
in the ore material and the dynamics of changes in these parameters in the thickener at the initial stage of
the sedimentation process. Based on the obtained values, adjustments can be made to the characteristics of its
initial product, leading to reduced water usage and minimized loss of a useful component.
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1. Introduction

In ore enrichment processes thickeners are used to
separate, under the gravity action, a mixture of solid
and liquid pulp phases into two products: a clarified
aqueous solution in the overflow stream and a concen-
trated thick suspension in the underflow stream. Floc-
culants are also supplied to the system to increase the
rate of solid particle sedimentation. As shown in sev-
eral papers (Bürger et al., 2013; Segovia et al., 2011;
Smith, n.d.), during the sedimentation process of par-
ticles of the solid phase in the pulp, several zones can
be categorized (Fig. 1): 1 – particle sedimentation at
a constant rate, 2 – variable rate of particle sedimen-
tation, 3 – formation and compaction of the sediment.

The thickening process is controlled by changing
the sedimentation parameters of crushed ore particles,
which leads to increasing the transparency of the over-
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Fig. 1. Layers of the solid phase sedimentation in thickener.

flow (in order to achieve the minimum content of solid
particles in the overflow) and increasing the density of
the underflow product (in order to extract the maxi-
mum amount of solid particles). Control of the thick-
ening process is usually achieved by adjusting the rate
of release of the condensed product and adding a floc-
culant.
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In the paper (Sinonine Tech, n.d.), it was demon-
strated that the mechanism governing the solid phase
particle sedimentation in the thickener is extremely
complex. Different types of ore, particles size and vari-
ations in pulp concentration lead to diverse sedimenta-
tion characteristics. A higher rate of the sedimentation
rate results in a shorter time for the pulp to remain in
the thickener, otherwise the rate of the sediment layer
growth turns out to be fast. This leads to the need to
increase in the torque the thickener’s rake drive motor,
and, in extreme cases, to its overload and the shutdown
of the thickener by the protection device. Conversely,
a slow sedimentation rate requires that the pulp resi-
dence time in the thickener should be increased, oth-
erwise the concentration of the solid phase in the un-
loaded material decreases, which leads to low dehydra-
tion efficiency and increases energy consumption for
this process. It is concluded that the control of the
performance of the thickener unloading slurry pump
and the operational speed control of its drive motor in
accordance with the current characteristics of the sedi-
mentation process is of critical importance and central
to optimizing the sedimentation process in thickeners.

In another work (Metso, 2017), the control of
a thickener is considered from the perspective of mea-
suring process characteristics and simple reaction to
their changes. In the thickener, it is rather difficult
to see or measure what is happening, and there-
fore the reaction time from the beginning of the devia-
tion of any parameter to corresponding adjustments
in process productivity and efficiency can be quite
long. At the same time, the control of the thickener
should take into account fluctuations in technologi-
cal flow characteristics. This is achieved by regulating
both the amount of flocculant supplied to the process
and the speed of pumping out the thickener unloading
product. Figure shows (in accordance with ISO 14617-
6:2012) the proposed thickener control circuits: dosing
of flocculant (MF – device for the flow measuring) de-
pending on the mass flow rate of the initial material
with feedback from the level of the sediment layer (LT
– device for the level measuring) or the pressure of the
sedimented material layer (PT – device for the pressure
measuring), and the performance of the thickener dis-
charge pump depending on either the concentration of
the solid phase (DT – device for the density measuring)
or the overflow turbidity. The torque of the rake drive
motor (M) is also controlled to prevent overloading. In
practice, thickened product pumps and flocculant dos-
ing pumps must be controlled based on the measured
parameters of the sedimentation process to achieve the
thickener’s desired operating point under various pro-
duction scenarios and meet target quality indicators.

However, as noted in the paper by Ojeda et al.
(2014), conventional feedback control is ineffective for
stabilizing the process when the properties of the raw
material fluctuate significantly over time, primarily be-
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Fig. 2. General contours of the thickener control.

cause the dynamics of the process demonstrates high
nonlinearity. This paper presents innovative approach
based on an expert system for an industrial thickener
with a diameter of 125 m and processing 13 000 m3/h
of concentrate containing 27% solids. It is noted that
the proposed expert system should be based on an in-
formation base encompassing all possible operating
scenarios and real-time measurements of the main
technological variables.

Thus, the control of sedimentation process vari-
ables is crucial for the effective operation of a thick-
ener. In the study conducted by Zuzunaga et al.
(2018), attention is paid to three important control
parameters within the thickening technological pro-
cess: pulp flow speed at the thickener inlet, thickened
product flow speed at its outlet, and clarified water
flow into the overflow. These measurements have cer-
tain problems that can potentially affect the ability
to accurately determine the flow rate: pipe size, the
medium density in the flow, pump type, the involved
air, access to the pipe, etc. Taking these factors into
consideration is important for obtaining reliable mea-
surement results that can serve as an indirect indica-
tors of the efficiency of the thickening process.

