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Results of Numerical Modelling of the Process of Separation  
of Seed Material of Small-Seeded Crops on a Cylindrical Cell Trier

Abstract. The relevance of this study is conditioned upon the need to increase the amount of high-quality seed material 
of small-seeded crops, which cannot be achieved without an important process of separation. The separation is based 
on technical and technological principles of separation of seed material, depending on the differences in physical 
and mechanical properties of individual components of seed material. Cylindrical triers are used to separate seeds 
according to their length. The purpose of the study was to find the theoretical regularities of changes in the technological 
parameters of separation of the seed material of small-seeded crops from the structural and mode parameters of 
a cylindrical seed trier by numerical modelling. The solution of the set problems was implemented in the STAR-CCM+ 
programme based on the finite element method. Considering the physical and mechanical properties of the seed material, 
as a result of the study, a visualisation of the separation process was obtained depending on the research factors: the 
rotation frequency of the trier cylinder, the diameter of the cylinder, and the number of seeds and impurities in the 
seed mixture. According to the simulation results, the dependence of the relative content of impurities ε on factors under 
study was obtained in the form of second-order regression equations. Using the Mathematica programme, a compromise 
problem was solved, which lies in minimising the multiplicative function of the research criteria, and the rational 
constructive and technological parameters of the trier separator were found. The material of this paper is intended for 
scientists, graduate students, designers of agricultural machinery, students, and specialists in agricultural production

Keywords: mechanisation, separators, seed material, separation process

Suggested Citation:
Aliiev, E., & Lupko, K. (2022). Results of numerical modelling of the process of separation of seed material of small-seeded crops on a 
cylindrical cell trier. Machinery & Energetics, 13(2), 9-19.
*Corresponding author

INTRODUCTION
At various stages of seed processing of small-seeded crops, 
a separation process is used, the basis of which is the tech-
nical and technological principles of seed separation, based 
on differences in the physical and mechanical properties 
of individual components, among which one should note 
the shape, size, mass, specific weight, surface condition, and 
other properties inherent in the main seed and impurities. 
Carefully selected seed cleaning equipment has a consider-
able impact on the quality of its separation.

To separate the seeds, which differ in length, seed 
cleaning machines, namely cylindrical triers, are used. 
Their working body is a cylinder with an inner shell sur-
face and a collection hopper installed on the axial support 
of the cylinder. The principle of operation of the trier is 
based on the rotation of the cylinder, during which seeds 

with different geometric sizes fall into the cells [1]. Long 
seeds have low resistance at rest and are carried towards 
rotation of the cylinder and fall out of the shell at a certain 
angle. Short seeds have high resting resistance and fall out 
of the pods, but at a different angle. All the seeds must fall 
out of the pods, and this depends on the structural parame-
ters of the equipment, which include the rotation frequency 
of the cylinder and its diameter.

The purpose of this study was to find the theoretical 
regularities of changes in the technological parameters of 
separation of seed material of small-seeded crops from the 
structural and operational parameters of the cylindrical cell 
trier by numerical modelling and establishing rational struc-
tural and technological parameters of the trier separator.

In connection with the growing needs for high-quality 
visualisation with the possibility for the viewer to immerse 

Elchyn Aliiev1,2*, Krystyna Lupko2
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himself in a virtual environment, a preliminary feasibility 
study was performed, the purpose of which was to find the 
advantages and disadvantages associated with visualisation 
in a virtual environment of the CAVE type [2]. The study [3] 
described the development of a method for predicting 
events that occur when the diesel fuel flow hits the walls of 
the combustion chamber. A mathematical model of the films 
on the walls of the chamber formed as a result of spraying 
was constructed. The paper [4] investigated the experimen-
tal data on the distribution of solid particles in horizontal 
pipelines, which were modelled using computational fluid 
dynamics (CFD) and the discrete element method (DEM). 
In [5], using the STAR-CCM+ software package, condi-
tions for increasing the efficiency of removing small parti-
cles from the cyclone were applied. The paper [6] describes 
an attempt to visualise the behaviour of the flow in vari-
ous geometric conditions of the pipe. The authors obtained 
the values of pressure and velocity contours on various parts 
of the pipe in which water is the medium.

Models of ideal extrusion and mixing, diffusion, and 
combined models have become widespread among modern 
researchers [7; 8].

A scientific originality of this study lies in the use 
of numerical modelling to investigate the separation of 
seed material of small-seeded crops on a cylindrical trier.

MATERIALS AND METHODS
Based on the above-mentioned studies, it was proposed to 
solve the problems in the STAR-CCM+ programme, which 
is based on the finite element method.

The numerical modelling is performed using the 
following methods and approaches [9]: analysis of the 
structure of material flows, empirical method, approach 

of the mechanics of continuous media, statistical method, 
entropy-information method.

As a seed model, mustard seeds were accepted, the 
physical and mechanical properties of which were as fol-
lows: Poisson’s ratio – 0.5; Young’s modulus – 0.2 MPa; 
density – 700 kg/m3; coefficient of rest friction – 0.8; nor-
mal recovery factor – 0.5; tangent coefficient of recovery – 
0.5; the coefficient of rolling resistance – 0.3. The model of 
the mustard seed is a sphere. Therewith, the seeds can have 
an effective diameter within the dg∈[dgmaxgmin] range, where 
dgmin 0.001 m is the minimum value of the effective seed 
diameter, m; dgmax=0.003 m is the maximum value of the 
effective seed diameter, m.

The seed mixture was presented in the form of two 
components: seeds of the main crop and impurities [10].

The following physical and mechanical properties 
were adopted as a model of impurities in the seed mixture: 
Poisson’s ratio – 0.5; Young’s modulus – 0.2 MPa; density – 
700 kg/m3; coefficient of rest friction – 0.8; normal recov-
ery factor – 0.5; tangent coefficient of recovery – 0.5; the 
coefficient of rolling resistance – 0.3. In this case, the effec-
tive diameter of impurities obeys the normal distribution. 
Therewith, impurities can have an effective diameter within 
the dg∈[dgmaxgmin] range, where dgmin=0.002 m is the min-
imum value of the effective diameter of the impurity, m; 
dgmax=0.004 m is the maximum value of the effective diam-
eter of the admixture, m. 

The properties of the environment were as follows: 
environment – air; dynamic viscosity – 1.85508·10-5 Pa·s; 
turbulent Prandtl number – 0.9; acceleration of free fall – 
9.8 m/s2; temperature – 293 K; pressure – 101,325 Pa. The 
calculation scheme of the cylindrical cell trier is presented 
in Figure 1.

Results of Numerical Modelling of the Process of Separation...

Figure 1. Calculation scheme of a cylindrical shell trier for numerical modelling in the STAR-CCM+ software package
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Factors for numerical modelling are the diameter of 
the trier separator cylinder D, its rotation frequency n and 
the number of seeds in the seed mixture N0 at the initial time. 

The levels of variation by factors are presented in Table 1. 
Numerical modelling was implemented using a fully facto-
rial experiment. The total number of experiments was 53=125.
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The minimum θmin and maximum θmax values were 
determined from the list of values of the angle θ of seed 
exit from the pod.

The number of all components of the seed mixture 
N, which were within the minimum θmin and maximum θmax 
angles of rotation of the trier separator cylinder, was chosen 
as a performance criterion.

The criterion for evaluating the quality of the sepa-
ration process was the relative content of impurities θ in the 
seed mixture, which was within the minimum θmin and max-
imum θmax rotation angles of the trier separator cylinder.

As a result of data processing in the Mathematica 
software package, it was necessary to establish the depend-
ence of the above-mentioned criteria of the separation pro-
cess on research factors in the form of second-order regression 
equations.

Statistical processing of the obtained data in the Math-
ematica software package consisted in determining the Stu-
dent’s criterion [11] for each coefficient of the regression 
equation and comparing it with the table value. If the calcu-
lated value is less than the table value, then the coefficient of 
the regression equation is insignificant and can be ignored.

The obtained regression equation was checked for 
adequacy using the Fisher test [12] and the correlation 
coefficient [13-15].

RESULTS AND DISCUSSION
The dependence of the values of the minimum θminand 
the maximum θmax values of the angles of seed exit from 
the cell of the trier cylinder on research factors, which was 
obtained using the Mathematica programme, has the fol-
lowing coded form:

θmin = 0,311838− 0,0758691 x1 −  0,0252283𝑥𝑥𝑥𝑥1 
2 + 

+0,246916𝑥𝑥𝑥𝑥2 − 0,00964664 𝑥𝑥𝑥𝑥1𝑥𝑥𝑥𝑥2 + 0,0125726𝑥𝑥𝑥𝑥22 + 

+ 0,104465 𝑥𝑥𝑥𝑥3 − 0,00984237 𝑥𝑥𝑥𝑥1𝑥𝑥𝑥𝑥3 + 

+0,081428 𝑥𝑥𝑥𝑥2𝑥𝑥𝑥𝑥3 + 0,0366488 𝑥𝑥𝑥𝑥32 , 
(1)

θmax = 0,989517 + 0,277431𝑥𝑥𝑥𝑥1 −  0,0739117𝑥𝑥𝑥𝑥1 
2 + 

+0,499129 𝑥𝑥𝑥𝑥2 + 0,0953195𝑥𝑥𝑥𝑥1𝑥𝑥𝑥𝑥2 − 0,0359794 𝑥𝑥𝑥𝑥22 − 

− 0,00436025𝑥𝑥𝑥𝑥3 + 0,00296865𝑥𝑥𝑥𝑥1𝑥𝑥𝑥𝑥3 − 

−0,00305847𝑥𝑥𝑥𝑥2𝑥𝑥𝑥𝑥3 − 0,0160532𝑥𝑥𝑥𝑥32 . 
(2)

Statistical processing of Equations (1) and (2) are 
presented in Tables 2 and 3, respectively.

Table 1. Levels of variation by numerical modelling factors

Level
Factor

Trier cylinder diameter D, m (x1)
Trier cylinder rotation frequency n, 

rpm (x2)
The number of seeds and impurities 

in the seed mixture N0, pcs (x3)

-1.0 0.2 30.0 1,000
-0.5 0.3 37.5 2,000

0 0.4 45.0 3,000
+0.5 0.5 52.5 4,000
+1.0 0.6 60.0 5,000

Table 2. Results of statistical processing of Equation (1)
Coefficient Value Error Student’s t-test Probability

a00 0.311838 0.00917538 33.9864 4.14411·10-43

a10 -0.0758691 0.0046433 -16.3395 1.0548·10-24

a20 0.246916 0.00536162 46.0524 2.41186·10-51

a30 0.104465 0.00536162 19.4839 7.70832·10-29

a12 -0.00964664 0.00656662 -1.46904 0.146645
a13 -0.00984237 0.00656662 -1.49885 0.138754
a23 0.081428 0.00758248 10.739 4.843·10-16

a11 -0.0252283 0.00804243 -3.1369 0.00256524
a22 0.0125726 0.00906279 1.38727 0.170097
a33 0.0366488 0.00906279 4.04388 0.000141885

Table 3. Results of statistical processing of Equation (2)
Coefficient Value Error Student’s t-test Probability

a00 0.989517 0.0229487 43.1186 1.52231·10-49

a10 0.277431 0.0116135 23.8887 6.77808·10-34

a20 0.499129 0.0134101 37.2205 1.49665·10-45

a30 -0.00436025 0.0134101 -0.325148 0.746114
a12 0.0953195 0.0164239 5.80371 2.10038·10-7

a13 0.00296865 0.0164239 0.180752 0.857125
a23 -0.00305847 0.0189647 -0.161272 0.872379
a11 -0.0739117 0.0201151 -3.67444 0.000484351
a22 -0.0359794 0.0226671 -1.58729 0.1173
a33 -0.0160532 0.0226671 -0.708216 0.481343
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Comparing the calculated Student’s criterion with 
the tabular t0.05(125)=1.98, insignificant regression coeffi-
cients were rejected. As a result, the Equations (1) and (2) 
are transformed as follows:

θmin = 0,311838 –  0,0758691𝑥𝑥𝑥𝑥1 − 0,0252283 𝑥𝑥𝑥𝑥12 + 
+0,246916 𝑥𝑥𝑥𝑥2 + 0,104465𝑥𝑥𝑥𝑥3 + 0,081428𝑥𝑥𝑥𝑥2𝑥𝑥𝑥𝑥3 + 

+0,0366488𝑥𝑥𝑥𝑥32 , (3)

θmax = 0,989517 +  0,277431 𝑥𝑥𝑥𝑥1 − 

−0,0739117 𝑥𝑥𝑥𝑥12 + 0,499129 𝑥𝑥𝑥𝑥2 + 0,0953195 𝑥𝑥𝑥𝑥1𝑥𝑥𝑥𝑥2 (4)

By substituting the expressions for research factors 
into equations (3-4) instead of x1–x3 in an explicit form, one 

can obtain the dependence of the values of the minimum 
θmin and the maximum θmax of the values of the angles of 
seed exit from the cell of the trier cylinder on the research 
factors in a decoded form:

θmin =– 0,0858955 +  0,12522 · D −  0,630707 · D2 + 
+0,00831824 · n− 0,000124883 𝑁𝑁𝑁𝑁0 + 2,71427 · 

· 10−6𝑛𝑛𝑛𝑛 · 𝑁𝑁𝑁𝑁0 + 9,1622 · 10−9 · 𝑁𝑁𝑁𝑁02 , 
(5)

θmax =– 0,786462 +  1,43559 · D −  1,84779 · 
· D2 + 0,020566 · n + 0,0317732 · D · n , (6)

Graphical interpretation of dependences (5-6) is 
presented in Figures 2-4.

Figure 2. The dependence of the values of the minimum θmin and the maximum θmax values of the angles of seed exit 
from the cell of the trier cylinder on the diameter of the trier cylinder D and the rotation frequency of the trier cylinder n
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Figure 2 demonstrates that with an increase in the 
rotation frequency of the cylinder and an increase in its 
diameter, the values of the angles of seed exit from the cell 
of the trier cylinder increase. The maximum seed exit angle 
is observed at the maximum rotation frequency of the cylin-
der, namely n=60 rpm and the maximum diameter D=0.6 m, 
and is θmax=1.5 rad. The smallest value of the maximum seed 
exit angle is observed at the minimum rotation frequency 
of the cylinder, namely n=30 rpm and the smallest diameter 

D=0.2 m, and is θmax=0.3–0.4 rad. Figure 2 shows that with 
an increase in the cylinder rotation frequency, the minimum 
seed departure angle θmin increases, which is 0.4 rad at a cyl-
inder rotation frequency n=60 rpm. At the minimum rotation 
frequency of the cylinder, namely n=30 rpm, the minimum 
seed exit angle θmin is 0 rad. This is because at the minimum 
rotation frequency of the cylinder, the seed material prac-
tically does not move in the cylinder and does not reach 
the region θmin.

Figure 3. Dependence of the values of the minimum θmin and maximum θmax values of the angles of seed exit  
from the cell of the trier cylinder on the diameter of the trier cylinder D and the number of seeds and impurities  

in the seed mixture N0
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Results of Numerical Modelling of the Process of Separation...

θmax =– 0,786462 +  1,43559 · D −  1,84779 · 
· D2 + 0,020566 · n + 0,0317732 · D · n , θmax =– 0,786462 +  1,43559 · D −  1,84779 · 

· D2 + 0,020566 · n + 0,0317732 · D · n , 
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Figure 3 shows that as the diameter of the cylin-
der D decreases and the number of seeds in the mixture 
N increases, the value of the minimum seed exit angle θmin 
increases. This is explained by the fact that at the minimum 
value of the diameter of the cylinder D, namely D=0.2 m, the 
seed material is practically not moved or is moved forming 
a thick layer of seed material, among which a dead layer 
is formed. On the contrary, the maximum angle of exit of 

the seed from the cell θmax increases with an increase in the 
diameter of the cylinder D. This is explained by the fact that 
the seed material is better distributed on the inner surface 
of the cylinder and forms a thin layer that is easier to move 
when the trier cylinder rotates. The amount of seed mate-
rial does not affect the maximum angle of exit of the seed 
from the cell θmax at different values of the diameter of the 
cylinder D.
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Figure 4. The dependence of the values of the minimum θmin and the maximum θmax values of the angles  
of seed exit from the cell of the trier cylinder on the rotation frequency of the trier cylinder n and the number of seeds 

and impurities in the seed mixture N0

Figure 4 shows that the values of the minimum θmin

and maximum θmax of the seed exit angles increase with an 
increase in the rotation frequency of the trier cylinder n. The 
values of the minimum seed exit angle θmin increase with an 
increase in the rotation frequency of the trier cylinder n, and 
these values also depend on the number of seeds and impu-
rities in the seed mixture N0. Figure 4 demonstrates that 
with an increase in the amount of seed material, the mini-
mum angle θmin of seed exit from the pod increases. This is 
explained by the fact that at a higher rotation frequency of 
the trier cylinder n, more seed material is distributed over 
the inner surface of the trier cylinder in the direction of 
rotation of the cylinder, and the smaller the dead layer of 
seed material is formed.

The maximum angle of exit of the seed from the cell 
θmax also increases with an increase in the rotation frequency 
of the trier cylinder n. The amount of seed material does not 
affect the maximum angle of exit of the seed from the cell θmax.

Statistical analysis of Equations (5) and (6) in the var-
iation range under study showed that the Pearson correla-
tion coefficient is 0.82 and 0.85, respectively. In turn, Fish-
er’s criterion was F(7)=2.27<Ft=2.49 and F(8)=2.17<Ft=2.49, 
respectively. This confirms the adequacy of the obtained 
models.

The dependence of the values of the number of all 
components of the seed mixture N that were within the min-
imum θmin and maximum θmax angles of rotation of the trier 
separator cylinder on the research factors, which was 
obtained using the Mathematica programme, has the fol-
lowing coded form:

𝑁𝑁𝑁𝑁 = 235,731− 47,14 𝑥𝑥𝑥𝑥1 + 47,74 𝑥𝑥𝑥𝑥12 + 165,44𝑥𝑥𝑥𝑥2 + 

+59,26𝑥𝑥𝑥𝑥1𝑥𝑥𝑥𝑥2 + 29,8667 𝑥𝑥𝑥𝑥22 + 170,96𝑥𝑥𝑥𝑥3 − 

−88,6𝑥𝑥𝑥𝑥1𝑥𝑥𝑥𝑥3 + 90,6133𝑥𝑥𝑥𝑥2𝑥𝑥𝑥𝑥3 − 2,20952 𝑥𝑥𝑥𝑥32 
(7)

Statistical processing of Equation (7) is presented in 
Table 4.

