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Abstract

Purpose. To study the mechanism of mineral raw material particles destruction, the rational distribution of grinding energy
between successive grinding stages in ball mills, and the development of engineering methods for redistribution of techno-
logical flows in grinding schemes to reduce specific energy consumption.

Methods. Experimental studies of the breakage mechanism were carried out using a physical model of a ball mill operated
in the batch mode taking into account the similarity theory. For comparative studies of dry and wet grinding, quartz sand
and crushed marble products with a particle size of +0.25...—0.5 mm were used. The selection of the grinding energy distri-
bution rational parameters between successive stages of ball grinding was carried out by general testing at the concentrator
plants of Armenia, Russia, and Uzbekistan.

Findings. The materials resulting from studying processes of grinding mineral raw materials in ball mills are presented. It
was established that the mineral raw particles destruction in ball mills occurs within the layer as a result of the layers dis-
crete sliding of the ball charge along the ascending trajectories while effectively filling the free space between the balls with
the material to be crushed. A technigue was developed for evaluating the efficiency of grinding energy distribution between
successive stages on the basis of the established laws of mineral raw material particles destruction. Methods for redistrib-
uting the grinding energy between the first and second grinding stages are proposed. The methods for the rational distribu-
tion of grinding energy between mills of the first and second stages, using drum screens, was developed and implemented in
the practice of concentrator plants.

Originality. The authors established the dependences of the grinding material content of the size —100 um on the free space
filling coefficient with the material for sand and marble during dry and wet grinding. The mechanism of the mineral raw
particle destruction in the layer during discrete sliding between the charge layers on the ascending trajectories is disclosed.
Practical implications. The proposed methodology for evaluating the efficiency of grinding energy distribution made it
possible to develop and implement into the concentrator plants practice the techniques for redistributing grinding energy
between successive stages with significant economic effect.
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1. Introduction

When grinding mineral raw material in the process of ore
preparation, various types of grinding equipment are used.
For its rational choice, it is necessary to present the mecha-
nisms and energy intensity of the destruction processes for
each specific type of equipment [1]-[6].

Mineral particle breakage in drum mills is thought to be a
result of impact interactions and abrasion [1]. Such simplified
approach does not allow to fully understand the kinetics of the
grinding process. The classical theory of charge movement in
drum mills does not consider fundamental differences in the
patterns of charge distribution and movement in the cross
section of ball mills and semiautogenous (SAG) mills. The

© 2020. P. Malyarov, O. Dolgov, P. Kovalev

processes of new size classes formation in time during the
breakage of mineral feed particles characterize the grinding
kinetics [8]-[10]. The destruction mechanism of mineral raw
materials in all types of drum mills is influenced by:

— the parameters of the mill mechanical mode operation;

—the solid to liquid (S : L) ratio of the slurry;

—the amount of material to be ground in the volume of
grinding media;

—other technical and process parameters of disintegra-
tion [11], [12].

Until now, the particle breakage mechanisms under dry
and wet grinding in drum mills have not been adequately
studied [13].
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The objectives of this study are as follows:

—studying the mineral raw materials destruction mecha-
nisms in ball mills;

— determining the effect of the amount of ground material
in the volume of grinding media on the kinetics of grinding;

—development of a methodology for determining the
rational grinding energy distribution in grinding sections
between successive stages;

— development of the ways for the grinding energy redis-
tribution between successive stages.

2. Analysis of the mineral raw materials
destruction mechanisms in ball mills

Breakage mechanisms of the mineral feed were studied in
a physical model of a ball mill, based on the theory of simi-
larity [14]. The ratio of the mineral feed amount to the grind-
ing media and the mechanical operation parameters of the
physical model matched the respective values in the entire
range of operation of full-scale mills.

Figure 1a shows the distribution of the charge in the cross
section of the ball mill. The levels of force interaction be-
tween the charge elements in different zones are significantly
different in magnitude. The most loaded areas are 1, 2, 3,
where intensive grinding takes place. In reality, the charge
movement in the mixed mode differs from that described in
classical theory. On ascending trajectories, the movement
involves slippage between the layers around the center of the
charge motion, which does not coincide with the geometric
center of the mill. Slippage between the charge layers on
ascending trajectories leads to the fact that the outer layer
outline has in reality three phases. Individual sections of
descending trajectories are parabola-shaped, and before hit-
ting the lining they move along the outer layer of the toe.
Slippage in the lower part of the curve involves major force
interactions between the charge layers. In wet grinding, the
level of the liquid phase of the slurry is located above the toe
zone, which provides hydraulic braking of the balls traveling
in the direction of the lining. Otherwise, charge distribution
across the zones is almost the same in dry and wet grinding.

Figure 1b shows the trajectory of the first inner ball lay-
er relative to the outer layer. It is found that in some cases,
slippage between the charge layers on ascending trajecto-
ries is discrete. To study the breakage mechanism of the
mineral feed particles in combination with the nature of
slippage between the charge layers, several series of exper-
iments were carried out. For a comparative study of dry
and wet grinding, quartz sand and crushed marble products
sized +0.25...—0.5 mm were used.

Quartz sand is a mineral, in which all grains have the
same physical and mechanical properties, and the share of
clay does not exceed 1%. The composition of marble in-
cludes pelitic mineral fractions crushed to a powdered state
which, when the splices are opened, form ultra-fine classes.
The liquid phase of the slurry containing ultra-fine classes is
an elastic-viscous medium.