Currently, the evaluation of the sedimentation pro-
cess of crushed ore particles entering the thickener
relies on the recognition of sediment level and the
boundary between different media (Morkun et al.,
2014b; 2014c; 2015b; KANSAI Automation Co., n.d.;
Smith, n.d.). This assessment characterizes the dy-
namics of particles with specific concentration and
sizes in the pulp. Since these estimates are used to re-
gulate the density of the discharge product and the
flow of flocculant, inaccurate measurement of these pa-
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rameters can lead to water entering into the thickener
discharge, solid particles entering the overflow or prob-
lems with flocculation. All these problems, in turn, lead
to additional costs associated with increased flocculant
consumption or the need for reprocessing of ore pulp.

There are several methods of measuring sediment
levels and media interfaces in thickeners: manual core
sampling (manual core sampling), measurement of
hydrostatic pressure, buoyancy-based system, ultra-
sonic measurements with fixed position ultrasound,
mechanical lowering sample analyzers – mud diver
(Smith, n.d.).

Taking core samples manually is a complex, risky,
and time-consuming test. When used in combina-
tion with a thickener rake torque measurement, this
method can actually be used to estimate the sediment
level. However, it does not yield high accuracy of es-
timation. Depending on the rheology of the sediment,
the torque and reservoir pressure do not always align.
Moreover, this method also requires frequent mainte-
nance.

The float method can incur high operational costs.
Floats also often leak and fill with substances they
are meant to float in, and as a result they sink. It is
not easy to maintain their operational filling with the
required liquid density. The boundary of media sep-
aration is difficult to detect using this method, espe-
cially when the difference in density between the lay-
ers can be very small (Markland Specialty Engineering
Ltd., n.d.).

Ultrasonic devices based on the measurement of the
signal’s transit time to reflective surfaces capture
the sediment level effectively, provided the medium
does not weaken the probing signal’s energy before it
reaches the sediment layer. However, when using this
method, it is difficult to detect the layer of interest, es-
pecially if its boundary is not clearly defined (Morkun
et al., 2014b; 2014c; KANSAI Automation Co., n.d.).

A mud diver is an automated device that mechan-
ically lowers a probe into a thickener. This probe can
use various measurement methods (for example, opti-
cal, ultrasonic, etc.) to determine the depth of layers
in the reservoir in real-time (PLA Process Analysers,
n.d.). The dives of the mud diver are synchronized with
the rotation of the thickener’s rake, which prevents
entanglement of the probe in the rake arms. Addi-
tionally, mud divers are usually equipped with a wash-
ing station that cleans the probe after each dive, pre-
venting its contamination. However, this method can-
not ensure the efficiency and continuous data acquisi-
tion necessary for the operation of automatic thickener
control systems. Moreover, like all mechanical devices,
mud divers require high maintenance costs.

Therefore, for effective thickener control, it is essen-
tial to obtain operational information about the pro-
cess of sedimentation of particles of the solid phase in
the pulp. Having such an estimate applied to its ini-

tial stage allows one to predict the characteristics of
final product. The assessment of this process should
be based on measurements of the dynamics of changes
in the concentration of the solid phase within the pulp
and the size of its particles at a certain depth of the
thickener.

The objective of this research is to develop methods
for gathering information about the ore pulp thicken-
ing process in an industrial thickener. This informa-
tion allows to improve the quality of control, ensuring
the desired concentration of the solid phase in the final
product, and ultimately reducing production costs. Ex-
isting automatic control systems for industrial thicken-
ers are characterized by prolonged response dynamics
to disturbing influences and extended transient pro-
cesses. In contrast, the proposed method of ultrasonic
control of the process of sedimentation of crushed ore
particles in the thickener is based on measuring the
concentration of solid-phase particles and their size in
the initial stage of sedimentation. This enables obtain-
ing highly accurate forecast of final product character-
istics.

2. Proposed methodology

In the mining industry, water is widely used in
hydrometallurgical and mineral enrichment processes
(Golik et al, 2015a; 2015b; Morkun et al., 2017).
In the beneficiation based on the magnetic separation
method, ore particles are ground to a size that is ap-
proximately equal to that of the useful component size,
which consequently allows the magnetic separator to
extract the valuable component from the ore pulp. Be-
fore entering the crushing unit, the ore is mixed with
water and brought to the optimal size in several stages
before being fed into the magnetic separator. Each of
these stages includes the following essential technolog-
ical operations: grinding, classification, and magnetic
separation (Morkun et al., 2015a; Shukla, 2021).

