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Abstract. The main operation in the preparation of balanced feed is high-quality mixing of the components. To
date, there are a lot of investigations on the interaction of material particles with the working tools of mixers, yet
none of them reflects fully enough the processes that take place in the mixing chamber; therefore, their
theoretical studies are topical. The aim of this work is to investigate the impact of the technological and
structural parameters upon the energy indicators of the mixer. In carrying out theoretical calculations, methods of
analytical mechanics were used. Analysis of the impact of the rotation frequency of the mixer shaft and the
material density upon the power consumed for the drive can witness that the rotation frequency of the mixer
working tools should not exceed 2.62 rad-s’l, and, before mixing, the components of the mixture should not be
heavily disintegrated. Changing the rotation frequency of the mixer shaft and the pitch of the auger turn
depending on the value of the consumed power allows to say that the rotation frequency of the mixer working
tools in order to reduce energy consumption should not exceed 2.09 rad-s”, and the pitch of the medium auger
should be within the range of 0.4 up to 0.6 m. Investigations of the dependence of power consumption upon the
height of the auger belt and its pitch allow a conclusion that, in order to achieve minimum power consumption to
drive the mixer working tools, the height of the auger belt should be from 30 to 50 mm, and the pitch of the
medium auger belt should be 0.4-0.6 m.
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Introduction

When keeping farm animals in stationary conditions, the feed base is the most important factor
determining the efficiency of animal husbandry. Moreover, not only quantitative indicators are
important, but also the fractional composition [1-3].

To date, there are two main directions of preparation of combined animal feed: in large combined
feed mills, and directly on the farms.

The main advantage of the feed preparation directly on the farm is that all the peculiarities of the
fodder base are immediately taken into account in the region. In designing mixers, a major role is
devoted to theoretical studies of the interaction of the mixed components with the surface of the
working tools and the mixing chamber.

It is also necessary to consider the interaction of the components themselves with each other, the
amount of the material in the mixing chamber, the rotation frequency of the working tools, the particle
size, etc.

In order to increase the efficiency of livestock production, it is necessary to use feeds balanced by
their nutritional value. The main operation in the preparation of balanced feed is high-quality mixing
of the components .

At present, screw-type mixers are prevailing.The auger diameter, the height of the auger, the
rotation frequency are of the main design parameters of screw-type feed mixers. The influence of the
design parameters and operating modes of feed mixers on energy consumption has not yet been fully
studied.

A theoretical study of the impact of structural and technological parameters upon the power
consumption when mixing various feed components is a rather complicated task due to the many
factors that affect the process [4-6].

Therefore, when making calculations, a necessity arises to use a number of assumptions. To date,
there are a lot of investigations on the interaction of material particles with the working tools of mixers
[5], yet none of them reflects fully enough the processes that take place in the mixing chamber;
therefore, their theoretical studies are topical.

The aim of this work is to investigate the impact of the technological and structural parameters
upon the energy indicators of the mixer.
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Materials and methods

In carrying out theoretical calculations, methods of analytical mechanics were used. For
calculations we accept: the specific gravity of the grain mixture y = 0.75 t-m”; the diameter of the
external auger D; = 1 m; the diameter of the medium auger D, = 0.75 m; the diameter of the internal
auger Ds = 0.4 m; the frequency of rotation of the auger shaft n = 21.5 min™'. The pitch of the external
auger & = 0.3 m, the medium auger /4 = 0.4 m, the internal auger 4 = 0.24 m. The coefficient of friction
of the material when moving along steel is taken to be equal f= 0.4, the coefficient of internal friction
of the material when moving f; = 0.37. The amount of the reference component is 12 % [7-9].

Let us consider the rotation of a helical surface around its axis in a horizontal mixer of bulk
materials, using the theorem about the change of the kinetic moment [10-11]:

d
12 2M e+ 3 (N yyop + Frgop)- (D

dt
where [ — moment of inertia of the mixer shaft together with the helical surface and the material
transferred;
o — angular velocity of the shaft;
M — drive torque applied to the shaft;
Ny, — normal reaction of the material, acting upon the elementary area of the helical
surface in a projection of its movement, that is, onto the cylindrical axis 7 ;
Frg, — force of friction of the material applied to the elementary area of the helical surface
in a projection onto axis P ;
p — radius in the cylindrical coordinates of the elementary surface area, which is the arm
of the component forces along direction P (Fig. 1).

