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The introduction of energy-efficient machines and technologies in the system
of feed preparation and animal feeding is an important prerequisite for the
development of agriculture. One of the advanced types of grinding technology
are vibrating mills, which provide high specific productivity at relatively low
energy consumption, adjustable tone of grinding products.

Vibration impact on the product significantly increases the shock-
absorbing effect with the possibility of wide and separate variation of shock
and abrasion factors. Significant speed of mechanical and heat and mass
transfer processes, a high degree of homogeneity of the product, the ability to
effectively implement fine grinding and dispersion of the product at relatively
low energy consumption lead to the widespread use of vibratory grinding.

The constructive scheme of the mill is developed, in which the flat
vertical vibrating field provides lifting of a part of loading and by means
of the transport-reloading device carries out its continuously regulated
movement from one grinding chamber to another, thereby circulating-
spatial movement of the environment in which grinding shock interaction
of grinding bodies and material that is crushed.

One of the most important rules for the construction of vibrating mills
is the need to maximize the degree of their automation in order to increase
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productivity, improve the quality of grinding and reduce the cost of the
technological process.

A constructive model of a controlled vibration mill with spatial-
circulating motion was also developed, which constantly changes to the
resonant mode of operation at the set technologically optimal parameters
(productivity) and minimum energy consumption for vibration when
changing the mass of the working body in the process of separation and
unloading of crushed material from the grinding chamber.

The aim of the study is to establish the dependence of the parameters
of the crushed mass along the grinding chambers and in places of overload
on the parameters of vibration of the vibration mill of continuous motion.

Development of a structural model of adaptive vibration mill with
spatial-circulating loading movement which when changing the mass of
the working body in the process of separation and unloading of crushed
material from the grinding chamber could constantly adapt to resonant mode
at given technologically optimal parameters (productivity) and minimum
energy consumption

Research methods. Theoretical and experimental research methods were
used in the work. Experiment planning and regression analysis methods
were used in conducting experiments and processing experimental data.
Verification of the adequacy of the obtained dependences with experimental
data was carried out by methods of mathematical statistics.

Scientific novelty: the theory and practice of vibration mechanics were
further developed, in particular, the conditions of vertical lifting of the
loading part in vibrating mills with a U-shaped chamber were determined
and the influence of the main factors on the lifting height was studied;
for the first time the scheme of the vibrating mill with spatial-circulating
loading movement is developed, in which the effect of lifting of loading is
used and by means of the transport-technological device reloading in the
interconnected chambers is carried out.

Practical significance. The conditions and parameters of the vibration
field that regulate the intensity and duration of grinding are determined.
The dependence of the productivity Q of a vibrating mill on the velocity of
transporting the loaded mass along the grinding chamber has been established.
The structure and two-circuit principle of control of work of adaptive vibration
mill with spatial-circulating movement of loading are offered.
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1. Introduction

Domestic and foreign practice has accumulated extensive experience
in the production and use of complete, balanced feed mixtures. These
compound feeds contain components of plant, animal and biological origin,
biologically active substances, drugs, flavoring additives — everything that
contributes to the growth and preservation of animal health [21; 22].

Experience indicates that it is necessary to introduce high-tech machines
for the production of animal feed [26]. It is more profitable to produce them
in the conditions of small feed mills or directly in the conditions of fattening
complexes, where the specifics of local raw materials are taken into account
and there are no significant costs for transporting finished products. In the
conditions of Ukraine, where there is a whole network of inter-district
feed mills, this experience, combined with domestic achievements, must
be effectively introduced into production without significant additional
costs. At creation of vibrating mills of continuous action with spatial
circulating movement of loading (grinding bodies and the crushed material)
two main problems are solved: maintenance of circulating movement of
loading; separation and unloading of crushed material from the grinding
chamber. The implementation of a continuous technological process makes
it possible to realize the dynamism and direction of product processing, to
ensure synchronicity and proportionality between the main and auxiliary
operations, thus determining the highest technical and economic parameters
of technological equipment.

Given the fact of particularly high specific energy of vibration mills and
constant changes in the load mass of the working body (grinding chamber)
as a result of circulating loading movement is constantly separating and
unloading crushed material from the grinding chamber there is a constant
change in natural resonant frequency vibration mill. As a result, the constant
resonant modes of operation of vibrating machines of this class are not
provided, which in turn does not provide the minimum energy consumption
for the vibrating drive and reduces the technical and economic parameters
of this technological equipment.

Considering the widespread use of vibration mills in the technology of
compound feed and premix preparation and taking into account their high
energy stress (energy spent on the destruction of one gram-molecule of a
crystalline compound), it is advisable to constantly adapt the frequency of
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the driving force to the frequency of natural oscillations. resonant mode of
operation of this electromechanical system.