In the process of magnetic separation, two products
are obtained: concentrate and tails, which are then sent
to dehydration systems (Arjmand et al, 2019; Garm-
siri, Unesi, 2018; Tripathy et al., 2021).

Figure 3 presents a technological diagram of the
beneficiation process at the Northern Mining and Ben-
eficiation Plant in Kryvyi Rih, Ukraine (Morkun et
al., 2015a). In this figure, the following symbols are
used: mill denotes the ball mill (a technological appa-
ratus for reducing the size of ore particles) and num-
bers denote the stages of ore particle separation (1 –
first stage, 2 – second stage, 3 – third stage, 4 – fourth
stage); MS denotes the magnetic separator (a techno-
logical apparatus for separating ore particles accord-
ing to their magnetic properties), while sizer (classi-
fier), H/c (hydrocyclone) and T-r (thickener) are tech-
nological apparatus for separating ore particles based
on their size.
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Fig. 3. Technological scheme of the iron ore beneficiation
process.

The main internal control influences in the benefici-
ation line, presented in Fig. 3, are water flows into tech-
nological units. In Figs. 4 and 5, examples of obtained
qualitative-quantitative dependencies that character-
ize the influence of this parameter on the technological
process are presented.
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Fig. 4. Output of the grain size class –0.044 mm depending on the water flow to the technological units: the solid line
represents a distributed function; the dashed lines are projections on coordinate planes.

The dependence of the output of the −0.044 mm
grain size class on the flow of water to technological
units distributed along the enrichment line is presented
in Fig. 4. Here, L denotes the measuring point num-
bers after the technological devices (1 – mill 1; 2 –
sizer, etc.).

The dependence of the mass fraction of iron in the
industrial product on the water flow to the technolog-
ical units is presented in Fig. 5.

The slurry enters the dirt separators at the first
stage (point 8), where the solid phase is crushed to
a fineness of 91% in the −0.074 mm class. In the dirt
separators at the second stage (point 13) the fineness
reaches 98% in the −0.074 mm class. Under these con-
ditions, the measurement error for the concentration
of the solid phase in the pulp at a level of 0.5–1.5 m
from the surface of the pulp in the desludger is 1.8–
2.1%, and the concentration of the control size class
−0.074 mm showed a deviation in the range of 1.5–
1.7% compared to the results of laboratory analysis.

The technological process of ore beneficiation
(Fig. 4) involves the pulp entering the thickener, where
the solid phase is crushed to expose the ore joints
(Morkun et al., 2014a).

According to the proposed method, a measuring
module is placed in the thickener, which enabling for
conducting ultrasonic measurements using longitudi-
nal ultrasonic oscillations and Lamb waves. The mea-
suring module placed in the upper part of the thickener
vertically along the depth of the thickener. It can func-
tion as either a stationary or mobile unit.

First, a reference liquid, in this case, water, is sup-
plied to the measuring module. In the measuring mod-
ule, high-frequency ultrasonic vibrations are formed
and travel a fixed distance in it. The obtained results
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Fig. 5. The mass fraction of iron in the industrial product depending on the water flow to the technological units: the solid
line is a distributed function; the dashed lines are projections on coordinate planes.

measure the attenuation of the intensity of high-fre-
quency ultrasonic vibrations serving as reference (ba-
sic). In the operational state, an ore suspension flow
is formed in the measuring chamber of the thick-
ener. This flow generates high-frequency ultrasonic vi-
brations that travel a fixed distance when there is
a flow of ore suspension in the measuring chamber. For
high-frequency ultrasonic vibrations that have traveled
a fixed distance throughout the flow of water and ore
suspension, the ratio of ultrasound intensities S1 is de-
termined:

S1 = ln
Ivol
B1

⟨Iv1(z)⟩
, (1)

where Ivol
B1 is the intensity of high-frequency bulk ul-

trasonic waves that have traveled a fixed distance z
throughout the water flow, z is a fixed distance of the
ultrasonic waves travelling throughout the water flow,
and ⟨Iv1(z)⟩ is the intensity of high-frequency bulk ul-
trasonic waves that have traveled a fixed distance z
throughout the flow of ore suspension.

The equation for ⟨Iv1(z)⟩ = I
vol
B1 is:

⟨Iv1(z)⟩ = I
vol
B1 exp

⎛

⎝
−
W ⋅ z

ℵ

rm

∫
0

σ(v1, r)F (r)dr
⎞

⎠
, (2)

where ℵ =
rm

∫
0

4πr3

3
F (r)dr, F (r) is the distribution

function of solid-phase particles in the ore suspension
based on their size r, rm is the maximum size of solid-
phase particles in the ore suspension, and σ(v1, r) is
the attenuation cross-section of high-frequency bulk ul-
trasonic waves with frequency v on a particle of size r.