Fig.1a presents a diagram of the interaction of the helical surface with the material in the mixer,
showing the location of the coordinate axes, the direction of the forces, and the position of the
elementary site under consideration. Fig.1b depicts an elementary site with the acting forces and the
directions of the velocity vectors.

a) grad(f)

Fig. 1. Scheme for calculation: a — the axis of coordinates and the force; b — the elementary site

When considering the impacts of the material being mixed and the surface of the auger, we make
the following assumption. Suppose that the force of friction arises between the elementary volume of
the material and the elementary surface area of the auger, and the friction forces between the
elementary volumes of the material are small.

The torque required to rotate the mixer shaft at a constant angular velocity (dw/dt = 0), without
regard to friction in the bearings, taking into account expression (1), can be determined by the
formula:

M., =_Z(NM¢10+FTR¢10)‘ (2)

1339



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 20.-22.05.2020.

The normal reaction N 4 18 directed perpendicular to the helical surface (along the gradient). In
cylindrical coordinates, the equation of the helical surface is written as follows:

flppz)=2-ap=0. (3)

By cylindrical vectors (7 p ,/2 ) the gradient vector to the surface fip, ¢, z) has the following
components:

Y S @

d
grad (f) PR e

After the partial derivatives are determined, the vector form of the gradient to the surface f(p, ¢, z)
will be written:

grad(f)=—<p+k )
p
The gradient modulus will be determined from the expression
2
lgrad ()= (“j o ©
p
On the axis of the cylindrical coordinates force N 4, 18 decomposed into components:
N,,=0
Ny =A% (7)
p
NMZ = /1

where A — indefinite Lagrange multiplier.

According to Coulomb’s law, the friction force F”TR is proportional to the force of normal pressure

N,, with the coefficient k.
2
- = a
|FTR|:kTR|NM|:kTR’1 (/)j +1- ®)

The vector of the friction force F,, is directed in the direction of relative velocity.

The direction of the friction force F“TR is opposite to the direction of relative velocity of the
movement v_along a helical surface.

~ -V
Frg :kTR|NM |T ©
v, |
Having determined the projections of the forces entering into equation (2), we write:
Ny, p+ Fpp,p=—ta—kylp (10)

9

Factor Ais determined from the correlation

(aj +1
P

Let us consider the change in the momentum of a certain amount of material interacting with the
area dS during time ¢. For calculations we write the theorem in a projection onto the vector gradient to
the surface (Fig. 2). Fig. 2 shows a scheme of the interaction of the flow of the accelerated material 1,
which is in contact with the elementary area of the screw surface dS and the horizontal layer 2, in the
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form of an oblique cylinder with a base dS and height /2 the pitch of the screw (the balanced gravity
forces and the response reactions are not shown).

y
I~
o pKl (p N_
(O Y C T DLkl detuiniainiats ‘;' "" grad(f) @ P ds
ﬁ.g x \

.
X

l Max

y
X % -
N Z
Fig. 2. Scheme of the interaction of the material and the Fig. 3. Scheme of filling the mixer
helical surface: 1 — the flow of the accelerated material; and thickness of the material
2 — the horizontal layer; 3 — the auger layer Iup to the location of the
elementary area of the helical
surface dS

When compiling the equation, we take into account that, in addition to the helical surface of the
auger, forces from the neighbouring fragments are acting upon the fragment of the material studied.
We will group these forces in two components: N »— the force from the pressure of the overlying
layers of the material, and N - — the force of normal pressure obtained from the resistance to the

horizontal transfer of a part of the material enclosed between the turns of the auger and area dS:
0,—0,0=—[Nydt+[N,+ [N (12)
0 0 0

where (, — momentum of movement acquired by the material in a projection onto the direction
of the gradient;
0,0 — initial momentum of movement of the material in a projection onto the direction of
the gradient Q,o = 0 as the material was at rest.

Force ]\7P acts as the force of static pressure with the assumption of equality in all directions,

similar to Pascal’s law for liquids, yet on condition that there is no pressure from the rear side of the
helical surface:

N,=7-g(py—D—p-sinp)ds , (13)

where p;; — maximum radius of the external auger of the mixer,
D — vertical height of an unfilled mixer volume D = py (1 — singy);
y — bulk density of the material;
g — acceleration of gravity;
[ — height of the overlying layers above the elementary area (Fig. 3);
y — vertical Cartesian coordinate measured from the axis of the auger.

Fig. 3 depicts the filling degree of the mixer and the thickness of the material layer / to the
location of the elementary helical surface dS.

