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Abstract

The article presents the results of solving the urgent scientific and practical prob-
lem of establishing regularities connecting the indicators of the efficiency of en-
richment and classification of raw materials of heterogeneous limestone deposits
with its initial characteristics, technological and design parameters of the classifica-
tion equipment, substantiating rational screening modes on this basis. An assessment
of the energy efficiency of the proposed technical solutions is given. The research
was carried out at Dnipro University of Technology (Ukraine, Dnipro).

Technological lines for dry processing of limestone raw materials, which are
used in quarries, ensure the production of marketable products of acceptable quality
only for large grades of crushed stone in low humidity conditions. Small grades of
crushed stone are not used and are sent to the dump. There is a need to improve the
existing process of classification and enrichment of raw materials in order to im-
prove the quality of the final product and expand, on this basis, the fractional com-
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position of commercial crushed stone, which complies with the requirements of state
standards.

The proposed concept of enrichment of raw materials of heterogeneous car-
bonate deposits consists in the forced separation of clay coatings from pieces of
rock, followed by highly efficient screening of limestone in quarry conditions. The
implementation of the concept provides for the use of a roller-finger screen, which
provides high performance indicators at high material moisture. New analytical de-
pendencies have been obtained linking the indicators of the efficiency of limestone
concentration with the results of the granulometric and chemical analyses of the
feedstock, the efficiency of its screening. On their basis, a mathematical model has
been created that allows, with a limited amount of experimental data, to predict the
achieved enrichment efficiency indicators, taking into account the characteristics of
the classification devices used.

It is shown that the dependence of the indicator of the efficiency of enrichment
of raw materials on the size of the separation of particles by screening devices has an
extremum, and the value of the size corresponding to the maximum of the indicator
does not depend on the efficiency of screening. This makes it possible to use a
screening mode with an optimal particle size separation, while ensuring high en-
richment efficiency, reducing waste from the processing process, and improving the
ecological situation in the region.

A method for calculating the optimal size of the separation of the material to be
classified has been developed. On its basis, an algorithm for calculating the indica-
tors of the concentration efficiency was created, which allows obtaining expanded
information on the nature of changes in certain parameters with a variation in the
size of the separation of particles and screening efficiency.

The use of a roller-finger screen as a combined device, which carries out both
the separation of clay coatings from pieces of limestone, and the separation of parti-
cles by size (including conditions of high humidity of the feedstock), improves the
screening efficiency. Based on the study of the dynamics of the particle of the mate-
rial, the determination of the forces acting on the particle, the obtained analytical
dependence determines the condition for excluding the mode of its infringement. It
is proved that such a regime does not depend on the levels of forces acting on the
particle, but is determined exclusively by the values of the angles characterizing the
position of the points of contact of the particle with parts of adjacent rolls.

To study the enrichment and classification processes of the feedstock, linear re-
gression multifactor models were created, where the values of the limestone content
in the feedstock and the moisture content of the material were used as factors, and
the values of the indicators of the efficiency of enrichment and screening of lime-
stone were used as the response functions. The models allow the comparing of the
efficiency of screening and beneficiation processes in classification options with and
without a roller-finger screen.

The presence of a roller-finger screen is manifested in its stabilizing effect on
the classification process, which is accompanied by an increase in the beneficiation
efficiency by 10-20%.

Along with the tasks of increasing the efficiency of enrichment of raw materials
from carbonate deposits, the indicators of the energy efficiency of the technological
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process are considered. A methodology for assessing the energy intensity of the
existing and proposed raw material enrichment technology has been developed. The
structure of the regression model for standardizing the indicator of specific electrici-
ty consumption is proposed and a list of measures that are advisable to use in order
to improve energy efficiency is determined.

Key words: enrichment efficiency, raw material classification, finger-feller
screen, limestone, raw material moisture.

