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Аннотация: рассмотрены ключевые вопросы интенсификации процессов дезинтеграции 
полезных ископаемых, и определены перспективы модернизации рудоподготовительного 
оборудования для дробления хрупких руд с целью недопущения переизмельчения цен-
ного компонента, а также дробления нерудных пород средней твердости, в том числе 
глинистых и влажных руд. В цикле рудоподготовки предложено использовать валковые 
дробилки и измельчающие валки высокого давления с Рело профилем валков. Результаты 
исследований показали перспективность использования последнего на рудоподготови-
тельном переделе. Для повышения эффективности процесса дезинтеграции реализуется 
вертикальное возвратно-поступательное перемещение рудной массы, благодаря чему 
перемещение кусков руды происходит в двух направлениях, что приводит к увеличению 
удельной пропускной способности дробящего агрегата. При этом удельное усилие сжатия 
возрастает на 10%, а мощность приводного механизма снижается на 10%.
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Abstract: The article considers the key issues of intensification of ore preparation operations 
and evaluates the prospects for modernization of particle grinding equipment that is used 
to comminute brittle ores without over-grinding and crush medium-hard nonmetallic rocks, 
including clayey and wet ores. It is proposed to introduce roller crushers and high-pressure 
grinding rolls (HPGRs) with Reuleaux triangular rollers into mineral processing schemes. 
Studies have shown that this type of roller is promising for use in ore preparation. To improve 
comminution efficiency, the ore feed is moved in a vertical reciprocating motion, with ore 
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Crushing and grinding, carried out 
to extract valuable components from 
minerals, are complex and energy-
intensive processes [1]. Their efficiency 
affects the economic feasibility and 
profitability of mineral processing [2].

The relevance of the article is due 
to the fact that the ores supplied to the 
processing plants are currently getting 
poorer; in their turn, useful components 
have very fine dispersion and fine-grained 
structure [3]. 

This makes it necessary to use finer 
grinding and modernize the existing 
mineral processing schemes, as well as 
the equipment used [4—8]. 

The aim of the work is to intensify the 
processes of mineral disintegration and to 
modernize ore preparation equipment — 
roller crusher and high-pressure grinding 
rolls.

In general, the main ways to intensify 
ore preparation processes can be divided 
into the following stages: 

• Development and implementation 
of new mineral processing units that are 
economically and technologically efficient 
[22];

• Reduction of specific costs of ore 
preparation operations such as crushing 
and grinding;

• Incressing the efficiency of 
comminution by updating and upgrading 
the main parts of the mineral processing 
equipment [23−24];

• Optimization of the comminution 
mechanism to improve the release of 
mineral inclusions [7];

• Improvement of the efficiency of 
crushing plants used in the stage of ore 
preparation [17];

• Creation of interactive technologies 
for process control, including full 
automation of individual processing stages 
and the introduction of technologies such as 
neural networks and machine vision [8, 9]. 

There are numerous methods of 
breaking rock and different types of 
crushing equipment used in ore preparation 
operations performed at comminution 
facilities and mineral processing plants. 
Crushing and grinding account for a 
major share of energy consumption 
[10]. It should be taken into account 
that crushing ores by stretching requires 
minimum energy, while compression is 
energy-intensive. It is compression that is 
used in all traditional comminution units. 

The main types of deformation to 
which ores are subjected in current 
crushing units are compression, tension, 
and shear; crushing is accomplished by 
compression, impact, and abrasion.

There is a direct correlation between 
the energy required for comminution and 
the total area of newly formed surfaces 
as a result of liberation. This dependence 
can be described only when the amount 
of energy used to create a new surface is 
known. 

