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Abstract. The article presents the results of research on the development of processes and equipment for ore preparation
and pneumatic dry beneficiation of mineral ores. The methods of crushing and grinding before enrichment of minerals
have been considered, dry enrichment of geomaterials is investigated. Highly efficient prototypes of beneficiation equip-
ment are developed and tested: crushers of multiple dynamic impact RD-MDV-900, DKD-300, centrifugal grinders
CMVU-800 and VCI-12, pneumatic separator POS-2000. Fundamental designs are created, and a number of new ore
preparation and pneumatic beneficiation instruments are being designed. The efficiency of approbation of an autonomous
dry beneficiation complex with new safe environmental standards for the processing of gold-bearing ores, which makes it
possible to fully release and extract free gold with a particle size from 10,000 to 100 pm, is shown. The introduction of the
dry beneficiation method is very promising for the mining industry. It will allow to reduce capital costs for the construction
of stationary beneficiation plants, completely or partially withdraw from the use of process water, the construction of
a water supply system, a traditional tailing dam, etc.
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Introduction. Currently, the beneficiation complex of the mining industry has an increasing
interest in the use of dry beneficiation of mineral raw materials, which is a promising direction. It is
known that some developments of dry technologies and equipment have been applied in various in-
dustries [1, 2], including in magnetic separation of iron ores [3-5]. In the beneficiation of mineral raw
materials, this is primarily the absence of the need to use process water, filtration, thickening and
drying of beneficiation products, which leads to savings in financial resources and energy costs
[6, 7]. The relevance of the direction under study is associated with the high consumption of process
water in mineral beneficiation, which in the conditions of the Russian North is fraught with excessive
costs and increased environmental impact and is confirmed by the experience of operating beneficia-
tion plants in Yakutia.

The purpose of the article is to review the development of dry beneficiation technology related
to design and experimental research in the field of ore preparation and pneumatic dry beneficiation
of mineral ores, including based on the author's investigations.

The main problem of ore preparation lies in the excessive cost and inefficiency of mineral re-
lease, and that of wet beneficiation — in the high consumption of process water (4-5 m*/t and more).
Studies in the field of ore preparation revealed that the impact (dynamic) method of destruction is the
most rational for the preliminary preparation of material before beneficiation and has a number of
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advantages in terms of the degree of crushing, energy consumption, and most importantly, in the
release of useful components. The main goal is not only to reduce the particle size of the crushed
material, but also to maximize the possible release of the useful component from the ore mass, which
occurs in the main mode of disintegration along the weakest intergranular and intermineral bonds of
complex in texture ore polymineral natural complexes (aggregates) [8-10]. This phenomenon is de-
fined in the technical literature as the selective release of certain mineral components due to the se-
lective nature of the destruction of rocks that are complex in composition and texture.

The following researchers devoted their work to the study of the destruction of rocks, to the
basics of designing crushing and grinding equipment: P.V.Ritginger, V.A.Maslennikov, V.A.Kir-
pichev, Yu.A.Muizemnek, F.Bond, F.Kick, A.K.Rundkvist, R.A.Rodin, L.A.Vaisberg, M.M.Pro-
todyakonov, L.[.Baron, L.F.Bilenko, P.M.Sidenko, P.A.Rebinder and others. V.A.Bauman,
E.I.Levdansky, B.V .Klushantsev were engaged in the upgrading and development of impact grinding
equipment. V.I.Revnivtsev made a huge contribution to the study of rocks destruction. He developed
and comprehensively substantiated the concept of selective disintegration of ores and the notions of
geometric and energy selectivity of rock disintegration, which actually means destruction along the
interfaces of phases with minimal energy consumption. Revnivtsev studied the basic principles for
the rational organization of the release of mineral aggregates in the preparation of ore raw materials
for beneficiation. According to them, for the effective destruction of the material it is necessary to
apply multiple dosed loads and use various methods of ore softening, which reduce the contact
strength of unlike components and facilitate selective release of aggregates. Such conditions are pos-
sible in impact centrifugal mills, given that their design will provide multiple dynamic impacts on the
crushed material.

In the field of grinding, equipment with an impact principle of operation is characterized by
relatively low specific energy costs [11, 12]. The efficiency of grinding depends on the specific
method of mechanical action and the design features of the mill [13-15]. Abroad [16, 17] (Metso
Outotec, Acrowood Corp., Metso Minerals) and in the Russian Federation (ZAO New Technologies,
NPO Centre, TECHPRIBOR plant) centrifugal plants based on the impact destruction of geomaterials
are actively developing [18, 19]. The most common serial centrifugal impact units are presented in
Table 1.

