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Abstract. In this paper, an adaptive approach has been developed for automatic initialization of the thickening curve
using machine vision technology, which makes it possible to determine with high accuracy the material parameters
necessary for the design of thickening and clarification apparatuses. Software has been developed that made it possible
to search for the coordinates of the condensation critical point in automatic mode. Studies on two samples of materials
(tailings of apatite-containing ores and gold-bearing concentrate) were carried out and made it possible to statistically
prove the reproducibility of the results obtained using the parametric criteria of Fisher and Bartlett. It has been estab-
lished that the deposition curves are approximated with high accuracy by the Weibull model, which, together with the
piecewise linear approximation, makes it possible to formalize the method for determining the critical point coordi-
nates. The empirical coefficients of the Weibull model for two samples are found, and the final liquefaction and settling
rates of the studied materials are determined.
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Introduction. One of the fundamental points of the sustainable development concept in envi-
ronmental terms is the rational use of natural resources, ensuring their suitability for both our con-
temporaries and future generations [1-3]. According to experts, about 22 % of the total water circu-
lation is used for industrial needs and, according to rough estimates, this figure will increase by 2 %
in three years.” When enriching mineral raw materials, the resulting products contain a significant
amount of water, as well as residual concentrations of reagents and slurry fractions. Proper manage-
ment of these products prior to shipment to the consumer, including their dehydration and damming,
is a key element of modern production aimed at maintaining high environmental standards. [4, 5].
According to average indicators, at processing plants, the consumption of production water per 1 ton
of processed ore, depending on the type of processed raw materials, ranges from 4 to 10 m®, at some
gravity plants it reaches 15 m’/t [6]. In addition to concentrates dewatering, thickening processes are
key to wastewater treatment and tailings disposal. Thickening of tailings at the processing plant al-
lows for recycling water supply, minimizing the need for fresh water intake, and also reduces the
amount of water discharged to tailings, which, in turn, reduces the risk of accidents. All this puts the
processes of dehydration and thickening on a par with the main processes that significantly affect the
entire technological chain [7].

* Proskuryakova L.N., Saritas O., Sivaev S.B. Water management complex: global challenges and long-term trends in innovative
development. Moscow: National Research University Higher School of Economics, 2015, p. 84.
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Despite its importance, the process of designing thickeners and clarifiers is reduced to calculating
the specific surface area of the thickener based on the results of sedimentation studies in static or
dynamic conditions using the Coe — Clevenger method proposed more than 100 years ago [8]. The
universally recognized phenomenological model of condensation was published at the end of the last
century [9, 10] and allowed the development of software for the design and simulation of traditional
industrial thickeners with the following parameters: unit area, concentration profile and solids content
in the thickener. But mathematical models are useless if the experimental parameters that determine
the proposed equations are not available [11].

Currently, there are problems associated with laboratory studies of the sedimentation process
and, above all, with the initialization and interpretation of sedimentation curves obtained at the stage
of laboratory testing of the thickening process [3]. These problems are associated, for the most part,
with the human factor, since the quality of the test directly depends on the experience and competence
of the researcher. In addition, the process of conducting the experiment is complicated by several
pronounced factors: the transience of the process, the need for parallel fixation of several parameters.
For some types of pulps, situations may arise in which the possibility of visual control and determi-
nation of the liquid-suspension boundary is complicated by the characteristics of the material being
worked with.

Many researchers have been involved in solving this problem, among the most significant solu-
tions are the SediRack system developed by Cettem, which, regardless of the operator, automatically
determines and issues the necessary parameters for calculating the condensation unit area. SediRack
is a laboratory device that allows simultaneous testing of five samples, each of which differs in con-
centration or addition of a flocculant (Fig.1).” The height of the water-suspension interface is meas-
ured automatically in each test tube using a video camera. The recorded data is processed online by
a program that gives the initial settling rate in each of the five tubes. Using this information, the
program calculates the solid flux density and unit area according to the Coe — Clevenger method for
each investigated concentration.

However, this software can only work with the device shown in Fig.1, a, which significantly
limits the work with this product. A similar problem is inherent in other similar installations [12-14].
Meanwhile, the current state of technology makes it possible to implement this kind of concept using
machine learning algorithms and computer vision on any available test bench.