In wet and dry grinding, the ratio of the mineral feed Vs
to the ball charge of the mill Vien was adopted as a variable.
We refer to this ratio as the filling coefficient of the grinding
media volume with the mineral feed:
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Figure 1. Scheme of the charge distribution in the cross section of
the ball mill drum: (a) schematic charge distribution by
zones; (b) potential ball stacking along the zones on the
ascending trajectories

In each series of experiments, the minimum amount of
material to be ground was taken so that it could be freely
located in the spaces between the balls. The maximum
amount of the material to be crushed should provide a stable
cushion between the layers on the ascending trajectories.

Interpretation of high-speed video showed that in dry and
wet grinding, under the conditions of direct contact between
the balls, slippage between the ball layers is discrete. Short
stops, accompanied by dynamic force interaction between the
balls, during discrete slippage occur when the balls of the
inner and outer layers come into direct contact. Discrete
slippage, and, accordingly, dynamic force interaction be-
tween the ball charge layers, ceases with the formation of a
stable layer of ground mineral feed between them.

To study the grinding kinetics in ball mills, laboratory
grinding studies were conducted with various ratios of the
feed volume to the volume of the ball charge in dry and wet
grinding. Natural washed quartz sand with a bulk density of
1.35g/cm® and ground marble with a bulk density of
1.34 g/cm® were fed into the mills. A common feature of
ground quartz sand and ground marble is that within the
specified mechanical parameters, the material to be ground is
distributed unevenly along the cross section zones.

It was visually found that in wet grinding most of the
ground feed is concentrated in the lower part of the drum,
while the toe zone is completely filled with the liquid phase
of the slurry, dominated by fine classes.

In dry grinding, some of the material is carried away by
the balls of contacting layers along the descending trajectory.
This phenomenon is explained by the fact that the internal
friction in the presence of the liquid phase is lower than in
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dry grinding, keeping the slurry between the grinding media
in the lower part of the mill drum under the action of gravita-
tional forces.

The size of the mineral feed in both cases was +0.25...
—0.5 mm. The grindability was assessed by the size —100 pm.
The grinding time in all experiments was t = 6 minutes.

Figure 2a shows the relationship between the share of the
size —100 pum in dry and wet grinding of washed quartz sand,
and the filling ratio K, while Figure 2b shows the same rela-
tionship in the grinding of marble.
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Figure 2. The relationship between the share of ground material
of the size —100 um and the filling ratio K: (a) when
grinding quartz sand; (b) when grinding marble

Analysis of the found relationships, as well as photo and
video materials, led to the following conclusions:

—in the wet grinding of quartz sand (Fig. 2a) and crushed
marble (Fig. 2b), the yield of the size —~100 pum is higher than
that in dry grinding for all filling ratio values K;

—the most intensive grinding occurs when the voids be-
tween the balls on the ascending trajectories are completely
filled with to the material to be ground. Discrete slippage
between the balls layers, when filling the free spaces with
particles of the material, ensures the transfer of dynamic forc-
es between them and, as a result, breakage within the layer;

—a further increase in the share of material to be ground
in the charge leads to the formation of a stable layer between
the ball layers and a decrease in mill yield in the —100 pm
class. Here, slippage ceases to be discrete and assumes a
continuous nature;

—the lowest values of yield of the size of —~100 um corre-
spond to low values of the filling ratio, when the voids be-
tween the balls are not completely filled with the material
and there are no force interactions between the mineral parti-
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cles. In wet grinding, this phenomenon is characteristic of
low solid to liquid (S : L) ratios.

In the operation of concentrator plants, this is accompa-
nied by the fact that the performance of the ball mills at the
second stage of grinding is in some cases significantly lower
than the performance of ore grinding mills [15], [16], includ-
ing the final product fed to concentration. Such phenomena
were noted in a comparative study of the formation rate of
final sizes in the grinding mills of the first and second stages
at the concentrator plants of Almalyk MMC in Uzbekistan,
Zangezur Ore Mining and Processing Project in Armenia, as
well as at the operations of Norilsk Nickel and Urup Ore
Mining and Processing Project in Russian Federation. This
leads to excessive specific energy consumption in grinding
circuits.

Yield of the —100 um size is greater when grinding mar-
ble than when grinding quartz sand. This is due to the differ-
ence in the mineral composition of quartz sand and crushed
marble of the same size.

Washed silica sand containing quartz is a monomineral and
homogeneous rock with high physical and mechanical proper-
ties and chemical resistance. The marble used in the experi-
ment is a polymineral metamorphic rock composed of calcite
(calcium carbonate) with mineral and organic inclusions and
impurities. Marble contains minerals such as pyrite, feldspar,
hematite, limonite, quartz, and chalcedony [17]. These impuri-
ties affect the physic and mechanical properties of marble.

Unlocking intergrowth in marble mineral grains leads to
the release of mineral particles of low strength, which are
ground to a pelite fraction with greater speed. Clay minerals
are absent in the composition of the original marble rock, but
relatively soft rock compared to quartz (biotite, hornblende
with a Mohs hardness of 3-5) is present, which leads to the
formation of a large pelite fraction during grinding.