The total friction force arising from the transfer of the material along axis z is determined
according to the formula:

> Fe=[[g-y-coslgrad(£)) n-k.ds (14)
(s)
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We will accept the following assumption that the friction force considered is proportional to the
height of the material layer along axis y. We denote the depth of the layer by [

I=(p,—D-y). (15)

Then the average depth of the material layer [, is determined from the expression:

T

fk(f(pm —D—p-sing)a’ +p2dp}d¢

Po\ P

Ly = — Pk Px .
J.(lelaz +p2dp}d(p

cp T
Y0\ Po

(16)

Let us determine the relationship between the forces FC and N o based on the condition of

uniform movement of the material along axis z:

NC:gyhkL(pkl_D_pSIH(D) dS (17)

p

During the interaction of the material with the auger the material acquires the velocity v,
composed of the transfery, (having a projection onto the gradient) and relative components v, (having

no projection onto the gradient), then

;)

0, =—pv2t-ds P (18)
9
—| +1
p

After substitution of the corresponding values into the theorem about the change in the
momentum of movement (12), we write:

2
—y~v82-t-d5(p2—O=—NB-t+NP-t+NC~t (19)
a
— | +1
pj

From where, taking into account (13), we have the correlation for the force Ny;:

( jz
p =7y, dS—F—+y-g(p, —D—p sinp)dS+g-y-h-k, ('D“_Dl_p'smgo)'ds (20)

2
(a +1 v
p

(aJ +1

j{ -_— 9
¢ |grad(f)
A, = v g(pm —D - p-sing)dS : (22)
|grad(f)
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yhkr (pxl_Dl_p Slngo)ds

o= - ; (23)
\grad (£ ),
A=dy+ A, + A, . (24)

Using Ay from expression (21) in (11) and substituting the result into (2), we find the torque
obtained by acting upon the material at a preset angular velocity w:

o ( p
Mo = f /IV ’ K(L]%PT) *dp |dyp - (25)

0\ P0

In a similar way, on the basis of the second term in expression (20), we write:

Pkl Px .
y-8lpy—D—p-sing) 5
My —j J. a+kmp) 1 B a’+p’dp \dy (26)
2| Po aj
— | +1
p

We also determine the contribution to the torque of the third term in expression (20):

—D—p-sing)

ol 1 gyhkL(pkl

l
M e = J. I a"‘km/) > £ \/a2+p2dp do (27)
P Po [GJ
—| +1
p

Consequently, the torque is equal to the sum of the three components
My =Mypo + M yp + My - (28)

The power consumed by the engine is determined from the expression:
P=w-M,. (29)

Results and discussion

The obtained expressions made it possible to carry out theoretical studies of the dependence of the
value of power consumed by the engine for the drive of the working tools of the mixer upon structural
and technological factors. Based on the calculation results, two-dimensional sections have been
constructed. The direction of the lines in the presented figures and their form of the change are the
same for the internal, medium and external augers; therefore, the figures show two-dimensional
sections only for the medium augur of the mixer, but the results are described for all three augers.

Fig.4 presents the dependence of the power value upon the rotational speed of the mixer shaft and
the density of the material for an average screw: a) a two-dimensional cross section, constructed
according to the results of the calculation for the first component; b) a two-dimensional cross section,
constructed according to the calculation results for the second component; ¢) a two-dimensional cross
section, constructed according to the results of the calculation for the third component; d) a two-
dimensional cross section, representing a change in the total value of power in all three components.
Analysis of Fig. 4a shows that a two-dimensional cross section, constructed in accordance with the
results of the calculation according to the first component, has a curvilinear dependence.
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Fig. 4. Two-dimensional sections of the response surfaces, constructed by: a — the first term;
b — the second term; ¢ — the third term; d — the total value of power for all three summands