Introduction

The metallurgical and construction industries are the main con-
sumers of limestone. Requirements for commercial limestones are
set out in regulations and are sufficiently meaningful and complex to
implement. The content of clay particles in the commodity product is
normalized. In different classes of carbonate rocks, the maximum
allowable values of clay additives are different, but should not ex-
ceed 20%. Upper calcite levels in standard size classes are not lim-
ited. In the process of enrichment of raw lime deposits, it is im-
portant not to reach the lower limit of calcite content. The presence
of clay particles in the form of films, and primers significantly wors-
ens the conditions for obtaining a high quality product. Grinding and
grading operations are used to process raw materials. The low effi-
ciency of the classification process is the reason for the continuous
growth of tailings. There is a need to improve the existing technolog-
ical lines of enrichment of raw materials in order to improve the
quality of the product, expanding its fractional composition. In con-
ditions of high humidity of raw materials clay additives create prob-
lems with the classification of limestone. Increasing the moisture
content of the raw material to be sieved leads to clumping of the clay
during processing, its adhesion to the surface of the sieves, which
reduces the efficiency of classification, and in some cases the process
can not be implemented. At the same time, the company incurs sig-
nificant losses associated with reduced production.

Outstanding scientists of Ukraine and abroad havedealt with sci-
entific problems of dry classification of raw materials: Andreev S.E.,
Bardovsky A.D., Berdus V.V., Blekhman LI, Weisberg L.A.,
Kartaviy N.G., Levendell E. E., Levenson L.B., Liandov K.K., In-
flated V.P., Nepomnyashchy E.A., Olevsky V.A., Olyunin V.V., Pi-
lov P.I., Poturaev V.N. ., Rundqvist K.A., Teacher A.D., Franchuk
V.P., Chervonenko A.G., Shlain B.I. and others. Wet processing of
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inhomogeneous carbonate rocks in the quarry is practically impossi-
ble, as in most cases there is no ability to provide the process with
water in the required amounts; it is not possible to dispose of produc-
tion sludge. Dry methods of processing raw materials, accompanied
by the separation of its clay particles, are not effective enough and
need improvement. In the conditions of dry processing of raw mate-
rials it is necessary to focus on the expanded operational modes
characterized by high indicators of efficiency of screening, in the
direction of increase of values of humidity of material acceptable for
this process. This will reduce the dependence of equipment modes on
weather and seasonal conditions, and reduce interruptions in the op-
eration of production lines.

It is shown that theoretical research in the field of enrichment and
classification of materials focuses mainly on establishing the links
between known indicators of enrichment efficiency, classification of
raw materials and technological, design parameters of the equipment
that performs these processes. Methods of probability theory and
mathematical statistics are widely used.

Recently, much attention has been paid to ensuring high energy
efficiency of mineral beneficiation processes. Such processes are
usually energy intensive. Indicators of specific energy consumption
are units, and often tens of kW-g/ton. With significant volumes of
raw material processing, energy costs are significant, which deter-
mines the relevance of research aimed at improving energy efficien-
cy of processes. The application of operating regimes with high effi-
ciency of screening of limestone raw materials should be accompa-
nied by an assessment of energy efficiency of decisions taken before
implementation. It is expedient to compare the energy efficiency in-
dicators of the existing and the proposed enrichment technologies.
The indicator of energy efficiency largely depends on the control of
its importance in the process of enrichment of raw materials and the
timely application of measures to improve it. To carry out such con-
trol, it is necessary to determine the normalized values of energy
consumption, which fully meets the requirements of the current
standard ISO50001.