Table 4. Results of statistical processing of Equation (9)
Coefficient Value Error Student’s t-test Probability

a00 235.731 12.0203 19.6112 5.36449·10-29

a10 -47.14 6.08299 -7.74948 8.13362·10-11

a20 165.44 7.02403 23.5534 1.54678·10-33

a30 170.96 7.02403 24.3393 2.26924·10-34

a12 59.26 8.60264 6.88858 2.72815·10-9

a13 -88.6 8.60264 -10.2992 2.72282·10-15

a23 90.6133 9.93347 9.12202 3.02192·10-13

a11 47.74 10.536 4.53111 0.000025749
a22 29.8667 11.8728 2.51556 0.0143649
a33 -2.20952 11.8728 -0.1861 0.852946

E. Aliiev and K. Lupko
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Comparing the calculated Student’s criterion with 
the tabular t0.05(125)=1.98, the insignificant regression coef-
ficients were excluded. As a result, the Equation (7 is trans-
formed as follows:

𝑁𝑁𝑁𝑁 = 235,731− 47,14 𝑥𝑥𝑥𝑥1 + 47,74𝑥𝑥𝑥𝑥12 + 

+165,44𝑥𝑥𝑥𝑥2 + 59,26𝑥𝑥𝑥𝑥1 𝑥𝑥𝑥𝑥2 + 29,8667 𝑥𝑥𝑥𝑥22 + 

+170,96𝑥𝑥𝑥𝑥3 − 88,6𝑥𝑥𝑥𝑥1𝑥𝑥𝑥𝑥3 + 90,6133 𝑥𝑥𝑥𝑥2𝑥𝑥𝑥𝑥3 (8)
By substituting into equation (10) instead of x1–x3 

the expressions for research factors in an explicit form, 
one obtains the dependence of the values of the number 
of all components of the seed mixture N that were within 

the minimum θmin and maximum θmax rotation angles of the 
trier separator cylinder on the research factors in a decoded 
form:

𝑁𝑁𝑁𝑁 = 534,531 –  1414,9 𝐷𝐷𝐷𝐷 +  1193,5𝐷𝐷𝐷𝐷2 − 

−17,88 𝑛𝑛𝑛𝑛 + 19,753 𝐷𝐷𝐷𝐷 𝑛𝑛𝑛𝑛 + 0,132741 𝑛𝑛𝑛𝑛2 + 
+0,03816 𝑁𝑁𝑁𝑁0 − 0,2215 𝐷𝐷𝐷𝐷 𝑁𝑁𝑁𝑁0 + 0,00302044 𝑛𝑛𝑛𝑛 𝑁𝑁𝑁𝑁0 

(9)

The optimal values of the factors under the condition 
of the maximum amount of all components of the seed mix-
ture (N=816 pcs) are D=0.2 m, n=60 rpm, N0=5,000 pcs.

The graphical interpretation of the dependence (9) 
is presented in Figures 5-7.
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Figure 5. The dependence of the values of the number of all components of the seed mixture N, which were within 
the minimum θmin and maximum θmax rotation angles of the trier separator cylinder on the diameter of the trier cylinder 

D and the rotation frequency of the trier cylinder n

Figure 5 shows that the values of the number of all com-
ponents of the seed mixture N increase with a decrease in the 
diameter of the cylinder and an increase in the frequency of 
rotation of the cylinder n. With an increase in the rotation fre-
quency of the cylinder, the seed will reach the cells more often 

and, accordingly, the seed will be more efficiently separated 
into the main crop and impurities. The diameter of the trier 
cylinder D is also important because with a larger diameter, 
less seed material reaches the area between the minimum θmin 
and maximum θmax rotation angles of the trier separator cylinder.
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Figure 6. The dependence of the values of the number of all components of the seed mixture N, which were within 
the minimum θmin and maximum θmax rotation angles of the cylinder of the trier separator on the diameter of the cylinder 

of the trier D and the number of seeds and impurities in the seed mixture N0

Figure 6 shows that the number of all components 
of the seed mixture N, which were within the minimum θmin 
and maximum θmax angles of rotation of the trier separator 

cylinder, increases with the increase in the total number 
of all components of the seed mass N0. In addition, Fig-
ure 6 demonstrates that the number of all components of 

Results of Numerical Modelling of the Process of Separation...
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the seed mixture N, which were within the minimum θmin 
and maximum θmax angles of rotation of the cylinder of the 

trier separator, increases with an increase in the diameter 
of the cylinder D.
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Figure 7. The dependence of the values of the number of all components of the seed mixture N, which were within 
the minimum θmin and maximum θmax angles of rotation of the cylinder of the trier separator, on the frequency of rota-

tion of the cylinder of the trier n and the number of seeds and impurities in the seed mixture N0

Figure 7 shows that the rotation frequency of the cyl-
inder n at the minimum value N0 (N0=1,000 pcs) practically 
does not affect the value of the number of all components 
of the seed mixture N, which were within the minimum θmin 
and maximum θmax rotation angles of the trier separator cyl-
inder. As the values of N0 and the cylinder rotation frequency n 
increase, the values of the amount of seed material N increase. 
The amount of seeds and impurities in the seed material N0 
affects the amount of seed material N that was within the min-
imum θmin and maximum θmax: the greater the amount of N0, 
the greater the amount of material reached the required limits.

Statistical analysis of Equation (9) in the variation 
range under study showed that the Pearson correlation 
coefficient is 0.83 and 0.85, respectively. In turn, Fisher’s 

criterion was F(7)=2.11<Ft=1.87 and F(8)=2.17<Ft=2.49, respec-
tively. This confirms the adequacy of the obtained models. 

The dependence of the relative content of impuri-
ties ε in the seed mixture, which was within the minimum 
θmin and maximum θmax rotation angles of the trier separator 
cylinder, on the research factors, which was obtained using 
the Mathematica programme, has the following coded form:

ε = 11,9176 –  11,2438 𝑥𝑥𝑥𝑥1 + 5,25111 𝑥𝑥𝑥𝑥12 + 

+1,25032 𝑥𝑥𝑥𝑥2 + 0,95207 𝑥𝑥𝑥𝑥1𝑥𝑥𝑥𝑥2 − 0,203757 𝑥𝑥𝑥𝑥22 + 

+2,28584 𝑥𝑥𝑥𝑥3 + 0,593043 𝑥𝑥𝑥𝑥1𝑥𝑥𝑥𝑥3 − 2,9289𝑥𝑥𝑥𝑥2𝑥𝑥𝑥𝑥3 + 

+4,12055 𝑥𝑥𝑥𝑥32 (10)
Statistical processing of Equation (10) is presented 

in Table 5.

Table 5. Results of statistical processing of Equation (12)
Coefficient Value Error Student’s t-test Probability

a00 11.9176 0.866702 13.7505 6.51748·10-21

a10 -11.2438 0.438604 -25.6353 1.06553·10-35

a20 1.25032 0.506456 2.46876 0.0161966
a30 2.28584 0.506456 4.51339 0.0000274407
a12 0.95207 0.62028 1.5349 0.129661
a13 0.593043 0.62028 0.956089 0.34257
a23 -2.9289 0.716237 -4.08929 0.000121504
a11 5.25111 0.759684 6.91222 2.47842·10-9

a22 -0.203757 0.856067 -0.238015 0.812618
a33 4.12055 0.856067 4.81335 9.21338·10-6

Comparing the calculated Student’s criterion with 
the tabular t0.05(125)=1.98, the insignificant regression 
coefficients were excluded. As a result, the Equation (10) is 
transformed as follows:

ε = 11,9176− 11,2438𝑥𝑥𝑥𝑥1 + 5,25111 𝑥𝑥𝑥𝑥12 + 
+1,25032 𝑥𝑥𝑥𝑥2 + 2,28584𝑥𝑥𝑥𝑥3 − 

− 2,9289 𝑥𝑥𝑥𝑥2𝑥𝑥𝑥𝑥3 + 4,12055 𝑥𝑥𝑥𝑥32 (11)

By substituting into Equation (11) instead of x1–x3 the 
expressions for research factors in explicit form, one obtains 
the dependence of the relative content of impurities ε in the 
seed mixture, which was within the minimum θmin and max-
imum θmax rotation angles of the trier separator cylinder, on 
the research factors in decoded form:

ε = 44,321− 161,241 𝐷𝐷𝐷𝐷 + 131,278 𝐷𝐷𝐷𝐷2 + 
+0,376244 𝑛𝑛𝑛𝑛− 0,000644556 𝑁𝑁𝑁𝑁0 − 

−0,00009763 𝑛𝑛𝑛𝑛 𝑁𝑁𝑁𝑁0 + 1,03014 · 10−6𝑁𝑁𝑁𝑁02 
(12)

E. Aliiev and K. Lupko
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The optimal values of the factors under the condi-
tion of the minimum relative content of impurities in the 
seed mixture (ε=3.02%) are D=0.6 m, n=30 rpm, N0=1734 pcs.

A graphical interpretation of dependence (12) is pre-
sented in Figures 8-10.
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Figure 8. The dependence of the relative content of impurities ε in the seed mixture, which was within the minimum 
θmin and maximum θmax rotation angles of the trier separator cylinder on the diameter of the trier cylinder D  

and the rotation frequency of the trier cylinder n

Figure 8 shows that as the cylinder diameter D 
decreases, the relative content of impurities ε in the 
seed mixture increases. This is explained by the fact that with 
a smaller diameter, the efficiency of separating seed mate-
rial is considerably reduced. The speed of rotation of the cyl-
inder n also affects the relative content of impurities in the 
seed material. When the values of the frequency n increase, 
the relative content of impurities ε increases.

Figure 9 demonstrates that the relative content of 
impurities ε in the seed mixture increases with a decrease in 
the diameter of the cylinder and an increase in the number 
of seeds and impurities in the seed mixture N0. The maxi-
mum amount of seed material (N0=4,000 pcs, N0=5,000 pcs) 
is more rationally divided using a cylinder with a larger 
diameter, namely D=0.5-0.6 m.
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Figure 9. The dependence of the values of the relative content of impurities ε in the seed mixture, which was within 
the minimum θmin and maximum θmax angles of rotation of the cylinder of the trier separator on the diameter 

of the cylinder of the trier D and the number of seeds and impurities in the seed mixture N0
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Figure 10 shows that the largest values of the relative 
content of impurities ε occur in two cases: with the mini-
mum value of the cylinder rotation frequency n=30 rpm 
and the maximum amount of seed mixture N0=5,000 pcs, 
the relative content of impurities ε in the seed mixture is 
ε=13%; at the maximum value of the cylinder rotation fre-
quency n=60 rpm and the minimum amount of seed mix-
ture N0=1,000 pcs, the relative content of impurities ε in the 
seed mixture is ε=12-14%. 

Statistical analysis of equations (12) in the variation 
range under study showed that the Pearson correlation coef-
ficient is 0.88 and 0.87, respectively. In turn, Fisher’s crite-
rion was F(7)=1.84<Ft=2.49 and F(8)=1.98<Ft=2.49, respectively. 
This confirms the adequacy of the obtained models.

Since the optimal values of factors according to indi-
vidual research criteria do not coincide, the following com-
promise problem is to be solved:

�ε
(𝐷𝐷𝐷𝐷,𝑛𝑛𝑛𝑛,𝑁𝑁𝑁𝑁0) → 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛,
𝑁𝑁𝑁𝑁(𝐷𝐷𝐷𝐷,𝑛𝑛𝑛𝑛,𝑁𝑁𝑁𝑁0) →𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚. 

Problem (13) will be solved by the method of scalar 
ranking by minimising the multiplicative function consider-
ing the importance coefficient of the private criterion:

𝑁𝑁𝑁𝑁
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑁𝑁𝑁𝑁)

ε → 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚( ε)

where max is the maximum function value.
Using the Mathematica programme, solving equa-

tion (14) together with (9) and (12) gives rational struc-
tural and technological parameters of the trier separator: 
D=0.58 m, n=46.8 rpm, N0=2,722 pcs. With these 
parame-ters, the optimisation criteria were equal to 
N=251 units, ε=5.89%, θmin=0.22 rad, θmin=1.26 rad. Similar, 
but this time practical studies [16-17], were con-ducted by 
a scientist from Denmark, who investigated the behaviour 
of seed material during separation in a cylindrical trier. 
The author obtained a linear dependence between the 
rotation frequency of the cylinder and the angle of fall of 
the seeds from the cylinder pods. As a result, the scientist 
obtained the optimal values of the diameters of the pods 
and the frequency of rotation of the cylinder, namely: for 
three mixtures of hemp and rice, the optimal ranges of the 
diameter of the pods were 6.5-7 mm, and the frequency of 

rotation from 36.71 rpm to 42.60 rpm; for the three mixtures 
of hemp and wheat, the optimal value of the cell diameter 
was 6.5 mm, and the optimal range of rotation frequency 
was from 36.71 rpm to 39.73 rpm.

CONCLUSIONS
As a result of the numerical simulation of the process of 
separation of seed material of small-seeded crops on a cylin-
drical seed trimmer in the Star CCM+ software package, the 
dependence of the values of the minimum θmin and maxi-
mum θmax of the angles of seed exit from the seed cylinder 
trimmer on the research factors was obtained in the form of 
second-order regression equations. The number of all com-
ponents of the seed mixture N, which were within the min-
imum θmin and maximum θmax angles of rotation of the trier 
separator cylinder, was chosen as a performance criterion. 
According to the simulation results, the dependence of the 
number of all components of the seed mixture N on research 
factors was obtained in the form of second-order regres-
sion equations. The criterion for evaluating the quality of 
the separation process was the relative content of impuri-
ties ε in the seed mixture, which was within the minimum 
θmin and maximum θmax rotation angles of the trier separator 
cylinder. According to the simulation results, the depend-
ence of the relative content of impurities ε on factors under 
study was obtained in the form of second-order regres-
sion equations. Solving the compromise problem using the 
scalar ranking method by minimising the multiplicative 
function considering the importance coefficient of the pri-
vate criterion in the Mathematica software package, which 
is reduced to minimising the relative content of impuri-
ties ε and maximising the number of all components of the 
seed mixture N that were within the minimum θmin and max-
imum θmax angles of rotation of the cylinder, the rational 
design and technological parameters of the trier separator 
were obtained: D=0.58 m, n=46.8 rpm, N0=2,722 pcs. With 
these parameters, the optimisation criteria were equal to 
N=251 units, ε=5.89%, θmin=0.22 rad, θmin=1.26 rad. Consid-
ering the obtained parameters, the next stage of research is 
to conduct an experiment using a laboratory setup to con-
firm the simulation results and further improve the exist-
ing trier separator by developing a mechatronic system that 
allows controlling the parameters of the trier and obtaining 
the optimal sorting result at the output.

E. Aliiev and K. Lupko

(13)
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Результати чисельного моделювання процесу сепарації 
насіннєвого матеріалу дрібнонасіннєвих культур  

на циліндричному чарунковому трієрі
Анотація. Актуальність дослідження зумовлена необхідністю збільшення кількості якісного насіннєвого матеріалу 
дрібнонасіннєвих культур, що неможливо досягти без важливого процесу сепарації. Сепарація заснована на техніко-
технологічних принципах розділення насіннєвого матеріалу в залежності від відмінностей фізико-механічних 
властивостей окремих складових насіннєвого матеріалу. Для сепарації насіння за ознакою довжини призначені 
циліндричні трієри. Метою дослідження є визначення теоретичних закономірностей зміни технологічних 
параметрів процесу сепарації насіннєвого матеріалу дрібнонасіннєвих культур від конструктивно-режимних 
параметрів циліндричного чарункового трієра шляхом чисельного моделювання. Вирішення поставлених задач 
реалізовано в програмі STAR-CCM+ на базі методу кінцевих елементів. Враховуючи фізико-механічні властивості 
насіннєвого матеріалу, в результаті дослідження отримано візуалізацію процесу сепарації в залежності від факторів 
досліджень: частоти обертання циліндра трієра, діаметра циліндра та кількості насінин і домішок в насіннєвій 
суміші. За результатами моделювання отримано залежність у вигляді рівнянь регресії другого порядку відносного 
вмісту домішок ε від факторів досліджень. З використанням програми Mathematica вирішено компромісну задачу, 
яка полягає в мінімізації мультиплікативної функції критеріїв досліджень і визначені раціональні конструктивно-
технологічні параметри трієрного сепаратора. Матеріал статті призначений для науковців, аспірантів, конструкторів 
сільськогосподарської техніки, студентів і фахівців сільськогосподарського виробництва

Ключові слова: механізація, сепаратори, насіннєвий матеріал, розділення
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Analysis of the Influence of the Internal Heat Capacity of a Public 
Building on the Thermal Comfort Parameters of the Premises During 

the Operation of the Heating System in Alternating Mode
Abstract. In the climatic conditions of Ukraine, which are characterised by a long heating period, considerable energy 
requirements for heating lead to an increase in energy efficiency requirements. A substantial reduction in the energy 
consumption of buildings while ensuring comfort conditions will be facilitated by the inclusion of a model of human 
thermal comfort in the complex “heat source – fencing” system. The purpose of this study was to find the factors affecting 
the internal heat capacity and, accordingly, the thermal inertia of the building and further take these factors into account 
upon assessing the thermal condition and parameters of thermal comfort of building rooms. The object of this study was 
the educational and administrative building of the National University of Life and Environmental Sciences of Ukraine. 
Many studies were carried out, namely full-scale measurements of heat flows and temperatures on the surfaces of samples 
of the building’s wall structure were carried out in a special climate complex that allows artificially creating external 
and internal thermal conditions of premises. It was found that the insulation of the structure with a layer of expanded 
polystyrene PSB-15, 100 mm thick, reduces heat losses through the wall panel by almost half. An algorithm for controlling 
the heat release process was developed, considering the internal heat capacity of the building. Compared to the “linear” 
dependence, this allows more accurately adjusting the schedule of heat carrier release to the heating system of a public 
building during the introduction of the alternating mode of its operation. The temperature deviation range is reduced 
by 4-6 °C, which allowed saving up to 10-12% of the consumed heat energy for the heating needs of the research object, 
provided that the normalised values of the internal temperature of the premises are maintained. Intermittent operation 
of the heating system of public buildings, the expediency of which is justified in this study, can be recommended for 
implementation in the structures of higher educational institutions of Ukraine

Keywords: thermal energy, energy requirements, energy efficiency, heating period, thermal inertia, control algorithm, 
heating system

INTRODUCTION
Buildings are one of the main consumers of primary energy 
carriers in the world [1]. Climatic conditions in Ukraine are 
characterised by a long heating period, which causes 85% of 
the energy demand for heating [2]. Therefore, energy effi-
ciency requirements are increasing, which is reflected in the 
standards [3-5]. Most of the buildings in Ukraine belong to 
the buildings of mass development of the 1980s, during the 
construction of which the emphasis was placed on minimis-
ing capital costs during construction, while operating costs 
faded into the background, and therefore 80% of buildings 
do not meet modern energy efficiency requirements [6; 7]. 
The period from the 1990s to the present day is character-
ised by a constant increase in energy prices, which means 

that during the construction of buildings, considerable at-
tention is already paid to operating costs, which is a late 
response to similar trends in Europe and the world. 

According to the European Union Directive on the 
energy efficiency of buildings [8], a requirement has been 
introduced that all new public buildings put into operation 
from 2019 must meet the requirements presented for hous-
es with almost zero energy consumption, which leads to an 
increase in energy efficiency and the use of renewable ener-
gy sources. Attention is being paid to the growth of thermal 
resistance of building fences, the relevance of economic as-
sessment and assessment of its life cycle. This is conditioned 
upon the fact that in the EU, 1/3 of energy resources are 
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spent on buildings, namely 60% of the energy consumed by 
the building is associated with operating costs [9].

Considering global trends in optimising energy de-
mand and ensuring comfortable working conditions, the 
calculation of specific energy demand should be determined 
based on operating air temperature, or while observing the 
comfort indicator in various climatic conditions [10]. The 
global community pays special attention to thermal com-
fort issues, especially in the context of the need to reduce 
energy consumption. There are sections of the population 
that are particularly sensitive to thermal comfort require-
ments – these are children and the elderly; women and 
men feel differently under the same conditions. Therewith, 
special attention is paid to individual requirements for 
thermal comfort issues related to gender, age, etc. Hence, 
the transition from the paradigm of centralised microcli-
mate quality assurance to personalised systems [11]. 

In Ukraine, thermal comfort is defined by several 
standards [12; 13]. The inclusion of the human thermal 
comfort model in the complex “heat source – fencing” sys-
tem [14; 15] is an essential step towards reducing the energy 
consumption of buildings and ensuring a suitable level of 
thermal comfort, especially during the introduction of the 
alternating heating mode, which is an important step to-
wards sustainable development. Therefore, the purpose of 
this study was to assess the impact of the level of thermal 
protection (heat capacity of the building) on the feeling of 
thermal comfort upon implementing the alternating heat-
ing mode. Such studies are important and relevant both in 
the context of improving the level of energy efficiency and 
increasing the quality of the microclimate.

