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Abstract. The article deals with the issue of reducing energy consumption by improving the
design of the working bodies of the feed crusher.the equations of movement of grain particles,
the impact of force on it and movement in structures made differently at the bottom of the rotor
groove of the working chamber of the crusher are given. It is also implemented using one of
the numerical methods on the PC using Matlab computing systems.

1. Introduction

Analysis of the world and domestic experience of animal husbandry shows that only in conditions of a
high level of provision of farms with full-fledged feed and modern machines is it possible to realize
the genetic potential of animals and poultry. Without the use of resource-saving machine technologies,
highly efficient sets of machines and production lines, it is impossible to solve vital market problems
[1, 2].

One of the main operations of feed preparation for feeding is the grinding of grain materials to the
specified size. According to research, increasing the productivity of animals is provided both by the
balance of feed for the necessary elements of nutrition, and by the equalization of the granulometric
composition of the crushed grain.

The most responsible and time-consuming technological operation in agricultural production is the
milling of feed grain, which is carried out mainly by hammer crushers with high energy and metal
consumption, and the quality of the crushed product does not always meet the zootechnical
requirements. Therefore, the creation of a feed grain shredder that allows you to get a finished product
zootechnical of the required quality while reducing the specific energy and metal content is an urgent
task [3-10].

Currently, a promising direction is the use of shredders in feed preparation lines that implement
energy-efficient methods of grain destruction by cutting and chipping in impact-centrifugal and rotary
crushers in their design and technological schemes.
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Grinding is the process of mechanical separation of a solid body into parts. In this case, the external
forces acting on the body exceed the forces of molecular cohesion.

The theory of crushing or mass destruction of solids addresses two sets of basic questions. First, it
studies the basic patterns in the distribution of particles by size in order to find simple methods for
determining their average values and the degree of grinding. Second, it examines the functional
relationship between the energy consumption of the grinding process and the degree of grinding,
which allows you to evaluate the efficiency of the working process of the shredder according to the
adopted technology, design and operating modes.

Research on the energy of grain grinding for food and feed purposes is mainly aimed at obtaining
guantitative characteristics of processes, the interaction of working bodies of machines with the
product in the form of forces, the equation of movement of grain particles, the impact of force on it
and movement in structures made differently at the bottom of the rotor groove of the working chamber
of the crusher [11-19].

2. Method
Pinching and destruction of particles occurs when moving the movable edge of the rotor groove
relative to the fixed edge of the stator (Figure 1).
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Figure 1. Rrotor groove locations: 1-stator; 2-rotor

Currently, reducing the relative energy intensity of crushers is one of the most pressing problems.
When studying the energy capacity of the working chamber of the crusher, it is necessary to determine
the forces acting on it when grain particles move along the rotor groove [20-24].

Consider the forces acting when the particle moves in the rotor groove at different values of the B
angle when moving in the horizontal plane =0, when the rotor groove is tilted down at the § angle,
and when the rotor groove is tilted up at the  angle (Figure 2).

When a particle moves along the rotor groove, the following forces act on it (Figure 2, a): centrifugal
force-—F, = mr?; Caryolis force (acts perpendicular to the plane in which the vectors lie r « « ).
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F.=2mw- ¥ -sin (Z) . F) since the rotation of the rotor is clockwise, the angle between the vectors is

¥ u c_oequal to (900_ ﬂ) -when the rotor groove is tilted down and (90°+ ﬂ) - when the rotor groove is

tilted up, so
F.=2mw-r-cosf

The friction force along the side face of the groove created by both the normal components of the

Coriolis and centrifugal forces F, = f(NK - Nu) where is the coefficient of friction of the particle
along the rotor groove; the friction force from the weight of the particle
F, = f(mg -COS B — NM)
Component of weight force

F,=mg-sin g

r F,

b)