When the rotation frequency of the mixer shaft changes from 10 to 40 min™ (1.05 to 4.19 rad-s™)
and the density of the material is from 200 to 1000 kgm™, the value of power changes from 0.06 W to
18.5 W for the medium auger, from 0.07 W to 21 W for the external auger and from 0.015 to 4.7 W
for the internal auger. The two-dimensional cross section (Fig. 4b), constructed according to the
second component, has a curvilinear dependence. When the rotation frequency of the mixer shaft
changes from 1.05 to 4.19 rad-s™ and the material density varies from 200 to 1000 kg-m™, the value of
power changes from 40 W to 850 W for the medium auger, from 100 W to 2100 W for the external
auger, and from 15 to 380 W for the internal auger. The two-dimensional cross section (Fig. 4c),
constructed according to the third component, has a curvilinear dependence. When the rotation
frequency of the mixer shaft changes from 1.05 to 4.19 rad-s” and the material density varies from
200 to 1000 kg-m™, the value of power changes from 20 W to 420 W for the medium auger, from 30
W to 630 W for the external auger, and from 5 to 180 W for the internal auger. The two-dimensional
cross section (Fig. 4d), constructed as a result of the sum of all three components, has a curvilinear
dependence. When the rotation frequency of the mixer shaft changes from 1.05 to 4.19 rad-s™ and the
material density varies from 200 to 1000 kg-m>, the value of power changes from 60.06 W to
1288.5 W for the medium auger, from 130.07 W up to 2751 W for the external auger, and from 20.015
to 564.7 W for the internal auger. Analysis of Fig. 4a allows drawing the following conclusions. A
change in the rotation frequency of the shaft from 1.05 to 4.19 rad s’'leads to an increase in power
from 0.07 to 3.6 W at a density of 200 kg-m”, and a change in frequency from 1.05 to 4. rad-s™
increases the value of power from 0.07 to 18.5 W with the material density of 1000 kg-m™.
Examination of the surfaces, constructed according to other components, allows to say that a change in
the value of the rotation frequency and density of the material has the same impact upon the nature of
the change in the value of power. Analysis of the two-dimensional cross sections, presented in Fig. 4,
allows a conclusion that the rotation frequency of the working tools of the mixer should not exceed
2.62 rad-s”, and the components of the mixture should not be heavily disintegrated before mixing.
Fig. 5 presents the dependence of the power value upon the rotational speed of the mixer shaft and the
pitch of the screw tape for the average screw: a) a two-dimensional cross section, constructed
according to the results of calculation for the first component; b) a two-dimensional cross section,
constructed according to the calculation results for the second component; ¢) a two-dimensional cross
section, constructed according to the results of the calculation for the third component; d) a two-
dimensional cross section, representing a change in the total value of power for all three components.
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Fig. 5. Two-dimensional sections of the response surfaces, constructed according to: a — the first
term; b — the second term; ¢ — the third term; d — the total power for all three summands

Analysis of Fig. 5a shows that the two-dimensional cross section, constructed according to the
calculation results performed according to the first component, has a curvilinear dependence. When
the rotation frequency of the mixer shaft changes from 1.05 to 4.19 rad-s™ and the pitch of the auger
turn is from 0.2 to 0.6 m, the value of power changes from 0.09 W to 22.7 W for the medium auger,
from 0.16 W to 29 W for the external auger, and from 0.04 to 9.5 W for the internal auger. The two-
dimensional cross section (Fig. 5b), constructed according to the second component, has a curvilinear
dependence.

When the rotation frequency of the mixer shaft changes from 1.05 to 4.19 rad-s'and the auger
pitch is from 0.2 to 0.6 m, the value of power changes from 120 W to 1070 W for the medium auger,
from 250 W to 4050 W for external auger, and from 48 to 1200 W for the internal auger. The two-
dimensional cross section (Fig. 5c), constructed according to the third component, indicates that, when
the rotation frequency of the mixer shaft changes from 1.05 to 4.19 rad-s™ and the pitch of the auger
turn is from 0.2 to 0.6 m, the value of power varies from 60 W to 370 W for the medium auger, from
100 W to 525 W for the external auger, and from 20 to 200 W for the internal auger.

Analysis of the two-dimensional cross section (Fig. 5d), constructed as a result of the sum of all
three components, reveals that, when the rotation frequency of the mixer shaft changes from 1.05 to
4.19 rad-s” and the pitch of the auger turn is from 0.2 to 0.6 m, the value of power varies from
180.09 W to 1462.7 W for an medium screw, from 350.16 W to 4604 W for an external auger, and
from 68.04 to 1409.5 W for an internal auger. By analysing Fig. 5, we can draw the following
conclusion. The frequency of rotation of the working tools of the mixer to reduce energy consumption
should not exceed 2.09 rad-s™, and the pitch of the medium auger should be within the range from
0.4 to 0.6 m. Fig. 6 presents the dependence of the power value upon the height of the auger belt and
its pitch for the average auger: a) a two-dimensional cross section, constructed according to the results
of calculation for the first component; b) a two-dimensional cross section, constructed according to the
calculation results for the second component; c) a two-dimensional cross section, constructed
according to the results of calculation for the third component; d) a two-dimensional cross section,
representing a change in the total value of power over all three components.