2. Theoretical prerequisites for the development of vibration mills

One of the main parameters of the vibrating mill is the energy consumed
by the technological load. The energy supplied to the vibrating exciter of
the mill is spent on overcoming the friction losses in the bearing units of the
drive. hysteresis losses in the elastic bonds of vibration mill, as well as to
maintain the oscillating motion of the technological load [1].

The energy supplied to the technological loading is spent on the
inelastic deformation of the grinding bodies and the crushed material when
they collide, overcoming the resistance forces of the loading movement
and the formation of a new surface of the crushed material. In part, this
energy is converted into heat, which is then dissipated by convection and
radiation [6; 10].

The energy consumed in the technological loading of the mill is 80-90%
of the total energy supplied from the outside and is therefore decisive in
choosing the engine power of the vibrating mill.

The amount of energy supplied from the outside is proportional to the
kinetic energy of the grinding chamber with loading [2; 3], ie:

E=mA’e’, (1)

E — supplied energy; m, — mass of technological loading; A — amplitude
of oscillations of the grinding chamber; © — the frequency of oscillations.

With the increase in the amount of energy consumed, the work of
grinding increases [1]. However, the implementation of high technological
parameters of grinding is not always possible due to the limited dynamic
strength of the elements of the vibrating mill. Therefore, when creating
vibrating mills with large grinding chambers, it is recommended to accept
modes with acceleration levels less than 15. Based on experimental studies
[4; 6] we will consider acceptable for the rational technological process of
the amplitude of oscillations A = 0.5-4.2 mm at oscillation frequencies of
the grinding chamber ® = 60-120 rad / sec.

Assuming the proportionality of the forces of inelastic resistance to
the first degree of the velocity of movement of the grinding chamber, the
amount of power consumed by the load is defined as [14]:
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N, = aler, @)
a — the coefficient of proportionality:
a
o=— |mo
( A) : 3)

a
The value of the coefficient 4 characterizing the inelastic supports of
the technological load is determined by experimental studies. In Figure 1

are presents the value for the technological load, consisting of steel balls
and crushed material, and the ratio of their volumes.

Knowing the dependences of a, N, and the amplitude of oscillations, it
is convenient to determine the power consumed during the technological
process, according to the nomogram (Figure 2). Usually the value of the
mass of the technological load is known. According to the technological
amplitude and frequency of oscillations in the first quadrant, the values of
kinematic energy and levels of accelerations are determined.

According to the selected mass of technological loading and the
frequency of oscillations at a given ratio of volumes between the material
to be crushed and the grinding bodies, the values of inelastic resistances of
technological loading are determined in the third quadrant. The intersection
of two perpendiculars, which characterize the found values of the square
of the velocity of the grinding chamber and the coefficient of inelastic
resistance of the technological load give us the value of the required power
spent on grinding the processed product.

Next, for the adopted design scheme and on the basis of data, you need
to calculate the vibrators, as well as check to ensure their synchrony with
the required phasing of the rotation. If necessary, make a constructive
improvement of grinding chambers in order to establish the necessary and
sufficient conditions for the stability of synchronous rotation of vibrators.

3. The results of experimental studies
of the parameters of the vibrating mill
3.1 Materials and methods
The experiments were performed on a vibrating mill MVE-5 in the version
with a vertical chute. To do this, the reloading chute 6 was removed (Figure
3 and Figure 4), the end of the left grinding chamber was closed with a lid, and
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Figure 2. Nomogram for determining
the power consumed for grinding

Source: [2; 4]
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Figure 3. Constructive scheme of the experimental vibrating mill
of continuous action MVE-5: 1 — frame; 2 — electric motor;
3 — V-belt transmission; 4 — riser; 5 — elastic cardan shaft;
6 — reloading chute; 7 — elastic supports; 8 — vibrating exciter;
9 — grinding chambers; 10 — transitional gutter;
11 — loading branch pipe; 12 — unloading tray; 13, 14 — control panels

a vertical chute was installed at the end of the right grinding chamber. It is made
folded with a hinged connection between the elements of the gutter, connected
by an elastic sleeve. The upper part of the gutter with an elastic element was
attached to the arch fixed on the table. A mill was installed on the same table.
This arrangement of the mill with the gutter allowed to minimize its
impact on the oscillations of the grinding chamber. When lifting the load on
the gutter, in the grinding chamber, from which the load came into the chute,
all the time received a load on the transition chute 10 from another grinding
chamber. Thus, in the grinding chamber on which the gutter was installed,
the loading level remained stable, which provided sufficient accuracy of the
experiment. Changing the velocity of the vibrator was carried out using a
V-belt transmission that connects the motors to the drive station of the vibrator.
Measurement of the lifting height of the load was carried out when the drive
motor was stopped after reaching its maximum height. To determine the errors
of the experiments, a series of seven measurements of the value of hi, for all
materials and the average values of the amplitude A =2 mm angular frequency.
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Dueto the fact that the vertical
chute, due to its transformation,
is a loading chute loading from
one grinding chamber to another,
the lifting height of the load
in it should directly affect the
velocity of transporting the load
along the grinding chambers.
Consequently, the study of the
influence of changes in the
parameters of the oscillations
of the grinding chamber on the
height of the load rise on the
vertical chute are decisive.