LITERATURE REVIEW
Literature analysis has shown that the feasibility of intro-
ducing an intermittent (alternating) mode of operation of 
the heating system of a public building has been under-
studied. The available research results cover only a few 
isolated cases and do not provide an exhaustive answer 
to this question. The results of the study of the influence 
of thermal inertia of a room are presented in the paper [16], 
where consideration of the indicator of the internal heat ca-
pacity of a building, on the example of the educational and ad-
ministrative building of the National University of Life and 
Environmental Sciences of Ukraine (NULES of Ukraine), 
avoids energy overspending at the level of about 10–12%. 
Therewith, it is also important to determine the operating 
time of the system in alternating mode and the depth of 
adjustment, provided that the parameters of room comfort 
are preserved. In this area, the authors V. Deshko, I. Bilous, 
N. Buyak, O. Golubenko, M. Gureev investigated the change
in the comfort conditions of premises from the inertia of
external enclosing structures of a building during the op-
eration of the heating system in energy-saving modes [17], 
as well as the dependence of the comfort conditions of pub-
lic buildings with different degrees of thermal protection of
external enclosing structures in the operating conditions of
the heating system of the structure in alternating mode [18], 

its influence on the dynamics of energy demand. Equally 
important was the assessment of the impact of ventilation 
on the overall energy consumption of the building. Thus, 
the authors of [19] studied the thermal environment in the 
room, the rate of air exchange, and the concentration of 
carbon dioxide before and after the energy modernisation 
of apartment buildings in Finland and Lithuania. The au-
thors of the study [20] conducted a survey on the require-
ments and barriers in the implementation of ventilation 
systems in residential buildings with low energy consump-
tion, as well as an assessment of operational problems from 
seven European countries that may arise in this case. The 
authors of the studies: [21] – conducted long-term measure-
ments in recently built schools with low energy consump-
tion in Sweden, [22] – characterised the design features of 
residential buildings in China, [23] – substantiated the feasi-
bility of using adaptive thermal comfort methods for Iranian 
schoolchildren, [24] – investigated the parameters of resi-
dential adaptive comfort in a humid continental climate – 
Tianjin, China. Furthermore, the authors of [25] introduced 
the concept of controlling the thermal comfort of a building. 
The authors V. Nalyvaiko, I. Radko, A. Zhyltsov, O. Okushko, 
A. Mishchenko, I. Antypov studied the thermal comfort of
the building after its thermal modernisation using renew-
able energy [26] and considering the provisions of the rele-
vant standards [12; 13; 27]. However, the results of research
in the studies listed above do not fully solve the problem of
assessing the impact of the level of thermal protection (heat
capacity of the building) on the feeling of thermal comfort
when implementing an alternating heating mode, especially
in terms of optimising the algorithm for controlling the heat
release process considering the indicator of the internal heat
capacity of the building and, accordingly, its thermal inertia, 
which is what this research is aimed at.

MATERIALS AND METHODS
The object of this study was the educational and admin-
istrative building of the National University of Life and 
Environmental Sciences of Ukraine. More detailed infor-
mation about the thermophysical characteristics of enclos-
ing structures and the operating mode of the building is 
given in the source [16].

To fulfil the purpose of this study, the influence of 
heat transfer resistance of external opaque enclosing struc-
tures (walls) of the structure on the efficiency indicators of 
the building’s heating system was evaluated, considering the 
parameters of the external environment and the parame-
ters of the microclimate of premises in dynamic mode. For 
this, two types of wall panels were manufactured and inves-
tigated – “with” and “without” insulation on its outer part, 
which were carried out in different years: before the introduc-
tion of standards [7], in 2011-2012, and after – in 2018-2020. 

Thermophysical studies of the sample of the build-
ing’s wall structure were performed in a special climate 
complex, which allows artificially creating external and in-
ternal thermal conditions of premises and comprises three 
compartments:
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1. External, which simulates external climatic condi-
tions (Fig. 1). 2. Internal, which simulates the microclimate 

of the premises. 3. Operator’s room, which allows placing 
control and measuring equipment.

Figure 1. Appearance of the “cold” compartment of the climate chamber

The outer compartment was created based on the 
KTBV-8000/2 thermobaroclave, which has a powerful re-
frigerating unit, thanks to which the calculated values of the 
outdoor air temperature in the winter mode (-24 °C) were 
provided.

In stationary mode, the air temperature in the outer 
compartment was maintained by an automatic adjustment 
system with an accuracy of ±1.5 °C, in the inner compart-
ment – up to ±1 °C. Humidity in the warm compartment 
of the camera was maintained in automatic mode with an 
accuracy of ±5%.

The given stationary thermal regime in the internal 
compartment was maintained using the EOS-2.00/220 elec-
tric convector and the BK-1500 air conditioner, which were 
turned on and off by the PTR-P semiconductor thermostat 
and the automatic temperature control system mounted in 
a separate unit.

The process of measuring heat flows and tempera-
tures was controlled using the BS-2 Communication Unit, 
which has 300 input channels. Between the working com-
partments – external and internal – the tested product was 
located, mounted in a special cassette (Fig. 2a).

Figure 2. Installation diagram of the tested wall structure sample and placement of temperature and heat flow sensors 
on it (a) and placement diagram of primary temperature and heat flow converters on the surface of the wall panel 

sample tested (b): о – heat flow sensors; о – temperature sensors on the inner (“warm”) side of the wall panel;
о – temperature on the outer (“cold”) side of the wall panel

a b
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The readings of the measuring devices were taken 
remotely in the operator’s compartment using the F70-78 
measuring signal switch.

Chromel-Copel thermocouples with a relative mea-
surement error of ±5% were used as temperature sensors. 
Primary temperature converters were tightly attached to 
the outer and inner surfaces of products at selected points. 
Plasticine with an application thickness of no more than 
2  mm was used for fastening thermocouples. Therewith, 
the thermometric wire is led from the place of attachment 
of the sensitive element along the surface of the enclosing 
structure towards isotherms or the minimum temperature 
gradient for a length of at least 50 wire diameters. The free 
ends of the thermocouples were placed in a thermostat or 
Dewar vessel, while the latter must contain ice and water 
at the same time.

Thermobattery sensor PTP-1B.11.2.1.P.001.1.16.00.0 
is a working tool for measuring surface heat flux density [28]. 
Since the thermal resistance of the sensor is negligible 
compared to the thermal resistance of the wall panel, it was 
not considered. For the same reason, the dimensions of the 
sensor (10×12×1.2 mm) in the wall plane also do not affect 
its temperature field.

The universal voltmeter B7-21A was used as a me-
ter of the DC output signal. The voltmeter is designed to 
measure DC voltage in the range up to 10 MV. The accuracy 
class of the device is 0.2.

Experimental studies of energy-efficient fencing con-
struction. For experiment No. 1, an experimental light hinged 
wall panel with overall dimensions of 760×2600 mm was 
manufactured. Panel thickness δ=100 mm.

The experimental panel was a three-layer panel 
with differentiation of layers by functions performed. Fac-
ing layers – external and internal – had the functions of 
weather protection and protection of insulation from me-
chanical damage. They were made of plywood sheets with 
a thickness δ=5 mm.

When choosing the insulation material, good ther-
mal insulation was the decisive factor. Mineral wool [6] 
with a thickness δ=100 mm was used as insulation.

There was no monolithic connection between the 
plywood sheets and the heat insulator, which caused contact 
thermal resistances.

For experiment No. 2, polystyrene foam plates PSB-15, 
δ=100 mm thick, which repeated the dimensions of the wall 
panel, were attached to the previous wall panel from the 
side of the cold compartment of the climatic chamber using 
DRAGON polymer glue.

The conditions of experiment No. 1 and experiment 
No. 2 were the same: the temperature of the cold compart-
ment of the camera was -24 °C, the temperature of the warm 
compartment was +16°C.

The method of determining the heat transfer resis-
tance is based on the creation of stationary heat exchange 
conditions in the enclosing structure and the measurement 
of the air temperature in two compartments of the climate 
chamber, the heat flow density and the temperature of the 
surfaces of the structure under study, which were used to 
calculate the heat transfer resistance of the sample.

Since the wall panel was thermally relatively homoge-
neous (without substantial “cold bridges”), nine areas were 
selected for the experimental study, which were least af-
fected by marginal outflows or inflows of heat in the cham-
ber. 9 sections comprised the working zone (Fig.  2b), the 
boundaries of which were located at a distance of 50 mm 
from the edges of the sample under study. The locations of 
the sensors were marked on the sections with dots.

The test product was installed in the slot between 
the warm and cold compartments of the climate chamber. 
The contact surfaces with external fences were insulated 
with an effective heat-insulating material. 

After checking the readiness of the equipment, the 
warm and cold compartments were isolated from the out-
side air by closing the airtight doors. The air temperatures 
in the warm and cold compartments were set on the regu-
lating equipment, including refrigerating, heating, and air 
humidifying equipment.

The tested panel belongs to the non-inertial class, 
its exit to the stationary mode took place within three to 
four hours. The onset of stationary mode was recorded by 
stable indicators of thermocouples and heat meters. The 
sampling of experimental data in stationary mode for their 
further processing was made from the last six measure-
ments (on six cycles), during which the temperature and 
heat fluxes remained practically constant.

Experimental studies of the parameters of thermal 
comfort of premises were carried out for five consecutive 
days, including Saturday and Sunday. Air temperature and 
humidity parameters were recorded by portable data log-
gers – Trotec BL30. Therewith, the measurement error was 
as follows: ±2°C – in the temperature range from 1°C to 
50°C and ±3°C – in the range from -18°C to -1°C.

Evaluation of the influence of the resistance of the 
opaque enclosing structures of the building on the param-
eters of the thermal comfort of the premises and the energy 
consumption of the building using a numerical method. The 
total heat transfer and heat input were calculated according 
to  [29], where dynamic impacts are considered by intro-
ducing the coefficient of use of heating inputs (accepted in 
the study) and the coefficient of use of cooling losses. The 
effect of inertia in the case of intermittent heating or its 
shutdown was considered separately.

The dimensionless coefficient of use of heating in-
puts ƞH, gn is calculated for each month according to [29] 
based on the ratio of heat inputs and losses and the numerical 
parameter aH, which depends on the inertia of the building: 

(1)

where aH,O is the reference dimensionless numeric parame-
ter, aH,O=1.0; τ is the time constant of the building zone, h; 
τH,O is the reference time constant, which is taken as 15 h.

The time constant of the building zone τ, h, char-
acterises the internal thermal inertia of the conditioned 
zone of the building, both for the heating period and for 
the cooling period:

(2)

а𝐻𝐻𝐻𝐻 = а𝐻𝐻𝐻𝐻,𝑂𝑂𝑂𝑂 +
𝜏𝜏𝜏𝜏
𝜏𝜏𝜏𝜏𝐻𝐻𝐻𝐻,𝑂𝑂𝑂𝑂

𝜏𝜏𝜏𝜏 =
𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚

𝐻𝐻𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐻𝐻𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐻𝐻𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣,𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
, 
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where Cm is the internal heat capacity of the building or 
building zone, W·h/K; Htr, adj is the representative value of 
the overall heat transfer coefficient of the transmission, 
W/K; Hve, adj is the representative value of the general co-
efficient of heat transfer by ventilation, W/K; Hve, extra, adj is 
the representative value of the overall heat transfer co-
efficient due to additional ventilation from night and/or 
natural cooling, W/K (for heating mode Hve, extra, adj=0):

(3)

where  is the total heat transfer coefficient due to added 
ventilation (night ventilation and/or natural cooling) from 
the k-th element, W/K, and the share of work for a specific 
ϳ-th hour of the day of the i-th day of the month from the 
k-th element of added ventilation (if night ventilation and/or 
natural cooling works =1, otherwise 0.5); ϳ is the calculation 
step in hours, from 1 to 24 h; i=1 to n is the calculation step 
in days (n=31 for January).

The building of the object under study belongs to 
the class of “massive” buildings – brickwork in two bricks 
with a reinforced concrete floor. In this case, the internal 
heat capacity of the building is calculated according to [29]:

(4)

where C is the internal heat capacity of the build-
ing per unit area, taken according to the Table 15 [29], 
W·h/(m2·K); Af is the conditioned area of the building, m2.

In the case under study, for intermittent (alternat-
ing) heating mode, the energy consumption for heating 
Q_H, nd, interm, W·h, was found as follows:

(5)

where QH, nd, cont is the energy demand for continuous heat-
ing, W·h; aH,red is the dimensionless reduction coefficient 
for intermittent heating mode, with a minimum value aH, 

red=fH, hr and a maximum value aH, red=1: 

(6)

where fH,hr is the share of the number of hours per week with 
a normal (permanent) set heating mode (not set on alternat-
ing or switched off); bH, red is the empirical correlation coef-
ficient, bH, red=3; τ is the time constant of the building zone, 
h; τH,0 is the reference time constant for the heating mode, 
h; γH is the ratio of heat input and loss for the heating mode.

Adjustments for the non-use period. According to the 
data [16], it was found that in the building under study, pe-
riods of non-use during the heating period (on weekends 

and holidays) lead to a reduction in energy consumption 
during heating. 

Energy consumption for heating was calculated, 
considering the period of non-use, QH, nd, W·h: 

a) for the period of use (normal heating settings);
b) for setting the non-use period. 

Linear interpolation was performed depending on
the time fraction of the non-use mode compared to the 
maintenance mode:

where QH, nd, occ is the energy demand for heating, W·h, (ei-
ther QH, nd, cont or QH, nd, interm), assuming that on all days of the 
month, the adjustment and setting of the automatic air 
temperature controller in the room (e.g., the thermostat 
on the heating device) correspond to the settings of the pe-
riod of use; QH, nd, nocc is the energy demand for heating, W·h, 
(either QH, nd, cont or QH,nd,interm), assuming that on all days of 
the month, the regulation and settings of the thermostat 
correspond to the settings of the period of non-use; fH, nocc is 
the fraction of a month with a period of non-use of heating 
(e.g., 10/31).

Additionally, according to the method [29], the in-
fluence of automatic control systems installed at the dis-
trict heating point was investigated:

(8)
where Qgen, out is the produced/generated energy (output en-
ergy) from the generation (accumulation) subsystem, spe-
cifically based on phase-transition heat accumulators [30];  
Qdis, in is the energy input to the distribution subsystem; ηаc  is 
the efficiency of automatic adjustment.

RESULTS AND DISCUSSION
Figure 3 demonstrates the nature of changes in heat flows 
through the wall panel. Visual analysis shows that for 
experiment No. 1, the surface heat fluxes were 1.8 times 
greater than for experiment No. 2, at almost the same tem-
peratures on the panel surface in the warm and cold com-
partments of the chamber.

The practical value of the obtained results, in terms 
of thermophysical studies of samples of the wall structure 
of the building, allows estimating the factual heat loss 
through the wall panel with an effective heat-insulating 
material [6] and bring the reference values to the opera-
tional values of its coefficient of thermal conductivity, con-
sidering the specific features of the real operating condi-
tions of the structure. It was found that the insulation of 
the structure under study with a layer of expanded poly-
styrene PSB-15, 100 mm thick, reduces heat losses through 
the wall panel by almost half.

𝐻𝐻𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 ,𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =
∑ (∑ 𝑓𝑓𝑓𝑓𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣,𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑎𝑎𝑎𝑎,𝑘𝑘𝑘𝑘𝐻𝐻𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣,𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑎𝑎𝑎𝑎,𝑘𝑘𝑘𝑘
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𝑎𝑎𝑎𝑎=1 )𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖=1

𝑡𝑡𝑡𝑡
, 

𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚 = 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓 

𝑄𝑄𝑄𝑄𝐻𝐻𝐻𝐻,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛,𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑎𝑎𝑎𝑎𝐻𝐻𝐻𝐻,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  𝑄𝑄𝑄𝑄𝐻𝐻𝐻𝐻,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 

𝑎𝑎𝑎𝑎𝐻𝐻𝐻𝐻,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  = 1 − 𝑏𝑏𝑏𝑏𝐻𝐻𝐻𝐻,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟�𝜏𝜏𝜏𝜏𝐻𝐻𝐻𝐻,0/𝜏𝜏𝜏𝜏�𝛾𝛾𝛾𝛾𝐻𝐻𝐻𝐻�1 − 𝑓𝑓𝑓𝑓𝐻𝐻𝐻𝐻 ,ℎ𝑟𝑟𝑟𝑟�,  

𝑄𝑄𝑄𝑄𝐻𝐻𝐻𝐻,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = �1 − 𝑓𝑓𝑓𝑓𝐻𝐻𝐻𝐻 ,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛�𝑄𝑄𝑄𝑄𝐻𝐻𝐻𝐻,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 + 𝑓𝑓𝑓𝑓𝐻𝐻𝐻𝐻,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  𝑄𝑄𝑄𝑄𝐻𝐻𝐻𝐻,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 

𝑄𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑄𝑄𝑄𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑/𝜂𝜂𝜂𝜂а𝑐𝑐𝑐𝑐 , 

(7)
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Figure 3. Graphs of changes in heat flows through the wall panel under study for experiment No. 1 – study of heat-in-
sulating properties of a wall panel without insulation and for experiment No. 2 – study of heat-insulating properties of a 

wall panel with insulation – expanded polystyrene PSB-15.

Evaluating the influence of the resistance of the 
opaque enclosing structures of the building on the thermal 
comfort parameters of the premises using the numerical 
method according to [31], it was established that the used 

model considers the dynamic change of heat flows through 
the wall panels under study (Fig. 3), which were made of 
different structural materials. The results of calculations 
for [31] are presented in Figure 4.

Figure 4. Temperature change on the inner surface of the wall of the room during the day: 1 – the enclosing structures 
made of multi-layered wall structures with insulation; 2 – the enclosing structures made of brickwork without insulation

Analysis of Figure 4 shows that when the operating 
mode of the heating system of a public building is intro-
duced in the alternating mode, a substantial temperature 
change is observed on the inner surface of the enclosing 
structure. In the case of external walls made of multi-layer wall 
structures with insulation, the temperature drop reaches 
±5°C, which meets the requirements [7], in contrast to the 

building’s enclosing structures made of brickwork without 
insulation. The latter indicates a substantially lower indicator 
of the internal heat capacity of such a building. 

The above (Fig. 3), in contrast to the results of re-
search given in papers [17; 18], wherein, upon assessing the 
change in the comfort conditions of the premises from the 
inertia of the external enclosing structures of the building 
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during the operation of the heating system in energy-sav-
ing modes [17], as well as the dependence of the comfort 
conditions of public buildings with different degrees of 
thermal protection of the external enclosing structures in 
the operating conditions of the building heating system in 
the regular mode [18], calculated (standardised) and not 
experimental (operational) values of the thermal conduc-
tivity coefficient were accepted. The results obtained in this 
study allow more accurately determining the factual tem-
perature values on the inner surface of external enclosing 
structures (Fig. 4) and compare them with the minimum 
permissible ones [7] upon assessing the comfort conditions 
of the premises, which complements the results of the 
study [19], considering national standards [7; 12; 13].

Quasi-stable heating. For the object under study, 
the mode of intermittent (alternating) heating, as constant 
heating considering the set temperature value, in mode A and 
mode B was considered and investigated. 

Mode A: the set temperature for calculation is the time 
average of the set temperature values for periods of constant 
heating and periods of alternating heating, since the time 
constant of the building is less than 0.2 of the duration of the 
shortest period with the alternating heating mode.