Table 1
Technical parameters of centrifugal units
Parameters Tribokinetika 3050 Titan M-63 Titan M-125 Barmac B3100SE VSI

Productivity, t/h 1-4.5 1-3 3-10 5-9

Feed particle size, mm to 20 to 30 to 40 to 20

. . 0.063-1.25
P 1 f th h .04-0. .05-0. .01-2
article size of the crushed product, mm 0.01-0.063 0.04-0.3 0.05-0.5 0.0

Installed power, kW 60.2 110 205 11

Overall dimensions, m 5.8x5.4x3.8 5.5%3.0x7.6 7.6x4.2x15.3 1.3x0.9x1.2
Weight, t 3.9 8 12 1.2

Even the most modern grinding equipment, when switching to deep grinding of geomaterials,
still remains quite energy-intensive, especially where the task is bulk grinding or size reduction. Of-
ten, for the grinding of stronger particles of waste rock (for example, quartz), a lot of energy is con-
sumed. Its level increases significantly when moving to the stages of fine grinding.

Research methodology. The conditions for a significant intensification of impact crushing and
grinding are found. They consist in the possibility of providing multiple dynamic effects on lumpy
geomaterials in the working zone of destruction, implemented in new units, where instantaneous
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volumetric stress transfer through mechanical bonds throughout the entire volume of the material is
determined. This ultimately leads to its fatal destruction in the mode of disintegration with advanced
selective release of mineral forms, including useful components [20, 21]. The effect is fully consistent
with the golden rule of ore dressers: “Do not crush anything superfluous”.

The article uses a comprehensive research method: analysis and generalization of literature and
patent sources, experimental laboratory studies of the dry disintegration of rocks in the developed
multiple dynamic impact mills (DKD-300 crusher, CMVU-800 grinder), pilot tests, standard and non-
standard methods for determining the process properties of initial geomaterials (strength according
to the Protodyakonov method) and processing products of beneficiation of quartz-vein gold-bearing
ores from deposits Nezhdaninskoye, Duet, Sarylakh, Maltan, Nagornoye, Yakutskoye, Vyun, Malo-
Tarynskoye (Yakutia) , Gurbey (Irkutsk region), particle size and fractional methods for analysing
the products of crushing, grinding, pneumatic separation (laboratory vibrating screen Gr-50, vibra-
tion-type mill ChMV-1), methods for planning experiments, statistical and analytical processing of
the results of experimental studies (diffractometer D8 Discover Bruker, spectrum meter SRS-3400
Bruker). Also, a method was developed for determining the degree of disintegration. It enables to
analyse the ore preparation (disintegration, mechanical destruction) in determining the particle size
composition of a crushed product with characteristic modal features. The method is based on isolating
the share of the area of their predominant accumulation (modes) from the total particle size compo-
sition of the crushing products. It is described as a log-normal distribution that depends on the energy
of mechanical impact and is responsible for the direct mechanical destruction of the geomaterial. The
degree of disintegration is determined by the proportion of material released by disintegration (spon-
taneous dispersion) during crushing and grinding. It is formed by subtracting the share of the geo-
material (in %) destroyed directly by mechanical destruction from the total amount of the particle
size distribution.

Discussion. The studies enabled to establish the patterns of rock disintegration under intense
mechanical impacts, develop the methods for the destruction of lumpy geomaterials by multiple dy-
namic impacts in the disintegration mode, selective advancing release of monomineral useful com-
ponents, which served to develop a number of promising ore preparation devices: dry crushing and
grinding. This area is covered by 34 patents of the Russian Federation.

A characteristic effect was obtained when testing various ore geomaterials in a DKD-300 com-
bined impact crusher. Destruction of lumpy ore materials in this crusher occurs due to multiple dy-
namic impacts, formed not only by the action of the working bodies, but also by the interaction (col-
lision) of the pieces with each other. Tests of this unit during crushing of diamond-bearing kimberlites
of the Zarnitsa pipe in comparison with the crushing results of the Nordberg NP-1007 impact crusher,
tested under similar conditions, showed that the degree of crushing in the DKD-300 multiple impact
crusher at four performance indicators is higher (Table 2).

