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Abstract. This article presents the analytical expression for the determination of the degree of
milling of particles in a centrifugal counter-flow mill with a selective effect on the material to be
milled. The degree of milling is one of the most important factors characterizing the efficiency
of particle collisions in the opposite intersecting flows in the tangential sleeve. The projection
wy of the velocity of interaction of particles with an oblique impact is determined on the basis of
the value of the tangential stresses in the zone of opposing intersecting flows. In this case, the
density of counter-intersecting flows should be such that the collision of particles occurs in the
zone of milling. The structural design of the mill rotors provides separation of the particle fluxes
in the tangential sleeve depending on their size. This design of the rotors improves the efficiency
of grinding and fineness of the finished product. A design diagram is given in order to describe
the process of milling of a material in the zone of opposing intersecting flows. As a result of
theoretical studies, the analytical expression was obtained that allows determining the degree of
milling of material particles in the zone of tangential collisions depending on the design and
technological parameters of a centrifugal counter-flow mill.

1. Introduction
The degree of milling is one of the most important indicators characterizing the efficiency of particle
collisions in the tangential sleeve of a centrifugal counter-flow mill. The density of counter-intersecting
flows should be such that the collision of particles occurs in the zone of milling. When particles collide
in opposite flows, the uniformity of the grain composition of the interacting particles is of great
importance. The frontal collision of the largest particles and the collision of small particles in
intersecting flows are considered to be the most effective ones [1].

In order to solve the problem of providing a selective effect on the particles of the comminuted
material, depending on their size, a new design of a centrifugal counter-flow mill was developed (Figure
1).

2. Materials and methods

The proposed design of a centrifugal counter-flow mill has features that increase the efficiency of the
milling process as compared to other centrifugal counter-flow mills which are used in the process of
milling. The milling chamber contains a tangential sleeve with slopes for colliding small particles in
intersecting dispersed flows. The installation contains rotors 1 with curved blades 2 and straight blades
3, loading p sleeves 4, discharge sleeve 5 evenly spaced from the axes of rotation of the rotors 1. The
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rotors 1 are rotated in opposite directions. The location of the boot sleeves 4 in the plan ensures the
coaxial alignment of the counter-flows of large particles directed towards each other using curvilinear
blades 2 and the angular mutual arrangement of the counter-flows of small particles directed towards
each other using straight-blades 3.

Figure 1. The design scheme for the description of the process of milling material in the zone of
opposing intersecting flows.

3. Results and discussion

The installation works as follows. The source material through the boot sleeves 4 evenly (for example,
using vibro-trays) is fed into the milling chamber, where large particles of the material are captured by
curvilinear blades 2 of greater height, bypassing rectilinear blades 3, and small particles by rectilinear
blades 3 of smaller height, move along the surface of these blades and is thrown into the tangential
sleeve. Since the length of rectilinear blades 3 is less than the length of curved blades 2, small particles
pass straight sections of blades 3 faster than large particles pass curvilinear sections of blades 2, detach
from rectilinear blades 3 before large particles. The coordinates of the loading sleeve 4 in the plan are
common to the whole material. Therefore, small particles come off at a certain angle to the axis passing
through the centers of rotation of the rotors 1.

The design of each loading sleeve and its location are designed to ensure the frontal collision of large
particles and the collision of small particles in intersecting flows. The crushed material is carried by the
air stream into the discharge sleeve 5 and is separated from the air stream in the cyclone filter (it is not
shown in the figure).

Due to the separation of the flow of the crushed material by size before its impact in the tangential
sleeve and the selective impact on the material, depending on its size, the efficiency of milling in a
centrifugal counter-flow mill increases. Let us determine the degree of milling particles of the material
in the zone of intersecting flows.

The change in the velocity w of a material particle in the zone of opposing intersecting flows in a
centrifugal counter-flow mill can be described on the basis of the second law of dynamics:

dw
m— =F, )
where m — the mass of material particle equal to:
_ nd%]
m===p 2)

here po is the density of material particle; F —action force on material particle in the zone of

intersecting flows, which we express through the value of the resulting tangential stresses o:
F
o= 3
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where Sp —the contact area of material particles at oblique impact.
Taking into account (2) and (3) a formula (1) may have the following form:

3

ndy  dwdx

—p,—— = 03,. 4
6 Poax ar 0 (@)

On the basis of the design scheme presented in Figure 1, we find that
x=L+2R,cos¢. (5)
According to the result of the work [1], in the zone of counter-intersecting flows, the value of the
action of tangent stresses can be determined on the basis of the following expression:
o= (6)
where u —The coefficient of pseudo-viscosity milling, the value of which is equal to 2618 Pa-s