Figure 2. Diagram of forces acting on a particle when it moves along the rotor groove: a) in the
horizontal plane; b) in a vertical plane passing through the axis of rotation.
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If the movement occurs in a vertical plane along a groove inclined at an angle B, i.e. at A =0, then the
equations of motion will have the form

mx, =F +F,—F —F,
Where is Fu' -cos # =mre® -cos B the projection of the centrifugal force on the axis x; (the bottom of the

groove);
F, =mg-sin S - projection of the weight force on the axis x;;

F, = fF. = f 2mw- 1 - cos g -the friction force on the side face of the rotor groove; resulting from the
action of the Coriolis force on the particle;

F, = f(mg .C0s 3 — N”)z f(mg -cos B —F, -sin ,B)z f(mg cos S —mrw? -sin ,B)- the friction force of the
particle on the bottom of the groove.

Considering that r=x,-cos 3, we get after the reduction of m and the corresponding substitutions
X, =X’ -cos” f+g-sin f—2fwx cos® f— f (g CoS B — X, - @’ -sin ﬂ-cosﬂ)

or

%, +2fwcos? - % + fw? -sin B-cos B-x —w®cos? f-x +g(f cosf—sin )=0 (1)

When moving in a horizontal plane, i.e. when =0 end x,;=r from equation (1) we get

i +2fol —o’r+gf =0 (2

A more complex equation is obtained if we take into account that the particle moves along a groove,
along an axis x; that is deviated from the radial direction in the horizontal plane by an angle A (Figure.
2, a):

mx=F, +F, —F —F,+F=F, +F, —f(N_—N)- f cosA(mgcos - N, )+ F,cos A =

=mra?® cos f3-€0s A+ 2maf - €os B -sin A — fmawcos B(2F cos A —rew-sin 1)— ®)

- fmcosﬂ(g oS B —ra®sin ﬂ)+ mgsin S-cosA
After the corresponding simplifications (3), we get

¥ +2wcos B(f -cos A —sin A)-f ——a*(cos f-cos A+ f(B+1))-r+gcosA(f cos f—sin )=0 (4)
Of A OMC and A OMA on the go:
sin A = rosin(oz _}/zp]; x=rSnta=2) (_a _ﬂ);
r 2 sin a
From here

X= L -sin {a —arcsin {r‘) sin (a - mﬂ} (5)
sin o r 2

As can be seen, the non-linearity and complexity of the obtained connection (5) creates certain difficulties when
replacing r end ¥ with values X and X in equation (4).Therefore it is much easier to consider the movement of
the particle in the radial direction taking into account the angle of inclination of the rotor groove up or down by
an angle B.

3. Results and Discussions
To simplify the resulting nonlinear relationship, consider the projection of the particle motion on the or axis and
determine the corresponding values of x(t) from equation (5) and get (Figure 2, b)
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mi'=F, + F, -cosA—F, cosA—F, cos A = mre? + mgsin - cos’ 1 —3fmar cos® B-cos A +
+ fmre® cos® B -sin A -cos A — fmgcos - cos* A + fmrew’ -sin B -cos® A
or
'r'+2fa)coszﬂ-cos/1~f—a>2(1+fcoszﬂ-sin A-cos A+ f cos? A-sin ,B)~r+ (6)
+gcos® A(f cos p—sin B)=0

A = arcsin [? sin [0{ - 7;”]} 0]

Equation (6) is a second-order nonlinear differential equation that cannot be implemented analytically.
When g =1 =0, i.e, the radial movement of the particle in the horizontal plane, we get equation (2).