The size σ(v, r) for any frequency bulk ultrasonic
waves is determined by the sum of absorption cross-

sections σs(v, r) and scattering σc(v, r) ultrasound
(Morkun et al., 2014b; 2019):

σ(v, r) = σc(v, r) + σs (v, r) (3)

In the high-frequency region (v1 ≥ 5⋅106 Hz), the atten-
uation of ultrasound is primarily caused by the scat-
tering of ultrasonic waves on the solid-phase particles:
σ(v1, r) ≈ σc(v1, r). Therefore, the attenuation formed
in the frequency region v1 ≥ 5 ⋅106 Hz is determined by
the size and concentration of the solid phase particles
in the ore suspension.

In (Morkun et al., 2019) it was concluded that
Lamb waves can be used to obtain a value propor-
tional only to the concentration of the solid phase. In
the metal plate, which is a component of the measur-
ing module, Lamb waves are formed, which propagate
along its entire length. In this case, the attenuation co-
efficient of ultrasonic Lamb waves that have traveled
a fixed distance along the metal plate is determined by
the expression:

α = [(1 −W )
ρw
ρ
+W

ρs
ρ

]Cv, (4)

where W is the mass concentration of the solid phase
in the suspension, while ρw, ρS , ρ are the specific den-
sities of water, solid phase particles, and the material
of the metal plate. In Eq. (4), the value Cv does not
depend on the parameters of the surrounding environ-
ment whose parameters are controlled, and is a func-
tion of the wave numbers of ultrasonic Lamb waves,
including both longitudinal and transverse waves of
the metal plate material.

The intensity of Lamb waves is measured after they
travel a certain distance along a metal plate. The in-
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tensity of Lamb waves that have traveled a fixed dis-
tance through a metal plate ln (n = 1,2,3, ...,m) can
be determined by the expression:

InL = I0L exp(− [(1 −W )
ρw
ρ
+W

ρs
ρ

]Cvln), (5)

where I0L and InL are the intensity of Lamb ultraso-
nic waves emitted and the intensity of Lamb ultrasonic
waves after they have traveled the distance ln (n =

1,2,3, ...,m), respectively.
If the metal plate is in contact with pure water,

then the intensity of ultrasonic Lamb waves in this
case is:

InBL = I0L exp(−
ρw
ρ
Cvln). (6)

It follows from Eqs. (5) and (6):

InL = InBL exp(−
WCvln
ρ

(ρs − ρw)), (7)

that is, the intensity of the received signal is deter-
mined by the concentration of the solid phase of the
ore suspension and the length of the measurement sec-
tion ln (n = 1,2,3, ...,m) – the length of the segment
of the metal plate along which the Lamb waves have
travelled.

According to the proposed method, the value S2 is
calculated as:

S2 = ln
InBL
InL

=Wn
(ρs − ρw)

ρ
Cvln. (8)

Thus, the value S2 is determined exclusively by
the solid-phase concentration of the ore suspension at
a certain depth of the thickener and uniquely char-
acterizes its changes during the sedimentation process.
The schematic for measuring changes in the solid-phase
concentration of the ore suspension during its sedimen-
tation in the thickener is shown in Fig. 6. To gen-
erate and shape ultrasonic waves, as well as to re-
ceive, amplify, filter, and select their frequency and
timing, we use the corresponding sub-units of our self-
designed “Pulsar” ultrasonic granulometer. All other
components are standard units of computerized auto-
mated process control systems employed in ore benefi-
ciation plants.

The ratio of values S1 and S2 characterizes the
granulometric composition of the controlled medium:

S =
S1

S2
=

z ⋅ ρ

lCνℵ(ρs − ρw)

rm

∫
0

σ(v, r)F (r)dr. (9)

The size S depends only on the size distribution
of solid particles, which means that it unambiguously
determines the concentration of the controlled particle
size class of the solid phase in the thickener’s controlled
zone.
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Fig. 6. Scheme for measuring changes in the solid-phase
concentration of the ore suspension during its sedimenta-
tion in the thickener: 1, 3, 5, 7 – prisms that form an ul-
trasonic signal; 2, 4, 6, 8 – piezo transducers; 9 – control

unit; 10 – measuring module; 11 – measuring surface.

Therefore, the proposed method makes it possible
to determine the concentration of the solid-phase con-
centration and the content of crushed material parti-
cles in the control size class, enabling an assessment
of the sedimentation process of the solid-phase pulp
particles in the thickener.