The two-dimensional cross section (Fig. 6a), constructed according to the first component, has a
curvilinear dependence. When changing the width of the auger belt from 30 to 120 mm and the pitch
of the auger turn from 0.2 to 0.6 m, the value of power changes from 0.55 W to 7.1 W for the medium
auger, from 0.6 W to 9.5 W for the external auger, and from 0.1 to 2.0 W for the internal auger. The
greater is the pitch, the greater is power. When the pitch of the auger turn is increased from 0.2 to
0.6 m with the width of the auger belt being 120 mm, the value of power increases from 1.9 to 7.1 W
for the medium auger, from 1.5 to 9.5 W for the external auger, and from 0.1 to 1.9 W for the internal
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auger. The two-dimensional cross section (Fig. 6b), constructed according to the second component,
has a curvilinear dependence. When changing the width of the auger belt from 30 to 120 mm and the
pitch of the auger turn from 0.6 to 0.2 m, the value of power changes from 165 W to 1115 W for the
medium auger, from 350 W to 4350 W for an external auger, and from 50 to 770 W for the internal
auger. This is determined by the fact that the basis of calculation according to the second component is
friction of the material across the surface of the auger.
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Fig. 6. Two-dimensional sections of the response surfaces, constructed according to: a — the first
term; b — the second term; ¢ — the third term; d — the total power for all three summands

Consequently, when decreasing the pitch of the auger, the number of the turns of the auger,
accordingly, the contact area of the material with the belt of the auger increases. The two-dimensional
cross section (Fig. 6¢), constructed according to the third component, has a curvilinear dependence.
When changing the width of the auger belt from 30 to 120 mm and the pitch of the auger turn from
0.2 to 0.6 m, the value of power changes from 90 W to 400 W for the medium auger, from 135 W to
600 W for the external auger, and from 25 to 150 W for the internal auger.

The two-dimensional cross section (Fig. 6d), constructed as a result of the sum of all the three
components, has a curvilinear dependence. When changing the width of the auger belt from 30 to
120 mm and the pitch of the auger turn from 0.6 to 0.2 m, the value of power changes from 300 W to
1380 W for the medium auger, from 700 W to 4800 W for the external auger, and from 110 to 905 W
for the internal auger. Since the calculation results of power are most of all affected by the component
found by the second calculation method, the maximum power is achieved with a belt of 120 mm and a
pitch of 200 mm.

Analysis of the two-dimensional cross-sections, shown in Fig.6, allows drawing a conclusion that,
in order to achieve the least power consumption to drive the mixer working tools, the height of the
auger belt should be from 30 to 50 mm, and the pitch of the medium auger belt — from 0.4 to 0.6 m.
Experimental studies have been carried out for the structural and technological parameters determined
as a result of theoretical studies. Based on the obtained results, dependencies have been constructed
(Fig. 7). The results of theoretical and experimental studies, presented in Fig.7 of dependences 1 and
2, indicate that the discrepancies between the theoretical and the experimental values are insignificant.
The coefficient of variation, when loading the hopper of the mixer to 75 %, is 6.3 %.

Based on the quality of mixing the material, the recommended filling of the mixer and the
efficient use of the mixing chamber, the optimal loading of the mixer is 55-75 % [6].
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Fig. 7. Dependence on the volume of the hopper filling: 1 — power consumption during the
experimental studies; 2 — the power obtained by calculation

Conclusions

Analysis of the impact of the rotation frequency of the mixer shaft and the material density upon
the power consumed for the drive can witness that the rotation frequency of the mixer working tools
should not exceed 2.62 rad-s™, and, before mixing, the components of the mixture should not be
heavily disintegrated.

Changing the rotation frequency of the mixer shaft and the pitch of the auger turn, depending on
the value of the consumed power, allows to say that the rotation frequency of the mixer working tools
in order to reduce energy consumption should not exceed 2.09 rad.s”, and the pitch of the medium
auger should be within the range of 0.4 up to 0.6 m.

Investigations of the dependence of power consumption upon the height of the auger belt and its
pitch allow a conclusion that in order to achieve minimum power consumption to drive the mixer
working tools, the height of the auger belt should be from 30 to 50 mm, and the pitch of the medium
auger belt should be 0.4-0.6 m.

The results of the theoretical and experimental studies indicate that the discrepancies between the
theoretical and the experimental values are insignificant. The coefficient of variation, when loading
the hopper of the mixer to 75 %, is 6.3 %.
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