The introduction of such algorithms is actively used at processing plants, but the scope of their
application is very limited [ 15, 16]. In paper [ 17] the authors analyzed studies on this topic in the field
of mineral processing. Most of the work is related to machine vision, which is probably due to the

Fig.1. SediRack workbench: a — settling point for deposition curves;
b — data processing dialog box (https://en.cettem.com)

*Concha F.A. Solid-Liquid Separation in the Mining Industry. Switzerland: Springer International Publishing, 2014, p. 429.
DOI: 10.1007/978-3-319-02484-4
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desire to find indirect methods for measuring parameters such as particle size or chemical composi-
tion, using images as a cheaper and faster alternative to sample analysis. It may also indicate the
relatively widespread adoption of machine vision systems in industry, as well as research activities
to improve the results achieved with machine vision systems. Many of the technologies categorized
as machine vision are empirical models that relate process parameters (such as content or recovery)
to machine vision characteristics (such as bubble size, particle size, or statistical descriptions of tex-
ture) [18-20].

In the field of mineral processing, grain edge detection and segmentation tasks have been imple-
mented to detect particle or bubble boundaries and obtain other information, such as particle (bubble)
size distribution, foam stability, or even the content of a useful component. An alternative approach
involves extracting lower dimensional abstract features from high dimensional images; these features
may correlate with the parameters of interest (particle size or chemical composition), but do not di-
rectly measure these parameters.

Feature extraction methods are closely related to dimensionality reduction methods, such as prin-
cipal component analysis. Whether an image processing or feature extraction approach (or both) is
used, the next step in applying machine vision is to correlate the features and/or parameters obtained
from images with process conditions, variables, or key performance indicators such as variety, chem-
ical or particle size distribution [17].

The purpose of this work was to develop an adaptive approach using machine vision technology
to determine the parameters of the deposition of enrichment products by automating the process of
data capture when conducting studies of the deposition kinetics.

Methodology. In order to calculate the required thickener area, a cylinder deposition test must
be performed. The testing methodology involves the use of transparent cylinders with a capacity of
0.5[21,22], 1 [23] or 2 1[24]. In this work, testing was carried out in cylinders with a capacity of 1 1,
which corresponds to domestic practice [25]. To initialize the periodic settling curve, the cylinder
was filled with pulp with a given concentration of solids, then non-intensive mixing was carried out
by turning the cylinder tenfold to ensure complete pulp homogenization while maintaining the origi-
nal settling properties. During the standard test, after homogenization, a timer was started to monitor
the change in the position of the suspension-liquid interface at various time intervals (0; 0.5; 1; 2; 3;
4; 5; 10 or more minutes). The time could be changed depending on the dynamics of the deposition
of a particular sediment sample. As a general rule, the slurry-liquid interface is measured more fre-
quently at the start of a test because the sediment settles relatively quickly. Further, the frequency of
measurements decreases, since the phase boundary moves more slowly, the rate of solid phase depo-
sition decreases sharply. Observation was stopped if the position of the boundary did not change
within 2-3 h.

When carrying out this technique, difficulties arise, the main of which is the impossibility of an
accurate visual determination of the phase boundary. Also, typically, a sharp transition from one stage
to another occurs, which cannot be clearly defined even in the presence of illumination. Among other
problems the transience of sedimentation processes should be noted, especially for gravity concen-
trates or flocculated pulps. Mechanical measurement in this case is impossible, as in the case of testing
pulps without a clear separation boundary.

In this work, two representative samples were taken for testing: gold-bearing concentrate from
the processing plant of the Olimpiadninsky deposit with a bulk density of 1.39 g/cm’ (sample 1); tai-
lings from the processing plant ANOF-2 of the Kirov group of deposits with a bulk density of
1.19 g/em® (sample 2) [26, 27]. Bulk density was determined in accordance with GOST 25732-88.
Characteristics of particle size distribution for sample 1: dso = 69; dso =93 pum; for sample 2: dso = 57.5;
dso = 87 um.

The mineral composition of sample 1 is mainly represented by arsenopyrite and pyrrhotite (25.2
and 37.7 %, respectively), there are pyrite, antimony minerals, chalcopyrite, as well as iron oxides
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Fig.2. Experimental workbench for determination of deposition curves and developed software interface

and hydroxides, the content of non-metallic minerals (quartz, carbonates, micas, Ti minerals) about
27.7 %. Sample 2 contains a significant amount of nepheline (60.36 %), as well as identified feldspar
(7.40 %), aegirine (11.64 %), sphene, titanomagnetite, ilmenite, biotite, eudialyte and others minerals
(in aggregate less than 5 %).

The L:S ratio was set equal to 5:1, MS-203 reagent was used as a flocculant at a consumption of
100 g/t. Since in this work it was not required to establish the dependence of the settling rate on the
solids content and choose the most suitable flocculant, these indicators were chosen based on the
results of preliminary tests to increase the settling rate in order to test the capabilities of the data
processing system at a high settling rate.

The automatic system for monitoring the movement of the phase boundary consisted of a camera
for fixing the deposition process and an information processing unit with installed software (Fig.2).
Preliminary tests of the system showed that satisfactory results are achieved with a camera resolution
of two megapixels.