3. Results

Tests of the measuring system, implementing the
proposed method, were carried out at the ore bene-
ficiation factory to verify its metrological and opera-
tional characteristics under real industrial conditions.
The tests were conducted in two stages. During the
first stage, the installation, adjustment, and calibration
of the measuring system was carried out in relation to
the technological process of the beneficiation factory.
In the second stage, the metrological and operational-
technical characteristics of the measuring system were
determined. To record the metrological characteristics,
measurements were taken of the solid-phase concen-
tration and the content of the controlled size class
(−0.074 mm) in the precipitated product, with simulta-
neous sampling for sieve analysis. Measurements were
carried out at the minimum, nominal, and maximum
consumption of the thickener’s input product. The es-
timation of the measurement error for both the solids
content in the pulp and the content of the controlled
size class was made by comparing the readings of the
measuring system with the results of a carefully perfor-
med sieve analysis of the samples.
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The analysis of the obtained results is of interest
concerning the ratio of the values between equipment
error and the error in the measurement method itself.
As it was shown above, the operation of the measur-
ing system relies on determining the characteristics of
ultrasonic vibrations propagating in the controlled vol-
ume of the pulp and in the plate in contact with it. This
device generates two main signals S and S2, which
characterize the measured technological parameters.
Due to the fact that pulp is a randomly inhomoge-
neous medium in which there are fluctuations in both
the number and size of crushed ore particles, along
with density variations in the controlled volume of the
pulp, the signals generated by the measuring system
are also subject to fluctuations. These factors are the
primary causes of the inaccuracy in the ultrasonic mea-
surement method used to determine pulp parameters.

Let η be the value characterizing the granulomet-
ric composition of the pulp, i.e., the mass fraction
of solid particles whose sizes are smaller (or larger)
than a given value, for example, 0.074 mm. Fluctua-
tions in the above-mentioned physical quantities lead
to scattered values η by size ∆η, which, as the analysis
showed, can be determined by the expression:

∆η = K
1

S2
([exp{

WV1

ℵ
(1 − λ)2

} − 1]

+S2
[exp{

WV2

ℵ
(1 − θ)2

} − 1]

+S2θ2
(

∆ρs
ρs − ρw

)

2
⎞

⎠

1
2

. (10)

Here, the magnitude

K = ∣
dη
dS

∣

characterizes the sensitivity of the measurement
method. The size η can be represented as a linear or
quadratic dependence on the signal S generated by the
device based on the measurements results. As the tests
showed, this dependence in the working range is linear
and can be presented in the form:

η = a0 + a1S,

where the coefficients a0 and a1 are determined by the
method of least squares based on the results of the sieve
analysis of the samples and the readings of the device.

In this case, the sensitivity of the measurement
method is given by:

K = ∣
dη
dS

∣ = ∣a1∣ .

Taking into account Eq. (9), the signal S generated
by the measuring system is determined by the expres-
sion:

S =
V1(1 − λ)

V2(1 − θ)
, (11)

where

λ =

∞

∫
0

Fη(r)dr exp [−
σ(v, r)z

V
] ,

and σ(v, r) is the full frequency ultrasound scattering
cross-section v on a particle of radius r, and V1, V2,
z are the values characterizing the geometric parame-
ters of the measurements.

The signal S1 generated by the measuring system
is determined by the equation:

S2 =
WV2

ℵ
(1 − θ), (12)

whereW is the mean value of the volume fraction (con-
centration) of the solid in the controlled volume V of
the pulp; θ = exp{− ℵ

V2
(ρs − ρw)Cvl}; Fη(r) is the size

distribution function of particles at a certain mass frac-
tion of the size class η; ρs is the average pulp density;
Cv is the constant value; l is the length of the mea-
suring plate; ℵ is the distribution function of particles
of the solid phase in the ore suspension by size.

Using some approximations and transformations,
Eq. (10) can be reduced to a simpler form:

∆η =KS

¿
Á
ÁÀ ℵ

W
(

1

V1
+

1

V2
) +

θ∆ρ2
s

(ρs − ρw)
2
. (13)

It should be noted that complete a priori information
for calculating the value ∆η according to Eq. (13) is
not available, but these data can be obtained indi-
rectly.

Let us first focus on the determination of the mea-
surement error of the mass fraction of the solid in the
pulp β:

β = bS2, (14)

where b is the coefficient determined by experimental
data. Equation (14) describes the dependence of the
results of evaluation measurements with specific val-
ues of the concentration of the solid phase of the pulp,
obtained as a result of laboratory analysis of selected
pulp samples, i.e., it actually scales the measurement
results and converts them into a commonly used con-
centration scale.