Thus, it was experimentally confirmed that an essen-
tial factor in the implementation of the regular heating mode 

is the thermal inertia of the building, which determines the 
time interval and the depth of adjustment [16] under the 
condition of maintaining the comfort parameters of the 
premises. When switching from constant mode to alter-
nating mode, the average decrease in the temperature of 
the coolant and indoor air (from 18:00 to 4:00) was 8-10°C 
and >16°C (at the allowed 12°C), respectively. The recorded 
outdoor temperature was -3°C. Considering the structure of 
the external walls of the object under study, the “warm-up” 
time of the building, the heating system of which has been 
working for a long time in regular mode, with the achieve-
ment of the parameters of thermal comfort of the premises, 
was established. Thus, the duration of the heating of the 
“A” type building, when the heating system was operating 
in the “forced” mode, was 6.5 hours [16]. Savings in the con-
sumed heat energy during the operation of the building’s 
heating system in alternating mode amounted to 6-8%, 
the air temperature during this period was maintained at 
12°C. An algorithm for controlling the heat release process 
was developed, considering the internal heat capacity of 
the building. Compared to the conventional “linear” de-
pendence (inherent in type A buildings), this allows more 
accurately adjusting the schedule of heat carrier release (Fig. 5) 
to the heating system of a public building during the intro-
duction of the alternating mode of its operation. 

Figure 5. Temperature schedule of heat carrier release to the building’s heating system, considering the outdoor air 
temperature and the internal heat capacity of the structure

Source: compiled by the author based on [16]

The temperature deviation range is reduced by 4-6°C, 
which allowed saving up to 10-12% of the consumed thermal 
energy for the heating needs of the educational and admin-
istrative building of NULES of Ukraine under the condition 
of supporting the normalised (for the alternating regime) 
values of the internal temperature of the premises.

Mode B: the set temperature for the calculation is 

the set temperature for the normal (continuous) heating 
mode, since the time constant of the building is more than 
three times the duration of the longest period with the al-
ternating heating mode.

Comparing the data of the factual consumption by 
the educational and administrative building of the NULES 
of Ukraine with the calculated reduced to the factual 
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number of degree-days of the heating period (for March 
2019, Table  4 [16]) and the parameters of the comfort of 
the premises (temperature and air humidity), it was estab-
lished that with an insignificant (+1.3°C) deviations of the 
indicators of the factual values ​​of the internal air tempera-
ture in the premises of the building from the normalised 
values (18±2°C), an excess of the level of factual consump-
tion of thermal energy was observed compared to the cal-
culated value adjusted to the factual number of degree-days 
by 3.73 Gcal [16]. Thus, during the operation of the heating 
system of a public building in constant mode (Fig. 6a), there 

was an overspend of consumed thermal energy by 7.4% for 
the heating period of 2018-2019.

Given the structure of the enclosing structures of the 
object, the influence of heat transfer resistance on the perfor-
mance indicators of the building heating system was investi-
gated considering the parameters of the external environment 
and the microclimate of the premises in dynamic mode, a com-
parison was made of the specific energy consumption indica-
tors of the building “before” the implementation of the heat 
release process management algorithm considering the indi-
cator of its internal heat capacity (Fig. 6a) and “after” (Fig. 6b).

Figure 6. Specific indicators of the building’s energy consumption “after” (a) and “before” (b) the implementation of 
the heat release process control algorithm, considering the indicator of its internal heat capacity, kW·h/m².

Therewith, the inclusion of the human thermal 
comfort model in the complex “heat source – fencing” sys-
tem [14; 15] is an essential step towards reducing the  energy 
consumption of buildings and ensuring a suitable level of 
thermal comfort, especially during the introduction of the 
alternating heating mode. The results obtained in this study 
regarding the assessment of the influence of the level of 
thermal protection (heat capacity of the building) on the 
feeling of thermal comfort of a person during the implemen-
tation of a regular heating mode, in contrast to the results of 
studies given in the papers [23-25], where the feasibility of 
using adaptive methods of thermal comfort is substanti-ated 
[23], and not the algorithms for its achievement, also consider 
the influence of the thermal inertia of the building, which 
determines the time interval and the depth of regula-tion, 
provided that the comfort parameters of the premises are 
observed and preserved, and not only their control [25]. This 
allows adjusting the coolant release schedule more ac-
curately, according to the developed algorithm (Fig. 5) into 
the heating system of a public building during the intro-
duction of the alternating mode of its operation, considering 
the outdoor air temperature and national standards [2; 29].

Given the factual indicators of savings in consumed 
heat energy during the operation of the building’s heating 
system in alternating mode at the level of 6-8%, as well as the 
deviation of the factual values of the internal air temperature 
in the building from the normalised values, the total indicator 
of savings in consumed heat energy was 14-16% (Fig. 6), 
which complements the results of studies [14; 15; 32]. 
Considering the above, the intermittent (alternating) operation 
of the heating system of public buildings, the expediency of 
which is justi-fied in this study, can be recommended for 
implementation in the structures of higher educational 
institutions of Ukraine.

CONCLUSIONS
When assessing the thermal state of the building and the 
thermal comfort parameters of the rooms, those factors that 
affect its internal heat capacity and, accordingly, thermal 
inertia, are determined and considered. Reasonable expe-
diency of implementing an intermittent (alternating) mode 
of operation of the heating system of public buildings and 
facilities of higher education institutions, namely:

1. It was experimentally confirmed that an essential factor
in the implementation of the regular heating mode is the 
thermal inertia of the building, which determines the time 
interval and the depth of adjustment under the condition 
of maintaining the comfort parameters of the premises. 
When switching from constant mode to alternating mode, 
the average decrease in the temperature of the coolant and 
indoor air (from 18:00 to 4:00) was 8-10 °C and >16°C (at 
the allowed 12°C), respectively. The recorded outdoor tem-
perature was -3°C.

2. Considering the structure of the external walls of the
object under study, the “warm-up” time of the building, the 
heating system of which has been working for a long time 
in regular mode, with the achievement of the parameters 
of thermal comfort of the premises, was established. Thus, 
the duration of the heating of the “A” type building, when 
the heating system was operating in the “forced” mode, 
was 6.5 hours. Savings in the consumed heat energy during 
the operation of the building’s heating system in alternat-
ing mode amounted to 6-8%, the air temperature during 
this period was maintained at 12°C.

3. Evaluating the influence of the resistance of the en-
closing structures on the thermal comfort parameters of 
the premises using the numerical method, it was estab-
lished that the used model considers the dynamic change 
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0.0
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of heat flows through the wall panels under study, which 
were made of different materials, including in the alter-
nating mode. Thus, in the case of external walls made of 
multi-layer wall structures with insulation, the tempera-
ture drop reaches ±5°C, in contrast to the building’s en-
closing structures made of brickwork without insulation.

4. An algorithm for controlling the heat release process
was developed, considering the internal heat capacity of the 
building. Compared to the conventional “linear” depen-
dence, this allows more accurately adjusting the schedule 
of heat carrier release to the heating system of a public 
building during the introduction of the alternating mode 
of its operation. The temperature deviation range is re-
duced by 4-6°C, which allowed saving up to 10-12% of the 
consumed thermal energy for the heating needs of the edu-
cational and administrative building of NULES of Ukraine 
under the condition of supporting the normalised values of 
the internal temperature of the premises.

5. Given the factual indicators of savings in consumed
heat energy during the operation of the building’s heating 
system in alternating mode at the level of 6-8%, as well as the 
deviation of the factual values of the internal air temperature 
in the building from the normalised values, the total indica-
tor of savings in consumed heat energy was 14-16%.

In summary, intermittent (alternating) operation of 
the heating system of public buildings, the expediency of 
which is justified in this study, can be recommended for 
implementation in the structures of higher educational in-
stitutions of Ukraine. Therewith, the issue of establishing 
the limit time for cooling and “warm-up” of the building in 
the “forced” mode, considering the factual value of its thermal 
inertia under the operating conditions of the controller of 
the individual thermal point according to the developed al-
gorithm for controlling the process of releasing heat into 
the building’s heating system, requires further research.
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Аналіз впливу внутрішньої теплоємності громадської будівлі 
на параметри теплового комфорту приміщень при роботі

системи опалення в черговому режимі

Анотація. У кліматичних умовах України, які характеризуються довгим опалювальним періодом, значні енергопотреби 
на опалення призводять до зростання вимог щодо енергоефективності. Суттєвому зниженню енергоспоживання 
будівель при забезпеченні умов комфортності сприятиме включення моделі теплового комфорту людини до 
складної системи «джерело тепла – огородження». Мета цього дослідження – визначення чинників, які впливають 
на внутрішню теплоємність та, відповідно, теплову інерцію будівлі і подальше врахування цих факторів при 
оцінці теплового стану та параметрів теплового комфорту кімнат будівлі. Об’єкт дослідження – навчально-
адміністративний корпус НУБіП України. Проведено ряд досліджень, зокрема натурні виміри теплових потоків 
і температур на поверхнях зразків стінової конструкції будівлі виконувались в спеціальному кліматичному 
комплексі, який дозволяє штучно створювати зовнішні та внутрішні теплові умови приміщень. Показано, що 
утеплення конструкції шаром пінополістиролу ПСБ-15, товщиною 100 мм, дозволяє знизити теплові втрати через 
стінову панель майже вдвічі. Розроблено алгоритм управління процесом відпуску теплоти з урахуванням показника 
внутрішньої теплоємності будівлі. Порівняно з «лінійною» залежністю це дозволяє більш точно коригувати графік 
відпуску теплоносія в систему опалення громадської будівлі під час впровадження чергового режиму її роботи. 
Діапазон відхилення температур знижується на 4–6 °С, що дозволило заощадити до 10–12 % спожитої теплової 
енергії на потреби опалення об’єкту дослідження при умові збереження нормованих значень внутрішньої 
температури приміщень. Переривчастий режим роботи системи опалення громадських будівель, доцільність 
якого обґрунтована в даному дослідженні, може бути рекомендований до впровадження у спорудах закладів 
вищої освіти України

Ключові слова: теплова енергія, енергопотреби, енергоефективність, опалювальний період, теплова інерція, 
алгоритм управління, система опалення
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Movement of a Particle Along an Inclined Cylinder 
Rotating Around Its Axis

Abstract. It is well known that parts of agricultural machinery often have a cylindrical shape. This shape, for example, 
can be observed in the casing of lifting and transport machines, where the active working body rotates. Furthermore, drum 
grain dryers and triers use an inclined cylinder that rotates around its axis. In this case, the particles of the technological 
material interact with the rotating surface, which leads to their sliding, the nature of which depends on the value of 
the angle of inclination of the cylinder. In this study, the methods of differential geometry, vector algebra, theoretical 
mechanics, and numerical integration of differential equations consider the motion of a particle along the inner surface 
of an inclined cylinder rotating at a constant angular velocity around its axis. The axes of a fixed coordinate system are 
used to compose differential equations of motion. It was established that the proper initial conditions under which the 
particle would be stationary at a certain distance from the lower forming cylinder towards its rotation can be determined 
analytically. In case of movement along an inclined cylinder, the particle moves, among other things, in the axial direction, 
while reducing the amplitude of vibrations. Furthermore, it was found that the angle of inclination of the cylinder plays 
a significant role. If the latter is less than the angle of friction, then the vibrations stop, the movement of the particle 
stabilises, and it performs a rectilinear movement at a constant speed in the axial direction. If the angle of inclination of 
the cylinder is greater than or equal to the angle of friction, then the particle moves rapidly in the axial direction and its 
movement does not stabilise. The value of the angular velocity of rotation also plays a significant role. A certain amount 
of it provokes “sticking” of the particle, which does not depend on the inclination angle of the cylinder. The obtained 
analytical dependences can be used in the design of cylindrical working bodies of agricultural machines

Keywords: surface, rotational motion, sliding, angular velocity, differential equations, trajectory

INTRODUCTION
Cylindrical surfaces form an integral part of agricultural 
machinery. In lifting and transport machines, they play 
the role of a casing, inside which the active working body 
rotates (e.g., an auger). An inclined cylinder that rotates 
around its axis is used in drum grain dryers and cylindri-
cal separators (triers). The interaction of material particles 
with the surface of the cylinder rotating around its axis 
leads to their sliding, the nature of which depends on the 
value of the inclination angle of the cylinder. An analytical 
description of the particle’s sliding on the cylinder surface 
is a prerequisite for designing machines with such a nature 
of particle interaction with a moving surface, which indicates 
the relevance of this study.

Furthermore, at all times, the issues of increasing 
the durability of machines and their elements by improv-
ing reliability indicators have been extremely relevant. 
Thus, the article [1] describes the latest method of surface 

sulphidation developed. In [2], the method of surface hard-
ening of parts using cementing and nitriding is highlighted. 
In [3], a method for applying a multi-layer coating is pro-
posed. As the researchers note, such recommendations are 
insufficient to meet the needs of the present [4]. Notably, 
in all these and similar studies, the latest technologies of 
surface hardening are developed, which is a costly process.

Engineering practice often faces problems of geo-
metric design of objects that are proposed to be solved in 
various ways, e.g., in multidimensional space by approxi-
mating the solution of differential equations [5], by mul-
tidimensional parabolic interpolation [6], by interpolating 
geometric space  [7], etc. It is even easier to solve the in-
verse problem. In this case, the geometric design of techno-
logical objects is reduced to finding analytical dependen-
cies of their interaction. Such interaction in mechanical 
engineering is the interaction between the working body 
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and the material. This occurs during grain separation [8], 
aspiration separation [9], soil fertilisation [10], etc. The 
motion of an individual particle cannot be identified with 
the motion of a material that comprises individual parti-
cles, but it allows identifying patterns of motion that can 
be transferred to the material in a certain way. Thus, [11] 
presents the results of studies of particle motion on rough 
surfaces, and [12] – in rotary scatterers.

However, the study of body motion in some cases 
can be reduced to a particle [13]. This applies to the case 
when the inertial forces from the rotation of a body can 
be ignored due to the small angular velocities of their ro-
tation  [14]. Using this approach, the motion of particles 
on the surface of a spherical segment rotating around a 
vertical axis was investigated [15]. Thus, the range of ap-
plied problems requiring an analytical description of the 
motion of a particle along a plane is expansive. Proceeding 
from the above, the purpose of this study was to search for 
patterns of motion of a material particle along the inner 
surface of a cylinder set at an angle to the horizon and ro-
tating around the axis. Research on this area is made in 

the monograph [16, p. 468], but they have a limited nature 
of calculations and graphical constructions for objective 
reasons due to the lack of modern computer tools at that 
time.

MATERIALS AND METHODS
To fulfil the purpose set, the authors of this paper used 
methods of differential geometry, vector algebra, theo-
retical mechanics, and methods of numerical integration 
of differential equations. The parametric equations of a 
cylinder with a horizontal axis directed along the OX axis 
(Fig. 1) have the following form:

Figure 1. Graphical illustrations for compiling the equations of motion of a particle along the inner surface 
of a horizontal cylinder that rotates around its axis: a) axonometric view of the cylinder; b) projection of the cylinder, 

when the OX axis is directed at the observer and the forces applied to the particle at point B

a) b)

At the beginning of the movement, the particle is 
at point A on the lower base of the cylinder (Fig. 1). The 
cylinder will be rotated around the axis with a constant an-
gular velocity ω. During time t, the cylinder will turn to the 
angle ωt and the lower generator of the cylinder will move 
to point C. During the same time, the particle will move 
along the surface of the cylinder, but will not reach point 
C, as it will slide along it (Fig. 1b). Suppose it reached point 
B, which corresponds to angular slip α. Since the axis of 
rotation of the cylinder is horizontal, it is obvious that the 
sliding trajectory will be an arc of a circle. If the cylinder 
is tilted, there will be a component of the force of gravity, 
which will make the particle slide towards the OX axis as 
well. First, the study considered the movement of a particle 
on the surface of a horizontal cylinder.

If one connects the independent variables α and u 
of the surface by a certain functional dependence, e.g., on 
time t, then Equations (1) will turn into equations of one 
variable, i.e., they will describe a line on the surface of the 

cylinder. This line will be considered as the sliding trajec-
tory, and the dependences α=α(t) and u=u(t) are unknowns 
that need to be found. To find them, one needs to compile 
a system of differential equations of motion of the particle 
in projections on the axis of the OXYZ coordinate system. 

The equation of motion of the particle will be for-
mulated in the following form: mw=F, where m is the particle 
mass, w is the vector of absolute acceleration, F is the re-
sulting vector of forces applied to the particle. These forces 
are weight force mg (g=9.81 m/s2 – acceleration of free fall), 
surface reaction N, and friction force f·N (f – friction coef-
ficient). Next, the direction cosines are found, i.e., the unit 
direction vectors of action of these forces. The weight force 
is directed downwards, so the projections of the guide vector 
will be written as follows:

(2)

The frictional force f·N is directed opposite to the 
velocity vector of the relative movement Vr – sliding. To 

(1)

where R is the cylinder radius-constant value; α and u are 
the independent variable surfaces, and α is the angular co-
ordinate, u is the linear coordinate (length of a rectilinear 
generating cylinder). The sign “–” in the above Equation (1) 
is taken so that the value α=0 corresponds to the lowest 
element of the cylinder, on which the particle will be in the 
initial position.

𝑋𝑋𝑋𝑋 = 𝑢𝑢𝑢𝑢;𝑌𝑌𝑌𝑌 = 𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼 ;𝑍𝑍𝑍𝑍 = −𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼, 

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚: {0; 0;−1} 
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find the speed Vr of relative motion, Equation (1) is differ-
entiated with respect to time t. Therewith, it is implied that 
α=α(t) and u=u(t), i.e., Equations (1) are no longer equa-
tions of the cylinder, but equations of a line on it, i.e., of a 
relative trajectory. To distinguish between line and surface 
equations, in the equations of the relative trajectory, the 
authors switch from uppercase letters to lowercase letters 
with the index “r”:

(3)𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟′ = 𝑢𝑢𝑢𝑢′; 𝑦𝑦𝑦𝑦𝑟𝑟𝑟𝑟′ = 𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼′ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼𝛼𝛼 ; 𝑧𝑧𝑧𝑧𝑟𝑟𝑟𝑟′ = 𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼′ 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼 

The relative sliding velocity of a particle on the sur-
face of a cylinder is defined as the geometric sum of the 
components (3):

(4)

When dividing (3) by (4), it is possible to obtain a 
unit vector of the tangent to the relative trajectory in the 
projections on the axis of the OXYZ system. Given the op-
posite direction of the friction force f·N and the relative ve-
locity vector Vr, the sign of the unit direction vector of the 
friction force must be changed to the opposite:

𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟 = �𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟′
2 + 𝑦𝑦𝑦𝑦𝑟𝑟𝑟𝑟′

2 + 𝑧𝑧𝑧𝑧𝑟𝑟𝑟𝑟′
2 = �𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2

(5)𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓: �−
𝑢𝑢𝑢𝑢′

√𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2
;−

𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼′ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼𝛼𝛼
√𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2

;−
𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼′ 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼

√𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2
�. 

Surface reaction N is directed from a point on the cyl-
inder to the axis of rotation (Fig. 1b). If the radius vector of 
a point on a cylinder is determined by the second and third 
expressions of Equations (1), then the surface reaction is 
determined by the same expressions, but with the opposite 
sign. Having shortened the expressions by R, the projections 
of the unit reaction vector N will be written as follows:

(6)𝑁𝑁𝑁𝑁: {0;− 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼 ; 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼} 

At the angular rotation speed ω of the cylinder sur-
face during the time t, a turn by an angle of θ=–ωt (clockwise) 
will be made. The generator of the cylinder, which was in 
the lower position at point A, will take the position at point 
C (Fig. 1b). To rotate the cylinder (1) around the OX axis by 
an angle θ=–ωt, the known formulas are applied as follows:

(7)
𝑋𝑋𝑋𝑋 = 𝑢𝑢𝑢𝑢; 

𝑌𝑌𝑌𝑌 = 𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜃𝜃𝜃𝜃 + 𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝜃𝜃 ; 
𝑍𝑍𝑍𝑍 = 𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝜃𝜃 − 𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜃𝜃𝜃𝜃. 

After simplifications considering ϴ=–ωt, equation (7) 
takes the following form:

(8)
𝑋𝑋𝑋𝑋 = 𝑢𝑢𝑢𝑢; 

𝑌𝑌𝑌𝑌 = −𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) ; 
𝑍𝑍𝑍𝑍 = −𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼). 

