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Abstract: The article deals with aeromechanical processes in a centrifugal mill operated
at different rotational speeds. The trajectories of flows, the velocity and pressure fields have
been investigated. The influence of various factors on the classification effectiveness and
maximum diameters of the particles discharged from the grinding chamber has been
revealed.
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1. Introduction

Centrifugal mills are being widely used for grinding non-abrasive materials. These
mills, despite different descriptions (centrifugal mills, centrifugal-impact mills,
dismembrators, rotary-vortex mills, etc.) have one common feature, i.e. a working
body that transmits kinetic energy to the material to be ground. The design of the
working body and the method of the final class discharge are the major differences
in these mills. The throughput of a centrifugal mill is estimated by the specific
power consumption for grinding the material of a given class. The researchers of
the Ukrainian State University of Chemical Technology have developed a centrifugal
mill with a working body that minimizes the specific power consumption in the
material grinding and enables the primary classification of the material [1-4].

The rotation of the working body generates air flows in the grinding chamber of
a centrifugal mill. The patterns of discharge of the final fraction and the interactions
of the ground material particles with the working body, chamber walls and each
other are determined by the aeromechanics of the air flows. Therefore, a relevant
issue was studying the aeromechanical processes in the grinding chamber during
the material grinding and mechanisms for classifying and discharging the final
product class from the centrifugal mill.

Given the presence of the high-speed moving units, material to be ground and
turbulent flows in the grinding chamber, the research could only be carried out
through the computer-aided mathematical modeling and finite element methods.
The purpose of the study was to investigate the aeromechanics of flows in the
grinding chamber of a centrifugal mill, taking into account the design features of
its flow part and working body, parameters of the material to be ground, and inlet
and outlet pressures; to identify the patterns of the influence of the above factors
on the discharge of maximum diameters of the material being ground.

A large number of recent publications deal with numerical simulation of
aeromechanical processes in centrifugal machines. Numerical solution of the
aeromechanical processes was based on the non-stationary Navier-Stokes
equations, continuity equation for the flow, and the turbulence model. This system
of equations can be solved analytically only for a limited number of simplified
problems.

Today, for numerical solution of the Navier-Stokes equations, several dozens
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of various schemes are used. Most of them have
been developed for the system of equations in
vortex-current function variables [5]. The general
disadvantage of this approach is that it necessitates
using, in one form or another, the boundary
condition for vortex on a solid surface, such as
the Thom condition, which serves as a condition
of the first order of accuracy for mesh resolution.
Moreover, the use of vortex-current function
variables excludes the possibility of generalizing
this method to spatial and turbulent flows. This
explains an increased interest of researchers in
solving the Navier-Stokes equations in the physical
variables of velocity - pressure. This approach
allows using a single algorithm for solving
both two-dimensional and three-dimensional
problems. However, this approach is associated
with the difficulty calculating the pressure field
as coordinated with the velocity field. In spite of
the difficulties, this technique may be the most
appropriate, provided that a sufficient power
computer is available, high mesh resolution is
entered, and the integration time is increased until
the moment of obtaining acceptable convergence.
Therefore, this approach was taken as the basis in
the study.

In the up-to-date software-oriented packages
for numerical solution of systems of differential
equations, the initial stage of simulation is the
creation of a 3-D geometric model that fully
representsthe geometry of theinvestigated volume
of the flow part and the related components of a
centrifugal mill.
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where: p — is the density averaged over Reynolds,
kg/m? t - hour, s; V — is the Hamiltonian operator,
m':V - velocity vector, averaged over Favre, m/s;
p - pressure averaged over Reynolds, Pa; k -
turbulent kinetic energy, J/kg; @ - relative velocity
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2. Experimental Section
The design elements of the centrifugal mill, which
form the geometry of the flow part, are shown in
Figure 1: the pile shaft 1, the working body 2, the
grinding chamber 3, the disk between the grinding
and discharge chambers 4, the discharge fan 5 and
the outlet pipe 6.

Fig. 1: Geometric model of the grinding chamber of a centrifugal
mill.

The geometric model accurately represents
not only the dimensions and geometry of the
centrifugal mill units, but also their exact location in
space relative to each other.

The aeromechanical processes in the centrifugal
mill are described by the non-stationary Navier-
Stokes equations and, in addition, by two k-w
equations of the turbulence model, which were
solved by the finite element method. The system of
equations to be solved is presented below (1)
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of dissipation of the kinetic energy of turbulence, c’';
u — is the dynamic viscosity, Pa-s; u: — turbulent
viscosity, Pa-s; or — ut weakening coefficient for
small Reynolds numbers; G, - source member for k,
W/m? @G, - source member for @, kg/(m*c?); S
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- strain rate tensor, ¢'; D. — a member taking into
account cross-diffusion, kg/(m*c?); E - total mass
energy, J/kg; T, — deviator stress tensor, Pa; q. -
density of a volumetric source of heat, W/m?; T -
absolute temperature, averaged over Favre, K.

The initial, boundary and conditions for (1) have
the form:

7(X)=0; n-=0;

PX)=po; [P = Pous

EX) =ke; 1k = ks

0X)=w; |®=Weu;

TX) =T, |T=Tw,

T =7 [6=0; (2)
D= P n-Vp=0;

k = kez; k=0;

W = Wey; ® = Wemis

T = Tes, n-VI'=0,

The computation was carried out in the Cartesian
coordinate system using the international system of
units SI; the medium was real gas (air), the surface
of solids was represented by an adiabatic wall
with a roughness of 0 um, the gravitational force
was taken into account. The computational cells
were of polyhedron type. The convergence of the
computation results was assessed automatically
by the convergence of the target, which was the
absolute pressure and full velocity.