The experiments were per-
formed on a vibrating mill
MVE-5 (Figure 3 and Figure 4).
Changing the oscillation param-
eters of the grinding chamber
was carried out as in the case of
the mill with a vertical chute.

The velocity of transporting
the download was determined
as follows.

Grinding chambers, as well
as reloading and transitional
chutes were filled with the
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Figure 4. Scheme of regulation of

14—

supply of loading of a mill of MVE-5:

sunroof; 15 — vertical gate;
16 — reloading window

investigated material by 76% of their total volume, based on the fact that
when redistributing the load in the grinding chambers during the operation
of the mill in each of them formed normally rotating loading flows rise
on a vertical gutter at the minimum parameters of fluctuations of the
grinding chamber. The velocity of transporting the load was determined:

Vo=V = %, where O, is the average productivity of the vibrating mill,

kg/s, S — cross-sectional area of the load in the grinding chamber, m?;, p —

loading density, kg/m?.
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3.2 Regression analysis of research results
For the response function h (height of the rise of the medium), the
regression equation according to the conducted multivariate experiment for
the coded values has the form:

h=340,06+8,93x, +6,77x, —42,5x, —33,1x,x, —15,6x,x; — 4
—15,3x,x, —53,5x7 —15,4x; +5,06x; @

Wherein S, =55,2;52 =159, F =2,878 <[ F | =2,881, therefore, the
regression model (4) is adequate. Correlation coefficient R* = 0,9906.

All coefficients of the regression equation (4) turned out to be significant.

For real values of the factors, the regression equation for the response
function h has the form:

h=-50617,3+199,50+185,64+4,25p - 0,9350A4 —
-2,13-10% wp —0,02084p —0,015100” — 43,6 4> +3,32-10°p’ )
For the transport velocity response function ¥, when the vibration
exciter is placed in the center of the oscillating masses (the central location
of the vibration exciter), the regression equation according to the conducted
multifactorial experiment for the coded values has the form:
Ve =8,57+2,81x, +1,22x, + 0,646x, +0,558x,x, +
+0,03x,x, +0,128x,x, —1,22x7 —1,1x; —0,151x]
discarding minor effects of interactions, the regression equation (6) in
coded values is as follows:
Voo =8,57+2,81x, +1,22x, +0,646x, +0,558x,x, —
-1,22x7 —1,1x; —0,151x] )
Wherein S-,, =0,049;S> =0,114; F =2,306 < [F] =2,770, therefore,
the regression model (7) is adequate. Correlation coefficient R* =0,9954 .
For real values of the factors, the regression equation for the response
function VTP1 has the form:
Vipy =718,8-3,070+14,54—-0,0349p + 0,0157 w4 —
-3,44-10*w* -3,114° -9,9-10°p’ ®
For the response function of a vibratory mill O, with a central location

of the vibration exciter, the regression equation according to the conducted
multivariate experiment for coded values has the form:

310
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0, =1,02+0,313x, +0,142x, + 0,466x; + 0,0653x,x, +
0,191x,x, +0,0868x,x, — 0,15 1x,2 - 0,155x22 - 0,0132x32
Wherein S’

o =3,77-10%,82 =5,8-10"* F =1,537 <[F]=2,881 , s0
the regression model (9) is adequate. Correlation coefficient R* =0,9995.
All coefficients of the regression equation (9) turned out to be significant.

For real values of the factors, the regression equation for the response
function O, has the form:

0, =134,15-0,3580+1,994-0,024p +1.84-10 w4 + 2,61-
10 0p—1,18-10" Ap—4,28-107 o® —0,438.4 —8,69-10° p>1¥)

For the transport velocity response function ¥V, when the vibration exciter
is placed under the grinding chambers, the regression equation according to
the conducted multivariate experiment for the coded values has the form:

Vip, =3,5+1,36x, +0,71x, — 0,498x, +0,162x,x, —0,064x,x, —
—0,0385x,x, —0,091x7 —0,122x; —0,0903x; (

After discarding minor effects of interactions, the regression equation

(11) in coded values is as follows:
Vipy =3,5+1,36x, +0,71x, —0,498x, +0,162x,x, —0,091x; —
~0,122x> —0,0903x (12

Wherein S, =0,0121;82, =0,0333; F = 2,766 <[ F|=2,770, so the
regression model (12) is adequate. Correlation coefficient R? =(,9995 .