The high-level programming language Python was used to develop the software. The choice of
language is justified by its prevalence in solving problems of machine learning, computer vision, as
well as a large selection of ready-made libraries.

Discussion of the results. The scheme of the program for determining deposition curves is
shown in Fig.3.

When choosing a method for detecting a tracked object (the level of a clarified liquid column),
a freely distributed library of computer vision algorithms, OpenCV, was used. In this case, the prin-
ciple of the program is based on the step-by-step processing of the image through various operations
to select and search for the desired contour. The use of this package allows you to fine-tune the soft-
ware in the process of work. The image coming from the camera is subjected to a Gaussian blur to
eliminate noise and small, non-functional details in the image.

The main sign of distinguishing the contours of objects in this program is the level of contrast
between the color of the settling material and the column of clarified liquid. This approach makes it
possible to unambiguously identify the observed liquid column and determine the boundary between
the clarified liquid and the suspension. The definition of the contour occurs due to the image binari-
zation. The criteria for assigning a value to a pixel are determined by the user by setting the bound-
aries of the intensities of the pixel properties, and if the pixel has parameters that are within the
specified boundaries, it is assigned a value of 1, otherwise — 0. For convenience, the image is trans-
lated from the standard RGB color scheme (red, green, blue) in more intuitive — HSB (hue,
saturation, brightness), in which color is determined not by a combination of three basic color
elements, but by hue, saturation and brightness. Which allows you to calibrate images without using
color palette values.
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Fig.3. Algorithm of the developed software

At the next step, the binarized image — the mask — is subjected to morphological transformations
to eliminate noise and small elements that arise due to light fluctuations and when working with the
image. Two algorithms are successively applied to the resulting mask: erosion and dilation. The idea
of erosion is as follows: a square matrix of a given size with an odd number of elements iterates over
each pixel of the image, assigning it a value of 1 or 0, depending on whether the condition is met.

If the central pixel of the matrix is surrounded only by pixels with a value of 1 within this matrix,
it is also assigned the value 1, otherwise it acquires the value 0. This transformation allows you to
remove small highlights in the binarized image, making the contours more even , which is required
when determining the boundary between the clarified liquid and the deposited material. However, it
becomes obvious that the zero value is also acquired by pixels on the border of large image elements,
1.e. the contour dimensions are reduced in proportion to the size of the matrix used in the function.
Therefore, to restore the true contours of objects, the dilatation method with the opposite principle of
operation is used. A matrix of the same size, bypassing the pixels of the image, sets the point to 1 if
at least one of the pixels in the matrix is 1. Thus, the size of the white areas increases, i.e. the true
size of the observed object is restored, and due to the preliminary removal of noise, an increase in the
noise area in the image is not observed (Fig.4).

The development program also solved the problem of finding the contour with the largest area
(if there are several contours in the image). Since the contours are a continuous closed curve passing
along the border of the black and white areas, in a b
fact, a search is made for a white object on a black
background. The resulting array of contours is
sorted in decreasing order of allocated area, and
only the first contour representing the pulp col-
umn is transmitted for further tracking. The re-
sulting contour fits into a rectangle, the upper
edge of which is subsequently used to track the
position of the desired boundary. For conven-
ience of perception by the use,r’ the fO}md con- Fig.4. Masks and images with outline: @ — mask with inaccurate
tours are transferred to a color 1mage (Flg-4)- color calibration; b — correctly calibrated mask
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Fig.5. Initialized deposition curves for samples 1 (@) and 2 (b)

In order to check the reproducibility of the results for each sample, the experiment was repeated
three times. The obtained sets of points for each of the experiments for samples 1 and 2 are shown
in Fig.5.

The regression analysis of the data obtained made it possible to establish that for all samples in
all experiments, the most appropriate Weibull model is the approximating model of this type [28-31]:

d
h=a—-be™*,

where 4 — clarified layer height, cm; 7 — settling time, min; a, b, ¢, d — empirical coefficients (see Table).

Weibull model empirical coefficients

Experiment Empirical Coefficients Determination
. ) Standard error
number a b c d coefficient R

Sample 1
1 16.29 16.27 43.37 1.52 0.9974 0.30
2 19.60 19.71 19.85 1.21 0.9932 0.35
3 18.36 18.58 12.68 1.41 0.9972 0.28

Sample 2
1 18.33 18.65 8.20 1.40 0.9976 0.35
2 18.56 18.40 6.44 1.36 0.9961 0.39
3 18.76 18.08 5.67 1.36 0.9964 0.34

Statistical analysis on three samples, carried out using the parametric Fisher and Bartlet test
[32-34], showed statistical equality of variances in three experiments. This means that the differences
in sample data are only due to random causes. Therefore, the program processes the results correctly,
and this is statistically proven. Therefore, the true curve was further taken to be averaged from the
results of the measurements.