The error of this magnitude ∆β in general, it can
be presented in the form:

∆β = β

¿
Á
ÁÀ ℵ

ηWV2

+
θ∆ρ2

s

(ρs − ρw)
2
. (15)

It follows from Eqs. (13) and (15) that the error in
measuring the granulometric composition ∆η can be
expressed due to the measurement error of the mass
fraction of the solid ∆β:

∆η =KS

¿
Á
ÁÀ

(
∆β

β
)

2

+
ℵ

WV
. (16)
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The analysis showed that

ℵ

WV
≪ (

∆β

β
)

2

,

therefore, it is possible to obtain an even simpler ex-
pression for estimating the error value ∆η:

∆η ≈KS
∆β

β
= ∣η − a0∣

∆β

β
. (17)

In the process of experimental studies, pulp sam-
ples were taken at fixed points along the depth of
the thickener. Samples were collected into a measur-
ing container and then processed using proven labora-
tory methods. The volume and mass concentration of
the solid phase of the pulp, its density, as well as the
content of the control size class −0.074 mm were deter-
mined. The determination of the granulometric com-
position of crushed ore in the pulp was carried out by
the dry sieve method, i.e., by sieving through a set of
standard sieves with holes of normalized sizes: +3, 3+1,
1+0.5, 0.5+0.25, 0.25+0.125, 0.125+0.074, 0.074+0.056,
0.056+0.044, 0.044+0. The density of the crushed mate-
rial was determined by the pycnometer method. Sam-
ples were analyzed with a density ranging from 1050
to 1550 kg/m3, with a fineness class of −0.074 mm
ranging from 30 to 98% and a crushed ore density rang-
ing from 1900 to 4500 kg/m3. The results of industrial
tests testify to the fact that the uncertainty in deter-
mining the mass fraction of solids ∆β makes up ∼2%.
This value is used as the initial value for calculating
the value ∆η according to Eq. (17), and the results are
given in Table 1.

Table 1. Calculation results ∆η.

η−0.074 [%] 50 55 60 65 70
∆η [%] 1.6 1.4 1.2 1.0 0.7

Therefore, the accuracy of measuring the granulo-
metric composition of the pulp at the thickener’s depth
depends on the size range of the measurements. With
a high mass fraction of the controlled size class (65% or
more), the uncertainty of the measurement method
is approximately 1%. However, as the mass fraction
of the controlled size class decreases to 50% and be-
low, the method’s uncertainty doubles.

Based on the results of the conducted tests, it can
be concluded that the error values associated with the
measurement method and the instrument’s error in
the measuring system itself are practically compara-
ble. In the actual operational conditions of the pro-
cessing plant, it is possible to ensure the measurement
of the controlled technological parameters with an un-
certainty ranging from 1 to 2%.

The proposed method for estimating pulp density
and particle size of its solid phase in the initial stage of

the sedimentation process allows to implement thick-
ener control based on the MPC (model-predictive con-
trol) algorithm and, for example, a widespread phe-
nomenological model (Barth et al., 2016; Betan-
court et al., 2014; Bürger et al., 2019). It is also pos-
sible to use expert control systems based on fuzzy rules,
and other algorithms for optimal control of a thickener
(Chai et al., 2014; Tan et al., 2015; Xu et al., 2015;
Zhang et al., 2016).

According to the industrial test results of the auto-
matic control system of the thickener using ultrasonic
control means, it was determined that its use as part
of the automatic control system of the processes of
iron ore enrichment oat the Northern Iron Ore Benefi-
ciation Works can lead to a reduction in water con-
sumption by 3.5% and a decrease in iron-magnetite
losses by 0.6–0.7%.

4. Conclusion

To evaluate the sedimentation process of the solid
phase of the pulp in the thickener, measurements of
longitudinal ultrasonic oscillations and Lamb waves
that have traveled a fixed distance in the pulp and
on the measuring surface in contact with it were used.

As a result of industrial tests of the measuring
system, the following was established: the proposed
method ensures stable measurement of the content of
solid and the controlled size class of crushed materials,
with measurement errors not exceeding the specified
technological parameters ±2%.

Since all calculations in the proposed automatic
control method are carried out based on measurements
relative to the characteristics of water, which serves as
the reference substance, the results obtained are re-
silient against various disturbing factors that reduce
the accuracy of measurements of the solid-phase pa-
rameters in the ore suspension.

The proposed approach allows to take into account
pulp density, particle size of the solid phase in the ore
material and the dynamics of changes in these param-
eters in the thickener at the initial stage of the sed-
imentation process. Based on these obtained values,
adjustments can be made to the characteristics of the
initial product, leading to a reduction in water con-
sumption by 3.5% and a decrease in the loss of the
useful component by 0.6–0.7%.

Acknowledgments

Funded by the Alexander von Humboldt Founda-
tion.

References

1. Arjmand R., Massinaei M., Behnamfard A. (2019),
Improving flocculation and dewatering performance of



V. Morkun et al. – Evaluation Of the Sedimentation Process in the Thickener. . . 547

iron tailings thickeners, Journal of Water Process Engi-
neering, 31: 100873, doi: 10.1016/j.jwpe.2019.100873.