Research methods and results

The problem is one of determining the relationship between the
efficiency of enrichment of limestone raw materials with the results
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of its particle size and chemical analysis and the efficiency of classi-
fication. On this basis, a mathematical model for forecasting this in-
dicator was developed, rational screening regimes were substantiat-
ed, and a method for calculating indicators of the enrichment process
was created. The accepted concept of limestone enrichment of inho-
mogeneous deposits is determined. It is shown that with increasing
the size of raw materials, the content of calcite increases, and clay
additives - decreases. At the same time, the results of the analysis
show that even large classes do not contain enough limestone to clas-
sify them as a marketable product. Uneven distribution of calcite
content in different size classes is a prerequisite for solving the prob-
lem of limestone enrichment by classifying the raw materials of the
deposit. But obtaining a marketable product only by classifying raw
materials is not always possible (for example, in the absence of suffi-
cient calcite in large fractions). It is known that the increase in mois-
ture content of raw materials is accompanied by a decrease in the
efficiency of screening and even a possible shutdown of the produc-
tion line. Therefore, in the technological line of raw material pro-
cessing it is necessary to introduce an additional element that elimi-
nates the negative consequences. The heterogeneity of raw materials
of carbonate deposits introduces uncertainty into the results of its
enrichment with existing technological lines. Therefore, it is im-
portant to predict the efficiency of enrichment, the quality of the ob-
tained product, based on chemical and particle size analysis of raw
materials for a particular field, and the modes of operation of techno-
logical equipment. It should be noted that the existing technologies
of enrichment of raw materials and the proposed concept of enrich-
ment provide for the implementation of the final classification opera-
tion, which determines the achieved level of enrichment. Therefore,
the paper focuses on creating a mathematical model for predicting
the efficiency of enrichment by classifying raw materials. The ac-
ceptability of the use of power functions in regression dependencies
reflecting the results of chemical and granulometric analysis of raw
materials of inhomogeneous carbonate deposits is confirmed.

my, Im=ad" +b; m,,/m=a,d™ +b,, (D
where m,; — the mass of the particles of the lower size class in the
product to be classified; m,0s — mass of limestone in the lower size
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classes of this product; m— the mass of the product; ai, az, b1, ba, ni,
ny — coefficients of degree regression dependence (for raw materials
of Zapadno-Tyaginsky deposit a1=22,403; a,=7,962; b1=-0,675; br=-
0,271; n1=0,347; n,=0,448); d is the size of the separation of raw ma-
terial particles in the screening process.
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Fig. 1. Dependences between output mzq/m(d)=y and mu2a/m(d)=o limestone
content in the total sample (mzs/m(d) — curve 1 and muz2a/m(d) — curve 2)

The calculated values of the correlation relations r for the consid-
ered models were: for curve 1 — r=0,997, curve 2 — r=0,998. The ex-
perimental points shown in Fig. 1 practically coincide with curves 1
and 2. High levels of correlation relations allow us to consider the
dependences (1) with appropriate assumptions that reflect the func-
tional relationships between parameters and use them in the devel-
oped model, to calculate the determined values of enrichment effi-
ciency indicators.

Taking into account the dependence m.4(d) we obtain

T gy =124 (), 2)
m m

where mi; — the mass of particles of the upper size class in the
product to be classified.

Mass of oversized product m;:

m =my, +m,,(1-E ), 3)
where E= my mas (Es — screening efficiency); m, — the mass of
the sub-sieve product.

Output of over sieve (y1) and sub-sieve (y2) products
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m m
The use in equations (3), (4) of the variable E, which can vary
within 0<E,<1 depending on the achieved level of screening efficien-
cy, allows in the following analysis to consider the dependence of
parameters characterizing the enrichment process, not only on the
variable d, but also from the value of Ej.
The content of limestone in the over sieve (/1) and sub-sieve (/)
products is calculated by the formulas

muld + (a _ muld )(1 _ Ex)
m

ﬂ :ﬂ:muld+m1¢2d(l_Es): m . (5)
1 m my, +my, (1-E,) 7
m m
- a_( u1d+(a_ uld)(l_Es))
— Tu2 _ m m
py =" =
m, 1-7,

where m,1, m.o, — the mass of limestone in the super-lattice and
sub-lattice products; a - lime content in the product to be sieved; 1,4 —the
mass of limestone in the upper grades of the size of the product to be
sieved.

Equations (4), (5) allow determining the indicators of limestone ex-
traction in superscreen (g1) and subsieving (&) products.

In addition to the enrichment index E, the model allows to calculate
the values of parameters yi, 7, f1, 2, €1, & which are also important char-
acteristics of the process.