For real values of the factors, the regression equation for the response
function V7zp, has the form:

Vi, =158,4-0,9110+2,574+0,0107p + 4,57 10" 04 —
—-2,57-10°w" —0,3444% —5,93-10%p’

For the response function of the vibratory mill O, when the vibration exciter
is placed under the grinding chambers, the regression equation according to the
conducted multivariate experiment for the coded values has the form:

0, =0,415+0,155x, +0,0734x, +0,118x, +0,0164x,x, +
0,0636x,x, +0,0271x,x, —0,0113x7 —0,0196x: —0,0436x;

Wherein S>, =2,68-107;S2 =5,42-104;F=2,O25<[F]=2,881,

8iom ao

therefore, the regression model (3.11) is adequate. Correlation coefficient
R*=0,9995.

)

11)

(13)
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All coefficients of the regression equation (14) also turned out to be
significant.

For real values of the factors, the regression equation for the response
function O, has the form:

0, =37,59-0,09170+0,3444~7,39-10°p +4,63-10 04 +
+8,67-107wp+3,7-10°4p—-3,19-10°w* —0,05534> —  (15)
-2,87-107"%-p’

3.3 Parametric optimization of vibration mill performance

The obtained regression equations (10), (15) allow to perform parametric
optimization of the productivity @, O, of the vibrating mill with its
maximum values.

Experiments have shown that the dependences of the values of strength
O, and O, depend on the following parameters: vibration frequency ,
vibration amplitude A, bulk density r and are quadratic, and there are effects
of factor interactions.

With the help of the MathCAD application package, the values of the
performance values O, and O, were optimized by maximizing them. The
result is the following optimal values of the parameters of the frequency and
amplitude of vibration for different bulk density materials, which are given
in Table 1 and Table 2 when placing the vibrator in the center between and
under the grinding chambers, respectively.

Table 1
Optimal values of vibration parameters when placing
the vibrator in the center of the oscillating masses

. bl () nrd AOI‘IT’ h’ V b max?®

Bulk material kg[;m3 1s mm mm m::/s ?{lg/s

Cherry stones &=8,2 mm 550 | 150,7 | 1,988 | 423,8 | 7,790 | 0,197
Polystyrene granules @=3,5mm | 610 1548 | 2,001 | 423,0 | 7,923 | 0,222
Pea &=6,5 mm 800 | 181,5 | 2,041 | 418,5 | 8,329 | 0,302
Ceramic balls @=6,3 mm 1440 | 189,9 | 2,174 | 384,5 | 9,516 | 0,598
Steel bullets &=6,3 mm 4695 | 202,1 | 2,854 | 241,5 | 11,194 | 2,731

To compare the two arrangements of the vibrator with the central
location and the lower location on the criterion of productivity, a graph of



Chapter «Agricultural sciences»

the maximum productivity on the density of bulk material with a band of
errors at confidence confidence g=0.9 (Figure 5).

Table 2
Optimal values of vibration parameters when placing
the vibrator under the grinding chambers

Bulk material kg[;;lﬁ O;O/"sl, 1:1";‘1'1’ h, mm X:I‘;}’s %gm/"s’"
Cherry stones @=8,2 mm 550 | 217,7 | 2,048 | 432,8 | 4,434 | 0,100
Polystyrene granules @=3,5mm| 610 | 218,6 | 2,050 | 4299 | 4,446 | 0,114
Pea J=6,5 mm 800 | 221,2 | 2,058 | 420,5 | 4,480 | 0,156
Ceramic balls &=6,3 mm 1440 | 230,1 | 2,083 | 386,6 | 4,563 | 0,285
Steel bullets &=6,3 mm 4695 | 2752 | 2,210 | 165,0 | 4,195 | 0,666

As a result of the analysis of the graph shown in Figure 5 shows that
the central location of the vibrator (in the center of the vibrational masses)
is 2-3 times more efficient than in the case of its location below, under the
grinding chambers.