Various comminution models (e.g., 
those proposed by Rittinger, Kick, 
Bond, and others) describing the 
relationship between the energy input for 
comminution and the resulting effective 
particle size assume that the material is 

lumps moving in two directions to increase crushing efficiency, resulting in an increase in the 
specific capacity of the crushing unit. With this configuration, the specific compressive force is 
increased by 10%, and the power consumption is reduced by 10%. 
Key words: disintegration, crushing, roll crusher, minerals, energy costs, Reuleaux profile.
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brittle. Therefore, no energy is spent in 
elongation or compression processes that 
are not used in comminution [11, 12]. Fig. 
1 shows the numerical dependencies for 
some comminution laws. 

The general equation describing the 
dependency of comminution energy on 
particle size is as follows ):

 =−  
n

K
E dx

x
 (1.1)

where E is comminution energy, J;
K is a constant depending on the 

strength of the material;
x is material size, mm;
n is a parameter obtained experimentally.
None of the comminution theories can 

account for all possible variations in the 
mechanical and chemical effects occurring 
in the feed. As a consequence, these 
theories cannot give perfectly accurate 
qualitative assessments of crushing 
and grinding processes. Therefore, it is 
necessary to conduct experimental studies 
of crushing and grinding processes in 
relation to specific ores and crushing units. 

In terms of  specif ic  energy, 
comminution efficiency is calculated as 
the ratio of energy spent on size reduction 

to the amount of crushed minerals 
(product) or to the newly formed surface 
area of the particles. 

The energy efficiency of the 
comminution process is analyzed by direct 
measurements of the energy consumed by 
the crushing machines. In roller crushers, 
it depends on the parameters of the ore and 
the roll itself. These parameters include 
the angle of nip and specific crushing 
(compressive) force.

The angle of nip is determined by 
the tangents drawn through the points 
of contact of a piece of material with 
the surfaces of the rollers (Fig. 2) and is 
found using formulas (2) [13, 14]. 

 

   δ
  α = − −   γ   
   α = − −   
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arccos 1 1 ;

arccos 1 1 ,

c
ip

f

sp

s
D

x s
s D
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where αip is the angle of nip for particles 
with sizes smaller than the gap between 
the rolls;

αsp is the angle of nip for particles 
with sizes bigger than the gap between 
the rolls;

Fig. 1. Graphs representing the ratios between energy input and particle size
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s is the gap width, mm;
D is the roll diameter, mm; 
δc is the bulk density of the compacted 

material in the compression zone, t/m3;
γf is the bulk density of the compacted 

material in the pre-crushing zone, t/m3.
The crushing chamber is limited by 

the curvature of the liner. As material 
compacts in the compression zone, 
the pressure increases and reaches a 
maximum at the closest distance between 
the rolls along their horizontal axis. As 
the material passes through this gap, 
the pressure drops, and the bulk density 
decreases slightly (Fig. 3). 

The average pressure in the material 
located in the compression zone is defined 
as the ratio of the compressive force to the 
roll surface:

 ( )
ϕ

= =
α α

2
1000 / 2ave

ip ip

F
p

D L
 (3)

where pave is the average pressure in the 
compression zone, MPa;

F is the compressive force, kN;
αip is the angle of nip for particles 

with sizes smaller than the gap between 
the rolls;

D is the roll diameter, m;
L is the roll width, m, and ϕ is the 

specific compressive force, N/mm2;
The maximum pressure in the 

compression zone is equal to

 
ϕ

= =
α αmax 1000 ip ip

F
p

kDL k
 (4)

where pmax is the maximum pressure in 
the compression zone, MPa;

Fig. 2. The angle of nip in a roll crusher with cylindrical rolls

Fig. 3. Pressure diagram for a cylindrical roll
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F is the compressive force, kN; 
αip is the angle of nip for particles 

with sizes smaller than the gap between 
the rolls;

D is the roll diameter, m;
L is the roll width, m;
ϕ is the specific compressive force, N/mm2;
k is a constant characterizing the material 