From the diagrams (Fig. 2), it is obvious that the for-
mation of the classes containing the pelite component during
marble grinding leads to an increase in the filling ratio value
K, corresponding to the maximum yield of the class —
100 pm, by 22-25% compared to quartz sand.

Grinding of mineral feed with inclusions of soft minerals
is subject to the laws of selective grinding as in hydrometal-
lurgy [18]-[20]. In presence of a liquid phase, the pelite frac-
tion of soft minerals reduces the concentration of stresses at
the points of contact between the coarser particles, turning
concentrated loads into distributed ones.

The authors in [21], [22] present a computer simulation of
the breakage process of particles in the layer and prediction of
a particle size distribution in grinding rollers. In this case, there
is a concentration of stresses in the places of contact between
the particles. In ball mills, when the drum is in efficiently
filling mode with the material to be ground, in both dry and
wet grinding, the voids between the larger particles are filled
with finer particles. Unlike grinding rollers, mineral feed parti-
cles in the mill during a single revolution are subjected to
multiple dynamic impacts by the balls. The result is that even
when grinding minerals possess similar strength properties,
different sizes are present in the mill product due to diversity
of the nature of breakage and a significant variation in the
sizes of the initial feed particles. Reducing the internal friction
in the slurry and the more compact filling of the voids between
the balls by the particles of the ground material increases the
frequency of impact interactions at a constant interaction ener-
gy, which leads to the high performance of wet grinding.
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With volumetric loading, the energy hypothesis can be
applied, according to which the limiting state at a point
occurs when the strain energy due to distortion assumes a
limiting value:

1+ u
U=—">=-2 2
| = 6E (2)

2
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In this case equivalent stresses can be determined from
the known equations [22]:

Teq :%\/(0'1—02)2 +(07 —0'3)2 +(o3 —61)2 :

or
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Expressions for stress and strain intensity through the
principal stresses and strains are represented as:

oi :g\/(o"l—ffz)z+(01—03)2+(02—03)2 ; (4)
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Analytically, the breakage of mineral feed particles in the
layer between the moving balls of the mill charge can be
described by the finite element method (FEM) based on the
well-known works [24] by analogy with studies on the de-
struction of the ore raw materials in roller presses [21]-[23].

The strength and elasticity properties of mineral feeds are
complex, due to the presence of internal structural defects
and various properties of the rock minerals ranging from
strong quartzites to pelite fractions. The experimental
works [25], [26] are devoted to the methods for determining
these characteristics.

Within the framework of breakage strain of mineral par-
ticles according to Hooke’s law, the principle of virtual
displacements is most widespread. The primary cause of ore
breakage is critical strain, leading to stress concentration in
the areas of heterogeneity [27], [28]. In practice, breakage
can be visualized by building a strain diagram, the force —
strain relationship (F — 4x). In the elastic strain region, this
relationship is described by Hooke’s law: F = k-x, where k is
the stiffness coefficient (depending on the properties and
geo-metry of the body). Breakage occurs when the critical
strain Ax.r is reached in the local area and the ultimate re-
sistance forms, which is perceived as an external destructing
force F¢. Quasistatic deformation allows considering the
resistance force as identical to a force applied to the material
at any moment of exposure.

When grinding in a ball mill, the work of external forces
applied to the fed material can be classified as follows:

1) Wp — work performed by concentrated (interaction) forces;

2) Wy —work performed by the load distributed on the
surface.

The work performed by the bulk forces of the particles
themselves, for example, by the forces of gravity, in ball
mills does not have a decisive effect on the processes of
breakage due to their insignificance compared to the size and
mass of the grinding media. The gravitational forces of the
grinding media affect the processes of breakage in the toe
zone, i.e. where the breakage of minerals occurs due to im-
pact during the conversion of potential energy into the kinet-
ic energy of grinding. Impact grinding occurs between the
balls, as well as between the balls and the lining.

]The most effective grinding of the mineral feed occurs in
the layer under pressure, when all particles filling the voids
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between the balls are involved in a force interaction with the
transfer of energy from the grinding media. In wet grinding,
the presence of pelite fractions contributes to the intensive
fracture development due to wedging while reducing strength
through the Rebinder effect.

An analysis of the dependences of the —100 pm class
formation on the filling ratio of the free space between the
balls with the material being crushed showed that when the
filling is insufficient, the grinding performance decreases.

Taking this circumstance into account for a number of
crushing circuits involving drum mills will make it possible
to evaluate the uniformity of grinding energy distribution
between the successive stages.

3. Methodology for assessing the rational
grinding energy distribution in ball mills

Before the end of the previous century, ball mills were
widely used for ore grinding in comminution circuits. Two-
stage circuits were used more often than others, where the
mills of the first stage were part of a closed loop with spiral
classifiers, while those of the second stage were part of a
closed loop with hydrocyclones. A common method for
estimating the performance of ball mills was the Bond meth-
od, which was supplemented and improved by many authors
for operation in specific process conditions [29], [30].

Considerable attention is paid to the intensification of ore
grinding processes, since over 70% of the energy consump-
tion for preparing the ores for concentration is accounted for
by disintegration processes. One of the main grinding per-
formance indicators in ball mills is the specific throughput qq
according to the newly formed design size —d:

Ug =[9](ﬂd —ag ) =0gABy =04 A8, (6)

\Y

where:

Q — the mill performance based on initial material, t/h;

V — the effective volume of the mill;

o — the specific feeding with initial material (feeding rate
per unit mill volume with new initial material), t/(m3-h);

go* = qo (1 — a) is the specific feeding with initial materi-
al of the coarse +d;

A = Ba--aq — the increase in the share of the design size;

Pa—the relative share of the design size in the grinding
material;

aq — the same for the initial mineral feeding [8].

The indicated parameter qq is a technological characteris-
tic unrelated to energy inputs describing only the formation
of the designed size class, without taking into account the
formation of other larger classes, which appear simultaneous-
ly with the designed one.
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A very important characteristic is the energy efficiency
of grinding eq (/kW-h) calculated on the newly formed
designed size —d:

o Qfs-q) eV _da
d N N N,

()

where:

d — the design size;

N — the power consumed by the mill;

Ny — the specific power consumed by the mill engine, KW/m?.

From formula (7) it follows that at N = const the energy
efficiency of grinding is proportional to the specific through-
put of the grinding mill on the newly formed class of the
same size, i.e. eq = (g. The latter is widely used in calculating
the mills performance and evaluating their work. The consid-
ered indicator can also serve as an economic criterion in
assessing unit costs, but, like the specific productivity on the
newly formed size, it evaluates the grinding process only in
terms of one design size class.

The regularity of decreasing the content of the coarse
class share, and the regularity of reducing the grinding pro-
duct size, is associated with the formation of a new surface.
New surface formation depends on the grinding process as a
whole, and not only on the formation of the final design
class. An important parameter, along with the formation rate
of the final class, is the formation rate of a new surface. The
formation of a new surface is due to a decrease in the particle
size of the material to be ground. These geometrical proper-
ties of solid particles are interconnected:

Sa=6V, (8)

where:

S — the surface area of the mineral particle;

a — the average particle size;

V — the volume of the particle.

By differentiating the equation (8) with respect to time,
we obtain the relationship of the geometrical values charac-
terizing the grinding process:

d(S

ﬁ:d_smsd_a:o, 9)
dt dt dt

where:

S — the area of the newly formed surface of particles ap-
proximated by a spherical shape; a is the particle size (diam-
eter);

ds

ol the formation rate of a new surface in the process
of particles breakage;
% — the rate of change of the particle size (diameter).

It was also taken into account that in steady-state condi-
tions, the time derivative of the volume V of the solid miner-
al charge in the mill is equal to zero.

Using S :(;—? and a:z—?, after the termwise division
by the product Sa, equation (9) takes the form:
S a
2-_Z, 10
s™ . (10)
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The increase rate of the newly formed total particle surface

C:j—f and the change rate of the particle size a = i—? must

S =
have different signs, i.e. a decrease in the size (diameter) of the
particles in the steady state of the mill is inevitably accompa-
nied by an increase in the newly formed total surface.

The above relationships clearly show that the formation
rates of new classes during grinding and the formation rate of
new surface are of the same order of magnitude. However,
evaluating the grinding performance of a mill on the newly
formed classes is possible by considering only one of them [8].
In practice, the assessment of specific indicators uses a class
ready for concentration. But estimating specific throughput
and specific grinding efficiency on the final size alone does
not take into account the grinding Kinetics of other classes,
whose formation contributes to the total surface growth. Of
particular relevance is the reliability of the comparative analy-
sis of mills’ performance at various stages of grinding. The
influence of the diameter of grinding media on the parameters
of the rate of destruction in ball mills is presented in [31].
Rational distribution of grinding energy between stages is a
very important component of technological regulation of
grinding sections and reducing specific energy costs [32].
Obviously, the newly formed surface is an indicator of grind-
ing, taking into account all classes. State-of-the-art test data
calculation and processing methods have allowed developing a
program for calculating not only the total surface, but also the
surface formed in each class. Total surface in combination
with energy consumption indicators can be used to measure
quantitative grinding performance, and the surface formed in
individual size can be used to study grinding Kinetics.

To assess energy efficiency, considering formation of all
sizes, we introduce the concept of “grindability index”, cal-
culated according to the newly formed surfaces. Grindability
index Is is interpreted as the ratio of the newly formed sur-
face area AS to the unit of energy consumed by the mill, N:

.

N (11)

Is

Grindability index in the presented form is a dimensional
quantity which makes it possible to quantify the work re-
quired for grinding in a ball mill, based on the area of the
newly formed surfaces:

AS =Sgeh — Seh » (12)

where:

Sach — the total surface area of the solids in the discharge
of the mill;

Sch — the total surface area of the mill feed, including the
surface area of the mineral feed and the circulating load.

In grinding circuits where mills operate in a closed loop
with classifiers of any type, the surface area of the circula-
ting load should be excluded from the total surface areas of
the discharge and feed. In the steady state, classifier out-
flow is a circulating load characterized by a constant parti-
cle size distribution.

Thus, in mills of the first grinding stage operating in a
closed loop with spiral classifiers, the area of the newly
formed surface 4S; is:

AS]_ = SOf _Sf ’ (13)
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where:

Sof — the surface area of the solids in the spiral classifier
outflow;

St — the surface area of the mill feed.

Similarly, the grindability index can be calculated for
mills of the second and subsequent stages.