The equation was solved by the finite element
method; the computational mesh consisted of
120433 cells in the flow part.

To verify the adequacy of the model and the
reliability of the simulation results, these were
compared with the experimental data.

3. Results and Discussion

At the initial stage of the simulation, the process
aeromechanics in the flow part was studied with no
material fed. Figure 2 shows the calculated results
and the experimentally recorded air velocities at the
outlet of the centrifugal mill grinding chamber at
various rotor rotational speeds.

The above graphs illustrate that the discordance
between the experimental and calculated data
does not exceed 7%, which confirms the adequacy
of the developed model.

The results of the mathematical modeling of the
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Fig. 2: Dependence of the outlet air flow velocity on the angular
velocity of the working body: 1,3 - experimental data; 2.4 - calcu-
lated data.

working chamber processes showed that the air
flow executes a complex rotational motion in the
longitudinal and transverse directions (Figure 3a,
b) and creates local areas of increased turbulence
1, Figure 3b. The mathematical modeling and an
analysis of the results revealed that the air flows in
the vicinity of the working body can be divided by
their cross-sections into three groups: the flows in
front of the working body, region 1, Figure 3a, which
occur at a distance of 15-20 mm in front of the
working body; the flows behind the working body,
region 2 Figure 3a, which are observed at a distance
of 60-70 mm behind the working body; and the
relatively undisturbed flows, region 3, Figure 3a. The
average material flow velocity in the vicinity of the
beaters is 12.6 m / s and the speed of the working
body is 68.72 m / s. Thus, the relative velocity of the
material flow collision with the beaters is 56 m /s,
that is 81.5% of the rotational speed of the working
body (Figure 3).

When passing through the clearances between
the beaters, the air together with the material
particles entrapped accelerates to 31 m /'s; it forms
turbulent cavities and concentrations of material in
the vicitnity of the working body beaters, which is
important from the point of view of improving the
grinding efficiency.

In the material grinding, an important factor is the
velocity of the material collisions with the working
body; in this regard, the dependence of the collision
velocity on the angular velocity of the working
body was investigated. It has been established
that the velocity of the air and solid particle flow
collision with the working body beaters may be
approximated by a linear function with a mean



square deviation of 0.99 (Figure 4).
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Fig. 3: Velocity fields and trajectories of air and solid particle flows
at the working body angular velocity of 498 s™': a - longitudinal sec-
tion, b - cross-section.
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Fig. 4: Dependence of the linear velocity in the air flow collisions

with the working body in the vicinity of the beaters: 1 — flows in

region 3; 2 — flows in region 1.

The throughput of the mill is determined by
two factors: the rate of formation of the final class
(grinding rate) and rate of the final class discharge
from the grinding chamber. Therefore, an important
scientific and practical result of the study has
been estimating the dependence of the particle
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maximum sizes at the grinding chamber outlet on
the flow velocity and rarefaction generated at the
outlet.

The calculated diameters of the particles
discharged from the grinding chamber by the flow
at various flow rates are presented in Figure 5.

The dependences of the maximum diameters
dmax of the particles, discharged from the grinding
chamber, onthe outlet air flow rate were determined
experimentally. The results obtained are summarized
in Figure 6, which shows the dependence of dmax
on the relative air flow rate evaluated as the ratio
of the air flow rate to the volume of the grinding
chamber g = Q /V (Q is the air flow rate, V is the
chamber volume).

Trajectories of motion of solid particles are
determined by the integration of pseudo-time steps
of the equation of balance of forces acting on a
particle recorded in the Lagrangian reference frame:

du, Ty
CZ =FD(u—up)+w (3)

where: u — vector of the velocity of the gas medium,
m/s; u, — vector of the speed of solid particles m/s;

)= uie — force of the hydraulic resistance,
referenced to the unit mass of the particle, s7;
Cr—dimensionless coefficientofhydraulicresistance;
p» — density of solid particles kg/m?; pe = dlu—ul
— average diameter of solid particles, m; Reyﬁolds
number.

The developed technique was used to investigate
the effect of pressure at the centrifugal mill outlet
on the fineness of the discharged material (Figure 7).

o
velocity, m/s

Fig. 5: Results of modeling the processes of classification and dis-
charge of the final class at an outlet flow velocity of 9m/s.
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Fig. 6: Dependence of the maximum diameter of particles, dis-
charged from the grinding chamber, on the relative air flow rate

at the outlet: 1, 2 - experimental and calculated dependences, re-

spectively.
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Fig. 7: Dependence of the maximum diameters of particles, dis-
charged from the grinding chamber, on the outlet pressure.

1. A method to investigate the aeromechanical processes in the
flow part of the centrifugal mill has been developed, which allows
estimating the aeromechanical flows in the grinding chamber of
the centrifugal mill, taking into account the design features of the
flow part and working body, the parameters of the material to
be ground and the pressures at the inlet and outlet. The method
can also be applied to reveal the patterns of influence of the
above factors on the discharging the maximum diameters of the
material being ground. A comparison of the experimental and
calculated data shows that the error does not exceed 15%.

2. It has been established that the size of the ground material
particles that are discharged from the centrifugal mill is
proportional to the air flow rate and vacuum-gauge pressure at
the discharge chamber outlet.

3. The linear and angular velocities of the collision of air and solid
particle flows with the beaters are proportional to the angular
velocity of the working body.
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4. Conclusions
Based on the results of the study, regularities
have been obtained that make it possible to design
a centrifugal mill for a given productivity and
granulometric composition.
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