Along with a high degree of crushing, data were obtained on the high safety of diamond crystals
in comparison with a wet AG mill of the Cascade type by a factor of three [22]. These results allow
us to conclude that the DKD-300 crusher can be used for crushing kimberlite ores. At present, a high-
performance rotary crusher RD-MDV-900 has been developed (Fig.1), using the same principle of
crushing by multiple dynamic impacts, differing from the DKD-300 crusher not only in higher
productivity to 120 t/h, but also in the presence in the design of a calibration grate, thanks to which it
1s possible not only to remove fine fractions in a timely manner without their regrinding, but also to
control the upper size class of the crushed material. It is undoubtedly an important function that ex-
cludes the accumulation of critical size classes in the process circuits of ore preparation and the need
to form circulating loads or intercycle stage of crushing. The use of a high-performance multiple
dynamic impact crusher RD-MDV-900 will reduce the cost of metal consumption and energy
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efficiency in comparison with AG mills at enterprises processing diamond-bearing kimberlite ores.
The full implementation of this crusher in the ore preparation circuits at diamond processing plants
will eliminate the wet part of pulping. Therefore, there is no need to place ore preparation processes
in buildings with a heated circuit. This, in turn, in the harsh conditions of the North is a significant
factor in reducing the cost of processing and in general beneficiation of kimberlite ores.

Table 2

Particle size compositions of the crushing products of kimberlite ores
from the Zarnitsa pipe

Yield, %
NP-1007 DKD-300
Size class, mm
Productivity, t/h

89 5.8 12.2 15.2
—1.6+0 7.9 28 21.3 18.90
—5+1.6 25 38 33 30.00
—10+5 21 18.7 21.5 22.70
—20+10 35 13 20.5 23.50
—35+20 9.9 22 3.7 4.50
=50+30 1.2 0.1 - 0.40
Degree of crushing 3.3 6.8 5.3 4.8

The increased effect of selective release of useful ore components with multiple impacts was
proven in the processing of gold-bearing ores. Tests of the DKD-300 crusher made it possible to
estimate the level of free gold release for a number of gold-bearing ores from various deposits.

The results of tests of gold-bearing ore from the Gurbey deposit in the Irkutsk region as part of
the dry beneficiation testing are characteristic. During the disintegration of gold-bearing schistose ore
of biotite-quartz composition in the DKD-300 crusher, which uses the principle of multiple impact,
to 47 % of gravity-recoverable gold with a particle size of more than 100 um is released in one stage
of crushing. The degree of gold release is confirmed by instrumental studies using a TESCAN elec-
tron microscope with the TIMA analyser [23]. The subsequent extraction of released gold is associ-
ated with obtaining a primary gold concentrate.

For a more accurate quantitative determination of the disintegration effect, a method for deter-
mining the degree of geomaterials disintegration was substantiated [24]. The method makes it possi-
ble to separate two processes simultaneously occurring in ore preparation: proper mechanical destruc-
tion of lumpy ore geomaterials and the accompanying disintegration, i.e., release of weaker mechani-
cal bonds due to textural features of ore natural samples. Graphically, the method for calculating the
degree of disintegration is shown in Fig.2, where
the particle size characteristic of the crushing
products of gold-bearing ores of the gold-quartz
type, as a rule, has conditionally two characteristic
modes: one in the region of small classes and the
second, of large ones. The mode in the region of
larger fractions has the shape of a log-normal dis-
tribution, and the shaded part represents the propor-
tion of material destroyed due to disintegration, i.e.,
spontaneous dispersion of the weakest part of the
Fig.1. General view of RD-MDV-900 crusher geomaterial, depending on textural features. Thus,
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the ratio of the shaded area to the total mass of
crushed material represents the degree of dis-
integration, and the calculation of the degree
of disintegration is based on determining the
proportion of products as a result of mechani-
cal action and separating crushed products
from the total particle size composition.

The calculation part of the method is as
follows. The parameters of the mode region
in the area of large fractions, limited by Igd;
and lgd>, and the yield value ymax are re-
vealed. The area is determined
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Table 3 presents the results of calculations of the degree of disintegration for ores with various
textures using the impact crushing method in the DKD-300 unit. The degree of disintegration depends
not only on the texture and mineral composition of the geomaterial, but also on the crushing intensity.
The proposed method for determining the degree of disintegration of lumpy geomaterials during
crushing using dynamic impacts can indeed give a quantitative description of disintegration as an
integral process of ore preparation by crushing and grinding. And the degree of disintegration can be
an important process characteristic of both the target of ore preparation of mineral raw materials and
the crushing and grinding unit, regardless of the used method and standard size.