We use a mathematical model to predict the efficiency of limestone
beneficiation of the Zapadno-Tyaginsky deposit and consider the depend-
ence E(E,,d) obtained by calculation, where models (1) are used. The fam-
ily of characteristics E(d) at different values of E illustrates Fig.2. The
analysis shows that the increase in Ej is accompanied by an increase in E.
These curves have extremes. The maximum values of E for different
curves (1,2,3) correspond to the same values of the size d (about 7 mm).
Assuming the value of d=7 mm as a rational value of the size of the sepa-
ration of raw materials (d,), we conclude that d,, does not depend on Ej,
i.e. for arbitrary values of Es at d=d,»» the maximum level of enrichment
is provided. The use of this mode is important for the practical implemen-
tation of the screening device, as the size of the sieve gaps should be set
equal to dop:.
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Calculations show that the nature of the dependences E(d) shown in Fig.
2 is preserved at different values of the limestone content in the raw material
o.. Variation o leads only to a change in the value of dyy, which provides the
extremes of the family of functions. The second important conclusion,
which follows from Fig. 2, is that even effective screening modes (£,=0,9-
1,0) are not able to provide high rates of enrichment efficiency (maximum
value of E=0,2). Therefore, the raw materials of the Zapadno-Tyaginsky
deposit need additional processing, for example, within the framework of
the concept of enrichment proposed by the authors.

The practical use of the developed model to predict the effectiveness
of enrichment involves the implementation of a certain sequence of ac-
tions. This sequence is presented in the form of a method of calculating
the rational value d,,.. The following sequence of actions is defined:

1. Perform particle size and chemical analysis of raw materials to be
classified.

2. Get the regression dependences ma/m(d), nupa/m(d).

3. Construct the dependence E(d) and find the value d,» correspond-
ing to the maximum level E.

4. For the mode of operation of the screen d=d,, to determine the
corresponding indicators y1, y2, B1, B2, €1, €.

I
0 dopt 20 40

d. mm

Fig. 2. Dependence between enrichment efficiency E and separation size d at
different values of screening efficiency Es (curve 1 —0,7; curve 2 —0,8;
curve 3-0,9)

To simplify the procedure of using the proposed technique devel-
oped an algorithm for calculating the indicators listed in paragraphs
2,3,4. The algorithm is implemented in MathCAD and allows to ob-
tain advanced information about the nature of changes in the calcu-
lated parameters for variations d and E.
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To determine the parameters of power dependences (1) it is pos-
sible to use the method of interpolation of the function, which will
allow in the conditions of rapid analysis to abandon a series of exper-
iments (to build a regression dependence) and limit their number to
two. This is important to reduce the amount of work, as well as the
time required to perform calculations. The accuracy of the forecast
when using the proposed model depends on the values of correlation
relations in equations (1). This allows the researcher to independent-
ly assess the accuracy of the calculation results and decide on its ac-
ceptability. To assess the reliability of the calculation results, a com-
parison of the calculated and experimental data obtained in the labor-
atory was performed. The discrepancy between these data did not
exceed 7%.

The universality of the developed technique is that it uses the de-
veloped mathematical model and can be used to analyze the raw ma-
terials of any inhomogeneous carbonate deposit. The practical signif-
icance of the proposed method is that it allows to determine the op-
timal screening regimes, to assess the levels of enrichment efficiency
that can be achieved by classifying raw materials.

The use of traditional sieves with sieving surfaces for the classifi-
cation of raw materials does not ensure the stability of the enrich-
ment results as a result of the adhesion of fine particles of raw mate-
rials at high humidity. Based on this, in the practice of screening, the
process is transferred to the mode of operation of the screen, where
the adhesion of particles is manifested to a small extent. Practical
experience in the processing of raw materials shows that this mode is
characteristic of the particle size separation @>20 mm. In the practice
of classification of raw materials to increase the efficiency of en-
richment E usually implement the lower limit (¢d=20 mm). The anal-
ysis shows that significant volumes of processed raw materials with a
high content of limestone end up in the dump. Accumulation of ma-
terial in the tailings leads to environmental problems.

In the current situation, it is advisable to change the mode of operation
of the screen in such a way as to achieve the maximum value of limestone
extraction (Fig. 2). It is necessary to ensure in the mode d=d, high
screening efficiency E;. In conditions of high humidity of raw materials
such efficiency is provided by roller screens where openings are continu-
ously cleared of sticking. Increasing humidity helps to reduce the strength
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of clay coatings. There are favorable conditions for their separation by
applying to the surfaces of solid parts of raw materials little effort, which
is achieved by the use of roll-finger screens.