(its values range from 0.18 to 0.23).
The pressure is also unevenly 

distributed across the roll width, which is 
usually divided into the central and edge 
zones (Fig. 4). The material in the central 
zone is subjected to the greatest pressure, 
as a result of which it experiences 
maximum compression and breaks down 
more efficiently. The pressure decreases 
towards the edge zones, where the 
material can either break (in which case 
it is referred to as edge product) or pass 
through the machine at a high speed 
without being significantly impacted. This 
phenomenon is called internal bypass. If 
the equipment is heavily worn or if there 
are no breaker plates installed on the sides 
of the crushing unit, this leads to external 
bypass, which dramatically reduces 
comminution efficiency at the edges 
of the rolls. The pressure distribution 

mainly depends on the roll width and the 
tightness of the breaker plates. Narrower 
rolls are characterized by steeper pressure 
diagrams. 

In the crushing zone, the particle 
experiences biaxial compression stress 
and strain. When an ore particle contacts 
the roll at an angle α, there are normal and 
tangential stresses (σn and τn, respectively; 
Fig. 5) which are found using the formulas 
below: 

 

σ + σ σ − σσ = + σ
 σ − σ τ = α


1 2 1 2

1 2

cos2 ;
2 2

 sin 2 ,
2

n i

n i  (5)

where σ1 is the stress acted by the rolls on 
the material, MPa;

σ2 is the stress acted by one particle on 
another, MPa.

There is no slippage of the ore on the 
roll surface if condition (6) is met: 

 τ ≤ σn nk  (6)

where k is the coefficient of friction 
between the material and the roll surface.

Taking (5) into account, the condition 
of no ore slippage takes the following 
form (7):

 
σ σ α

≥
σ + σ α

−1 2
2

1 2

( )
( )

i

i

tg
k

tg
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The high pressure exerted by the rolls 
on the ore layer creates local stresses 
within the mineral grains and between 
the ore minerals and the waste rock [15]. 
In one cycle, as is passes through the 
gap between the rolls, the structure of 
the compressed ore is weakened due to 
microcracking (Fig. 6), which significantly 
reduces the energy consumption of the 
subsequent grinding [21]. 

The granulometric composition of the 
comminution product is controlled by the 
compressive force, which creates pressure 
in the layer of material located in the 

Fig. 4. Pressure diagram along the length of a 
circular roll
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compression zone. Obviously, this force 
cannot be measured directly. However, it 
can be quantified using some parameters. 
One of them is the specific compressive 
force, which is the ratio of the crushing 
force to the roll surface: 

 ϕ =
1000
F
DL

 (3.17)

where ϕ is the specific compressive force, 
N/mm2;

F is the compressive force, kN;
D is the roll diameter, m, and L is the 

roll width, m.
The specific compression force quan-

titatively characterizes the relation-
ship between the compressive force 
and the particle size distribution of the 
comminution product, which allows it 
to be used for comparing comminution 
forces produced by roll crushers with 
different dimensions [16, 18]. 

The drive power required to rotate 
the rolls is determined by the magnitude 
of the compressive force, which, acting 
on the roll, prevents it from rotating. 
The point of application of the force to 
the roll is determined by the angle β of 
its radius vector relative to the axis. The 
compressive force can be decomposed 
into tangential and radial components. The 
tangential component creates a moment 
on the roll, which must be balanced by 
the drive force (Fig. 7). 

Traditional cylindrical rolls can be 
replaced with Reuleaux triangular rollers 
(Fig. 8). This geometric Fig. is a Fig. of 
constant width, which makes it possible to 
find the angle of nip for rolls with a given 
cross-section using the same method that 
is used for cylindrical rolls. 

A force P acts on the pieces of ore 
directed along the normal to the tangent 
drawn through the point of contact, which 

Fig. 5. Interparticle contact in ore

Fig. 6. Microcracking in mineral particles: 1 — ore before crushing in a roller unit; 2 — ore after 
crushing in a roller unit) 
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creates a friction force fP directed along the 
tangent. At the point of contact between the 
ore piece and the surface, there is a reaction 
P1 from the force P acting on the piece of 
material and the resulting friction force 
fP. The mass of the ore piece is negligibly 
small. The model of the proposed crushing 
unit is shown in Fig. 9. 