0
E} 2
g7
ar
00 1000 10000
p, kg/m?

Figure 5. Dependence of maximum productivity 0, on the density
of bulk material p for different schemes of vibrating excitation:
1 — with a central location; 2 — with the lower location
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When the vibrator is located under the grinding chambers, ie not in the
center of the oscillating masses, the trajectories of the points of the body are
generally ellipses (in particular — straight or arcs). The center of gravity of

the system oscillates in a circular trajectory with radius » = — where —is

the static moment of unbalance of the vibrator, M — is the mass of the system,
while the system itself oscillates around the oscilzlation center, located

. . J
from the center of gravity at a distance S = o = % where J = Mp® the

moment of inertia relative to the axis O,Z , perpendicular to the plane of the
drawing — is the corresponding radius of inertia, h — is the distance O,D .
This can be explained by the fact that when the vibrator is located in the
center of mass of the oscillating system, it makes plane-parallel oscillations
along a circular trajectory, ie at any point of the oscillating body trajectory
of its movement is the same and have the shape of a circle. The point K

M 113).

Such complex oscillations of the working body of the vibrating mill, and
with it the transition chute 10, determine the complexity of the movement
of loading from one grinding chamber to another and, as a consequence, the
movement of loading along grinding chambers. The diagram of the plane
field of oscillations presented in Figure 6 it shows.

oscillates rectilinearly along the line DO, K with amplitude » =

_r
S=% »v
TIA
(“J (‘\} F_) qQ &
0 X, u
fz s ’
J -y ]
2 4 [l
D 5 5 5 [&!
o/

Figure 6. Diagram of a plane field of oscillations
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Figure 7. Graph of the dependence of the transport velocity V',
on the frequency o at the optimal value of the amplitude A

for different bulk materials: 1 — cherry stones; 2 — polystyrene
granules; 3 — peas; 4 — ceramic balls, 5 — steel balls
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Figure 8. Graph of the dependence of the transport velocity V,,
on the amplitude A at the optimal frequency o value
for different bulk materials: 1 — cherry stones; 2 — polystyrene
granules; 3 — peas; 4 — ceramic balls, 5 — steel balls
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In Figure 7 shows a graph of the dependence of the transport velocity on
the frequency at the optimal value of the amplitude.

In Figure 8 shows a graph ofthe dependence of the transport velocity on the
amplitude at the optimal frequency for different bulk materials.

4. Model of adaptive vibrating mill with spatial circulation movement

Due to the complexity of dynamic processes occurring both in the
process load and in its interaction with the vibrating body, in many works it
was proposed [1; 13; 14; 15] to take into account the influence of the mass of
filler in the form of equivalent mass attached to the container. Studies have
shown that taking into account the inertial properties of the technological
load can be done with a nonlinear element a-©’/g that uniquely determines
the phase angles of separation ¢, and meeting @, of the material with the
working body, thereby specifying the type of relay contact characteristics of
the material with vibration mill housing.

It is shown that the use of feedback in oscillating mechanical systems of
resonant type allows to synchronize the influence of external cyclic forcing
force and the natural oscillations of the mechanical oscillating system. As
a result, when the time of the reduced mass of vibrating machines changes,
the frequency of the forcing cyclic force changes, thus providing a constant
resonant mode of operation of the vibrating technological machine (VTM).

The authors propose a fundamentally new method of controlling the
operation of adaptive vibrating technological machines that allows to
optimize the process of tuning to a constant resonant mode and ensure
optimal operating modes with minimal energy consumption for the
vibratory drive [2; 28]. The reduction of energy consumption of the given
control method is due to the fact that such control allows faster correction of
non-resonant mode of operation, and as a result the machine will work less
time in economically unfavorable non-resonant modes.

In addition, this method minimizes the sharp increase in the amplitude
of oscillations in transients, which are usually observed when changing
the load mass or changing operating modes and process parameters.
When considering the operation of vibrating mill as an element in
technological lines and complexes to maintain technologically determined
optimal parameters, it is advisable to pay attention to stabilizing its main
characteristics such as productivity and intensity of vibration destruction
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(product particles are destroyed by shock load and friction forces bodies).
To stabilize the productivity of vibration mills, it is advisable to use the
technology developed by the authors in the work, which allows for minimal
energy consumption of the vibratory drive to provide optimal from a
technological point of view parameters of the vibration field.

In world practice, vibration technologies are widely used vibration
machines of continuous action. The working chamber of such machines
can have both circular and spiral shape. Significant velocity of mechanical
and heat and mass transfer processes, a high degree of homogeneity of the
product, the ability to effectively implement fine grinding and dispersion of
the product at relatively low energy consumption lead to the widespread use
of vibratory grinding.

Vibrating mills combine a fairly high intensity of technological action
with a relatively simple design. The specific productivity of these machines
is almost 5 times higher than similar parameters for centrifugal mills. As a
basis, to develop a structural model of vibration mill with spatial-circulating
loading movement which when changing the mass of the working body
(in the process of separation and unloading of crushed material from the
grinding chamber) constantly adapts to resonant mode at predetermined
technologically optimal parameters (productivity) and minimum energy
consumption for the vibratory drive, it is advisable to use a vibrating mill
VM-400 (Figure 9) which is protected by a patent of Ukraine [1; 31].

