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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-1, 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-1, 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 γ = 0.75 t·m-3; the diameter of the 
external auger D1 = 1 m; the diameter of the medium auger D2 = 0.75 m; the diameter of the internal 
auger D3 = 0.4 m; the frequency of rotation of the auger shaft n = 21.5 min-1. The pitch of the external 
auger h = 0.3 m, the medium auger h = 0.4 m, the internal auger h = 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 f1 = 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]: 

 ( ) ++ ρFρN=M
dt

dω
I TRφMφVR

, (1) 

where I – moment of inertia of the mixer shaft together with the helical surface and the material 
 transferred; 

 ω – angular velocity of the shaft; 
 MVR – drive torque applied to the shaft; 
 NMφ – 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 p
r

; 
 FTRφ – force of friction of the material applied to the elementary area of the helical surface 

 in a projection onto axis p
r

; 
 ρ – radius in the cylindrical coordinates of the elementary surface area, which is the arm 

 of the component forces along direction p
r

 (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. 
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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 (dω/dt = 0), without 
regard to friction in the bearings, taking into account expression (1), can be determined by the 
formula:  

 ( ) +−= ρFρNM TRφMφVR
. (2) 

a) b) 
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The normal reaction
MN
r

is directed perpendicular to the helical surface (along the gradient). In 

cylindrical coordinates, the equation of the helical surface is written as follows:  

 ( ) 0=aφz=zφ,ρ,f − . (3) 

By cylindrical vectors ( r
r

, p
r

, k
r

) the gradient vector to the surface f(ρ, φ, z) has the following 

components:  

 ( ) k
z

f
+p

φ

f

ρ
+r

ρ

f
=fgrad

rrr

∂

∂

∂

∂

∂

∂ 1 . (4) 

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

 ( ) k+p
ρ

a
=fgrad

rr
−  (5) 

The gradient modulus will be determined from the expression  

 ( )| | 1

2

+
ρ

a
=fgrad 







  (6) 

On the axis of the cylindrical coordinates force
MN
r

is decomposed into components:  

 













−
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Mρ 0

, (7) 

where λ – indefinite Lagrange multiplier.  

According to Coulomb’s law, the friction force 
TRF
r

 is proportional to the force of normal pressure 

MN
r

with the coefficient kTR.  

 | | | | 1

2

+
ρ

a
λk=Nk=F TRMTRTR 







rr
. (8) 

The vector of the friction force 
TRF
r

 is directed in the direction of relative velocity.  

The direction of the friction force 
TRF
r

 is opposite to the direction of relative velocity of the 

movement 
rv
r

 along a helical surface.  

 | |
|| r

r
MTRTR

v

v
Nk=F r

r
rr

. (9) 

Having determined the projections of the forces entering into equation (2), we write:  

 λρkλa=ρF+ρN TRTRφMφ −−  (10) 

Factor is determined from the correlation  

 | |

1

2

+
ρ

a

N
=λ M










r

. (11) 

Let us consider the change in the momentum of a certain amount of material interacting with the 
area dS during time t. 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 h , the pitch of the screw (the balanced gravity 

forces and the response reactions are not shown).  
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Fig. 2. Scheme of the interaction of the material and the 

helical surface: 1 – the flow of the accelerated material;  
2 – the horizontal layer; 3 – the auger 

Fig. 3. Scheme of filling the mixer 

and thickness of the material 

layer up 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: 

PN
r

– the force from the pressure of the overlying 

layers of the material, and 
CN
r

 – 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:  

  −−
t t

CP

t

Bnn N+N+dtN=QQ
0 00

0
, (12) 

where Qn – momentum of movement acquired by the material in a projection onto the direction 
 of the gradient; 

 Qn0 – initial momentum of movement of the material in a projection onto the direction of 
 the gradient Qn0 = 0 as the material was at rest.  

Force 
PN
r

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:  

 ( )dSφρDρgγ=N кP sin1 ⋅−−⋅ , (13) 

where ρk1 – maximum radius of the external auger of the mixer, 
 D – vertical height of an unfilled mixer volume D = ρk1(1 – sinφ0); 
 γ – bulk density of the material;  
 g – acceleration of gravity; 
 l – 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 l 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:  

 ( )( )
( )

  ⋅⋅⋅⋅
S

cC dSkhkfgradγg=F
r

cos  (14) 
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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 l: 

 ( )yDρ=l к −−1
. (15) 

Then the average depth of the material layer lcp is determined from the expression:  
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1 sin

. (16) 

Let us determine the relationship between the forces 
CF
r

 and 
CN
r

, based on the condition of 

uniform movement of the material along axis z:  

 ( )
dS

l

φρDρ
khγg=N

cp

к
cC

sin1 ⋅−−
⋅⋅⋅ . (17) 

 
During the interaction of the material with the auger the material acquires the velocity v

r
, 

composed of the transfer
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r

 (having a projection onto the gradient) and relative components
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r

 (having 

no projection onto the gradient), then  
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After substitution of the corresponding values into the theorem about the change in the 
momentum of movement (12), we write:  

 tN+tN+tN=

+
ρ

a

ρ

a

dStvγ CPBe ⋅⋅⋅−−
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From where, taking into account (13), we have the correlation for the force NM: 
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In expression (20), we divide the factor λ into components:  
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sin1 ⋅−−⋅ ; (22) 
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( )

( )| |fgrad

dS
l

φρDρ
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=λ
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к
c
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⋅
−−
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sin1

; (23) 

 cpQ λ+λ+λ=λ . (24) 

 
Using λQ 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 ω:  

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

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

 ( )
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Consequently, the torque is equal to the sum of the three components  

 
VRCVRPVRQVR M+M+M=M . (28) 

The power consumed by the engine is determined from the expression:  

 
VRMω=P ⋅ . (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; c) 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; c – 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 (1.05 to 4.19 rad·s-1) 
and the density of the material is from 200 to 1000 kgm-3, 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-1 and the material density varies from 200 to 1000 kg·m-3, 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-1 and the material density varies from 
200 to 1000 kg·m-3, 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-1 and the 
material density varies from 200 to 1000 kg·m-3, 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-1leads to an increase in power 
from 0.07 to 3.6 W at a density of 200 kg·m-3, and a change in frequency from 1.05 to 4. rad·s-1 

increases the value of power from 0.07 to 18.5 W with the material density of 1000 kg·m-3. 
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-1, 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; c) 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; c – 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-1 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-1and 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-1 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-1 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-1, 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; c – 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. 6c), 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-1, 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-1, 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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