By projecting the forces along the axes 
and using the condition for nipping, we 
derive the following relation 

β β ≤ β β1 1 2 2 1 1 2 2sin sin cos cosP P P f P f  (9)

One of the key properties of the 
Reuleaux triangle, which is a Fig. of 

constant width, is a constant average radius 
over the entire length. Therefore, we have:

 
+

=
2ср

R r
R  (10)

The last dependence shows that when 
the value of the radius changes from r to 
R, the average radius remains constant. 
Substituting r and R into the mean radius 
(formula (11)), we can find the angle of nip 
by reducing it to that for cylindrical rolls: 

 

α α ≤
 α ≤


2 sin 2 cos ;
2 2

.
2

P Pf

tg f
 (11)

Since f = tϕ, where ϕ is the angle of 
friction, we get 

2

a
tg tg≤ ϕ  or 

2

a
≤ ϕ ; α ≤ 2ϕ. 

Thus, the angle of nip α is less 
than twice the angle of friction. This 
proves that Reuleaux triangular rollers can 
be used in crushers. 

The extreme values of the angle of 
nip α in a crushing unit with Reuleaux 
triangular rollers are (12):

Fig. 7. Diagram of the drive force

Fig. 8. 3D model of rolls with a triangular 
Reuleaux profile in the form of a triangle
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α =  
  +   


  +  α =  
   
 

max

min

2arccos

2
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a
R

d
r

a
r
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where а is the size of the gap between the 
rolls, mm;

d is the diameter of the ore piece to be 
crushed, mm.

The radii of the rolls required to grip 
an ore piece with a diameter d for one 
of the extreme positions of the rolls are 
found as follows:

 
( ) = + α −


 +

= − α

0,5 0,5
0,5

0,5
cos

R r d cos a
R a

r d
 (13)

The angle of nip α varies depends on 
the diameter of the roll, the size of the ore 
piece to be crushed, and the width of the 
exit. 

Due to the geometric properties of the 
circle and the Reuleaux triangle, we have: 

 =
0,1027

РТ
окр

S
S  (14)

Specific compressive force for the 
rolls with a Reuleaux profile, taking 
into account formulas (8) and (14), is 
determined as follows:

 
π

ϕ =
410,8 окр

FD
S L

 (15)

Depending on the rotational speed, the 
drive power for a crusher with Reuleaux 
triangular rollers is as follows:

 
β

=
sin

1,5405
окр

R

nS F
P

D
 (16)

Numerical calculations of the main 
technical characteristics according to 
the above formulas for the rollers with 
a Reuleaux profile proved to be superior 
to the numerical calculations of round 
rolls by about 10%. Among the main 
advantages of using Reuleaux triangular 
rollers are the following: 

– The cross-sectional area of a 
Reuleaux triangular roller is 10% smaller 
than that of a circular roll.

– Changing the shape of the rollers 
reduces the drive torque. As a result, the 

Fig. 9. Diagram of the proposed crushing unit with Reuleaux triangular rolls [20, 25]
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specific compressive force increases by 
10%, with the crushing process in the 
compression zone becoming more intensive 
due to an increase in microcracking. 

– Crushers of this type use vertical recip-
rocating motion, causing the ore to move in 
two directions. Moreover, ore pieces are not 
only subjected to compression, but also to 

abrasion, stretching , and impact, as a com-
bination of cyclic (alternating) forces is cre-
ated in the crushing zone. As a result, com-
minution efficiency improves. 

– The Reuleaux triangular rollers pre-
vent oversize material from overlapping the 
gap between the rolls as it is rejected by the 
opposing forces acting in the crushing zone. 
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