Vibration mill consists of a grinding chamber 1 which is mounted on
elastic supports 2. The working body is closed by means of reloading-
chewing 6 and transitional chutes 4 grinding chambers 7, loading sleeve
8, which are filled with loading. Under the action of the vibration field, the
load 5 in the left grinding chamber 4 rises along the vertical chute 1 and
flows through the transport tray 2 into the right grinding chamber. The
crushed material is sifted through the unloading grid 3 to the exit of the mill,
and the working bodies are taken to the front of the right grinding chamber
in the loading area of the crushed material.

In the front part of the right grinding chamber due to the continuous
transition through the chute 1 and the transport tray 2 an increased load level
is formed, crushed material also enters here, and in the rear part, due to the
transition of the loading part to the left grinding chamber — reduced level.
In the left grinding chamber due to the selection of the load in the front part
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Figure 9. Vibrating mill MV-400:
a) general view of industrial model; b) kinematic scheme

of its reduced level is formed, and in the rear, due to the influx of load from
the right grinding chamber — increased. Thus in the interconnected grinding
chambers the spatial-circulating movement of loading on the closed helical
trajectory is formed.

Remotely controlled unbalanced vibratory drive 9 mounted on the grinding
chamber 1 and is a source of cyclic forcing force is driven by an electric motor
13. The electric motor 13 is connected to the frequency synthesis unit of the
perturbing cyclic forcing force 19, and this unit is connected to the comparator
16 and input phase shift detector 15. The second input of the phase shift
detector 15 is connected to the vibration sensor 14 located on the grinding
chamber 1. The vibration sensor is also connected to the optimal parameter



Chapter «Agricultural sciences»

synthesis unit 17 and the comparator 18. The optimal parameter synthesis
unit 17 is connected with two comparators 18 and 16. The comparator 18 is
connected to the unit of synthesis of the amplitude of the perturbing force
20 which in turn is connected to the unit of influence on the eccentricity of the
imbalances of the controlled unbalanced vibrating drive 9.

In Figure 10 shows the proposed model of adaptive vibration mill with
spatial-circulating loading motion.

The principle of operation of the proposed adaptive vibratory mill is as
follows. As a result of the operation of the controlled unbalanced vibration
exciter 9, the grinding chamber 1 of the adaptive vibration mill performs
elliptical oscillations, as a result of which, in accordance with the emerging
effect of vibration transportation of the granular medium. The movement of
this medium occurs in a closed cycle (position 4 in figure 10).

The number of cyclic passes of a certain arbitrary continuous (integral)
element of the bulk medium and elements formed during its grinding is
determined by the size of the unloading lattice 11, ie as soon as the size
of the crushed elements becomes smaller than the holes of the unloading
lattice through the sleeve 12 in the form of finished products. The weight
of the finished product leaving the adaptive vibration mill AM, = f(¢)
through the sleeve 12 is a complex variable over time, which takes into
account many factors due to which the destruction of products in a closed
operating cycle of adaptive vibration mill.

The destruction of an integral non-uniform volume of material, especially
natural minerals, will depend on the structure of the substances of which it
consists and their percentage, and different parts of a heterogeneous volume
of material are characterized by an unequal content of such substances,
both in percentage and structural terms. Therefore, the time spent on the
destruction of various components of premixes will be different and it is
quite difficult to predict the behavior of the function over time. As a result
of constant removal of finished products from the adaptive vibration mill
through the sleeve 12 leads to a constant change in time of the natural
resonant frequency of the adaptive vibration mill.

To replenish the mass of bulk material in the grinding chamber 1 of the
adaptive vibrating mill and perform its direct technological purpose through
the loading sleeve 8, a time-constant loading of the material is crushed
AM_ = f(t), which occurs in the adaptive vibrating mill.
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The function AM, = f(t) is also the AM, = f(¢) cause of instability and
change in time of the natural resonant frequency of the adaptive vibration
mill, ie it is a disturbing factor if the adaptive vibration mill is considered as
an object of control. As a result of the operation of the controlled unbalanced
vibrating exciter 9 and the elliptical movements of the grinding chamber
1 there is a constant unloading through 12 finished and loading through
8 not yet crushed products.