2. Barth A., Bürger R., Kröker I., Rohde C.
(2016), Computational uncertainty quantification for
a clarifier-thickener model with several random per-
turbations: A hybrid stochastic Galerkin approach,
Computers & Chemical Engineering, 89: 11–26, doi:
10.1016/j.compchemeng.2016.02.016.

3. Betancourt F., Bürger R., Diehl S., Farås S.
(2014), A model of clarifier-thickener control with time-
dependent feed properties, Presented at Physical Sep-
aration ’13, Falmouth, UK, Minerals Engineering, 62:
91–101, doi: 10.1016/j.mineng.2013.12.011.

4. Bürger R., Chowell G., Gavilán E., Mulet P.,
Villada L.M. (2019), Numerical solution of a spatio-
temporal predator-prey model with infected prey,
Mathematical Biosciences and Engineering, 16(1):
438–473, doi: 10.3934/mbe.2019021.

5. Bürger R., Diehl S., Farås S., Nopens I., Torfs E.
(2013), A consistent modelling methodology for sec-
ondary settling tanks: A reliable numerical method,
Water Science & Technology, 68(1): 192–208, doi:
10.2166/wst.2013.239.

6. Chai T., Li H., Wang H. (2014), An intelligent switch-
ing control for the intervals of concentration and flow-
rate of underflow slurry in a mixed separation thick-
ener, IFAC Proceedings Volumes, 47(3): 338–345, doi:
10.3182/20140824-6-ZA-1003.02114.

7. Garmsiri M.R., Unesi M. (2018), Challenges and op-
portunities of hydrocyclone-thickener dewatering cir-
cuit: A pilot scale study, Minerals Engineering, 122:
206–210, doi: 10.1016/j.mineng.2018.04.001.

8. Golik V., Komashchenko V., Morkun V., Gapo-
nenko I. (2015a), Improving the effectiveness of explo-
sive breaking on the basis of new methods of borehole
charge initiation in quarries, Metallurgical and Mining
Industry, 7(7): 383–387.

9. Golik V., Komashchenko V., Morkun V., Zaali-
shvili V. (2015b), Enhancement of lost ore production
efficiency by usage of canopies, Metallurgical and Min-
ing Industry, 7(4): 325–329.

10. KANSAI Automation Co., Ltd. (n.d.), Ultrasonic
sludge blanket level meter, https://kansai-automation.
co.jp/en/product/flow_meter_etc/sludge_interface.php
(access: 22.08.2022).

11. Markland Specialty Engineering Ltd. (n.d.), Portable
sludge blanket level detector, https://sludgecontrols.
com/our-products/portable-sludge-level-detector (ac-
cess: 22.08.2022).

12. Metso (2017), Advanced thickener control,
https://www.mogroup.com/insights/blog/mining-and-me
tals/advanced-thickener-control/ (access: 22.08.2022).

13. Morkun V., Morkun N., Tron V. (2015a), Dis-
tributed closed-loop control formation for technological

line of iron ore raw materials beneficiation, Metallurgi-
cal and Mining Industry, 7(7): 16–19.

14. Morkun V., Morkun N., Tron V. (2015b), Dis-
tributed control of ore beneficiation interrelated pro-
cesses under parametric uncertainty, Metallurgical and
Mining Industry, 7(8): 18–21.

15. Morkun V., Morkun N., Pikilnyak A. (2014a),
Iron ore flotation process control and optimization us-
ing high-energy ultrasound, Metallurgical and Mining
Industry, 6(2): 36–42.

16. Morkun V., Morkun N., Pikilnyak A. (2014b),
Modeling of ultrasonic waves propagation in inhomoge-
neous medium using fibered spaces method (k-space),
Metallurgical and Mining Industry, 6(2): 43–48.

17. Morkun V., Morkun N., Pikilnyak A. (2014c),
The gas bubble size distribution control formation in
the flotation process, Metallurgical and Mining Indus-
try, 6(4): 42–45.

18. Morkun V., Morkun N., Tron V., Hryshchen-
ko S., Serdiuk O., Dotsenko I. (2019), Basic regu-
larities of assessing ore pulp parameters in gravity set-
tling of solid phase particles based on ultrasonic mea-
surements, Archives of Acoustics, 44(1): 161–167, doi:
10.24425/aoa.2019.126362.

19. Morkun V., Semerikov S.O., Hryshchenko S.M.,
Slovak K.I. (2017), Environmental geo-information
technologies as a tool of pre-service mining engineer’s
training for sustainable development of mining indus-
try, CEUR Workshop Proceedings, 1844: 303–310.

20. Ojeda P., Bergh L.G., Torres L. (2014), Intelli-
gent control of an industrial thickener, 13th Inter-
national Conference on Control Automation Robotics
& Vision (ICARCV), pp. 505–510, doi: 10.1109/ICA
RCV.2014.7064356.