If the movement occurs in the horizontal plane, but the line CK (Figure. 2, a) does not pass through the
center of rotation, equation (6) will take the form

Where

F+2fwcos A-f—w?(L+ fsin 1-cosA)r + fgcos’ 1 =0 (8)
In this case, the position of the line above the center of rotation O will ,_"» _ ¢ give a positive value
2

of the angle, and when the CK line is below the center O _ 7w - 0, the angle A will be negative. In
2

the first case, the movement is accelerated due to the component of the Coriolis force directed
F.-sin A at the movement, and in the second it is F,_-Sin A slowed down due to the anti-movement

and increase in the friction force F1 due to a change in direction NL; (ie. F = f(NK + NL;)). When a
particle moves radially with an angle of inclination to the horizontal plane, we get
I +2fw-cos® B-r'—w’(L+ f sin B-cos B)-r +tgcos® 4. 9)
When moving down, it has the sign (+) in parentheses, and when moving up, the sign (-).
If in equation (9)
A=2fwcos? §;B=w?*@1+ f -sin g-cosB),C = f -g-cos®p.

Then we get a nonlinear inhomogeneous differential equation of the second orde

i+A-r—-B-r+C=0 (10)
The solution of which can be represented as

r=r-+r,

where rl is the solution of the corresponding homogeneous equation

¥+ Ar—Br =0 (11)

Taking at the moment of entering the grain into the rotor groove (with some assumption)
i =r =0, receive r, — C

B
To solve (11), we will make the corresponding characteristic equation:
A2 +AA-B=0

We get various and real roots
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S L R Y
From here we get the solution in General form:

r=c,-e*' +c,e” +C/B (12)
Accordingly the speed of movement

r'=c,-A,-e*' +c, -4, -e* (13)
To determine the coefficients ¢, and ¢, you must set the initial conditions. Let's assume for the initial

moment of movement t, =0, r=r,, r,'=0. Substituting these data into equations (12) and (13), we get.

C
fp=C+C,+ o

(14)
0=c A +cC,4,
From system (14) we get
= _A[ro _9), ¢, — #( _9)
A=A B A=A B
Substituting the obtained values c; and ¢, in (12) and (13), we get the final form:
e e
A=A, B B
r—_1 (ro —Ej(ﬂbiejﬁt — 2, -e“‘)+9 (16)
A=A, B B
As can be seen from equation (16), the movement of a particle in the radial direction is possible only if
r, — ¢ =0
B

That is, the angular speed of the rotor must be

2
o f-g-_cos s
r,(L+ f -sin g-cos g)

Since equation (6) is nonlinear, it is very difficult to obtain the solution in analytical form and its
implementation is easier using one of the numerical methods on the PVM using Matlab computing
systems, etc. For the numerical implementation of equation (6), we present it in matrix form. To do
this, enter the coefficients of the equation in a more convenient form. Take.

A=2f.w-cos’ B, B=g(f-cosp—sin B), C=f-cos?p,
N=f-sing
Then get

'r‘+A-cosﬂ-r'—a)2(l+c-sin A-cosA+f-N -cosz/l)-r+B-coszﬂ:O
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Then we will represent the resulting equation in a simple system of two ordinary differential equations
for this we will take

X =r
X(2) = r'}

Then, from here we get a new system of equations

X(@) = X(2)
X(2) = @*(1+C-sin A-cos A+ N -cos? A)X (1) — A-cos 1- X (2) — B-cos® 4

Or in matrix form

X (@) _[o 1 X{xa)}_ 0 - (17)
X (2) w2(1+C-sin/l-cosﬂ+N~cosz/1) —A-cosA| | X(2)] |cos?a

To use the PC and the solution in the Matlab shell (17), it is convenient to present it in vector form:
function yprime = udpol (t, r);

yprime = [0 1; @*(1+C sin 2-cos A+ N-cos? 1)~ A-cos A]-[X())  X(2)]-B (18)
it is necessary to make

A = arcsin (F (X (1))’1) where F=r,-sin [a_gpj

4. Conclusions

Studies of the process of free movement of particles in the rotor slots at various operating and
geometric parameters of the working chamber carried out. For this purpose, special files have been
developed and used the MATLAB system on the PC. A decrease in the velocity of particles moving
along inclined grooves, i.e. a decrease in the throughput capacity of the working chamber, was
obtained.
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