In order to reduce energy consumption for unbalanced vibratory drive
and increase the productivity of the vibration mill on the grinding chamber
1 vibration sensor 14 is placed. The information from this vibration
sensor 14 contains information about the actual instantaneous value of
the horizontal |a,| Y -sin((opt * (p) and the actual instantaneous value of
the vertical |c7ta,|v -sin{®,7+¢) component of the forced oscillations of the
grinding chamber 1 of the adaptive vibration mill. This information from
the sensor 14 is fed to one of the inputs of the phase shift detector 15 and
the input of the unit 17 synthesis of technologically optimal parameters of
the vibration field of the grinding chamber 1 adaptive vibration mill and
the input of the comparator 18.The second input of the phase shift detector
15 receives information from block 19 of the perturbing cyclic forcing
force of the unbalanced vibrating |Fp| -sin ((u) , £ Am) . t) drive about the
frequency of the cyclic forcing force with which the electric motor 13 drives
the unbalanced vibrating drive 9 and the grinding chamber accordingly.

Given the fact that in the resonance zone of the vibrating machine
there is a very sharp change in phase angle, and at resonance there is a lag
of forced oscillations of the grinding chamber 1 from the cyclic forcing
force of the vibrating drive 9 for a quarter period (€ =7/2) and the forcing
force of the vibratory drive 9 and calculating it in real time by its value
can be clearly and unambiguously determined in which direction from the
resonant mode and how far the oscillating system of adaptive vibration mill
due to changes in mass (AM_ +AM ) of the grinding chamber 1. That is,
phase shift detector 15 generates a function of the time variable relative
to the resonance point (& =17/2) of the vibration mill &(r)=[n/2]£A(¢),
where A(7)=¢,(¢)—¢,(¢), where Ag,(¢) and Ag, () oscillating system,
where is the angle between the natural oscillations of the grinding chamber
1 and the cyclic forcing force of the vibrating drive 9 in ¢ and ¢, time and
respectively.
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This information &()in the process of adaptive vibration mill is
continuously transmitted to the comparator 16 where it is compared with
the information coming from the unit 17 for the synthesis of technologically
optimal parameters of the vibration field of the adaptive vibration mill.
Technologically optimal from the point of view of energy saving is the
mode of operation of the vibration mill at which & =7/2 (resonant mode
of operation®, =®, where ®, — the natural resonant frequency of the
vibrating machine). Therefore, in the comparator 16 there is a constant in
time comparison &(¢)=7/2 and, accordingly, the difference (7/2)—¢(z)
in the block 19 of the synthesis of the frequency of the perturbing cyclic
forcing force is formed by the change in the frequency of the perturbing
cyclic forcing force by the value *A .

The magnitude of the correction £A  for the frequency of the perturbing
cyclic forcing force |Fp|~sin(((o ) iA(:?-t) is always aimed at ensuring
constant equality over time &, (f)—¢,(f)=7/2. As a result of constant
correction of the frequency of the perturbing cyclic forcing force (®, £A,),
a constant resonant mode of vibration mill operation is provided by adapting
the forcing cyclic force frequency to the time variable (due to the change
of grinding chamber mass AM_ +AM, 1). This principle of controlling the
operation ®, of the vibration mill and this design of the vibration mill,
provide minimal energy consumption for the vibratory drive due to the
constant resonant mode of operation.

In order to ensure the stability over time of the optimal predetermined
technological parameters of the vibration field of the adaptive vibration mill
with minimal energy costs for the vibratory drive, the second control circuit
(stabilization) is used. When the natural resonant frequency ®, £ A of the
adaptive vibration mill changes, the energy parameters of the vibration field
also change, which in turn leads to a change in the intensity of vibration
processing (destruction).

During the operation of the adaptive vibration mill and during constant
in the time of its adjustment to the resonant mode by use operation unit 17,
synthesis of technologically optimal parameters of the vibration field of the
adaptive vibration mill was monitors use the sensor 14 (two parameters of
the grinding chamber 1 are determine). These parameters are ®, and a,
the actual (currently) frequency and amplitude oscillations of the grinding
chamber 1 of the adaptive vibration mill.
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If the criterion for estimating the vibration field of the adaptive vibration
mill is taken as the specific work A4, = o), xa; of the forcing force of the
unbalanced vibrating drive 9, the unit 17 will calculate ®, = A the required
amplitude of oscillations at a given time frequency so that the product
does not change over time ®; xa; . That is, at the output of block 17, we
constantly obtain the value of the required level of amplitude of oscillations
of the grinding chamber 1 at a given (actual) frequency of its oscillations.

Given the fact that the oscillations of the adaptive vibration mill are
forced, the frequency of oscillations ®, of the unbalanced vibrating drive 9
is identical in value with the actual oscillation frequency ®, of the grinding
chamber 1, and the fact that the first control circuit constantly adapts
the frequency unbalanced vibrating drive 9 to the frequency of natural
resonant vibrations ®, of the vibrating mill then ®, =®, - ®,. Based
on this, the calculation of the required amplitude of oscillations at a given
resonant frequency will be carried out from the following relationship:
a,= [0)5 xa’ ] / o, , where @ and a’ optimal parameters of the vibration
field of the adaptive vibration mill are set from a technological point of view.

In the comparator 18 the required value of the amplitude of oscillations
a, of the grinding chamber 1 is compared with the actual value of the
amplitude of oscillations a, of the grinding chamber 1 and based on the
comparison in the unit 20 synthesis of the amplitude of or the center of
the rotational forces arising from their rotation relative to the axis of the
unbalance shaft will be the same modulus and will be determined by the
expression ‘Fl‘ ‘F ‘ m-e-®, wherem and e the mass and eccentricity
of the unbalance of the Vlbratmg drive 9.

The total cyclic forcing force of the unbalanced vibrating drive 9:

=[F[+[E]. e
or

F,=2[F} + F}+2 F - F, -cos(B£ A, ) sin((0, £4,) 7). (17)

Thus, on the basis of the unit 21 changes the angle between the
imbalances of the vibratory drive in order to obtain the desired value of the
amplitude of oscillations of the grinding chamber 1 to stabilize in time the
specific work of the vibrating field of the grinding chamber 1, ie ensuring
the equality of this ratio: @, xa’ =’ xa’ = const .
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In the process of operation of the proposed adaptive vibration mill
with spatial-circulating motion of the bulk medium loading, two control
(adjustment) circuits work independently. The contour of adjustment to the
resonant mode of operation, the composition of which can be conditionally
included in the following positions 1, 14, 15, 16, 17, 19, 13, 9. The contour
of adjustment to the technologically optimal parameters of the vibration
field of the grinding chamber the following positions 1, 14, 17, 18, 20,
21, 9 can be credited in successive order. resonant frequency of adaptive
vibration mill.

In the expression (17), which describing the cyclic forcing force of
the unbalanced vibrating actuator 9 of the adaptive vibration mill, the first
control circuit changes the frequency of the cyclic forcing force of the
vibrating actuator 9 (®, £ A,) and the second control circuit changes the
amplitude of the cyclic forcing force of the vibrating actuator 9 (B+A,).

5. Conclusions

1. The results of experiments proved that the most promising are
vibrating mills with a closed shape of grinding chambers. The highest
lifting height was observed when installing a gutter near the outer side wall
of one of the grinding chambers in the area of impact of the load. Position of
the lower end of the gutter, located from the bottom of the grinding chamber
at a distance of the radius of its curvature, is optimal. The greatest height of
lifting of loading in a trench was provided at its length /=7 .

2. Regression equations were obtained by the method of multivariate
experiment planning, which allow to adequately describe the
dependences of the values of vibration mill productivity ¢, and ¢, on the
main influence parameters: vibration frequency w, vibration amplitude
a, bulk density p.

3. Parametric optimization of vibration mill productivity values at the
central location of the vibration exciter ¢, was carried out, which allowed
to obtain optimal values of vibration parameters: @ = 150... 200 1/s,
a=1.9... 2.8 mm for materials with bulk density p = 600 ... 4700 kg/m?,
and the maximum values of the optimization criterion: ¢, =0.2... 2.7 kg/s.
Parametric optimization of the values of vibration mill productivity values
when placing the vibrator under the grinding chambers ¢,, which allowed
to obtain optimal values of vibration parameters: @ = 210... 270 1/s,
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and =2.0... 2.2 mm for materials with bulk density p = 600... 4700 kg/m?,
and the maximum values of the optimization criterion: ¢,=0.1... 0.67 kg/s.

4. Dependence of the transport velocity on the frequency at the optimal
value of the amplitude and of the transport velocity on the amplitude at
the optimal frequency for different bulk materials are identified. Also, as a
result of comparison of two schemes of vibrating exciter placement in the
center of vibrating masses (with central location) and with vibrating exciter
placement under grinding chambers according to the performance criterion
it is established that the scheme with central vibrating exciter placement
(in the center of oscillating masses) is 2-4 times more productive.

5. The proposed structure and two-circuit principle of control of adaptive
vibration mill with spatial-circulating loading movement, provide minimal
energy consumption for the vibratory drive due to constant resonant mode
of operation at predetermined technologically optimal parameters of the
vibration field of the vibration mill grinding chamber.

In the process of operation of the proposed adaptive vibration mill with
spatial-circulating motion of bulk medium loading, two control circuits
(adjustment) work independently: the first control circuit is the main and
has the highest priority for correction of resonant mode of vibration mill
operation, forcing force already at the resonant frequency of the adaptive
vibration mill.
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