The released energy of the surface formed by the break-
age of mineral particles in drum mills is proportional to the
energy spent on grinding, i.e., proportional to the mill power
intake in the steady state. Consequently, the area of the new-
ly formed surface (regardless of the size) is proportional to
the energy (power intake) consumed on its production. Thus,
the grindability index of a mill can be found by summing the
grindability indices of individual size classes.

In practical calculations, instead of the power needed to
form a new surface, a proportional constant value of the
power consumed by the mill is used. Obviously, a large share
of the consumed power is converted into thermal energy and
also spent on the accumulation of internal defects in the
mineral feed. However, such an approximation is quite ac-
ceptable, since we need to determine energy consumption at
various grinding stages. In this case, a systematic error is
introduced, which does not significantly affect the compari-
son of the obtained results, since the above-mentioned power
loss during grinding is equally characteristic of ball mills
both in the first and subsequent grinding stages.

4. Energy distribution of two-stage grinding

An assessment of the rational distribution of the grinding
energy between the stages is considered using an example of
the Talnakh Concentrator Plant (TCP), whose first stage of
grinding uses SAG mills MSHRGU - 4.5x6.0, while the
second stage uses ball mills — MSHC 4.5x6.0. Spiral classi-
fier LKSN-24 operates in a closed loop with a first stage mill,
and for classifying the discharge of the mills of the second
stage, two hydrocyclones GC-660 or one hydrocyclone
GC-1000 are used.

When determining the grindability index of the TCP mills
by particle size distribution, the following inputs were adopt-
ed: mineral feed density p = 3950 kg/m?; mill engine power
of the first grinding stage is 2125 kW; mill engine power of
the second stage is 1500 kW; estimated time of a steady state
is 1 h. Based on the calculations, cumulative graphs were
plotted for the given performance (Fig. 3).
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Figure 3. Cumulative grindability indices of the first and second
stages mills at the TCP in a closed loop circuit with a
spiral classifier
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The formation of new surface in the size class —0.015 mm
is accompanied by a decrease in the breakage rate and the
formation of refractory sludge in the mills of the first
grinding stage. Examination of the cumulative graphs in
Figure 3 shows that new surface formation in the mills of the
first and second stages of grinding follows a similar pattern.
The formation rate of the new surface in the second stage
mills (combined grind ability index ls; = 640 m?/kwh), and
therefore the grinding performance, is much lower than in the
first stage mills (Is; = 4300 m?/kWh), i.e. there exists a clear
imbalance in the distribution of process flows between the
first and second stages.

The cumulative graphs of the grindability indices by size
classes indicate that the new surface forms to a greater extent
due to the formation of the fine and final size classes, which
is also confirmed by the angle of the tangent to the grindabil-
ity curves, which characterizes the surface formation rate in
the corresponding size classes. An elevated value of the
grindability index in the first stage mill indicates that the mill
is overloaded by the fine size classes of circulating load.

The absence of coarser size classes in the second stage
mill leads to a decrease in the combined grindability index
and grindability indices across all classes. Insufficient
amount of feed reaching the second stage mills prevents the
operation of the mechanism of particle breakage within the
layer. To increase the grindability index of the second stage
mills, coarser size classes should be fed into these mills. In
addition, an important condition for improving the separation
performance of the grinding product in hydrocyclones, and
therefore the grade of the final product ready for concentra-
tion, is the method of controlling the hydrocyclones. Given the
unevenness and heterogeneity of the product fed to the classi-
fiers, methods for automatic control of hydrocyclones have
been developed and are successfully applied in practice [32].

In this regard, a very important ore preparation task is
minimization or complete elimination of final size classes in
the ore mill feed. To fully load the second stage mills, one
needs to remove, with maximum efficiency, from the circu-
lating load of the first stage mills final and fine size classes
in the amount sufficient to feed the hydrocyclone underflow
to the second stage mill in the quantity necessary for com-
plete grinding. Increasing the load on the second stage mill
will lead to a decrease in the circulating load in the first
stage, which, in turn, will increase yield calculated according
to the original feed. One of the factors controlling the possi-
bility of reducing the likelihood of overgrinding at different
stages of comminution is the mineralogical and geochemical
composition of the feed ore [33]. Moreover, depending on
the physic and mechanic properties of the ores, one should
take into account the linearity of the destruction particle
process in grinding systems [34].

5. Example and results of using drum
classifiers in grinding circuits

Changes in the quantitative parameters of the initial min-
eral feed and the circulating charge in grinding mills can be
achieved by installing new types of auxiliary equipment.

One of the cost-effective ways to intensify grinding is to
use hydraulic drum screens to separate by size the grinding
pro-ducts of the first stage mills, instead of spiral classifi-
ers [15], [16].
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In comminution circuits, spiral classifiers performed the
functions of classifying the mill grinding product by size and
transporting the circulating charge. With the installation of
hydraulic classifiers, for example, drum ones, the transporta-
tion of the circulating charge using spiral classifiers becomes
impractical, because of the cumbersome design, on the one
hand, and the increased energy consumption, on the other.
The most cost-effective solution for delivering the circulating
charge into the first stage mills are hydraulic transport sys-
tems using jet pumps.

When testing the grinding section with a drum classifier,
five tests were performed at the Talnakh Concentrator Plant.
The tests were carried out under steady-state conditions at
the following process locations: initial mineral feed (ore mill
feed), drum classifier discharge (size —3 mm), drum classifier
outflow (size +3 mm), hydrocyclone outflow, discharge of
the mill No. 2.

Test data (Fig. 4) indicated that the drum classifier design
ensured complete recovery of the final size classes from the
circulating load and significant (up to 96%) recovery of size
classes finer than 3 mm. The content of the size class
—0.045 mm in the drum classifier discharge was 33.42% at
Q =180t/ and 32.19% at Q =205 t/h. The content of the
finial size class in the hydrocyclone discharge increased from
66.0 to 70.88%. The performance of classification by size in
the hydrocyclones increased from 41.62% in the existing
layout to 55.1% at Q = 180 t/h and 50.33% at Q = 205 t/h. A
positive result is also an increase in the specific productivity
of the sand mill based on the newly formed design size class
finer than 0.045 mm from 0.40 to 0.73 and 0.93 t/m®h and an
increase in the specific throughput of the mill based on min-
eral feed from 0.99 to 3.92 and 4.51 t/m>h respectively.
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Figure 4. Cumulative grindability indices of the first and second
stages mills at the TCP in a circuit with a drum classifier

In addition, the share of —0.015 mm refractory sludge in
the discharge of the hydrocyclone when using the drum
classifier decreased from 33.72 to 21.68% and 20.01%,
which allows to expect further reduction in the valuable
component losses.

According to technological trials at a given throughputs
the grindability indices calculations were performed. When
determining the grindability index by particle size distribu-
tion, the following input values were adopted: density of the
recyclable material p = 4000 kg/m?; power intake of the mill
engine of the first grinding stage N =2180kWh at
Q =180t/h, N=2420 kWh at Q =205 t/h; power intake of
the mill engine of the second stage N = 1800 and 1820 kWh,
respectively; design time to steady statet = 1 h.
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A comparison of the grinding indices by stages shows
that the drum classifier redistributed grinding energy be-
tween the stages, which can be considered rational: grinda-
bility index values of the first and second stage mills are
practically the same (Isz =2835-2934 m?¥kWh and
Is2 = 2867-3068 m?/kWh, respectively) comparing with the
similar values obtained prior to using the drum classifier
(Is1 = 3998 m¥kWh and sy = 2039 m?%kWh). Freeing the
first stage mill from the unnatural regrinding role and the
resulting increased load on the second stage mills leads to a
decrease in the grindability index in the first stage mills and
an increase of this index in the second stage mills.

To compensate for the reduction in the grinding index in
the first stage mills when using hydraulic classifiers, process
fine-tuning should involve sending part of the hydrocyclone
underflow together with the circulating load to the first stage
mills. A process flowchart showing the possibility of redistrib-
uting the process flows in the mill feed is shown in Figure 5.
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Figure 5. Grinding circuit using a drum classifier: 1 —first stage
mill; 2 —second stage mill; 3-drum classifier with a
magnetic system; 4 — hydrocyclone; 5 — centrifugal pump;
6 — hydrojet pump; 7 — Jones sampler

In the presented flowchart, the return of circulating load
into the first stage mill is implemented at the Norilsk factory
with the help of a jet pump instead of a spiral classifier.

Thus, the drum classifier made it possible to redistribute the
load between the mills of the first and second stages, ensuring
that the mills of the second stage are fed coarser size classes
supporting the filling ratio necessary for complete grinding.

Thus, the use of a drum classifying device made it possi-
ble to redistribute the load between the mills of the first and
second stages, ensuring that the mills of the second stage are
fed coarser size classes supporting the filling ratio necessary
for complete grinding. To recover fine size classes from the
grinding product of the first stage mills with a high efficien-
cy, other types of hydraulic screens can be used along with
drum screens, for example DERREK screens.

6. Conclusions

The most intensive mineral raw materials grinding occurs
in the layer under pressure, when the mineral particles force
interaction occurs with energy transfer from the milling bod-
ies at a discrete sliding between the layers along the ascend-
ing trajectories. Impact grinding takes place in the toe zone
between the interacting balls and also between the balls and
the lining.
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The developed technique allows finding a rational distri-
bution of grinding energy in ball mills between successive
stages introducing the concept of grinding index according to
a newly formed class.

A new method for redistribution of grinding energy be-
tween ball mills of the first and second grinding stages using
a hydraulic drum screen has been proposed and implemented
in practice.

The nearest research task is establishing correlated de-
pendencies between the ball mills and other types of grinding
devices, including the SAG mills of the wet grinding and
high pressure grinding rolls, to determine the rational distri-
bution of grinding energy between sequential stages.
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Mexanizmu aesinTerpauii MiHepaabHOI CHPOBHHH B KYJIbOBHX MJIMHAX
Ta po3MoiJ eHeprii moApiOHeHHs MIK MOCJIIOBHUMHU CTAXIIMHU

I1. Manspog, O. Honaros, I1. Koansos

Merta. BuBueHHS MexaHi3My pylHHYBaHHSA YaCTWHOK MiHEpaJbHOI CHPOBHHH, PAIliOHAJIBHOTO PO3MOALTY €Heprii HoApiOHEHHS B KYJbO-
BHX MJIMHAX MK ITOCIiIOBHIMH CTaisIMH 1 po3poOKa iHKEHEPHHUX CIOCO0IB Mepepo3NOALTY TEXHOJIOTIYHUX MTOTOKIB B CXeMaX MOAPiOHEHHS
JUISL 3HIDKCHHSI TUTOMUX BUTPAT €Heprii.

MeTtoaunka. {151 eKCIEpUMEHTAIBHOTO JOCTIDKEHHS MeXaHi3My Je3iHTerpanii BHKOpHCTOByBaacs (isUuHa MOJETb KyJIbOBOIO MIIMHA
P TIePiOJUIHOMY MOAPIOHEHHI 3 ypaxyBaHHIM Teopil moai6HocTi. [Iis mopiBHUIIBHHUX JOCIIDKEHb CYXOro i MOKPOTO TO/piOHEHHS 3aCTO-
COBYBAaBCsI KBapIOBHIl MICOK i MPOAYKTH ApoOIeHOro MapMypy posmipom (+0.25...—0.5) mm. Bubip pariioHanbHEX HapaMeTpiB pO3MOIiny
eHeprii moapiOHEeHHS MIX HOCJIIIOBHIMH CTaIisIMUA KyJIbOBOTO MOAPIOHEHHS! BUKOHYBABCS LIISIXOM FeHEpalbHUX BUIIPOOYBaHb Ha 30arady-
BaJIbHUX HixnmpueMcTBax Bipmenii, Pocii Ta Y30ekucrany.

PesyabraTu. [IpecraBieHo MaTepiain JOCTIKEHb IPOLECiB MOAPIOHEHHS B KYJIbOBHX MJIMHAX. BCTaHOBJICHO, 1O PyHHYBaHHS dac-
THHOK MiHEpaJbHOI CHPOBUHHU B KYJIbOBHX MIIMHAX BiZOyBaeThcs B LIapi MPU AUCKPETHOMY KOB3aHHI IIApiB KyJIbOBOTO 3aBaHTA)XCHHS Ha
TPAEKTOPIAX MiTHOMY IpH e(EeKTHBHOMY 3allOBHEHHI BUIBHOT'O MPOCTOPY MiX KYJISIMH MaTepiaJloM o MojpiOHIoeThes. Po3pobieHo mero-
JIMKY OIIHKK e()eKTUBHOCTI PO3IOJUTY eHeprii moApiOHeHHS MiX IOCIIJOBHHMH CTaJisIMA Ha OCHOBI BCTAaHOBJICHUX 3aKOHOMIpHOCTEH Me-
XaHIi3MIB pyHHYBaHHsS YaCTHHOK MiHEpajlbHOI CHPOBHHH. 3alpONOHOBAHO CIIOCOOM NEpepo3NoJily eHepril MoApiOHEeHHS MDK IMepIIo i
JPYToro cTafisiMu moapioHeHHs. Po3pobiieHo Ta peasti3oBaHO B MPAaKTHUII 30aradyBajbHHUX MiANPUEMCTB CIIOCOOH PAIliOHATEHOTO PO3HOALTY
eHeprii noApiOHeHHs MK MIMHAMHM HepIIoi Ta APYroi CTaaiid 3a JOMoMOrorw 6apadaHHUX IPOXOTIB.

HayxoBa HOBH3HA. BcTaHOBJICHO 3aIe)KHOCTI BMiCTy mozpibHeHoro Martepiaiy kiacy —100 MM Bix koedinieHTa HATOBHEHHS BUIBHOTO
MPOCTOPY MaTepiajioM, IO MOAPIOHIOETHCS AJIS MICKY 1 MapMypy IpH CyXOMy i MOKpoMmy HoAapiOHeHHi. PO3KpHTO MexaHi3M pyiHHYBaHHSI
YaCTHHOK MiHEpaabHOI CHPOBHHH B IIIapi IIPU JUCKPETHOMY KOB3aHHI MiX IIapaMy 3aBaHTA)KCHHS Ha TPAEKTOPIAX MigioMy.

IIpakTHyHa 3HAYUMIicTh. 3aNIPOIIOHOBAHA METOAWKA OIIHKKA €()EKTHBHOCTI PO3MOIINY CHEeprii MOApiOHEHHS MO3BOJIMIIA PO3POOUTH 1
BIIPOBAJUTH B NPAKTHKY 30aradyBaJbHHUX IIiJIPHEMCTB CIIOCOOH MEpepo3NOALTY eHeprii moapiOHeHHs MiX TOCTIJOBHUMH CTaJisIMU 3 CyT-
TEBUM €KOHOMIYHUM e()eKTOM.

Knrouogi cnosa: mnun, noopioHenHs, npoKo83y6anHts, eHepeisi NoOPIOHeHHs, 6apabantull 2poxXom

MexaHu3Mbl AEC3UHTEIrpallui MUHEPAJBbHOI'O CHIPbA B HIAPOBLIX MEJIbHULIAX
U pacrpeaejJeHue SJHEPIruu U3MEJIbYCHUSI MEKAY MOCJACTI0BATC/IbHBIMUA CTAAUAMHUA

I1. Manspog, A. Jlonros, I1. KoBanés

Lean. M3ydyenne MexaHU3Ma pa3pyIIeHHs] YaCTUI MUHEPAILHOTO CHIPbs, PAlIMOHATBHOTO PACIpe/IeNICHNs] SHEPTUH U3MEIBUCHHS B IIa-
POBBIX MENBHHI[AX MEXIY IMOCICIOBATENbHBIMU CTAIUAMH M pa3pab0oTKa MHXKCHEPHBIX CHOCOOOB IepepacIpefeNICHUs] TEXHOIOTHIECKIX
MIOTOKOB B CXE€MaX M3MENbYCHHUS IS CHIDKEHHS YACIBHBIX PACX0J0B SHEPTHH.

MeToaunka. {51 SKCIEPUMEHTAIBFHOTO HCCIESJOBAHUS MEXaHHW3Ma Je3HMHTErpalid HCIIOJIb30Bajach (HU3MYecKas MOJIENb NIapOBOH
MEJIBHUIIEI TIPH MIEPHOIMYECKOM N3METbYEHHN C YYeTOM TEOPHH Moxo0wms. [ cpaBHUTENBHBIX MCCIIEOBAaHMH CYyXOT0 U MOKPOTO U3MEb-
YeHHsI MPUMEHSIICS KBAPIEBbIN MECOK U MPOLYKTHI POOICHOr0 MpamMopa KpynHOCThio (+0.25...—0.5) MM. BbiGop paloHanbHbIX Mapamer-
POB pacrp€acICHUs SHEPTUU U3MEJIBUCHUA MEXKAY MOCIEA0BATEIIbHBIMU CTAUAMHU IAPOBOTO U3MEJIBUCHUS BBINIOJIHAIACH ITYTEM I'€HEPAJIb-
HBIX OMPOOOBaHMUN Ha 00OTaTHTENbHBIX MPEANPUATHSIX ApMeHnun, Poccun n Y36ekncrana.

PesyasbTtarsl. [IpeacraBnensl MaTepuanbl UCCIEOBaHUM MPOLECCOB U3MEIbUYEHMS B IIAPOBBIX MEJIbHHUIAX. Y CTAHOBJIEHO, YTO pa3-
pyIIEHUE YacTHI[ MUHEPAIBHOTO CHIPbS B IIAPOBBIX MEJIBHHUIAX MPOUCXOJHUT B CIOE MPU JUCKPETHOM CKOJIBXEHUH CJIOEB IIApOBOI 3a-
IPY3KH Ha TPAEKTOPHUSX MoJbeMa Mpu 3GPEKTUBHOM 3aMOTHEHHH CBOOOJHOTO MPOCTPAHCTBA MEXKAY MIapaMH U3MeIbuaeMbIM MaTe pHa-
noM. Pa3paboTana Meroauka oneHKH 3¢ GEKTHBHOCTH paclpeeeHns] JHEPTHH U3MENIbYeHHUs] MEX/ly ITOCIIeI0BaTeIbHBIMU CTaJisIMU Ha
OCHOBE YCTAHOBJICHHBIX 3aKOHOMEPHOCTEH MEXaHH3MOB pa3pyLICHUs] YaCTHUI] MUHEPATBHOTO ChIpbs. IIpeanokeHs! crnocoObl mepepac-
Npe/eIeHus SJHEPTHU N3MENIbYCHUS] MKy TIePBOM U BTOPOil CTaAusAMH M3MeIbueHus. Pa3paboTaHbl U peann3oBaHbl B MpakTHKe obora-
TUTENBHBIX NMPEANPUATUH CIIOCOOB! PAllMOHANIBHOTO paclpeAeeHus YHEPru U3MEJIbYCHUs MEXy MENbHULAMH NEepBOi M BTOPOil cTa-
I ¢ TOMOIIBI0 OapabaHHBIX TPOXOTOB.

Hayunasi HOBH3HA. Y CTQHOBJICHBI 3aBUCUMOCTH COJICP)KaHMS U3MeNbYeHHOTro MaTepuana kinacca —100 MkM oT koadduienTa Hamom-
HEHHUSI CBOOOIHOTO MPOCTPAHCTBA W3METbYaeMbIM MaTEPHAJIOM JUIS TTECKa M Mpamopa IPH CyXOM M MOKPOM IoMouie. PackphIT MexaHn3M
Ppa3pyIIeHHs YaCTHI] MUHEPAIIBHOTO CHIPhS B CIIO€ TIPH ATUCKPETHOM CKOJIBXEHHH MEXKLy CIIOSIMU 3arpy3KH Ha TPACKTOPHSX ITOIbEMa.

IIpakTHyeckasi 3HAYAMOCTD. [IpeayoxkeHHass METOANKA OLEHKH (G (EKTHBHOCTH pacHpeeleHHs SHEPTUH M3MEJIbUSHUs MO3BOJIHIIA
pa3paboTaTh U BHEAPUTD B IIPAKTHKY 00OTaTUTENLHEIX MPEANPHUSTHH CIIOCOOBI ITepepacipeieNieHusl SHEPIHU H3MEIIbUSHUS MKy OCIIe[0-
BaTEJIbHBIMU CTAAUAMHE C OOJIBIITUM SKOHOMHUYECKUM 3PPEKTOM.

Knrwouesvie cnosa: menvnuya, usmenvuenue, npockanb3vieanue, JHepeus usmenbyerus, 6apabanmbvlii epoxom
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