21. PLA Process Analysers (n.d.), Automatic mud-diver,
tank profiling & interface detection system for clari-
fiers, thickeners & CCD’s, https://www.plapl.com.au/
mud-diver/ (access: 22.08.2022).

22. Segovia J.P., Concha F., Sbarbaro D. (2011),
On the control of sludge level and underflow concen-
tration in industrial thickeners, IFAC Proceedings Vol-
umes, 44(1): 8571–8576, doi: 10.3182/20110828-6-IT-
1002.02667.

23. Shukla V., Kumar C.R., Chakraborty D.P.,
Shivangi U., Du J. (2021), Iron ore tailing bene-
ficiation – A potential resource for future, Interna-
tional Journal of Engineering Research & Technology
(IJERT), 10(9): 787–791.

24. Sinonine Tech (n.d.), Thickener automatic control,
https://www.sinoninetech.com/index.php/Home/News/
show/id/108.html (access: 22.08.2022).

25. Smith M. (n.d.), 5 ways to measure bed level in thick-
eners, PLA Process Analysers, https://www.plapl.

https://doi.org/10.1016/j.jwpe.2019.100873
http://dx.doi.org/10.1016/j.compchemeng.2016.02.016
https://doi.org/10.1016/j.mineng.2013.12.011
https://doi.org/10.3934/mbe.2019021
https://doi.org/10.2166/wst.2013.239
https://doi.org/10.3182/20140824-6-ZA-1003.02114
https://doi.org/10.1016/j.mineng.2018.04.001
https://kansai-automation.co.jp/en/product/flow_meter_etc/sludge_interface.php
https://kansai-automation.co.jp/en/product/flow_meter_etc/sludge_interface.php
https://sludgecontrols.com/our-products/portable-sludge-level-detector
https://sludgecontrols.com/our-products/portable-sludge-level-detector
https://www.mogroup.com/insights/blog/mining-and-metals/advanced-thickener-control/
https://www.mogroup.com/insights/blog/mining-and-metals/advanced-thickener-control/
https://doi.org/10.24425/aoa.2019.126362
https://doi.org/10.1109/ICARCV.2014.7064356
https://doi.org/10.1109/ICARCV.2014.7064356
https://www.plapl.com.au/mud-diver/
https://www.plapl.com.au/mud-diver/
https://doi.org/10.3182/20110828-6-IT-1002.02667
https://doi.org/10.3182/20110828-6-IT-1002.02667
https://www.sinoninetech.com/index.php/Home/News/show/id/108.html
https://www.sinoninetech.com/index.php/Home/News/show/id/108.html
https://www.plapl.com.au/5-ways-to-measure-bed-level-in-thickeners/


548 Archives of Acoustics – Volume 48, Number 4, 2023

com.au/5-ways-to-measure-bed-level-in-thickeners/
(access: 22.08.2022).

26. Tan C.K., Setiawan R., Bao J., Bickert G.
(2015), Studies on parameter estimation and model
predictive control of paste thickeners, Journal of Pro-
cess Control, 28: 1–8, doi: 10.1016/j.jprocont.2015.02.
002.

27. Tripathy S.K., Murthy Y.R., Farrokhpay S.,
Filippov L.O. (2021), Design and analysis of dewa-
tering circuits for a chromite processing plant tail-
ing slurry, Mineral Processing and Extractive Metal-
lurgy Review, 42(2): 102–114, doi: 10.1080/08827508.
2019.1700983.

28. Xu N., Wang X., Zhou J., Wang Q., Fang W.,
Peng X. (2015), An intelligent control strategy for
thickening process, International Journal of Mineral
Processing, 142: 56–62, doi: 10.1016/j.minpro.2015.
01.007.

29. Zhang J., Yin X., Liu J. (2016), Economic MPC of
deep cone thickeners in coal beneficiation, The Cana-
dian Journal of Chemical Engineering, 94(3): 498–505,
doi: 10.1002/cjce.22419.

30. Zuzunaga A., Van der Spek A., Urquiola R.,
Maron R. (2018), Uses and benefits of flow measure-
ment in the operation of tailings thickeners, 5th Inter-
national Seminar on Tailings Management.

https://www.plapl.com.au/5-ways-to-measure-bed-level-in-thickeners/
https://doi.org/10.1016/j.jprocont.2015.02.002
https://doi.org/10.1016/j.jprocont.2015.02.002
https://doi.org/10.1080/08827508.2019.1700983
https://doi.org/10.1080/08827508.2019.1700983
https://doi.org/10.1016/j.minpro.2015.01.007
https://doi.org/10.1016/j.minpro.2015.01.007
https://doi.org/10.1002/cjce.22419