Table 3

The degree of disintegration of ores with various textures in the DKD-300 crusher

Ore

Productivity, t/h

Degree of disintegration

Quartz-antimonite banded texture
Antimonite with quartz veins
Quartz-antimonite vein texture
Quartz massive texture

[N Ne o))

0.49
0.68
0.56
0.35

This is an open access article under the CC BY 4.0 license
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End of Table 3
Ore Productivity, t/h Degree of disintegration
Biotite quartz schistose texture 6 0.52
Basalt massive texture 6 0.43
5.8 0.85
Kimberlite 12.2 0.74
15.2 0.71

A method was developed for grinding by multiple dynamic impacts with the possibility of in-
creasing the impact energy (the velocity of particles collision with each other and with the surface of
the working bodies). To implement this method, grinders with multiple dynamic impacts with original
design solutions were created, in particular, impact centrifugal mills with different constructive
shapes of working bodies (stepped, conical, disk).

Such a first development is the CMVU-800 centrifugal step mill, which was designed, manufac-
tured, and tested. A general view of the semi-industrial version of the CMVU-800 centrifugal step
mill is shown in Fig.3. Technical specifications: productivity to 6 t/h; power 7 kW; feed size to
20 mm; product size 0.05-1 mm; overall dimensions — 1.4x1.3x1.2 m; weight 0.9 t.

With a stepped shape of working bodies, the crushed particles at each step receive an increase in
velocity as they move in the working chamber of the mill to peripheral unloading, due to which the
grinding efficiency increases, the degree of grinding is to 21 %.

One of'the latest developments, based on the grinding by multiple dynamic impacts, is a vertical
centrifugal grinder VCI-12 [25] with increased productivity to 12 t/h. Technical specifications:
productivity to 12 t/h; power 30 kW; feed size to
30 mm; diameter of the inner disk 1200 mm; in-
take opening dimensions — 280x160 mm; outlet
tray dimensions 210x220 mm; number of revolu-
tions of the inner disk 760 rpm; weight 6662.5 kg;
weight without electric motor 6512.5 kg.

In contrast to the known impact and abrasive
grinders, in the proposed centrifugal vertical
grinder VCI-12, there is an additional possibility
to control the grinding process by adjusting the
angle of unloading the crushed material and the
rational gap between the working bodies (discs),
which eliminates the ejection of under-grinded
particles from the working area of the grinder with
the possibility of obtaining a controlled fineness
of grinding of disintegration products.

Figure 4 shows the possibility to adjust the
height of the unloading unit at a certain angle re-
lative to the central axis of the body and the axis
of rotation of the grinder working bodies.

Preliminary experimental studies confirmed
the possibility of controlling the grinding process by
the proposed method. Based on the results obtained,
it was found that at an unloading angle of—150°, the
particle size composition of the grinding products is
the most uniform with the highest content of small

Fig.4. Design of a centrifugal vertical grinder with the ability
to adjust the unloading angle
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classes. This is explained by the fact that it is at this most rational value of the unloading angle that the
removal of the smallest and lightest fractions from the grinding zone occurs.

In the mining industry, both in Russia and abroad, modern technologies and equipment are being
developed for dry methods of processing and beneficiation of minerals, which is undoubtedly a promi-
sing direction. The development and application of pneumatic separation expands the range of methods
for dry beneficiation of mineral raw materials [26-28]. Classifying grinding complexes are widely
applied, using air separation to separate single-component minerals by size when grinding them for
the production of building mixtures [29, 30]. Using air separation for separation by density difference,
researchers of OOO Promobogachenie achieved reliable results in pneumatic separation when creating
the SEPAIR installation. It uses the principle of separation by the different density of minerals in the
ascending air flow created in the installation nozzle above the moving perforated belt, on which the
separated minerals are located [31-33].

In dry beneficiation, the foundations for the separation of minerals from crushed material by
migration ability in an artificially created mineral-air flow were worked out. It is a significant deve-
lopment in the field of pneumatic beneficiation methods, specifically for the beneficiation of minerals
with high and medium density of mineral mixtures in artificially created aerodynamic flows. The
development of theoretical and experimental studies made it possible to build a pneumatic screw
separator, intended mainly for finishing operations for the beneficiation of minerals with high and
medium density (gold, platinum, diamonds, zircon, ilmenite, etc.). In the screw pneumatic separator,
the removed poor materials (tailings) and the heavy minerals passing into the accumulator move in
the opposite direction. This minimizes the collision of oppositely directed grains of light minerals and
minerals with high density, which makes it possi-
ble to achieve a high degree of extraction and re-
duce the feed material [34, 35].