To exclude the possibility of limestone clamping modes, it is nec-
essary to study the dynamics of material particles. The forces acting
on the spherical particle are determined (Fig. 3) and the analytical
dependence is obtained, which determines the condition of excluding
the mode of its clamping

a a V4
cos,B~sin+cosy/-sin—cos{ﬂ—(—ﬂ
2 2 2 2 S, (6

a a
COSIB 'COSE—COS}/'COSE

It is shown that this mode does not the grip angle a and the angle
[, which characterizes the position of the point of contact of the par-
ticle material to the finger. The analysis of the functional dependence
shows that when the angle £ increases, the range of acceptable (in
terms of eliminating the clamping of particles) values of a is shifted
to the zone of decrease in the numerical values of the angle a.
Changing the coefficient of friction to a small extent does not lead to
a significant change in the areas corresponding to the mode of ejec-
tion of particles from the danger zone. Determining the functional
dependence allows the designers of the screens to check the design to
exclude the mode of clamping particles.

In determining the design parameters of the screen, it is advisable
to implement the division at the level of d=d,:. It is shown that in the
design of a disk with two fingers it is rational to provide the height of
the finger i=d,:. In the four-finger design, the size of the hole, which
provides a given size of the separation of particles d, exceeds the
same size in the two-finger design. The value of this excess depends
on the design parameters of the disk and should be taken into account
when designing screens.

Let's estimate efficiency of use of a screen of a new design in the
conditions of change of humidity of initial raw materials. For this pur-
pose, regression mathematical models have been developed to calculate
the efficiency of enrichment and classification of the material.
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Fig.3. Forces acting on a particle of material

The difficulty of determining the functional relationships between
variables that reflect the effectiveness of the processes of classifica-
tion and enrichment, as well as the parameters that determine them,
is the multifactorial nature of the problem, the complexity of the
mathematical description of dependencies. Therefore, it is advisable
to investigate stochastic relationships between variables, in particular
to use regression analysis.

The hypothesis of the adequacy of nonlinear one-factor models is

confirmed (1). To do this, the variance of adequacy de , the vari-
ance of reproducibility of the experiment in parallel experiments

S ,_261, is determined. The homogeneity of the variances in the experi-

ments was confirmed by applying the Cochren test. The calculated F,
and tabular F; values of the Fisher test are compared.

To confirm the feasibility of using roller-finger screen in the
technological line of raw material beneficiation, it is necessary to
create mathematical models to calculate the efficiency of beneficia-
tion E and screening E; in the presence and absence of such screen in
the technological line. The formation of models takes into account
factors that change significantly in the conditions of production, such
as: limestone content a (factor X;) and moisture W of raw materials
(factor X>). The limits of change of factors X; and X, are determined.

Other factors influencing the values of E, Ej, in the conditions of
experiments remained unchanged. Thus, four regression models have
been developed
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A

YEC :bo3 +b11X1 +b21X2’ YESC :b03 +b13X1 +b23X2
Yoy :boz +b12X1 +b22X2’ Yoy :b04 +b14X1 +b24X2-

Here Y., Y, Ypoor Yigy - estimates of mathematical expecta-

A

(7)

A

tions of parameters: Y. - parameter E without the use of roller-finger

screen; Y, - parameter E in terms of its use; Y. - parameter E; in the

absence of a screen; Y, - parameter E; in its presence; b; - regression

coefficients.
The matrix method of calculating the coefficients of regression de-
pendences is used. To assess the adequacy of multifactor models (7), the

. 2 e eqe . 2
values of adequacy variances S, and reproducibility variances S,

were determined, and the homogeneity of variances in the experiments
was confirmed. The significance of the coefficients b; in the regression
equations (7) is estimated. The application of Fisher's criterion con-
firmed the adequacy of the developed models.

A factorial experiment of type «2%» was performed. Using orthogo-
nal planning, an experimental plan is drawn up.

Table 1
Experiment plan
i\rpgeriment X ; X ]* X ; YA EC YEH AESC YESH
! + . Yier | Yeus ESCl Yiom
2 + + Yicr | Yeus YAESCZ ESH?2
3 + - + Yies | Yeus | Yiges ESH3
4 + + + Yics | Yeny YAES c4 YAESH 4

Modeling of the process of raw material enrichment using de-
pendences (7) shows that 1% change in moisture content of raw ma-
terial W leads to a greater change in E, E;, than 1% change in lime-
stone content in raw materials, i.e. the degree of influence of model
factors on function feedback is different. The screening efficiency of
the parameter £, depends to a small extent on the limestone content
o. There is a significant dependence of the parameter £, on the mois-
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ture content of raw materials. At increase of humidity of raw materi-
als to 12% efficiency of parameter £, with use of a roller-finger
screen exceeds the existing indicator in 2 times that promotes stabili-
zation of value of this indicator in the course of change of humidity
of raw materials (Fig. 4). The increase in the parameter F; is accom-
panied by an increase in the efficiency of enrichment of the parame-
ter E by 10-20% (compared to the option without a screen).

Es 3 E
sy o D b H
80% P A
>\ \ S i\ 40%
, -
60%f— \\
\ 20%
40% >
wo W, %
. 70
6% 8% 10%  12%

6% 8% 10% 12%

Fig.4. Dependence between screening efficiency £y and enrichment £ on
limestone content a and humidity W (a — without roll-finger screen; b — with screen;
I-0=51%;2—-a=65%; 3 —a="T9%)

The above confirms the feasibility of using roller-finger screens in the
technological lines of enrichment of raw materials of heterogeneous
carbonate deposits. The experimental sample developed in laboratory
conditions finger screen (Fig. 5) implements the results of theoretical studies
performed in terms of its design, modes of operation of screens of this type.

Fig.5. Photo of an experimental sample of the screen

The procedure of sampling for granulometric and chemical ana-
lyzes of raw materials is revealed. The results of particle size analy-
sis indicate that the weights of large classes in the raw material are
predominant. Chemical analysis confirms the increase in the mass of
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related elements in small size classes. A number of experimental
studies were conducted in accordance with the above methods of ex-
periment planning.

During their implementation, the values of the limestone content
in the original product and the moisture content of the sample mate-
rial varied. Modes of classification of materials both with the use of
roller-finger screen and without its use were studied. Execution of
granulometric and chemical analyzes of sieve and sub-sieve products
allowed to determine the achieved indicators of screening and en-
richment efficiency, to build on this basis multifactor regression
models (7), to perform a comparative analysis of the considered ap-
proaches to raw material enrichment (Fig. 4).

The results of the experiments indicate that when using a roller-
finger screen there is an increase in the mass of the sub-sieve prod-
uct. The mass of clay additives and small particles of limestone in-
creases, and in the case of high humidity (12%) of the original prod-
uct, this increase is more noticeable (1.5-2 times), which indicates
the feasibility of using roll-finger screens in technological lines of
enrichment. It is proposed at the early stage of the process of pro-
cessing limestone raw materials to classify the material with a roller-
finger screen, ensuring the separation of alumina small particles from
larger ones with high limestone content (Fig. 6).

This will allow at an early stage of the processing process to in-
crease the degree of purification of raw materials, improve the work-
ing conditions of commercial screens due to the absence of small
alumina particles, improve the quality of the resulting gravel. The
constructive decisions of rolls and disks of a roll-finger screen are
offered and protected by patents. The solution is to place the fingers
of the disk relative to the adjacent screen of the screen, using the
original mounting fingers on the disk. They ensure the efficiency of
the screen, reduce the time of repair work.

Let us turn to the analysis of the efficiency of electricity use by
the technological line shown in Fig.6.
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Fig.6. Technological scheme of enrichment with the use of roller-finger screen
(separation II)

This scheme of enrichment involves the use in the traditional line
of enrichment of an additional element (roll-finger screen). The
change in the electrical load of the power supply network of the
technological complex is due to the presence of this additional ele-
ment. The ratio of the average values of power (P*) of electricity
consumed by technological lines with an additional element (Pada)
and without it (Pas), determines the quantitative characteristics of
such a change. It should be noted that the value of P*=P,4/Pabs can
be both smaller and larger than one. It depends on the characteristics
of the electrical equipment used. It should also be borne in mind that
the presence of a roller-finger screen changes the modes of operation
of other elements of the system, reducing the weight of the material
to be classified with the release of the product. The energy intensity
of the enrichment process must take into account the duration of pro-
cessing of raw materials. As can be seen from Fig. 4, at the same
values of limestone content and its humidity, the value of E; in the
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presence of an additional element E,.. exceeds the value corre-
sponding to its absence (E;as). That is, in the presence of a roller-
finger screen, the set value of E; is reached in a shorter period of
time. We will assume that the degree of reduction of the time of the
classification process is determined by the ratio T'= Esu/Es.ada,
which is less than one. Then the relative value of the energy intensity
of the process V" (the ratio of energy consumption in the presence
and absence of roll-finger screen) is obtained from the dependence
Vi=P.T" (8)
Determination of V" allows to make an approximate assessment
of the effectiveness of the introduction of new technology for pro-
cessing raw materials in terms of its energy efficiency. If the value of
V" exceeds one, then the application of new technology requires an
increase in energy consumption. If the value of V" is less than one,
you should expect a reduction in costs. The proposed method takes
into account structural changes in the technological line of enrich-
ment. The implementation of new technology, which involves the
use of roller-finger screen, will provide a sustainable change in ener-
gy efficiency of the enrichment process. However, there are other
components that significantly affect the value of energy intensity of
the technological process. Influential factors include the peculiarities
of the management of the classification process. Important actions of
service personnel (primarily grinding, screening operators) in the
process of managing the production line. Usually the control is re-
duced to the choice of the degree of loading of the line, determining
the moments of switching on and off the equipment, the procedure
for technological stops. Management should be such as to ensure
high efficiency of raw material enrichment with minimum values of
specific energy consumption. To do this, operators must reduce the
duration of idling modes of the production line, eliminate overload
modes, reduce the duration of technological stops. The degree of ful-
fillment of these requirements depends on the qualifications of ser-
vice personnel, their motivation to implement the formulated actions.
The expediency of introducing control actions to determine the effec-
tiveness of management is obvious.
The task of controlling energy efficiency is not new. The control
is carried out by comparing the actual indicators of specific energy
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consumption with the planned ones. Existing differences are subject
to analysis and on their basis form actions for process management.
There are a number of methods for normalizing the indicators of spe-
cific energy consumption. In the conditions of transient changes in
the values of specific energy consumption, which is characteristic of
the technology of enrichment of limestone raw materials with the
implementation of the function of manual process control, it is advis-
able to use the statistical method of rationing. This method provides
sufficient accuracy of the forecast, which allows you to assess the
effectiveness of control actions of process operators in a short period
of time (per shift, per day). Operational control involves measuring
the values of electricity consumed per shift (or day), moisture con-
tent of raw materials to be processed, as well as the mass of the re-
sulting product. The values of these parameters, obtained in a volume
sufficient for statistical evaluation, are used to construct a regression
dependence that determines the planned indicators of energy con-
sumption. It should be noted that the measurement of these parame-
ters with sufficient accuracy is not a time-consuming process and is
carried out when collecting statistical information.

It is proposed to use regression dependence to estimate the
amount of energy consumed during the change or day of E,.

E =A+A,(W-N), )
where A1,A, - coefficients of regression dependence, N — mass of
the product obtained in a given period of time.

The product of W-N takes into account the interaction of two fac-
tors influencing (raw material moisture and product weight) on the
value of energy consumed. From (9) it is easy to obtain a predicted
estimate of the value of specific energy consumption E, = E, /N .
In the process of collecting statistical information, it is important to
ensure the synchronicity of measuring the values of the dependence
parameters (9). Control of energy efficiency allows to assess the con-

tribution of service personnel of the technological complex in the
implementation of energy saving tasks.
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Conclusions

The main scientific and practical results of the work are as
follows:

1. Technological lines of dry processing of raw limestone, which
are used in quarries, ensure the receipt of marketable products of ac-
ceptable quality only for large classes of gravel in conditions of low
humidity. Small classes of crushed stone are not used and are sent to
the dump. There is a need to improve the existing process of classifi-
cation and enrichment of raw materials in order to improve the quali-
ty of the final product and expand on this basis the fractional compo-
sition of commercial gravel that meets the requirements of state
standards.

2. The concept of enrichment of raw materials of heterogeneous
carbonate deposits is defined, which consists in separation of clay
coverings from pieces of rock with the subsequent highly effective
screening of a product in quarry conditions. Implementation of the
concept involves the use of roller-finger screen, which provides high
efficiency at high humidity.

3. New analytical dependences are obtained, which connect the
indicators of limestone beneficiation efficiency with the results of
granulometric and chemical analyses of raw materials, and the effi-
ciency of its screening. Based on these, a mathematical model was
created that allows, with a limited amount of experimental data, the
prediction of the achieved indicators of enrichment efficiency, taking
into account the characteristics of the applied classification devices.

4. It is shown that the dependence of the raw material enrichment
efficiency indicator on the particle size separation by screening de-
vices has an extremum, and the size value corresponding to the max-
imum of the indicator does not depend on the screening efficiency.
This allows you to use the screening mode with the optimal size of
the separation of particles, to ensure high efficiency of enrichment,
reduce waste from the processing process, and improve the environ-
mental situation in the region.

5. A method for calculating the optimal value of the size of the
separation of the material to be classified has been developed. Based
on this, an algorithm for calculating the efficiency of beneficiation
was created, which allows the obtaining of expanded information
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about the nature of changes in certain parameters with variations in
the size of particle separation and screening efficiency.

6. The use of a roller-finger screen as a combined device that sep-
arates clay coatings from pieces of rock and the separation of parti-
cles by size (including conditions of high humidity of raw materials),
improves the efficiency of screening. Based on the study of the dy-
namics of the material particle, the determination of the forces acting
on the particle, an analytical dependence is obtained, which deter-
mines the condition of excluding the mode of its clamping. It is
proved that this mode does not depend on the levels of forces acting
on the particle, but is determined exclusively by the values of the
angles that characterize the positions of the points of contact of the
particle to the finger and the lining shaft.

7. Linear regression multifactor models have been created to
study the processes of enrichment and classification of raw materials,
where the values of limestone content in raw materials and material
moisture are used as factors, and the values of enrichment and
screening efficiency indicators are used as response functions. The
models allow comparison of the efficiency of screening and enrich-
ment processes in the classification variants with and without the use
of a roller-finger screen.

8. The application of Fisher's test confirmed the hypotheses about
the adequacy of the developed nonlinear one-factor and linear multi-
factor regression models. This determines the high reliability of the
results of modeling the processes of enrichment and screening of
limestone.

9. With an increase of humidity of raw materials to 12% efficien-
cy of screening of a roller-finger screen exceeds the similar indicator
without its use by 30-35%. The presence of a roller-finger screen is
manifested in its stabilizing effect on the classification process, ac-
companied by an increase in the efficiency of enrichment by 10-
20%. Thus, the expediency of using roll-finger screens in technolog-
ical lines of enrichment of raw materials of carbonate deposits is
proved.

10. A method is available for estimating the ratio of energy con-
sumption of existing and proposed technologies for enrichment of
raw materials, which allows to determine the feasibility (in terms of
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energy efficiency of the process) of introduction into the technologi-
cal line of enrichment of a roll-finger screen.

11. The structure of the regression model for normalization of the
indicator of specific energy consumption by the technological line of
enrichment of limestone raw materials is offered. Operational control
of energy efficiency by the technological line allows evaluation of
the actions of operators of the process of enrichment of raw materials
in the direction of reducing specific energy consumption.
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Abstract.
Main indicators of a stress-strain state (SSS) of a rubber-cable belt, the rubber-

cable rope for a random placement pattern and the size of the part with broken ca-
bles, including partially removed cables, with cable breakages and their random
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