Equation (8) at α=α(t) and u=u(t) are the equations 
of the absolute trajectory of the particle’s motion. The cyl-
inder turned to the angle θ=–ω·t, and during this time the 
particle, sliding along the cylinder in the opposite direc-
tion, turned to the angle α=α(t) and took the position at 
point B (Fig. 1b). The absolute speed of the particle is found 
by differentiating equations (8), switching to the lowercase 
letters with the index “a”: 

(9)
𝑥𝑥𝑥𝑥𝑎𝑎𝑎𝑎′ = 𝑢𝑢𝑢𝑢′; 

𝑦𝑦𝑦𝑦𝑎𝑎𝑎𝑎′ = −𝑅𝑅𝑅𝑅(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) ; 
𝑧𝑧𝑧𝑧𝑎𝑎𝑎𝑎′ = 𝑅𝑅𝑅𝑅(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′) 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼). 

By differentiating Equations (8), the projections of 
the absolute acceleration vector are found as follows:

(10)

𝑥𝑥𝑥𝑥𝑎𝑎𝑎𝑎″ = 𝑢𝑢𝑢𝑢″; 
𝑦𝑦𝑦𝑦𝑎𝑎𝑎𝑎″ = 𝑅𝑅𝑅𝑅(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)2 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) + 𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼″ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) ; 
𝑧𝑧𝑧𝑧𝑎𝑎𝑎𝑎″ = 𝑅𝑅𝑅𝑅(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) − 𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼″ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼). 

The unit direction vector of the action of the fric-
tion force f·N (5) and the reaction N of the surface (6) were 
found for a stationary cylinder. The surface rotates at an 
angle θ=–ω·t, and therefore the vectors must also be ro-
tated by this angle. Otherwise, the correspondence to the 
location of the particle is lost. The rotation is performed 
by analogy with the rotation of the surface according to 
Equations (7). After such manipulations, the projections of 
vectors take the following form:

– of the unit direction vector of the friction force f·N:

(11)

– of the unit direction vector of the action of the reac-
tion force N:

(12)

Since the projections (10) of the absolute accelera-
tion vector and the direction vectors of the applied forces 
of the particle weight mg (2), friction f·N (11) and reaction 
N (12) are known, the vector equation mw=F must be for-
mulated relative to the fixed OXYZ coordinate system:

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓:�−
𝑢𝑢𝑢𝑢′

√𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2
;−

𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼′ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼)

√𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2
;
𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼′ 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼)

√𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2
�. 

𝑁𝑁𝑁𝑁: {0;𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) ; 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼)} 

(13)

By substituting acceleration expressions (10) 
into (13), a system of three equations will be obtained with 
three unknown dependencies: α=α(t), u=u(t), and N=N(t). 
It should be used in the case when the initial velocity uʹ 
of particle sliding is specified towards the OX axis. When 
uʹʹ=uʹ=0 (i.e., when a particle slides around a circle), the first
Equation (13) turns into the identity 0=0. Having solved the 
system of the other two with respect to αʹʹ=αʹʹ(t) and N=N(t), 
one obtains as follows:

𝑚𝑚𝑚𝑚𝑥𝑥𝑥𝑥𝑎𝑎𝑎𝑎″ = −𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑢𝑢𝑢𝑢′

√𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2
; 

𝑚𝑚𝑚𝑚𝑦𝑦𝑦𝑦𝑎𝑎𝑎𝑎″ = −𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼′ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼)

√𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2
+ 𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) ;

𝑚𝑚𝑚𝑚𝑧𝑧𝑧𝑧𝑎𝑎𝑎𝑎″ = −𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼′ 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼)

√𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2
+ 𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼). 

(14)𝛼𝛼𝛼𝛼″ =
𝑔𝑔𝑔𝑔
𝑅𝑅𝑅𝑅

[𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) − 𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼)]− 𝑓𝑓𝑓𝑓(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)2. 

(15)𝑁𝑁𝑁𝑁 = 𝑚𝑚𝑚𝑚[𝑅𝑅𝑅𝑅(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)2 + 𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼)]. 

Equation (14) is differential and can be solved inde-
pendently. It can be assumed that when the horizontal cyl-
inder rotates, the particle located at the bottom (point A, 
Fig. 1b) will rotate with the cylinder without sliding to 
point C, and then it will slide down to a certain point below, 
and this process will be repeated. Numerical integration of 
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a) b)

The graphs show that the amplitude of particle vi-
brations increases as the angular velocity of rotation of the 
cylinder increases. If at ω=2 s-1 the particle turned by ap-
proximately 35° while rising and descended almost to zero 
(i.e., to the lower generator), then at ω=10 s-1 these angles 
are 165° and –40°, respectively, i.e., the particle oscillates in 
a circle, covering more than half of its arc. With the further 
growth of the angular velocity ω of the cylinder rotation, the 
particle practically “sticks” and rotates together with it.

If, at the initial moment, the particle is given an angular 
speed of sliding αʹ=ω, i.e., at the beginning of the movement, 
its absolute speed of rotation will be equal to zero, then the 
further movement of the particle will differ from the consid-
ered cases. For instance, the authors of this paper took ω=10 s-1 
(the graph is presented in Figure 2b below for the initial con-
ditions α=αʹ=0). Next, only one initial condition was changed: 
α=0, αʹ=ω. This substitution substantially changed the na-
ture of the vibrations – their amplitude decreased (Fig. 3a). 

a) b)

Equation (14) has shown that this assumption is valid only 
for small angular velocities. An essential role in numerical 
integration is played by the initial conditions, on which, 
as will be shown later, the nature of the particle’s motion 
depends. The initial conditions provided that the particle 
at the initial moment is on the bottom of the cylinder and 
there is no sliding angular velocity, i.e., α=αʹ=0. In Figure 2, 
graphs of the change in the kinematic characteristics of the 
particle movement during 3 s at R=0.2 m, f=0.3 and different 

angular velocities of the cylinder rotation are plotted. Above 
is a graph of the change in the angle α, and below – the dif-
ference in the angles ω·t–α. The horizontal section of the 
graph α=α(t), which is repeated periodically, indicates that at 
this moment in time there is no sliding, the particle “sticks” 
and rotates together with the cylinder. “Sticking” (lifting up) 
periodically alternates with sliding (lowering down). The 
graph of the change in the angle difference ω·t–α shows the 
amplitude of oscillations in the angular dimension.
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Figure 2. Graphs of changes in the sliding angle α and the angle of deviation of the particle ω·t–α from the zero value in 
absolute motion: a) ω=2 s-1; b) ω=10 s-1

Figure 3. Graphs of changes in the particle deviation angle ω·t–α from the zero value in absolute motion at ω=10 s-1 
and different initial conditions of integration: a) αʹ=ω, α=0; b) αʹ=ω, α=–15°
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Theoretical studies have shown that when the an-
gular speed of rotation of the cylinder increases, the parti-
cle does not “stick”, but oscillates with the same amplitude 
(within 0° to 35°), i.e., the angular speed of rotation of the 

cylinder in this case does not affect the amplitude of oscil-
lations. However, the second initial condition added to the 
first has an effect. In Figure 3b, a similar graph is plotted 
when α=–15°, i.e., at the initial moment, the particle is not 
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fed to the lower point of the cylinder, but slightly higher 
towards its rotation. The amplitude of vibrations has de-
creased and is within 15°…18.5°, while it is not difficult to 
notice that in both cases (Fig. 3a, b) vibrations occur rel-
ative to the midpoint, which in angular measurement is 
approximately 17°. If α=–17° is taken as the starting con-
dition, then the amplitude of oscillations practically disap-
pears, and the particle remains motionless in absolute mo-
tion. This is confirmed by the partial solution of differential 
Equation (14) for the corresponding initial conditions.

Let the solution of equation (14) be the dependence 
α=ω·t+αо. Then αʹ=ω, αʹʹ=0. Substituting these expressions 
into the differential Equation (14) satisfies it. One gets a 
simple equation:

(16)−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼0 − 𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼0 = 0, hence 𝛼𝛼𝛼𝛼0 = −Arctg𝑓𝑓𝑓𝑓 . 

𝑥𝑥𝑥𝑥𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
″ = 𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 (𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) + 𝑢𝑢𝑢𝑢″ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 − 𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼″ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) ; 

𝑦𝑦𝑦𝑦𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
″ = 𝑅𝑅𝑅𝑅(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)2 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) + 𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼″ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) ; 

𝑧𝑧𝑧𝑧𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
″ = 𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 (𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) − 𝑢𝑢𝑢𝑢″ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 − 𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼″ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼). 

To make differential equations of motion of a particle 
along an inclined cylinder rotating around its axis, one needs 
to rotate the cylinder and bring all the vectors of forces and 
absolute acceleration according to its position. Rotation will 
be performed around the OY axis by an angle β, clockwise, so 
that the direction of the particle sliding down along the gen-
erating lines of the cylinder coincides with the direction of 
the OX axis. The weight force vector is directed downwards, 
i.e., it does not change its direction. The vectors of the re-
maining forces and absolute acceleration are rigidly tied to 
the surface of the cylinder or to the lines (trajectories) on 
it, so they must be rotated in the same way as the cylinder.

After turning by the angle β, the following expres-
sions are obtained:

are the parametric equations of the cylinder:

Thus, the angle αо is equal to the angular friction of 
the particle on the cylinder surface. For the accepted value of 
f=0.3, the angle αо= –16.7°. If these initial conditions are met 
(αʹ=ω and α=αо= –Arctg f), the particle will slide along the sur-
face of the cylinder, remaining motionless in absolute mo-
tion at a certain height from the lower generator, which in 
the angular dimension corresponds to the angular friction. 

𝑋𝑋𝑋𝑋 = 𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝛽𝛽𝛽𝛽 − 𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼𝛼𝛼 ; 
𝑌𝑌𝑌𝑌 = 𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼𝛼𝛼 ; 

𝑍𝑍𝑍𝑍 = −𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 − 𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝛽𝛽𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼𝛼𝛼 ; 

𝑥𝑥𝑥𝑥𝑎𝑎𝑎𝑎 = 𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝛽𝛽𝛽𝛽 − 𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) ; 
𝑦𝑦𝑦𝑦𝑎𝑎𝑎𝑎 = −𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) ; 

𝑧𝑧𝑧𝑧𝑎𝑎𝑎𝑎 = −𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 − 𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝛽𝛽𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) ; 

(17)

are the projections of the absolute trajectory:

(18)

are the projections of absolute acceleration:

(19)

– of the unit direction vector of the friction force f·N:

 (20)𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓: 

⎩
⎪⎪
⎨

⎪⎪
⎧
𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼′ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) − 𝑢𝑢𝑢𝑢′ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽

√𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2
;

−
𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼′ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼)

√𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2
;

𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼′ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) + 𝑢𝑢𝑢𝑢′ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽
√𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2 ⎭

⎪⎪
⎬

⎪⎪
⎫

. 

– of the unit direction vector of the action of the reac-
tion force N:

{𝑁𝑁𝑁𝑁: 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) ; 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) ; 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼)} (21)

Similarly, as for a horizontal cylinder, a system of 
differential equations is compiled considering the rotated 
vectors (19–21):

𝑚𝑚𝑚𝑚𝑥𝑥𝑥𝑥𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
″ = 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼′ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) − 𝑢𝑢𝑢𝑢′ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽
√𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2

+ 𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) ; 

𝑚𝑚𝑚𝑚𝑦𝑦𝑦𝑦𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
″ = −𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼′ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼)

√𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2
+ 𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) ; 

𝑚𝑚𝑚𝑚𝑧𝑧𝑧𝑧𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
″ = −𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑅𝑅𝑅𝑅𝛼𝛼𝛼𝛼′ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) + 𝑢𝑢𝑢𝑢′ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽
√𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2

+ 𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼). 

(22)

Next, the authors substituted the acceleration expressions (19) into (22) and solved with respect to αʹʹ=αʹʹ(t), 
uʹʹ=uʹʹ(t) and N=N(t):

𝛼𝛼𝛼𝛼″ =
𝑔𝑔𝑔𝑔
𝑅𝑅𝑅𝑅
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝛽𝛽𝛽𝛽 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) −

𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼′
√𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2

[𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝛽𝛽𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) + 𝑅𝑅𝑅𝑅(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)2]; 

𝑢𝑢𝑢𝑢″ = 𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛽𝛽𝛽𝛽 −
𝑓𝑓𝑓𝑓𝑢𝑢𝑢𝑢′

√𝑢𝑢𝑢𝑢′2 + 𝑅𝑅𝑅𝑅2𝛼𝛼𝛼𝛼′2
[𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝛽𝛽𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) + 𝑅𝑅𝑅𝑅(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)2]; 

𝑁𝑁𝑁𝑁 = 𝑚𝑚𝑚𝑚[𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝛽𝛽𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) + 𝑅𝑅𝑅𝑅(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)2]. 

(23)
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a) b)

RESULTS AND DISCUSSION
Using numerical integration, the kinematic characteristics of 
the movement of the particle along the inner surface inside 
the cylinder were obtained, and they substantially depend 
on two parameters: the angle of inclination β of the cylinder 

and the angular velocity ω of its rotation. In Figure 4, the ab-
solute trajectories of the particle movement are plotted for a 
cylinder of radius R=0.2 m, tilted at an angle β=15° (smaller 
than the friction angle, which for f=0.3 is 16.7°).

a) b)

a) b)

Figure 4. Absolute trajectories of particle motion along the inner surface of the cylinder at different angular velocities 
of its rotation: a) ω=2 s-1; b) ω=10 s-1
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In Figure  5, graphs of speed changes are plotted 
u’=Vz towards the OX axis. In one case (Fig. 5a), the tilt 

angle is smaller than the friction angle, in the second 
(Fig. 5b) – it is larger.
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Figure 5. Graphs of the change in speed u’=Vz towards the cylinder axis at ω=5 s-1 for different angles β of its 
inclination: a) β=10°; b) β=20°

Analysing the image in Figures 4a and 5a, it can be 
concluded that the motion of the particle stabilises, its ve-
locity in the axial direction approaches a constant value, and 
the trajectory approaches a straight line. Such stabilisation 
is possible up to a certain value of the angular velocity of 
the cylinder rotation. Figure 4b shows the absolute trajec-
tory at ω=10 s-1, which shows that the particle’s oscillations 
are increasing. As the angular velocity ω increases further, 
the particle practically “sticks” and rotates together with 
the cylinder. At low angular speeds of rotation of the cylin-
der (i.e., before the particle “sticks”), speed stabilisation is 

possible only for cylinder tilt angles that are less than the 
angle of friction. Figure 5b shows a graph of the particle 
sliding speed in the axial direction at an angle β greater 
than the friction angle. It shows that the sliding velocity of 
the particle increases linearly. 

“Sticking” of the particle occurs when the corre-
sponding angular velocity of rotation of the cylinder is 
reached at any angles of its inclination. Figure 6 shows 
graphs of the change in the sliding angle α and the distance 
u of the particle movement in the axial direction at ω=20 s-1

and the angle of inclination β=45°.
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Figure 6. Graphs of changes in the kinematic characteristics of particle motion at ω=20 s-1 and the inclination angle 
β=45°: a) graph of the dependence u=u(t); b) dependence graph α=α(t)
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The graphs show that the particle moves 6 mm in 
the axial direction during the time t=2 s and turns 1° in 
the angular dimension. It is clear that a further increase in 
the angular velocity of rotation of the cylinder will lead to 
complete “sticking” of the particle. 

The results obtained considerably complement the 
similar results obtained in the monograph [16]. In the given 
study, the sliding trajectories of particles are plotted on the 
surface of an inclined cylinder, in contrast to the specified 
monograph, where they are plotted on a cylinder sweep. 
Furthermore, this study considered cases where the angle 
of inclination of the cylinder is less than or greater than 
the angle of friction, while the aforementioned study con-
sidered an angle less than the angle of friction. The results 
obtained show that with an increase in the angular velocity 
of rotation of the cylinder, “sticking” of the particle is pos-
sible, which was not considered in the cited monograph.

As it turned out, for the cylinder inclination angles 
smaller than the friction angle, it is possible to stabilise the 
motion, in which the particle slides in a straight line at a 
constant speed. A solution for this case and for a horizon-
tal cylinder can be found by looking for the solution in the 
form α=ω·t+αо, supplementing it with a constant velocity 
in the axial direction u’=Vz=const. Thus, αʹ=ω, αʹʹ=0, u’’=0. 
Substituting these data into the first two Equations (23), a 
system of two equations is obtained as follows:

The obtained result (25) should be understood as 
follows: if a particle hits a cylinder at αo with a relative an-
gular velocity equal to the angular velocity of rotation of 
the cylinder, directed oppositely from the direction of its 
rotation and with a relative translational velocity along the 
Vz axis, then it continues to move at this speed along the 
cylinder without oscillation.

CONCLUSIONS
When a particle hits the inner surface of a horizontal cylin-
der, which rotates with an angular velocity ω around its axis, 
it begins to oscillate in the plane of the cylinder cross-sec-
tion with a certain amplitude in the angular dimension. 
The magnitude of the amplitude depends on the point of 
impact of the particle, the coefficient of friction, and the 
initial absolute velocity. Under proper starting conditions, 
which are determined analytically, a particle in absolute 
motion can be stationary, being at a point in the cylinder 
at a certain distance from the lowest point in the angular 
dimension along the course of the cylinder rotation. When 
the cylinder is tilted at an angle β to the horizon, the parti-
cle begins to move in the axial direction, while the ampli-
tude of vibrations decreases. The angle of inclination of the 
cylinder is important: at the angle β, which is smaller than 
the friction angle, the movement stabilises, the oscillations 
stop, and the particle moves in a straight line in the axial 
direction with a constant speed; at an angle β greater than 
or equal to the angle of friction, motion stabilisation does 
not occur, the particle moves accelerated in the axial direc-
tion. The value of the angular velocity of rotation is of great 
importance. When a certain value is reached, the particle 
practically “sticks” regardless of the angle of inclination 
of the cylinder. Experimental verification of data obtained 
as a result of theoretical research can serve as the basis of 
further research.
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Movement of a particle along an inclined cylinder rotating around its axis
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Переміщення частинки по похилому циліндру, 
що обертається навколо власної осі

Анотація. Загальновідомо, що частини сільськогосподарських машин часто мають циліндричну форму. Таку 
форму, наприклад, має кожух підйомно-транспортних машин, в якому обертається активний робочий орган. 
Крім того, у барабанних зерносушарках та трієрах використовується похилий циліндр, що обертається навколо 
власної осі. При цьому частинки технологічного матеріалу взаємодіють з обертовою поверхнею, що призводить 
до їх ковзання, характер якого залежить від величини кута нахилу циліндра. У даному дослідженні методами 
диференціальної геометрії, векторної алгебри, теоретичної механіки та чисельного інтегрування диференціальних 
рівнянь розглядається рух частинки по внутрішній поверхні похилого циліндра, що обертається з постійною 
кутовою швидкістю навколо власної осі. Для складання диференціальних рівнянь руху використано осі нерухомої 
системи координат. Встановлено, що належні вихідні умови, при яких частинка буде нерухомою на певній відстані 
від нижньої твірної циліндра в напрямі його обертання, можуть бути визначені аналітично. У випадку руху по 
похилому циліндру частинка рухається в тому числі в осьовому напрямі з одночасним зменшенням амплітуди 
коливань. Крім того, з’ясовано, що значну роль має кут нахилу циліндра. Якщо останній менше за кут тертя, то 
коливання припиняються, рух частинки стабілізується та вона здійснює прямолінійний рух зі сталою швидкістю в 
осьовому напрямі. Якщо кут нахилу циліндра більше або дорівнює куту тертя, то частинка рухається прискорено в 
осьовому напрямі та її рух не стабілізується. Також значну роль має величина кутової швидкості обертання. Певна 
її величина провокує «залипання» частинки, яке не залежить від кута нахилу циліндра. Отримані аналітичні 
залежності можуть бути використані при проектуванні циліндричних робочих органів сільськогосподарських машин

Ключові слова: поверхня, обертальний рух, ковзання, кутова швидкість, диференціальні рівняння, траєкторія
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Estimation of Eddy Currents and Power Losses in the Rotor of a Screw 
Electrothermomechanical Converter for Additive Manufacturing

Abstract. 3D printing technologies for large-scale structures allow architects and builders to considerably expand the 
design boundaries of structures and increase the efficiency of their construction. Mobile robotic platforms for 3D printing 
are increasingly being implemented in the construction sector, as well as in the production of road surfaces, allowing 
to solve the problem of limited working space. The typical design of the extruder assembly of a robotic platform for 3D 
printing large-scale structures can be improved by combining an electric motor, an auger extruder, and a heater in one 
housing. The proposed auger-type electrothermomechanical converter uses an external auger rotor, which simultaneously 
performs the functions of an asynchronous motor rotor, a heating element, an actuator, and a protective housing. The 
purpose of this study was to evaluate the efficiency of using an auger converter as part of a mobile robotic platform for 
additive manufacturing. For converters operating in difficult conditions, the use of field calculation methods is relevant. 
In this study, a field calculation was performed using the finite element method and the spatial distribution of eddy 
currents in the section of the hollow ferromagnetic rotor was found. Pictures of the three-dimensional distribution of 
the z-component, the normal component of the density of eddy currents, as well as the distribution of the dissipated 
power density, which considers all types of losses in the rotor, were obtained using the Comsol Multiphysics software 
and computing complex. The practical value of the obtained results lies in the possibility of predicting optimal indicators 
of the influence of the thermal regime on the material, as well as the speed of rotation of the converter rotor. This will 
determine the mechanical properties of the material at the output of the device
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density
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INTRODUCTION
3D printing is a trending technology of modern times, and 
its application is constantly growing, as it reduces the cost 
of production. Additive manufacturing provides unique 
advantages in creating complex structures that are in high 
demand in the aerospace industry [1], biomedicine [2; 3], 
automotive [4] and other areas [5; 6]. One of the problems 
with 3D printing is that typical desktop printers are sta-
tionary and have limited working space. Mobile platforms 
for 3D printing solve this problem, allowing to move with-
out restrictions [7].