The results of studies on the heavy minerals
extraction are presented in Fig.5. The highest ex-
traction of 89.5 % and reduction by 17 times at 2 %
humidity was achieved at an air flow rate of
10 m/s. 5

The obtained research results make it possible
to evaluate the area of effective separation of bulk 2 Moistur: ” 7
material on a screw separator and the possibility of ’
using it to achieve higher values of extraction, deg-
ree of concentration, and reduction of the feed ma- Fig.5. Histogram of recovery and reduction of medium density
terial. minerals as a function of moisture

All developed and manufactured equipment
has passed various stages of implementation, in-
cluding pilot tests on ores currently mined at gold
deposits in the Republic of Sakha (Yakutia).

The developed and manufactured POS-2000
pneumatic separator (Fig.6) passed pilot tests at the
Odolgo deposit (Amur region), the ore of which
has a high proportion of free gold relatively coarse-
grained gold. Technical specifications of POS-
2000: productivity 6 t/h; power 5 kW; reduction of
feed material (for gold ores) to 16 times; weight
2100 kg; fan performance 500-1500 m*/h. Fig.6. POS-2000 pneumatic separator

A

17

Recovery, %
Reduction, times

W Recovery Reduction
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POS-2000 pneumatic separator was tested
in combination with the developed ore prepa-
ration devices (DKD-300 crusher, CMVU-800
centrifugal grinder). The results are shown in
Table 4.

At the Zaderzhninskoye ore gold deposit,
during pneumatic separation of finely ground
material of —2 mm class at POS-2000, a reduc-
tion of 14-16 times was achieved, effective
0 20 40 60 30 loo pneumatic separation was found without a sig-

Product yield, % nificant loss in productivity and gold recovery,
which is provided at a moisture content of up

60 1

40

X
Z
5]
>
o
157
o1

(=2

20 41

Fig.7. Dependence of fluorite extraction on the product o
yield at contents, %: 9.8 (1); 35 (2); estimated recovery to 7 %.
at grade <1 (3) The pneumatic separator was also tested

during the beneficiation of medium-density
minerals, in particular, fluorite (Fig.7). A regularity was established: with a decrease in fluorite content
in the ore entering the pneumatic separation, there is an increase in fluorite extraction into the concen-
trate. Thus, with a fluorite content in the ore of 35 %, the extraction into a 56 % concentrate is 67.65 %,
with a decrease in the fluorite content to 9.8 %, an increase in extraction to 87.33 % is observed.

Table 4

Summary results of POS-2000 beneficiation for ore gold

o Material Degree of o
Process indicators Content, g/t distribution, % concentration, % Recovery, %
Tailings 0.63 16 - 1.36
Concentrate 732 1 1159.28 98.64
Ore 43.65 17 1 100

For ores with a low content of fine gold from pneumatic separation concentrates, it is possible,
for example, to use flotation [36, 37], bacterial-chemical leaching [38], which are widely used in the
mining industry.

The next stages in the development of pneumatic separation are associated with the increased ef-
ficiency of separation of mineral mixtures formed into aerodynamic flows under the influence of vari-
ous physical fields in order to increase the degree of reduction and concentration. The conducted studies
prove that both the methods under development and the developed methods of pneumatic separation
can be used in the beneficiation of useful components (minerals) with medium and high density.

Conclusion. Highly efficient prototypes of beneficiation equipment were developed and tested:
multiple impact crushers RD-MDV-900, DKD-300, centrifugal crushers CMVU-800 and VCI-12,
pneumatic separator POS-2000. Fundamental designs were developed and a number of new devices
for ore preparation and pneumatic beneficiation are being designed. The highest degree of crushing
for the new high-performance crusher RD-MDV-900 with a value of 12 was established. The effec-
tive approbation of an autonomous complex for dry beneficiation with new safe environmental stand-
ards for the processing of gold-bearing ores is shown. It allows to completely release and extract free
gold with a particle size from 10,000 to 100 um.

In particular, this was confirmed by the example of the processing of gold-bearing ores from
a number of deposits: Nezhdaninskoye, Duet, Sarylakh, Maltan, Nagornoye, Yakutskoye, Vyun,
Malo-Tarynskoye (Yakutia), Gurbey (Irkutsk region), where results were obtained confirming the
efficiency of dry beneficiation of ores with free gold.
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The prospects for using dry beneficiation in the mining industry are remarkably high. For exam-
ple, its implementation will allow in the future to withdraw from the construction of large beneficia-
tion plants, completely or partially from the use of process water, the construction of a water supply
system, a traditional tailing dump, etc.
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