Let us calculate the projection wy of the velocity of interaction with an oblique impact. According to
the design scheme presented in Figure 1, we find:

w, = wocos(go - goo) + wocos(go + goo) = 2wycosg,cosy, (7
here wo —the total velocity of a material particle with a radial flat blade, the value of which is equal to:

Wy = W2 +w2, (8)

W, = T: (9)

According to the work [2] we have:

and
Wy, = OR,. (120)
Taking into account (9) and (10) the expression (8) has the following form:

(11)
The substitution of (5), (7) in (6) taking into account, that
2 =w
Leads to the following expression:
CoS
o =2wycosp 1 W;ﬂww. (12)

After simple mathematical transformations of expressions (5) and (12), differential equation (4) can
3

acquire the following form: ”TZH powdw = —4wSocosp it Cff”;iw do, (13)
E cosQ
Where according to the design scheme in figure 1, the value is the following:
cosg, = =, (14)
wo

The time of movement of material particle along a radially located blade with a length | on the basis
of (9) is determined by the following relationship:

- _ZJ(PI >
=—=2f==(—-1). 15
ns, == 1 (15)
During the time interval (15), the radially located blade with the material particle rotates through an

angle 2 from the moment of contact with the particle [4] (the “x” symbol in Figure 1).
The value of this angle is equal to:

Q=01 = 2f(pil> . (16)
1
The generation of differential equation (13) describes the change in the velocity w of the interaction
of material particle in the zone of oblique collisions.
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Let us assume that when the angle of rotation of the radially located rotor blade changes from 2
value to m, the speed of the material particle as a result of oblique collisions will change from wp to Uo.
The value of ug is the speed of the air flow in the area of oblique collisions. The value of the velocity of
the air flow is equal to:

up = |uj + a)zR]Z,, (17)
Based on the result of the work [3] we have:
(18)
(19)
The integration of equation (13) leads to the following expression:
d,
”1—2/)0 (u% — W%) = —dwycosp,Sy-uJ(Q), (20)
Where the following notation is introduced:
__ rmcosp-sinpdp
J(Q) B f-Q a+2cosp ’ (21)
here
=L
a= R (22)
The calculation of the integral (21) Ieads to the following result:
2cospd(cosp) 1 pmwa+2cosp-a
J(@Q)=—; [y B0 = 2 [P dcosp) =
+2 279 a+2co:
4 fa d(w?(ﬂ )+ a fnd(Z+zzgng) _
2o cose 47Q a+2cosp B
1 LA -
=f§(71 fcosQ)Jr%ln (a+ ZCosgo)f = ,_(,1 fcosQ)Jr%ln 20050
1+cosQ 4 —l a-2 (23)

2 47 a+2cosQ’
According to the relation (20), it is possible to find the value of the contact area of the interacting

particles:

& (Wil
Sp= g Mort) . (24)

-2

HWy

. L, R
12(1+c059)+6Rp In R£+2cosQ
P
Let us suppose that in the zone of oblique collisions particles of a spherical shape with a diameter d
and a surface area So are obtained. Therefore, based on the above mentioned aspects, the following

expression can be made:

2
TCdk =

3
Rp
L+2€D.YQ

-2 l
Rp
On the basis of (25) it is possible to formulate the following expression [5]:

di = Cydy, (26)

The following dimensionless value is introduced here:

6uw,| 2(1+cosQ) +LE
Rp
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dy; Wh-uuj
50 — p()( 07Uy . ) (27)

=2
6w, (2(1+cos) +Ln
Rp

Ry

L
Rp

+2cos2

Thus, the obtained expression (27) determines the degree of milling of the material particles in the
zone of tangential collisions of the milling chamber when the design and technological parameters of
the centrifugal counter-flow mill change.

4. Conclusion
In this article the analytical expression is achieved as a result of mathematical transformations, which
allows determining the degree of milling of material particle in the zone of tangential interactions in the
milling chamber of a centrifugal counter-flow mill associated with the installation of upgraded rotors.
The rotors with blades of rectilinear and curvilinear shape make it possible to provide a selective effect
on the material depending on the size of the particles to be milled. During the course of the determination
of the degree of particle size reduction in the zone of tangential interactions, the coordinates of the
particle detachment from the working surface of the rectilinear blade and the trajectory of particle
motion in intersecting flows are taken into account.

The obtained mathematical formulas make it possible to associate the constructive, technological and
energy parameters of the centrifugal counter-flow mill with a selective effect on the material to be
milled.
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