Most of the methods used in practice for calculating thickeners (methods of Kinch, Biscay Jr.,
Talmadge and Fitch, Roberts, Coe — Clevenger and Altman [35, 36]) lies the finding of the so-called
critical point, which is the transition from the sedimentation phase to the compression phase of the
sediment. At this moment, the volume of the suspension is determined (according to the cylinder
graduation), Ae and e, as well as the ratio of L:S at this moment, which is taken as the final one.
Further thickening of the suspension is considered impractical, since the compaction of the suspen-
sion is very slow.
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The coordinates of the critical point are determined by a graphical method, which causes errors
and cannot be considered a reliable result. To solve this problem, when processing the obtained data,
it is proposed to use a combination of the Weibull model and piecewise linear approximation. In the
proposed approach, the following sequence of actions is performed:

¢ The sequence of points that were fixed during the experiment is approximated by a piecewise
linear function. For the maximum capture of the deposition sedimentation and compression area, the
approximating straight lines are selected automatically. After a piecewise linear approximation, data
on the point of intersection of linear functions is returned, as well as their angular coefficients.

¢ The resulting slopes are used to determine the angles of rotation of the lines by calculating the
arc tangent and determining the angle of rotation of the bisector. The angle between the abscissa axis
and the bisector is calculated by adding the angles of two lines intersecting at a point, subtracting the
value of m and dividing the result by 2. The number =© is added to the sum, since the angles values in
the calculation are in the range from —nt/2 1o n/2, and the desired bisector must have an angle in the
range from 0 to —n/2. According to the calculated angle value, the bisector equation is determined.

¢ The same sequence of points is approximated by a continuous function.

e Using the equation of the bisector and the found Weibull function, you can find the coordinates
of the point of their intersection, which will be the desired critical point.

Processing of the averaged curves (according to the height of the settled layer) is shown in Fig.6.

The final (or critical) liquefaction (L:S ratio by volume) at the moment #., based on the found
coordinates of the critical point, can be determined in this way:

R h.p— M A
RCI’ = —)
Mp
where R — radius of the cylinder used for deposition, m; Ms; — mass of solid in the pulp, kg;
p, A —solid and liquid phases density, respectively, kg/m’.
Specific settling rate at samples critical point

The results of calculations of the parameters of the thickening of the sample 1: 7 0.39 min;
her 15.37 cm; Rer 1.46 cm; v, 39.41 cm/min; samples 2: fer 0.20 min; /e 15.67 cm; Rer 1.49 cm;

L, 78.35 cm/min.

a b
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Fig.6. The results of determining the coordinates of the critical point for samples 1 (a) and 2 (b)

1 — piecewise linear approximation; 2 — bisector; 3 — approximation by the Weibull function;
4 — experimental data; 5 — critical point
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To speed up the process, the final dilution is maintained above the critical value, for which a
point on the curve corresponding to the required dilution can be determined instead of the critical
point. Then, with the required dilution, the value 4 is calculated.

Conclusion. As a result of the study, an automated software solution was proposed using ma-
chine vision technology for testing in cylinders and calculating the main parameters in the design of
thickening and clarification apparatus. The possibility of fine tuning for specific test conditions elim-
inates the need for specialized equipment.

It has been established that the obtained deposition curves are approximated by the Weibull
model, the use of which, together with the piecewise linear approximation, makes it possible to find
the coordinates of the critical point and other parameters with sufficient accuracy.

Despite the lack of a unified approach to the design of devices for gravitational settling, the test
for deposition in cylinders is de facto generally recognized and depends to a greater extent on the
experience and qualifications of the researcher. The developed software and methodical approach to
the calculation make it possible to minimize the human factor and obtain reliable results.

Conducted studies prove that the proposed solution is capable of capturing data even at high
deposition rates. In the study of pulps without a clear separation boundary, the algorithms embedded
in the processing unit, due to morphological operations of background subtraction, allow fixing the
slightest changes in the color gamut and determining the phase boundary.

Machine vision technologies for enrichment processes are undergoing a phase of rapid develop-
ment, and this example shows only one of the possible ways of development. The proposed approach,
after appropriate adaptation, can be used to test new types of flocculants and coagulants without con-
ducting full-scale tests, which is relevant in conditions of certain types of reagents shortage. This area
of application is not the only one, and the approach can be adapted to control the foam-pulp phases
in flotation enrichment, as well as in the study of various ores for enrichability.
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