To increase the efficiency and cost-effectiveness of 
the mobile robotic platform for 3D printing technology of 
large-scale structures, it is proposed to improve the design 
of the extruder assembly by combining an electric motor, an 
auger extruder, and a heater in one housing. This will not 
only save weight and size, but also substantially increase the 
efficiency and reliability of the entire system.

Apart from the freedom of design, additive manufac-
turing has enormous potential in the construction indus-
try, as well as in the production and repair of road surfaces. 
For example, researchers at the Massachusetts Institute of 
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Technology in [8] presented a large-scale digital construc-
tion platform (DCP) for on-site sensing, analysis, and dig-
ital production. The second version of DCP used a tracked 
electric car as a platform and was used to extrude foam 
when pouring walls, which is similar to the block con-
struction method. In [9], the authors developed a mobile 
printing system comprising two robotic manipulators on 
a mobile base that prints cement objects of a fairly large 
size. Researchers from the Institute of Advanced Architec-
ture of Catalonia (IAAC) presented the idea of mobile 3D 
printing, where three separate systems are used to print 
architectural structures using cement [10].

According to the concept of “self-repairing cities” [11; 
12], a fleet of autonomous vehicles and drones will scan roads 
for cracks and eliminate them before potholes appear. By 
detecting a crack in the road, a robot with a 3D printer will 
be able to place asphalt in the crack to repair it, all within 
a minute. This approach can be used at night to avoid 
road closures that can disrupt traffic. The device is based 

on the Mendel 90 desktop RepRap printer but is equipped 
with a special extruder and a nozzle made of high-temper-
ature photopolymer. Printing is performed with bituminous 
crumb with millimetre-sized particles, which is poured into 
a hopper, heated, and pushed through a nozzle using an 
auger. The extruder assembly has an internal heating sleeve. 
The pellets soften as they pass through the auger, due to an 
increase in temperature under the action of heating resis-
tors, which leads to the leakage of liquid bitumen from 
the nozzle, as demonstrated in Figure 1a. Stepper motors, 
temperature, gradient, and auger rotation speed are con-
trolled by simple electronics connected to a PC (Fig. 1b). 
The improved mechanical properties are a function of tem-
perature, which may be due to microstructural changes in 
asphalt. This leads to the formation of fibres that cover the 
cracks, which increases the impact strength. During exper-
iments, the authors [11] found that a temperature between 
125°C and 135°C is optimal for creating continuous asphalt 
extrusion with a constant line width.

Estimation of eddy currents and power losses in the rotor...

Figure 1. System design: extruder design (a), control electronics (b)
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The authors [11] believe that a fleet of autonomous 
vehicles will ensure the functioning of a new economic model 
underlying urban infrastructure that will help society. The 
improved and customisable properties of 3D-printed asphalt 
combined with the flexibility and efficiency of the platform 
will provide an advanced approach to the maintenance of 
urban infrastructure facilities.

Apart from roads, this will change the way hard-to-
reach structures are repaired, such as flat roofs of buildings 
and other structures. The advantage of this method is not 
only the ability to reduce costs (other repair methods often 
require the construction of scaffolding and the closure or 
disconnection of infrastructure to gain access), but also the 
fact that repairs can be started earlier, before large-scale 
wear and tear occurs.

3D printing technology for large-scale structures 
can be improved by combining an electric motor, an auger 
extruder, and a heater in one housing. This will not only 
save weight and size, but also substantially increase the 

efficiency and reliability of the system due to functional 
integration and full use of the dissipative component of 
energy. The need for added heat sources will disappear, and 
the rotor-auger completely immersed in the material can 
transfer maximum thermal and mechanical energy to it.

The operability of the idea of combining an elec-
tric motor and a working body was demonstrated by the 
authors of the study [13], who showed the advantages of an 
energy-efficient industrial mixer for concrete production. 
The mixer is designed based on a synchronous electric motor 
with a massive rotor and permanent magnets. The mixing 
blades are installed directly on the shaft without gear trans-
mission (Fig. 2). Devices of this design perform rotational 
and linear motion simultaneously and have a modular struc-
ture that can include any number of modules with a common 
three-phase winding [14-16]. As a rule, they are used for mix-
ing and drilling [17; 18]; however, their potential applications 
range from machine tools to robotics and various devices used 
for assembly, gripping, moving, packing, shaking [15; 19].
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For a clear comparison with the conventional elec-
tric motor used in industrial mixers, an asynchronous motor 
with equivalent mechanical power, rated rotational speed, 
and torque was chosen. The efficiency of a motor with 
a massive rotor and permanent magnets at full load is 
94%, and the efficiency of an asynchronous motor is close 
to 87%.

The comparison is based on a paper presented at 
the conference on industrial and commercial energy use in 
2013 [20]. Notably, the comparison of motors shown does 
not consider the heating losses of the massive rotor and 
stator, which should be used to heat and reduce the vis-
cosity of the working medium [21; 22].

Therefore, to increase the efficiency, cost-effective-
ness, and versatility of devices that provide transportation, 
mixing, pressing and heating operations, their use as links 
in the technological chain is important. As an alternative to 
the above approaches, a mobile robotic platform equipped 
with an auger-type electrothermomechanical converter 
(ETMC) is proposed. The proposed converter uses an exter-
nal auger rotor, which simultaneously performs the func-
tions of an asynchronous motor rotor, a heating element, 
an executive mechanism, and a protective housing (Fig. 3). 
Therefore, considering the “useful” losses of the electro-
magnetic system, the efficiency of electromechanical con-
verters for technological purposes increases to 98-99% [23].

Metal shaft

Figure 2. Design diagram of a permanent magnet motor
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Figure 3. Design diagram of an auger-type ETMC

The auger-type ETMC uses the principle of self-reg-
ulation in energy conversion, according to which the distri-
bution of thermal and mechanical energy into useful flows 
is carried out according to the value of the current slip, 
which depends on the ratio of electromagnetic moments of 
the engine and brake modules of the ETMC. When the sta-
tor winding of the motor module is connected to a voltage 
source, a rotating magnetic field is created, under the action 
of which eddy currents (EC) are induced in the adjacent zone 

of the external ferromagnetic rotor. As a result, an asynchro-
nous electromagnetic moment is formed. The main mode 
can be considered the opposite direction of rotation of the 
fields, wherein the brake module works upon sliding SG>1, 
i.e., in the mode of electromagnetic braking.

The study of the distribution of EC induced in elec-
trically conductive media is of practical interest for a wide 
range of industrial applications. EC in vacuum chambers, 
cores of high-speed magnets and accelerating resonators 
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cause many adverse effects. This primarily refers to heat-
ing the cores and electrically conductive structural ele-
ments and, accordingly, reducing the overall efficiency of 
the devices. At the same time, the assessment of the heat 
output that occurs in the conductors during the BC leak is 
important for various devices, such as induction furnaces, 
melting devices, soldering devices, etc. Especially rele-
vant is the use of field calculation methods for electrome-
chanical converters operating in difficult conditions. Dur-
ing the electromechanical conversion of energy into ETMC, 
a single physical force field occurs, the separate compo-
nents of which are the fields of electromagnetic, thermal, 
and mechanical quantities.

Purpose of the study. For a preliminary assessment of 
the efficiency of using auger-type ETMCS as part of mobile 
robotic platforms for industrial 3D printing, it is necessary 
to analyse the distribution of EC in the ferromagnetic rotor 
as the main sources of heat generation. This will serve as 
important information for predicting the optimal tempera-
ture, gradient, and rotation speed of the auger extruder. In 
turn, these values will determine the mechanical properties 
of the material at the output of the device.

MATERIALS AND METHODS
When developing an auger-type ETMC, it is necessary to 
perform a quantitative analysis of the distribution of the EC 
density and the power density that is dissipated, to develop 
recommendations for choosing rational parameters and 
heating modes of the material. Conventional methods and 
approaches to calculating and analysing processes in ETMC, 
due to the specificity of functioning, do not provide the nec-
essary reliability of the results. Methods that ensure high 
reliability of calculations are field and circle-field methods 
of analysis, which are invariant to the nature of electro-
magnetic connections of the object of research, consider the 
real geometry and properties of materials. Circle-field meth-
ods are used in the analysis of dynamic operating modes 
of electromechanical converters. The use of the field 
analysis method allows conducting refined studies of the 
parameters, characteristics, and operating modes of the 
ETMC, considering the design features and operating modes 
that do not lend themselves to reliable analysis by conven-
tional, classical methods.

In the study of electromechanical converters, 
numerical methods for calculating the field are widely used, 
considering the features of the geometry and saturation of 
cores, among which the finite element method is particu-
larly progressive. According to the finite element method, 
the study area is divided into sections. The solution of dif-
ferential equations is reduced to solving a system of alge-
bra equations that relate the values of the vector field 
potential at nodal points, obtained by dividing into sec-
tions. The method of conduction of toothed contours has 
become widespread, according to which the complete field 
of the machine is considered, taking into account its change 

in time during the mutual movement of the toothed cores. 
Electromagnetic processes are calculated by jointly solving 
a system of differential equations written in matrix form for 
the circuits of an electrical circuit that includes machine 
windings and external electrical circuits.

The highest accuracy of analysis is provided upon 
calculating a three-dimensional problem. This becomes 
possible when considering the majority of physical effects, 
which are more deeply manifested in conditions of full 
reproduction of the geometry of the device. The solution of 
a system of equations describing a three-dimensional elec-
tromagnetic and temperature field at any given time for 
any spatial point in the model can only be implemented by 
numerical methods. These methods are widely used in mod-
ern multiphysical modelling software packages Cedrat Flux, 
Comsol Multiphysics, Ansys, etc.

To fulfil this purpose, the mathematical model pre-
sented in [24; 25] was used. In this study, a three-dimen-
sional modification of the finite-element model, imple-
mented within the Comsol Multiphysics software and 
computing complex, has been implemented. Means of 
analysing the results of calculations of this particular com-
plex allow obtaining comprehensive information about the 
processes that take place in the object under study. There-
with, Comsol Multiphysics is one of the most proven and 
affordable software products that implement the finite ele-
ment method.

Calculation of the three-dimensional distribution of 
the EC was performed on the rotor section for the engine mod-
ule of the experimental sample of the auger-type ETMC. The 
three-dimensional geometry of the model comprises the fol-
lowing design sections: a hollow external rotor, a toothed 
stator magnetic circuit, an air gap, and a stator winding. 
The angular velocity of the rotor is defined as the frequency 
of field sources according to the rotor coordinate system. 
The specific electrical conductivity of the rotor material was 
taken according to the reference data, considering the aver-
age temperature at the operating sliding of the engine mod-
ule S=0.88. The nonlinearity of the magnetic properties of 
the massive rotor and stator core is considered by setting 
the corresponding magnetisation curves. Field sources are 
set by an extraneous current density in the sections of the 
stator grooves according to the three-phase winding con-
nection scheme

RESULTS AND DISCUSSION
The result of solving the field problem in the form of 
a three-dimensional distribution of EC is presented in Fig-
ure 4. A single cross-section of a hollow rotor is given for 
a slip value of S=0.88 (n2=90 rpm). The section is made in 
the “edge” zone of the hollow cylinder, and the value of the 
z-component of the density of the EC is determined by col-
ouring it in different colours and intensities. The same figure
shows the line along which the section of the rotor wall
is made, presented in Figure 5.

Estimation of eddy currents and power losses in the rotor...
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The largest value of the normal component of the EC 
density slightly exceeds the maximum value (4.42 A/mm2)  
of the z-component for S=0.88. On the three-dimensional 
picture of the distribution of the normal component 
(Fig. 6), internal areas of high density of EC are visible, 

which are conditioned upon the presence of the internal 
toothed-groove structure of the stator. That is, the main 
source of heat output is a layer of the inner surface of 
the rotor (4-5 mm), facing the source of the electromag-
netic field.

Figure 4. Distribution of the z-component of the EC density in the cross-section of the outer hollow rotor at S=0.88 (A/m2)

Figure 5. Distribution of the z-component of the EC density in the wall of the outer hollow rotor at S=0.88 (A/m2)

Figure 6. Distribution of the normal component of the EC density in the outer hollow rotor at S=0.88 (A/m2)

The pattern of distribution of the dissipated power 
density, which considers all types of losses in the rotor, has 
a similar nature (Fig. 7). Preferably, the density of dissi-
pated power on the outer surface of the rotor is within (10.5-
20)·106 W/m3. A considerable difference in the dissipated

power density between the inner and outer surfaces of the 
rotor under operating conditions is not critical. The thermal 
energy of the rotor is actively transferred to the surround-
ing material, and the temperature gradient towards the cyl-
inder wall thickness will stay small [22].

V. Gritsyuk et al.
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Note that the nature of the distribution of the dissi-
pated power density in the rotor changes substantially with 
increasing field frequency, which affects the quality of ther-
mal action on the material. This is conditioned upon a change 
in the configuration of the EC flow contours, probably due 
to a decrease in the depth of penetration of the electro-
magnetic field, as well as the influence of the edge effect.

The considerable scientific achievements of for-
eign authors in the field of research of electromagnetic and 
thermal processes in converters should be noted, which are 
the closest in terms of the ideology of creation. A sizeable 
number of publications investigate the physical fields in the 
core of electromechanical transducers with a ferromagnetic 
rotor using numerical methods. Thus, the authors of [26] per-
formed a three-dimensional calculation of the finite ele-
ment model of a rotational-linear converter, considering 
transients in the active part. The authors of studies [27-29] 
presented the analysis of the spiral motion engine using 
the method of Fourier series, which considers edge effects, 
the authors [30; 31] developed a technique for determin-
ing the parameters of the equivalent circuit of substitution, 
despite the small magnetisation inductance of the structure 
of the secondary conductive sleeve. In [32], a three-dimen-
sional finite element analysis of a rotational linear motor 
is presented, which considers the longitudinal and trans-
verse edge effects, the surface effect, and the influence of 
the thickness of the extreme sheets of a magnetic circuit. 
The study [33] contains simulation results for a two-mod-
ule motor with an external rotor, namely the influence 
of the electric motor design on the torque and its pulsa-
tion is analysed. Calculations allow finding the electrome-
chanical parameters for a particular engine that is being 
designed. In contrast to the above studies, this paper con-
tains the results of calculating the three-dimensional distri-
bution of eddy currents and the density of dissipated power, 
namely for an external ferromagnetic rotor. Furthermore, 
the calculation is performed considering the “useful” heat 
losses of the rotor used to heat the material. That is, the 

available electromechanical converters do not use the heat-
ing losses of the rotor and stator to heat and melt the work-
ing medium.

CONCLUSIONS
Additive manufacturing has enormous potential in the con-
struction industry, as well as in the production and repair 
of road surfaces. Mobile platforms for 3D printing can solve 
the problem of limited workspace. To increase the efficiency 
and cost-effectiveness of the mobile robotic platform for 
3D printing technology of large-scale structures, it is pro-
posed to improve the design of the extruder assembly. This 
is achieved by combining an electric motor, auger extruder, 
and heater in one housing. This approach saves weight and 
size, as well as substantially increases the efficiency and 
reliability of the system due to functional integration and 
full use of the dissipative component of energy.

The proposed converter for a mobile robotics platform 
uses an external auger rotor, which simultaneously performs 
the functions of an asynchronous motor rotor, a heating ele-
ment, an executive mechanism, and a protective housing. 
To pre-evaluate the efficiency of using an auger-type ETMC 
as part of a mobile robotic platform for industrial 3D print-
ing, a finite element calculation of the spatial distribution 
of the EC in the hollow rotor section was performed for 
the motor module of an experimental sample of an auger-
type ETMC. Estimating the levels of dissipated power density 
on the rotor surface allows discussing the prospects of the 
proposed approach for optimising the design of the extruder 
assembly of a mobile robotic platform for industrial 3D print-
ing. The results of the spatial distribution of the rotor EC will 
allow improving the design of the ETMC, to ensure the set values 
of temperature and gradient, which determine the mechanical 
properties of the material at the output of the device. 

Further research in this area should be a physical 
experiment, as well as a detailed analysis of the spatial con-
figuration of contours B due to the direct impact on the 
quality of heat treatment of the material.

Figure 7. Distribution of the power density dissipated in the external hollow rotor at S=0.88 (W/m3)
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Оцінка вихрових струмів і втрат потужності  
у роторі шнекового електротепломеханічного перетворювача 

для адитивного виробництва

Анотація. Технології 3D-друку великомасштабних структур дозволяють архітекторам і будівельникам значно 
розширити межі проектування конструкцій та підвищити ефективність їх будівництва. Мобільні робототехнічні 
платформи для 3D-друку все частіше впроваджуються в будівельній сфері, а також при виробництві дорожніх 
покриттів, дозволяючи вирішити проблему обмеженого робочого простору. Типова конструкція вузла екструдера 
робототехнічної платформи для 3D-друку великомасштабних структур може бути вдосконалена шляхом 
об’єднання електродвигуна, шнекового екструдера та нагрівача в одному корпусі. Пропонований шнековий 
електротепломеханічний перетворювач використовує зовнішній ротор-шнек, який одночасно виконує функції 
ротора асинхронного двигуна, нагрівального елемента, виконавчого механізму і захисного корпусу. Метою статті 
є оцінка ефективності використання шнекового перетворювача у складі мобільної робототехнічної платформи для 
адитивного виробництва. Для перетворювачів, які функціонують в складних умовах, актуальним є застосування 
польових методів розрахунку. В роботі проведено польовий розрахунок методом кінцевих елементів та визначено 
просторовий розподіл вихрових струмів на ділянці порожнистого феромагнітного ротора. Із використанням 
програмно-обчислювального комплексу Comsol Multiphysics отримано картини тривимірного розподілу z-складової, 
нормальної складової густини вихрових струмів, а також розподілу густини дисипованої потужності, що враховує всі 
види втрат в роторі. Практичне значення отриманих результатів полягає в можливості прогнозування оптимальних 
показників впливу теплового режиму на матеріал, а також швидкості обертання ротора перетворювача. Це в свою 
чергу, буде визначати механічні властивості матеріалу на виході пристрою

Ключові слова: 3D-друк, мобільна робототехнічна платформа, чисельний розрахунок, зовнішній шнековий 
ротор, вузол екструдера, густина потужності
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Development of Alternative Energy in the World and Ukraine
Abstract. The relevance of this study is conditioned upon the wide spread of alternative energy sources around the world 
and in Ukraine, as well as the need for theoretical development and practical implementation of modern methods for 
establishing non-standard energy mechanisms in Ukraine and in the world. The main purpose of this study was to analyse 
key trends in the development of alternative energy in Ukraine and the world in the current socio-economic conditions. 
The methodological approach in this paper was based on a combination of quantitative and qualitative methods of 
research on issues related to the analysis of key growth vectors of non-standard methods of energy production in modern 
conditions. During this study, results were obtained that indicate the existence of a clearly structured interrelation 
between the degree of development of alternative energy sources and the types of fuel used in them, including the 
presence of prospects for the development of alternative energy sources in the conditions of modern Ukraine, provided 
the high-quality investment support for projects that are being implemented for the development of alternative energy. 
The results obtained in this study, as well as the conclusions formulated on their basis, are of significant practical 
importance for various branches of Ukrainian and world industry, the real technological capabilities of which allow the 
use of renewable energy sources for their ability to meet the life needs of all types of industrial enterprises, for their 
further full functioning and solving any technological problems facing these enterprises

Keywords: green energy, biofuels, renewable energy sources, energy consumption, economic development, environmental 
problems
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INTRODUCTION
Every year, “green” energy supplies an increasing part of the 
energy needs of the world’s leading economies. At present, 
a new paradigm of world energy is being the developed, which 
entails the decisive contribution of renewable energy sources 
(RES) to the total energy consumption and the gradual dis-
placement of conventional fossil energy resources. The cate-
gory of non-conventional renewable energy sources (NRES), 
which are often called alternative, includes sources that have 
not yet become widespread in Ukraine and provide constant 
energy recovery due to natural processes. These are sources 
associated with natural processes in the lithosphere (geo-
thermal energy), in the hydrosphere (diverse types of water 
energy), in the atmosphere (wind energy), in the biosphere 
(biomass energy), and in outer space (solar energy) [1].

The possibility of successful implementation and 
development of any technological innovation is deter-
mined mainly by a combination of several interrelated fac-
tors – these are real needs and opportunities to fully meet 
them. The energy-related issues only confirm the speci-
fied regularity. The situation on the global energy market 

is characterised by a gradual reduction of conventional 
energy resources, which indicates the need to find real alter-
natives, while the development of technological solutions 
contributes to the search for certain ways of using non-con-
ventional raw materials for the production of energy that 
would be suitable for use. As a rule, this process involves 
certain costs for adapting equipment or transport to use 
this energy. However, the scale of production and use of 
alternative energy is not sufficient for full-scale replace-
ment of conventional energy sources; qualitative charac-
teristics of non-conventional energy sources also restrain 
this process [2]. At the same time, great attention should be 
paid to the quality of biofuel produced to meet the needs 
of non-conventional energy sources and their high-quality 
functioning, sufficient satisfaction of real economic needs.

There are many real problems of implementing alter-
native energy sources in various countries to meet the needs 
of industry and the residential sector. The expansion of the 
use of renewable sources of electric energy becomes pos-
sible due to significant technological advance in this area, 
which allowed reducing the cost of electricity production 
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by wind and solar power plants of diverse types [3]. Global 
trends in the spread of alternative energy sources are based 
on numerous advantages of energy of this kind, namely con-
siderably lower cost of obtaining alternative energy, prac-
ticality in using alternative energy generation plants, as 
well as relative ease of installation of power generation 
plants. Therewith, the environmental friendliness of alter-
native energy sources and the absence of harmful emissions 
into the environment during their use are not the least impor-
tant. Together, these factors necessitate the development of 
specific measures to expand the practice of using renewable 
energy sources in various industries of modern developed 
countries of the world. In this context, the growth of invest-
ment in the development of renewable energy sources in the 
world is of primary importance. In almost any country, espe-
cially in countries with unstable economic conditions, the 
energy complex exists thanks to investment. An important 
role in the financing of RES projects is played by the so-called 
“clean energy funds”, as well as modern development banks 
(namely, the European Investment Bank, the Brazilian BNDES 
bank, etc.), as well as crowdfunding formations (e.g., the largest 
crowdfunding platform for RES is the WindCentrale, located in 
the Netherlands) [3; 4]. This study aims to investigate the main 
prospects for the development of alternative energy in the 
world and in Ukraine, considering the investment allocated 
for the development of RES and with an assessment of the 
prospects for the development of RES in Ukraine and the world.

MATERIALS AND METHODS
The methodological approach in this paper was based on 
a combination of quantitative and qualitative methods  
of research on issues related to the analysis of key growth 
vectors of non-standard methods of energy production 
in modern conditions. During this study, key trends in 
the development of alternative energy in the world and 
in Ukraine were evaluated, with the provision of a classi-
fication of RES. The RES were classified using the system 
of ideas that has developed to date on the volume of use 
of alternative energy obtained from various sources, for 
which the method of comparative data analysis was used.

The conducted quantitative study includes the 
investigation of a considerable amount of data from sev-
eral Ukrainian and foreign sources, containing the results of 
developments of modern authors who have studied numer-
ous issues related to the introduction of alternative energy 
sources in various industries and in the domestic sphere. 
The obtained data created a basis for further analysis, with 
the identification of key growth patterns of non-stand-
ard methods of energy production in Ukraine and the 
world. The study was accompanied by the provision of sig-
nificant amounts of graphical and statistical information 
presented in the corresponding tables. This contributed to 

the objective presentation of research data and obtaining 
results that efficiently reflect the issues under study [5].  
The qualitative method of scientific research involves 
a systematic analysis of all gathered scientific information 
to build a clear, structured picture of the presented infor-
mation. This makes provision for the analysis of informa-
tion presented in the form of diagrams reflecting the main 
stages of research with the results obtained, which allows 
drawing systematic conclusions about the key growth trends 
of non-standard methods of energy production in modern 
Ukraine and in the world. Thus, the structural interrelation-
ship of qualitative and quantitative methods of scientific 
research used in the analysis of the development of alter-
native energy sources allows forming a clear picture of the 
work performed on the data obtained during research, as 
well as to form objective conclusions based on them [6].

The methodology of this study makes provision for 
the breakdown of the results of scientific research into cer-
tain sections corresponding to specific stages of scientific 
research. Thus, the entire sequence of studies performed 
was presented as an accurate system for displaying the data 
obtained. Various aspects of the development of alternative 
energy complexes in the world and in Ukraine were high-
lighted, including the dynamics of investment injections in 
the development of alternative energy, including key aspects 
of biofuel production for alternative power plants and facil-
ities. Such a model of constructing the methodology of sci-
entific research can be effectively used in the future to con-
duct further scientific developments in the field of analysing 
the prospects for the development of RES in the world and 
in Ukraine.

RESULTS
1. Trends in the development of alternative energy in the
world and Ukraine
Currently, non-conventional and renewable energy sources have 
become essential criteria for economic development and
energy security of the world community. The search for new
and improvement of existing technologies, their moderni-
sation to a cost-effective level and expansion of application
areas is constantly being carried out. The use of renewable
energy sources is due to many factors, the main ones being
as follows:

– preventing energy instability in countries and reduc-
ing dependence on energy imports;

– considerable amount of harmful emissions into the
environment from the operation of conventional energy 
sources and the need to reduce them;

– saving and increasing energy reserves.
Hydroelectric power plants, geothermal, solar, thermal

energy, energy from heat pumps, etc. should be considered 
renewable energy sources [7] (Fig. 1).
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Development of Alternative Energy in the World and Ukraine

The RES share in the world’s energy production is 
increasing every year, and their potential is several times 
higher than the level of global consumption of fuel and 
energy resources. The growth rate of energy production from 
non-conventional sources is also considerably higher than 
that of conventional types of energy. The rapid development 
of alternative energy is largely due to lower prices for equip-
ment for solar and wind power plants, and a variety of bio-
mass processing plants. The finding of significant amounts 

of investment infusions and, instead, the rapid development 
of alternative energy under the condition of a considera-
ble decrease in the cost of the main energy carriers proves 
the need to gradually start the practice of using alterna-
tive energy sources in the world. The average annual invest-
ment growth in 2004-2016 was 12.5%. The absolute record 
was set in 2015, when the volume of investment in renewa-
ble energy sources amounted to 349 billion dollars at a time 
when world oil prices were almost at a historic low [8] (Fig. 2).
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Figure 2. Dynamics of investment in renewable energy in the world

The contribution of renewable energy sources 
to the world’s gross final energy consumption is about 

18%, including biomass – 14%, or 76% of the total con-
tribution of non-conventional energy sources (Fig. 3).

Figure 3. Structure of gross energy consumption in the world
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The economic downturn in Ukraine in previous years 
was accompanied by high inflation and the crisis of the bank-
ing system, which created unfavourable conditions for the 
development of renewable energy in Ukraine. The economic 

situation in Ukraine has somewhat stabilised recently, and 
therefore the capacity of RES in Ukraine is growing every 
year (the decline in 2014 was associated with the loss of 
energy facilities in the Crimea and the ATO zone) [9] (Fig. 4).

Figure 4. Capacity of renewable energy facilities in Ukraine
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The average annual capacity parameter of RES in 
Ukraine is 31%. As of 01.01.2017, the capacity of alterna-
tive energy facilities operating in Ukraine under the “green 
tariff” was 1,117.7 MW. Bioenergy is one of the key RES sectors 
in Ukraine and the world.

2. Prospects for the development of bioenergy in Ukraine.
Bioenergy is the production of energy from biomass of 
diverse types. Biomass is organic substances of plant (wood, 
straw, tree leaves, energy crops, and other plant residues 
of agricultural production) and animal (manure) origin. At 
present, technologies for processing biological raw materials 

are widely used to solve the problems of safe disposal of 
organic waste, reduce environmental pollution, and obtain 
alternative energy. The main trend of bioenergy lies in the 
search for the most effective technologies for the process-
ing of organic waste with the utilisation of biomass due 
to methane fermentation with the production of biogas. For 
Ukraine, the use of biofuels is an effective way to get rid of 
external energy dependence (Fig. 5).

The main components of biomass potential in Ukraine 
are agricultural processing waste (straw, stems, leaves, 
manure, etc.) and energy crops (Table 1) [10].

Figure 5. Growth dynamics of the bioenergy sector in Ukraine
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Table 1. Energy potential of biomass in Ukraine

Type 
of biomass

Theoretical 
potential, million 

tonnes

Share available 
for energy, %

Economic potential, 
million tonnes of 
conventional fuel

Grain straw 35.1 30 5.22
Rapeseed straw 3.1 40 0.62
By-products of corn production for grain (stems, rods) 30.3 40 3.31
Sunflower by-products (stems, baskets) 21.2 40 1.74
Secondary agricultural waste (husk, pulp) 6.6 47 0.53
Wood biomass (firewood, felling residues, woodworking waste) 6.0 94 1.98
Wood biomass (dead wood, wood from forest belts, pruning 
of orchards and vineyards) 11.0 58 2.57

Biodiesel (from rapeseed) – – 0.27
Grain straw 36.2 35 6.77
Rapeseed straw 3.2 40 0.58
Corn production waste 32.4 35 3.45
Sunflower production waste 20.5 40 1.75
Secondary type waste 6.5 45 0.46
Wood biomass (firewood, felling residues, woodworking waste) 5.8 90 1.86
Wood biomass (dead wood, wood from forest belts, pruning 
of orchards and vineyards) 10.3 65 3.32

Biodiesel (rapeseed) – – 0.21
Bioethanol (corn and sugar beet) – – 0.63
Biogas from agricultural waste 1.4 billion m³ 55 0.74
Biogas from landfills of household waste 0.4 billion m³ 30 0.17
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Source: [11]

Currently, Ukraine substantially falls behind European 
countries in the pace of bioenergy development. The percent-
age of biomass in total primary energy production in the state 
today is 1.2 %, and in gross current energy consumption – 
1.78 %. Every year in Ukraine, about 2 million tonnes of bio-
mass of various types are used for energy production. There-
with, the main contribution is made by wood – its share in the 
structure of annual biomass consumption is almost 80%. The 
energy potential of grain straw, fallen leaves, and rapeseed 
waste is least actively realised [12]. The main ways of obtain-
ing energy from biomass are anaerobic fermentation, fer-
mentation, combustion, hydrolysis, dry distillation, and gas-
ification. The most promising and easy-to-use method is 
anaerobic fermentation, which produces biogas, and organic 
waste is a valuable biofertiliser when growing plants in agri-
culture. An analytical review of the literature sources sug-
gests that biogas obtained during anaerobic fermentation of 
organic waste with the ability to recover is a highly efficient, 
non-conventional, and alternative energy source.

3. Anaerobic fermentation in biogas production.
The technology of biogas production is relatively simple,  

energy-saving, economically feasible, and environmen-
tally friendly. In organic waste, under certain conditions, 
biochemical processes called anaerobic fermentation (fer-
mentation) begin. As a result of these processes, not only 
biogas is obtained, but also valuable concentrated organic 
fertilisers.

The main sources of biomass used for the production 
of biogas are as follows: 1) crop production: grass, straw, 
fallen leaves, organic waste from agricultural processing; 
2) animal husbandry: cattle, pig breeding, poultry farming;
3) solid waste landfills; 4) wastewater treatment.

If necessary, the fermentation material should be 
conditionally divided into the main (the fermentation 
of which occurs without the inclusion of auxiliary com-
ponents) and additional. The key fermentation material 
is manure, young grass, and waste from industrial fruit 
processing, organic waste, food residues, fats, molasses, 
organic products that decompose naturally (biologically), 
household waste, etc., play an additional role. The yield of 
biogas, depending on the type of substrate, is presented 
in Tables 2-7.

Type 
of biomass

Theoretical 
potential, million 

tonnes

Share available 
for energy, %

Economic potential, 
million tonnes of 
conventional fuel

Industrial and municipal wastewater biogas 1.0 billion m³ 25 0.22
Energy crops:
Poplar, willow, silvergrass 12.6 85 5.76
Peat – – 0.55
Corn (biogas) 2.8 billion m³ 85 2.89
Total – – 29.36

Table 1, Continued 

Table 2. Biogas yield (substrate-silage and energy crops)

Substrate Dry matter, % Organic dry matter, 
% Biogas output m3/t Methane CH4 %

Clover silage (1st mowing, beginning of flowering) 35.0 88.6 185.1 55.1
Corn silage 33.0 95.8 185.3 52.2
Grass silage 40.0 89.2 208.3 54.1

Millet, waxy ripeness phase 35.0 88.5 162.7 53.0
Sugar beet leaf silage 18.0 80.5 88.2 54.4

Grain silage (whole plant), full grain 42.0 94.2 214.1 52.1
Wheat silage (whole plant) 40.0 93.6 187.7 52.4

Red clover silage (1st mowing) 30.0 87.0 140.1 55.3

Source: [11]
Table 3. Biogas yield (substrate – root crops, grain, seeds)

Substrate Dry matter, % Organic dry matter, 
% Biogas output m3/t Methane CH4 %

Double row barley 87.0 97.2 578.5 52.7
Dry corn 87.0 98.3 590.3 52.8

Oats 87.0 96.7 501.1 54.1
Beet and molasses chips 89.6 92.0 569.0 51.9

Fresh sugar beet 23.0 91.9 147.1 50.8
Rye 87.0 97.8 597.0 52.0

Sunflower 88.0 96.6 594.5 63.5
Wheat 87.0 98.1 598.2 52.8
Peas 87.0 96.3 581.4 55.0

Rapeseed 88.0 95.5 644.5 65.7
Potato starch 83.6 99.5 605.6 50.0

Fresh potatoes 26.0 93.4 177.1 51.4
Source: [11]

Development of Alternative Energy in the World and Ukraine
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Table 4. Biogas yield (substrate-vegetable crops)
Substrate Dry matter, % Organic dry matter, % Biogas output m3/t Methane CH4 %

Vegetable waste 15.0 76.0 57.0 56.0
Onions 9.6 94.0 80.3 65.0

Onion peel 82.4 67.0 267.8 65.0
Carrot 11.9 88.3 73.3 52.0

Cauliflower 9.6 92.7 59.2 56.0
Fresh pumpkin 8.4 91.5 50.9 55.8

Source: [11]

Table 5. Biogas yield (substrate – fat, oil)

Substrate Dry substances, % Dry organic 
substances, % Biogas output m3/t Methane CH4 %

Fat 95.0 92.0 874.0 68.0
Glycerin 100.0 99.5 845.7 50.0

Linseed oil 99.9 99.9 1222.6 68.0
Rapeseed oil 99.9 99.9 1197.6 68.0
Soybean oil 99.9 99.9 1222.6 68.0

Sunflower oil 99.9 99.9 1222.6 68.0

Source: [11]
Table 6. Biogas yield (substrate – livestock waste)

Substrate Dry matter, % Organic dry matter, % Biogas output m3/t Methane CH4 %
Liquid pig manure 6.0 85.0 20.4 60.0

Pig manure with bedding 22.5 82.5 74.3 60.0
Liquid manure of fatten-

ing cattle 10.0 85.0 34.0 55.0

Fresh cow manure 25.0 80.0 90.0 50.0
Dairy cow manure 8.5 85.0 20.2 55.0

Manure of dairy cows 
with feeding residues 8.5 85.0 25.3 55.0

Horse manure 28.0 75.0 63.0 55.0
Chicken faeces, dry 40.0 75.0 80.0 55.0

Fresh chicken faeces 15.0 75.0 100.0 65.0

Source: [11]

Table 7. Biogas yield (substrate – food industry waste)
Substrate Dry matter, % Organic dry matter, % Biogas output m3/t Methane CH4 %

Soybean husk 90.0 95.1 516.7 52.7
Potato spent wash, fresh 6.0 86.7 35.0 56.3

Oat flakes 91.0 98.1 619.7 53.5
Brewer’s spent grain 24.0 95.5 122.2 59.3

Bran 89.0 86.5 262.4 50.7
Apple pulp 22.0 97.6 111.6 51.7
Soy flour 87.0 93.3 551.6 61.2

Wheat spent wash, liquid 6.0 94.0 36.1 58.9
Corn gluten 90.5 97.9 597.1 66.0

Lactose 100.0 99.7 756.0 50.0
Whole cow’s milk 13.5 94.7 114.9 62.8

Brewer’s yeast, boiled 10.0 91.8 60.7 62.1
Old bread 65.0 97.2 482.0 52.8

Bakery waste 87.7 97.1 650.6 52.8
Cheese factory waste 79.3 94.0 673.8 67.5

Low-fat, wet food waste 14.4 81.5 75.4 59.8
High-fat food waste 18.0 92.3 126.5 62.0
Various food wastes 40.0 50.0 120.0 60.0

Source: [11]

Having analysed the tables, it can be concluded that 
the main sources of biogas production are products and 
waste from crop and animal husbandry. As a result of the 

analysis of the literature review, it was established that due 
attention was not paid to the processing of waste of plant 
origin, namely the disposal of fallen leaves and dry grass. 
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I believe that the use of fallen leaves is a promising direction 
for the production of biogas [13].

Anaerobic fermentation for the production of biogas 
is a complex biotechnological process, which for the effec-
tive course of methane fermentation of organic substances 
requires the interaction and fulfilment of the following 

conditions: the appropriate temperature regime of the pro-
cess, a slightly alkaline reaction of the medium, the pres-
ence of methane-forming bacteria, an oxygen-free environ-
ment. Anaerobic fermentation in a bioreactor is a complex 
process that is influenced by external and internal factors 
(Fig. 6).

Figure 6. The main factors affecting the fermentation
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One of the key factors of an effective fermentation 
process is the temperature regime of the fermenting bio-
mass. In natural conditions, the production of biogas takes 
place at temperatures from 0°C to 97°C, but taking into 
account the process of optimizing the processing of organic 

waste for the production of biogas and biofertilisers, three 
temperature modes are distinguished: psychophilic tem-
perature regime (20-25°C); mesophilic temperature regime 
(25-40°C); thermophilic temperature regime (more than 
40°C) [11; 14; 15] (Table 8).

Table 8. C/N ratio of organic waste that can be raw material for obtaining biogas
Raw materials for biogas Nitrogen, % Carbon-nitrogen ratio, C/N

Animal manure
Cattle 1.7-1.8 16.6...25

Chicken 3.7... 6.3 7.3... 9.65
Horse 2.3 25
Pork 3.8 6.2... 12.5

Sheep’s 3.8 33
Farm waste

Faeces 6...7.1 6...10
Kitchen waste 1.9 28.60
Potato skins 1.5 25

Cabbage 3.6 12.5
Tomatoes 3.3 12.5

Plant dry waste
Corn cobs 1.2 56.6

Grain straw 1.0 49.9
Wheat straw 0.5 100...150
Corn straw 0.8 50
Oat straw N/A 50
Soybean 1.3 33
Alfalfa 2.8 16.6...17

Beet pulp 0.3...0.4 140...150
Other
Grass 4 12

Sawdust 0.1 200...500
Fallen leaves 1.0 50

Source: [11]

Certain small particles, namely sand, clay, etc., col-
lectively lead to the occurrence of sediment. In this case, the 
lightest materials end up on the surface of the raw material 
and create a hard film on its surface. This reduces gas forma-
tion, which is why plant residues should be thoroughly mixed 
before loading into the reactor: straw, grass, leaves, etc.

The humidity index of raw materials that appears 
in the reactor of the plant should not exceed 85% in winter 

and 92% in summer. To obtain the optimal humidity of 
raw materials, it is mixed with hot water in a volume deter-
mined by Formula (1):

OV = LF((B2 – B1) : (100 – B2)) (1)

where LF is the amount of manure loaded, B1 is the pri-
mary humidity of manure, B2 is the expected humidity of 
raw materials, and OV is the total volume of water in litres. 

Development of Alternative Energy in the World and Ukraine
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The analysis of scientific and technical literature 
allowed determining the main conditions affecting the bio-
gas production process, which requires improving the qual-
ity of equipment used to obtain the highest yield of biogas 
and improving the economic efficiency of converting bio-
mass into organic fertilisers [16].

The process of processing organic substances into 
biogas is called methane fermentation. Its essence lies in 
anaerobic fermentation, which occurs due to the decom-
position of biomass by bacteria (methanogens). There are 
4 groups of bacteria involved in the formation of biogas. 
The metabolic products of each group of bacteria serve 
as nutrients for the next group. Bacteria of the first group 
convert organic compounds (protein, carbohydrates, fats) 
using enzymes into low-molecular compounds (amino acids, 
fatty acids, water). Next, acid-forming bacteria convert the 
above-mentioned low-molecular compounds into unsta-
ble fatty acids (acetic, formic, propionic), ethanol, carbon, 
and gases (carbon dioxide, hydrogen, hydrogen sulphide 
and ammonia). Water-producing bacteria handle convert-
ing higher fatty acids into vinegar and formic acids, carbon 
dioxide, and hydrogen. Microorganisms of the fourth group 
(methane-forming) process vinegar and formic acids 
into methane [17]. The process of anaerobic fermentation 
is accompanied by several biochemical reactions, and the 
process of biogas formation itself comprises three stages:

Stage I – hydrolysis – the decomposition of 
organic mass (2):

(C6 H10 O5)n + nH2O = nC6H12O6;                      (2)
Stage II – acetonogenesis – the reproduction of 

acid-forming bacteria (3):
6H12O6+2CH0O = 2CH3COOH + 4H2 + 2CO2,         (3)

Stage III – methanogenesis – the reproduction 
of methane-forming bacteria (4):

CH0COOH = CH4 + CO2, 4H2 + CO2 = СН4 + 2H2O.       (4)
At the end of the process, thanks to bacteria capable 

of creating methane, methane, carbon dioxide and water 
appear from acetic and formic acids, carbon, and hydrogen. 
At the same time, 90% of the total volume of methane must 
be produced at this stage, and 70% of methane is produced 
using acetic acid. Methane-forming bacteria are completely 
anaerobic [18-20].

Thus, the process of anaerobic fermentation is influ-
enced by four factors:

– biological: the composition of the fermented mass, 
the composition of the microflora, the living conditions of 
organisms;

– physical: fermentation temperature, pressure in the
biogas plant, hydraulic mode;

– chemical: concentration, acidity of the medium, volume
and composition of the resulting biogas;

– organisational and technological: volume of loading
biomass, residual substances.

Consequently, the nature and quality of the course 
of biochemical reactions largely determine the final quality 
of the resulting biofuel, which affects the efficiency of its 
further use.

DISCUSSION
It should be clearly understood that 80% of all energy 
produced on Earth is obtained by burning something, 
mainly minerals. And they, according to various estimates 
of scientists, will not last long: oil for 30-50 years, gas for 
50-70 years, coal for about 300 years. Admittedly, consid-
ering the constant development of mining technologies,
these figures can be extended for several more decades,
and in the case of coal, possibly for several hundred. Inno-
vative technologies in energy production will also reduce
resource costs. New deposits are found or data on old ones
are updated, revealing that the new reserves are slightly
higher than previously estimated. But still, this will not
solve the problem of depletion of the Earth’s interior and
environmental pollution. A lot of work needs to be done to
avoid an energy crisis. And big steps have already been taken 
towards a new era [21].

In connection with the approaching threat of deple-
tion of global hydrocarbon reserves, the international expert 
society declared bioenergy as the main trend in the devel-
opment of the fuel market, which should become the foun-
dation of the beginning of a new era of energy. In the next 
30-40 years, it is bioenergy that will dominate the devel-
opment of the global energy supply system [22]. The use
of biofuels from renewable raw materials can reduce the
consumption of oil resources, improve fuel performance,
reduce environmental pollution and solve the problem
of greenhouse gas emissions. Today, biofuel has substan-
tial advantages over other types of conventional fuel. These
include the possibility of obtaining biofuels by processing
plant products, which does not adversely impact the struc-
tural and chemical composition of soils in crop rotation sys-
tems, as well as considerably lower carbon dioxide emis-
sions into the environment than from conventional types
of fuels. Furthermore, biofuels practically do not contain
sulphur, which distinguishes them favourably from min-
eral-type analogues, and there is no harm from biofuels
when they get to various biological objects, which also dis-
tinguishes biofuels from motor fuel. In general, biofuels are
subject to complete biological decomposition, which deter-
mines their complete environmental friendliness and safety
of use compared to motor fuels.

There are considerable differences in the charac-
teristics of biofuel preparation compared to conventional 
hydrogen liquid fuels, and the same can be said about the 
composition of these two types of fuels. Therefore, a cru-
cial task is to identify the influence of the properties of bio-
fuels on the final performance of the engines in which it is 
used (operational, economic, environmental). Furthermore, 
when preparing biofuels, the stages of its production should 
be considered, from loading raw materials to obtaining the 
end product. In this context, the development of biofuel 
production in any state, high-quality and consistent man-
agement of all such processes should be considered as the 
primary goal of national and international cooperation in 
the field of energy globalisation, involving all the potential 
opportunities of different countries. Renewable energy fuel 
production programmes are often considered as preparing 
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the economy for a possible long-term shortage of hydrocar-
bons. The development of fuel production from renewable 
energy sources is determined by the tasks of Sustainable 
Rural Development – biologisation and greening of agricul-
tural production, consolidation of the rural population and 
preservation of the rural lifestyle, including by stimulating 
the production of agricultural products for non-production 
purposes [23].

The effective fermentation in the bioreactor occurs 
thanks to maintaining a constant temperature in strict 
accordance with the established mode of anaerobic fermen-
tation: mesophilic or thermophilic and regular mixing of 
biomass. Thermophilic bacteria do not have considerably 
higher productivity compared to mesophilic ones. This cir-
cumstance determines the fact that with the same volume 
of biogas production per day, fermentation tanks hold much 
less. At the same time, considering the need to support 
a higher parameter of the fermentation mass temperature, 
the total heat energy consumption during the implemen-
tation of thermophilic processes increases substantially. 
Due to the low ambient temperature and poor insulation 
of the tank, a lot of thermal energy is consumed, so biogas 
is not enough to heat the fermentation mass. That is why, 
in the climatic conditions of Eastern and Western Europe, 
the work of fermentation chambers is mostly carried out 
in the mesophilic range of temperatures. The thermophilic 
fermentation process has many advantages, which include 
a significant rate of decomposition of raw materials, a very 
high yield of biogas, and almost complete destruction of 
pathogenic bacteria present in the raw material. The disad-
vantages of thermophilic decomposition are a substantial 
amount of energy allocated for the preparation of raw mate-
rials in the reactor, high sensitivity of the fermentation pro-
cess at all stages to the slightest fluctuations in temperature 
changes, as well as poor quality of final biological fertil-
isers. During the application of the mesophilic fermentation 
regime, it is possible to preserve the substantial amino acid 
composition of biological fertilisers; therewith, the period 
of anaerobic fermentation increases considerably.

A mandatory factor in ensuring the high-quality flow 
of biochemical processes in the methane tank is a slightly 
alkaline fermentation reaction, while the 6-8 pH is con-
sidered satisfactory (the optimal value is set as 7-7.5 pH). 
A highly alkaline reaction leads to the undesirable appear-
ance of hydrogen sulphide. In an environment of increased 
acidity (during fermentation of household waste, pig excre-
ment), methane fermentation can be stopped in the absence 
of biogas release. One can set the real level of acid-alkaline 
balance with litmus paper. Its value will correspond to the 
colour that the paper acquires when it is immersed in fer-
mentation raw materials. Another important factor affect-
ing methane fermentation is the concentration of carbon 
and nitrogen in raw materials. If the C/N ratio is signifi-
cant enough, then insufficient nitrogen will be a factor that 
can considerably limit the entire course of methane fer-
mentation. If the specified concentration is insignificant, 
then a significant amount of ammonia is formed, which 

becomes toxic to bacteria. Numerous scientific experiments 
suggest that the highest yield of biogas when the ratio of 
carbon and nitrogen is reached in the range of 10-20, the 
optimal value may be due to the final type of raw mate-
rial. To achieve high-quality biogas, it is necessary to mix 
raw materials until the desired C/N ratio is obtained. For 
the growth and vital activity of methane bacteria, the pres-
ence of organic and mineral nutrients in raw materials is 
necessary. The composition of carbon and hydrogen, the 
formation of biological fertilisers, requires a large amount of 
nitrogen, sulphur, phosphorus, potassium, calcium and mag-
nesium, as well as certain trace elements – iron, manganese, 
molybdenum, zinc, cobalt, nickel, etc. Organic raw materials, 
namely animal manure, contain a sufficient amount of the 
above-mentioned elements [18; 20]. High-quality metab-
olism in raw materials is a mandatory factor for increased 
bacterial motility. This can only be achieved if the viscosity 
of the raw material is sufficient for the free movement of 
bacteria and gas bubbles between the liquid and the solids 
present in the raw material. 

At the initial stage of anaerobic fermentation, hydro-
lysed bacteria decompose high-molecular compounds with 
the involvement of enzymes into low-molecular forma-
tions. Polymers (the formation of many molecules) gradually 
become one-dimensional (individual molecules). This pro-
cess, called hydrolysis, proceeds slowly and is caused by the 
presence of extracellular enzymes, namely amylases, pro-
teases, lipases, etc. The hydrolysis process will be affected 
by the pH level and time spent in the bioreactor. 

At the stage of acetogenesis, acid-forming bacteria 
are engaged in uncoupling. This stage of methane fermen-
tation is called the “oxidation phase”, in which the pH level 
decreases. Some molecules end up in bacterial cells, where 
their breakdown continues [22]. This process also involves 
aerobic bacteria that need oxygen residues, while creating 
the necessary anaerobic conditions for methane bacteria, 
and partially anaerobic bacteria. At this stage, unstable fatty 
acids (acetic, formic, butyric, propionic), low-molecular alco-
hols (ethanol, methanol), carbon and gases – carbon diox-
ide, hydrogen, hydrogen sulphide and ammonia – are pro-
duced. Next, water-producing bacteria from organic fatty 
acids form products to produce methane: acetic and formic 
acids, carbon dioxide, hydrogen. Microorganisms that reduce 
the volume of carbon (in the composition of organic acids) 
are extremely sensitive to changes in temperature conditions.

To date, many developed countries have already 
appreciated the great prospects that open up in obtain-
ing motor fuel produced from renewable raw materials [22]. 
The result was an increase in the share of the United States, 
as well as several European Union states, in the world pro-
duction of biotechnological products, which largely deter-
mined the prospects for the development of alternative 
energy in these countries. The relevance of the energy issue 
for the countries taking part in the global energy market 
is explained by its tension today and even more so in the 
future. Scientists find new ways of obtaining energy and 
improving already known extraction methods, politicians 
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develop strategic plans for the large-scale implementation 
of achievements, economists calculate the effectiveness of 
projects and measures to save energy and increase energy 
efficiency, ecologists determine the ecological effect of pre-
serving the share of natural renewable resources and reduc-
ing the level of environmental pollution environment In this 
case, all subjects interact in a certain way [18]. The effective-
ness of the mechanism of this interaction obviously affects 
the quality of results and the speed of their achievement.

There are about several dozen countries in the 
world whose share of renewable energy sources in the total 
energy balance exceeds 25 % [24]. Among them are such 
countries as Iceland, Norway, Scotland, Denmark, 
Germany, and some other countries. According to the 
energy strategy adopted in the European Commonwealth, 
by 2020, the member states of this Commonwealth should 
ensure a 20% reduction in greenhouse gas emissions, an 
increase in the share of renewable energy to 20% and a 20% 
increase in energy efficiency. In the longer term, many 
countries will go much further. In particular, Germany plans 
to achieve a 60% share of renewable energy sources in the 
country’s total energy balance and 80% in electricity 
production by 2050. The development of the modern 
renewable energy sector is taking place in the context of 
crisis phenomena in the global economy, although today 
this energy is one of the main ways to overcome the current 
economic crisis. Since 2015, wind power has occupied one of 
the leading positions in terms of capacity and volume of use 
of wind turbines in the world, which largely determined the 
possibilities of developing wind energy in the long term. 
Furthermore, the considerable growth rate of RES 
production was largely conditioned upon the massive 
support from the state. It allows some individual countries 
to produce and implement renewable energy, even in cases 
where key economic indicators are more than 50% worse 
than when using minerals and fuel resources.

CONCLUSIONS
Having analysed the energy potential of biomass in Ukraine, 
the main sources of biogas production are the products and 
wastes of plant and animal husbandry. As a result of the 
analysis of the literature review, it was established that the 
problems of the rational use of livestock waste were consid-
ered in many scientific papers. Along with this, due atten-
tion is not paid to the processing of waste of plant origin, 
namely the disposal of fallen leaves and dry grass. According 

to the authors, the use of fallen leaves is a promising area, 
and the raw material base itself is not sufficiently involved. 

In the autumn, an environmental problem in the 
cities of Ukraine is the disposal of fallen leaves. The most 
common methods of disposal of fallen leaves in Ukraine 
are, at best, removal to landfills of solid household waste; 
in the worst-case scenario, it is incineration, which leads 
to atmospheric pollution and is prohibited by law. Removal 
of leaves to landfills requires significant costs, and upon 
incineration, harmful substances are released (nitrogen 
oxide, carbon monoxide, benzopyrene and formaldehydes, 
etc.). Therefore, the most appropriate solution to the prob-
lem of disposing of fallen leaves is biological destruction 
under anaerobic conditions. This method of disposal of 
fallen leaves is not only ecological, but also economically 
viable, since biogas produced during methane fermenta-
tion can be used as an alternative source of energy, and 
fermentation waste can be used as a valuable biological 
fertiliser.

The analysis of scientific and technical literature 
allowed finding the main factors influencing the anaero-
bic fermentation in the production of biogas from fallen 
leaves, which requires technological improvement of 
equipment to ensure maximum biogas yield and justify 
the economic efficiency of processing organic waste into 
biogas and organic fertilisers. Having considered mod-
ern designs of gas bioreactors, it can be concluded that 
the main criteria for choosing a methane tank for the dis-
posal of fallen leaves are the possibility of its practical use, 
economic feasibility, and convenience of its maintenance 
upon operation. For obtaining biogas from fallen leaves, 
the most optimal design is an egg-shaped bioreactor. Its 
shape allows reducing hydraulic resistance upon mixing 
raw materials and avoiding stagnant zones due to the lack 
of corners in its design. To achieve high efficiency of the 
bioreactor and obtain the maximum amount of biogas per 
unit volume of biomass (fallen leaves), it is necessary to 
create optimal technological parameters in the bioreactor. 
Their formation is affected by the mixing and heating sys-
tem of the substrate. When choosing a mixing system, it is 
necessary to consider its effect on the rate of methane for-
mation and the fermentation time of biomass in the meth-
ane tank. An important aspect of the stability of the ther-
mal regime in methane tanks is the heating of biomass and 
simultaneous thermal insulation of the bioreactor walls to 
reduce the impact of ambient temperature fluctuations.
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Розвиток альтернативної енергетики у світі та Україні

Анотація. Актуальність наукового дослідження зумовлена широким поширенням практики застосування установок 
альтернативної енергетики у масштабах усього світу загалом та України зокрема, а також необхідністю теоретичної 
розробки та практичного впровадження сучасних методик налагодження механізмів нестандартної енергетики 
в Україні та в світі. Головною метою цього дослідження є аналіз ключових тенденцій розвитку альтернативної 
енергетики в Україні та світі у сформованих на сьогоднішній день соціально-економічних умовах. Основу 
методологічного підходу у цій науково-дослідній роботі становить поєднання кількісного та якісного методів 
досліджень питань, пов’язаних з аналізом ключових напрямів росту нестандартних методів отримання енергії 
у сучасних умовах. У ході виконання даної науково-дослідної роботи було отримано результати, що свідчать про 
наявність чітко структурованого взаємозв’язку між ступенем розвитку альтернативних джерел енергії та типами 
використовуваного в них палива, а також про наявність значних перспектив розвитку альтернативних джерел енергії 
в умовах сучасної України за умови якісного інвестиційного забезпечення проектів, що реалізуються, з розвитку 
альтернативної енергетики. Результати, отримані в ході даного наукового дослідження, а також сформульовані на 
їх основі висновки, мають значне практичне значення для різних галузей української та світової промисловості, 
реальні технологічні можливості яких допускають використання відновлюваних джерел енергії для їх здатності 
відповідати потребам життєдіяльності всіх типів промислових підприємств, для їхнього подальшого повноцінного 
функціонування та вирішення будь-яких технологічних завдань, що стоять перед даними підприємствами
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[12] Sustainable materials for transitional and alternative energy / M.M. Sari et al. Houston: Gulf Professional 
Publishing, 2021. 242 p.

[13] Letcher T. Comprehensive renewable energy. Oxford: Elsevier, 2022. 4422 p.
[14] Da Rosa A., Ordonez J. Fundamentals of renewable energy processes. London: Academic Press, 2021. 924 p.
[15] Jurasz J., Beluco A. Complementarity of variable renewable energy sources. London: Academic Press, 2022. 720 p.
[16] Azar A., