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Abstract. The paper is devoted to developing a model of baddeleyite recovery from dump products of an apatite-
baddeleyite processing plant using centrifugal concentrators. The relevance of the work arises from the acquisition
of new knowledge on the optimization of technological parameters of centrifugal concentrators using Knelson CVD
(continuous variable discharge) technology — in particular, setting the frequency of valve opening and the duration
of valves remaining open. The purpose of the research was to assess the applicability of CVD technology in the
treatment of various dump products of the processing plant and to build a model of dependencies between the
concentrate and tailings yields and the adjustable parameters, which will allow to perform preliminary calculations
of the efficiency of implementing this technology at processing plants. The research objects are middling and main
separation tailings of the coarse-grained stream and combined product of main and recleaner separation tailings of
the fine-grained stream. The study uses general methods of mathematical statistics: methods of regression analysis,
aimed at building statistically significant models, describing dependence of a particular variable on a set of
regressors; group method of data handling, the main idea of which is to build a set of models of a given class and
choose the optimal one among them. Authors proposed an algorithm for processing experiment results based on
classical regression analysis and formulated an original criterion for model selection. Models of dependencies
between the concentrate and tailings yields and the adjustable parameters were built, which allowed to establish a
relationship between the concentrate yield and the valve opening time, as well as a relationship between the tailings
yield and the G-force of the installation.

Key words: Knelson CVD; gravity concentration; baddeleyite; recovery; tailings; technology; mathematical model;
processing algorithm

Introduction. The Kolaregion is one of the oldest mining regions in Russia. In the Soviet period,
it became a key producer of several strategic minerals (iron ore, nickel, copper, apatite, zirconium)
and has retained its role to this day [4]. The Kola region has one of the richest resource bases in
Russia: 64 chemical elements were found in industrial concentrations, more than 30 of them are being
extracted by mining plants. Paper [13] describes the state of the region's mineral resource base in
more detail.

The presence of a large number of valuable components leads to construction and operation of
mining and processing plants (MPPs). More than 10 plants are located on the Kola Peninsula: Kola
Mining and Metallurgical Company, Severonikel, Lovozersky MPP, Olenegorsky MPP “Olkon”,
Apatit, Kovdorsky MPP, etc.

It is known from open literary sources [7, 13, 16] that the operation of mining and processing
plants, including the ones located in the Murmansk region, leads to accumulation of technogenic
mineral raw materials. Normally such products can contain valuable components, which with the
use of modern technologies can be extracted with a great economic effect. An example of techno-
logical research on the processing of tailings containing a significant amount of valuable compo-
nents is presented in paper [1]. In addition, processing of technogenic raw materials reduces nega-
tive impact on the environment [9, 11, 14]. An example of scientific research that takes into account
climatic characteristics of the region is presented in paper [15].

One of the largest enterprises in the Kola region is Kovdorsky Mining and Processing Plant.
The interest in this plant is based on the rationality of processing baddeleyite-apatite-magnetite ores
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with a complex mineral composition to obtain the respective concentrates [3]. JSC “Kovdorsky
Mining and Processing Plant” is the second largest producer of apatite concentrate in Russia and
the only producer of baddeleyite in the world. Moreover, the plant is one of the few enterprises,
actively involved in the processing of tailings for the purpose of increasing economic efficiency of
the company.

From the end of 1990s, according to the technology, developed at the Mining Institute of the
Kola Science Center of the RAS, JSC “Kovdorsky MMP” began a large-scale development of the
technogenic deposit | (mature tailings from the field I of the tailing dump), formed by the processing
waste, accumulated in the previous years of magnetite processing plant operation, with the release of
high-quality apatite and baddeleyite concentrates [2, 5, 6]. Presently, the enterprise has initiated la-
boratory research on the treatment of dump products from the apatite-baddeleyite processing plant
(ABPP) [8] — in particular, on the additional recovery of baddeleyite — at the premises of TOMS
Institute (Irkutsk), which became the foundation for the expanded tests. One of the main operations
in the proposed technology was the use of centrifugal separation.

Ongoing work on setting up and optimizing operation of mining and processing equipment,
including centrifugal separators, is quite expensive; therefore, obtaining values and statistical de-
pendencies allows to perform preliminary calculations of the efficiency of implementing new tech-
nologies at such plants [10].

The purpose of the research was to assess the applicability of CVD technology in the treatment
of various dump products of the processing plant and to build a model of dependencies between the
concentrate and tailings yields and the adjustable parameters.

Research objectives included conducting semi-industrial tests on various ABPP products using
the process of centrifugal separation, obtaining dependencies between the recovery of valuable com-
ponents and technological parameters of the equipment, developing an algorithm for processing test
results based on classical regression analysis.

Research methods. The experiment was carried out using a semi-industrial installation on the
basis of KC-CVD6 concentrator. Three technological streams were prepared for semi-industrial tests
at ABPP: middling separation tailings of the coarse-grained stream; main separation tailings of the
coarse-grained stream; combined product of the main and recleaner separation tailings of the fine-
grained stream.

The test procedure was based on several stages, one general (preparatory) stage and three stages
for each technological stream.

The first, preparatory, stage was carried out regardless the feed flow. The main task of this stage
was to select the optimal opening time of the pinch valves, i.e. the period during which the valves in
the concentration ring would open, close and completely discharge the accumulated concentrate. At
the same time, a minimum amount of barren unprocessed rock, simultaneously passing through the
discharge ring of the concentrator, should go into the concentrate.

The optimal time cannot be the same for every test at different plants. This is explained by the
fact that even hundredths of a second in an open state significantly affect quantitative characteristics
of a single discharge [12]. Opening and closing time depends on multiple factors: temperature of
ambient air and water, air pressure in the system, state of the valve rubber, rotor speed, as well as
technical condition of the system as a whole [12]. Therefore, at the first stage a number of experiments
were carried out to adjust the time and add these parameters to the control system.

Further tests for each technological flow consisted of four stages:

« fluidization water flow rate — adjusting the parameters of fluidization water flow rate based on
estimating the grade of the valuable component in the concentrator products;

« adjustment of G-force — selecting the parameters of gravitational acceleration G (adjustment
of rotor speed) based on estimating the grade of the valuable component in the concentrator products;
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* plotting a separability curve in the course of experiments with different concentrate yield using
data from two previous research stages in order to gradually reduce concentrate yield and improve its
quality;

* selecting optimal operation modes for the concentrator, verifying the indicators in the course
of semi-industrial processing — performing long-running tests (3-6 h) in order to confirm the values,
obtained in previous tests.

The research methodology was based on theoretical foundations of mineral processing. Material
composition of the concentration products was studied using atomic emission spectrometry; mineral
composition was examined by optical methods in polished and transparent thin sections.

Test on the middling separation tailings of the course-grained stream. During the tests, the re-
sults of processing the tailings of the middling line with the circulation of concentration products
from the shaking tables were obtained. In the first two stages, the mode of fluidization water supply
(25 1/m) and the rotor speed (G-forces of 75 and 90) were selected. Feed density was regulated in the
range of 20-35 % solids. The processing of ore was efficient — at a concentrate yield of 10 %, the
recovery was more than 50 %, the degree of concentration was 4-5. Based on the test results, a recov-
ery curve was plotted (Fig.1).

In the course of the experiment, it was decided to change the rotor speed, and, accordingly, the
G-force; as a result, recovery curves were obtained at 75G and 90G (Fig.2).

It was estimated that the concentrate yield and recovery were higher at 90G acceleration. The
grade of the concentrate and the degree of concentration were inversely proportional to the concen-
trate yield. In a single operation, the maximum degree of concentration reached 6.19, while the grade
of the concentrate amounted to 1.3-1.5 % of ZrOa.

Additional tests were performed to obtain the concentrate for subsequent recleaning. Analysis of
the grade of the valuable component showed that the bulk of baddeleyite in the feed was concentrated
in the fine classes. The concentrator ef-
fectively extracted baddeleyite from the
classes of —0.071 and —0.044 mm. The
highest concentration ratio and recovery
rate were recorded in the fraction
—0.044 mm, which was probably associ-
ated with the maximum liberation of the
mineral in this class. 3| y=_ 227Ingg +9.717

Tailings of the middling coarse- R? = 0.7485
grained stream proved to be a promising 5 10 15 20 25 30
material for baddeleyite recovery using
centrifugal separation. The bulk of the
mineral is concentrated in the fine clas-
ses: 90-95 % of ZrO, in the class of —0.20 Fig.1. Dependence between the degree of co_ncentration/grade

. of the concentrate and the product yield
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75) were selected. Fig.2. Recovery curve for the middling separation tailings

of the coarse-grained stream
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Test on the combined tailings of
main and recleaner fine-grained separation. Performance of semi-industrial tests on this feed flow
was complicated by the problems of setting up a stable feed supply, impossibility of achieving the
required density and low mass fraction of the feed.

In the first two stages, the mode of fluidization water supply (25 I/m) and the rotor speed
(G-forces of 75 and 90) were selected.

The processing of baddeleyite is characterized by poor recovery (Fig.5); however, with a de-
crease in the concentrate yield, its quality increases more noticeably than in the main separation tail-
ings of the coarse-grained stream.

It was estimated that in a single operation the maximum degree of concentration reached 2.5 %,
while the grade of the concentrate amounted to 0.35 % of ZrO- (Fig.6).

Based on the studies that estimated particle size distribution of the valuable component, it was
identified that, similar to the previous tests, the main concentration of the mineral was in the fine
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concentrated in the class of —0.044 mm,

but the yield in the concentrate does not exceed 20 %. Probably, large particles of barren rock exert
a negative influence on the movement of the fine fraction, which contains the major share of the
valuable component in the concentrator bed. This is the reason behind the fact that in this product it
is rather difficult to raise the degree of concentration above 2.5 in a single operation.

Results. The treatment of ABPP dump products shows that, despite the fact that the products
under the conditions of a centrifugal field are processed in different ways, with varying degrees of
concentration and have different particle size distributions, their common trait is that the bulk of the
valuable component is recovered to the concentrate from the fine classes.

Grain size analysis of the material and the obtained products demonstrates that up to 90 % of the
valuable component in the combined tailings product in the liberated form is concentrated in the class
of —-0.1 mm; hence, limiting the class of the feed to —0.1 mm can increase the grade of the valuable
component in the concentrator feed, which will allow to obtain a higher-quality concentrate under the
same degree of concentration. Limiting the grain size will allow to reduce the influence of coarse
barren rock particles on the quality of ZrO, separation.

Considering this issue from a practical point of view, under the current product supply of
1,000 t/h in the —0.1 mm class, the screening of the stream will require significant capital costs and
probably will not achieve the desired efficiency. Evaluation of centrifugal separation performance in
the primary processing of tailings allows to draw a conclusion that with a total concentrate yield of
20-25 %, about 40-50 % of ZrO can be recovered to the primary concentrate across all streams.

The indicators of ZrO; recovery, obtained as a result of industrial tests of the KC-CVD6 instal-
lation at Kovdorsky MPP, can be processed using mathematical statistics — in particular, regression
analysis methods — in order to build mathematical models that can adequately describe recovery of
the valuable component.

As a first step, it is necessary to define designations for further use in the discussion. The most
important output parameters of the ore treatment process are the grade of the valuable component in
the concentrate (y1) and in the tailings (y2). The input parameters for this installation include feed
volume (V) and mass (Q), solids content, test duration (T), ZrO> grade in the feed, G-force (G) and
valve closing time (t); these input parameters are denoted as xi, where i =1 ... 7. The only adjustable
parameters are G-force, test duration and valve closing time; other input parameters assume random
values. All the test results are summarized in Table 1.

To draw correct conclusions about the quantitative influence of a certain input parameter x;j on
the output yi, the data normalization procedure is carried out. Then, the method of least squares is
applied to the obtained data, which allows to determine a linear regression equation, which is opti-
mal in the sense of minimizing errors.

Before directly applying the least squares method to obtain a regression model, the resulting
models should be validated in order to choose the most adequate one. To do this, a random experiment
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needs to be selected from each test to form a validation sample. Then it is required to perform a
correlation analysis of the obtained data in order to separate the variables that have the most signifi-
cant effect on the tailings and concentrate yield.

Table 1
Results of performed tests
Test No.* Feed Feed Solids Te_:st gradzer%z the G-force Val\{e closing gradzer(i:i\z the gradzer(i:i\z the
volume x; mass x; content x; duration x4 X6 time x7 .
feed xs concentrate y; tailings y,

1 1.98 0.838 1 33 0.2 75 8 0.49 0.086
1 1.872 0.887 1 36 0.21 75 12 0.77 0.11
1 2.232 0.81 1 30 0.2 75 24 0.72 0.14
1 2.16 0.837 1 30 0.24 75 16 0.78 0.16
1 2.88 0.992 1 28 0.22 90 32 0.72 0.21
1 2.81 0.884 1 26 0.23 90 48 0.88 0.13
1 3.24 0.926 1 24 0.21 90 64 1 0.11
1 2.95 0.885 2 25 0.21 90 120 1.3 0.13
1 2.81 0.843 5 25 0.19 90 64 0.9 0.13
2 2.16 0.67 1 24 0.09 75 10 0.12 0.05
2 191 0.572 1 25 0.085 75 16 0.104 0.058
2 1.62 0.395 1 21 0.075 75 24 0.12 0.053
2 2.09 0.628 1 25 0.078 75 32 0.13 0.048
2 2.23 0.709 1 26 0.091 75 48 0.2 0.056
2 2.05 0.53 1 22 0.082 75 64 0.14 0.064
2 1.72 0.541 6.5 26 0.095 75 32 0.15 0.071
3 2.88 0.309 1 10 0.15 90 16 0.2 0.11
3 2.16 0.387 1 16 0.13 90 24 0.19 0.1

3 1.8 0.193 1 10 0.14 90 32 0.21 0.085
3 1.8 0.193 1 10 0.13 90 48 0.33 0.1

3 2.16 0.231 1 10 0.15 90 64 0.35 0.11
3 2.44 0.337 6.5 13 0.15 90 32 0.21 0.13

1
Note. "Test No.: 1 — test on the middling separation tailings of the coarse-grained stream; 2 — test on the main separation tailings of the
coarse-grained stream; 3 — test on the combined tailings of the main and recleaner fine-grained separation.

The algorithm of processing the obtained data will be the following:
1. Random selection of one experiment from each test and creation of a validation sample.
2. Calculation of paired correlation coefficients between independent variables x1, ... x7 and

output parameters y1 and y».

3. Selection of independent variables to build a regression model taking into account paired
correlation coefficients.
4. Development of a regression model from the selected variables.
5. Calculation of regression model coefficients using the least squares method.
6. Evaluation of the obtained models and selection of the most adequate one.
Evaluation of the obtained models should be guided by the following considerations: the model

should describe the initial sample as well as possible, which makes it necessary to use the coefficient
of determination R?; it is also necessary that the model demonstrates good results on the validation
sample, for which it is required to calculate the sum of squared differences between the predicted y
values and the actual ones, taken from the validation sample. It should be taken into account that R?
€ [0; 1], so the criterion should include the value of 1/R?. Thus, a criterion for evaluating the resulting
regression models is formulated as follows:

1= Z+p3(F-y,) —min, (1)

where a, 3 are weight coefficients, o + 3 = 1; y is the value, calculated for the validation sample data
based on the model; ya is the actual value of the parameter from the validation sample.
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Assignment of different values to a and 3 coefficients allows to change the quality of the model,
either increasing its predictive power or increasing its ability to take into account new incoming
data but sacrificing the quality of approximation. In the described case, both o and B coefficients
are equal to 0.5.

According to the presented algorithm, which requires the use of determination coefficient R?, in
the next step it is necessary to calculate the paired correlation coefficients ryy between independent
variables x1, ... x7 and output parameters y1 and y» (Table 2).

Table 2
Paired correlation coefficients
ZrO, grade Feed volume x; | Feed massx, | Solids contentx; | Test duration x4 inztrti: 2 f%zjdexs G-force xg Valxﬁqcel?;ing
In the concentrate, y1 0.65 0.72 -0.03 0.44 0.87 0.33 0.51
In the tailings, y2 0.57 0.40 0.08 0.12 0.84 0.51 0.15

After considering all the models obtained by combining different values of feed volume and
mass, ZrO- grade in the feed and valve closing time, the general formula of this model can be derived
as simplified Wiener series:

— 4 n m n m !
Y = bt Yo bixi + X i byxix; + Xy B M=y bijiX XX »

where n, m, | define the order of the model.

Due to a limited number of experiments and the fact that the number of observations only
slightly exceeds the number of parameters, the maximum order of the model should be limited to
one. By applying standard methods of regression analysis to such problems [10], a regression equa-
tion of the ZrO, grade in the concentrate was obtained for n = 0; m = 0; | = 0 (linear regression):

y1=0.45-0.01x1 + 0.12x2 + 0.21xs + 0.12x5.

In this case, the coefficient of determination R? for this model equals 0.95, which corresponds to
high predictive power of the developed model. As a next step, using formula (1) the value of quality
criterion is calculated, for this model | = 0.5493.

According to the presented algorithm for all the possible combinations of variables, the regres-
sion equation with the minimal value of the criterion | = 0.5493 is the following:

y1=0.44 — 0.05x1 + 0.12x2 + 0.26x5 + 0.12x7 + 0.07xXsX7. @)

In this case R? = 0.968, which indicates high quality of the obtained model. Moreover, the model
contains only six terms given 19 observations, which means that the equation actually describes the
processes taking place in the system.

The significance of regression coefficients was verified. The probabilities for the coefficients of
regression equation (2), estimated with the help of t-statistics, equaled 8.46 -1073; 0.09; 8.50 -10°>;
3.96 -107"; 0.0002; 0.02, respectively. Clearly, all the obtained coefficients were statistically
significant.

Thus, it was determined that the concentrate yield had practically no dependence on test duration
and a weak dependence on G-force. The greatest impact on this parameter was made by ZrO. grade
in the feed, followed by the feed mass and the opening time of the pinch valves. At the same time, it
was revealed what influence was exerted by the product of the valuable component grade in the feed
and the opening time of the pinch valves. It was also identified that the feed volume V was included
in the final equation with a negative coefficient.
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62}’1 62}’1
=0, except for

2
=22 0,07,

6x56x7 B 6x76x5

Analysis of equation (2) and consideration of the fact that

Ox;0x;
make it evident that the equation provides null Hessian minors and, consequently, indicates that this
function reaches its maximum and minimum at the boundary values of x; parameters. Therefore, in
order to maximize the valuable component, it is required to fix x2, xs and X7 parameters at their highest
level, and x; — at its lowest one.

In the examination of the tailings yield dependence according to the same algorithm used for the
concentrate yield and based on the correlation analysis, the following variables are used to build
regression models: feed volume x1; ZrO> grade in the feed xs; G-force xe. Similarly, the models are
developed in the form of Wiener series, and it turns out that the minimum value of criterion (1)
I =0.7242 is obtained with the following equation:

y2=0.13 - 0.03x1 — 0.017x5 + 0.07xs + 0.015 X1 X5 — 0.05 X1 X6 + 0.002 X5 X6 — 0.004 X1Xs5 Xs.

For this model, the coefficient of determination R? = 0.694, which, according to the Chaddock
scale, indicates low predictive power of the model and means that it can only be used to obtain pre-
liminary conclusions and estimations. The probabilities, determined for this equation by calculating
t-statistics, show that none of the coefficients correspond to the given level of significance, except for
the coefficient before xe. Therefore, it can only be said that an increase in G-force is directly propor-
tional to the tailings yield.

This result for the tailings is in good agreement with other studies that the authors performed on
the same installation with another ore material [10]. This allows to assert that in order to build a
mathematical model for the tailings, it is necessary to examine additional factors, affecting this pa-
rameter.

Conclusion. Semi-industrial tests demonstrate that baddeleyite is effectively processed using the
CVD technology (centrifugal separation with continuous variable discharge). Various ABPP tailings
were processed, from which the concentrator allowed to efficiently extract the mineral with a 5 %
degree of concentration in the primary operation.

Semi-industrial and laboratory studies were carried out under various conditions and on the
material with excellent granulometric characteristics; however, output analysis allows to say that
in general the results obtained on a semi-industrial installation correlated with laboratory data
obtained by the TOMS Institute.

The grade of the valuable component in all streams was different, but the fact that the main
recovery occurred from the fine classes, including the —0.044 mm class, remained unchanged, which
indicated the efficiency of concentrator operation on liberated grains that are ready for processing.

The concentration of ZrO> in the fine classes after primary centrifugal separation shows that
narrowing the class has a positive effect on increasing the concentration of the valuable mineral and
the efficiency of subsequent processing. Narrowing in the class of 0.28 mm allows to increase the
concentration by 1.2-1.5 times, and in the class of 0.1 mm — by 2-5 times.

Centrifugal separation is an effective process for primary concentration of the valuable product
from the ABPP tailings; however, subsequent recleaning to the concentration values, which are
minimally required for the separation of the ABPP finishing, should be carried by other means, most
likely using shaking tables.

As a result of the study, authors proposed an algorithm for processing test results, based on
classical regression analysis, and formulated an original criterion for model selection. Models of
dependencies between the concentrate and tailings yields and the adjustable parameters were built,
which allowed to establish a relationship between the concentrate yield and the opening time of the
pinch valves, as well as a relationship between the tailings yield and the G-force of the installation.
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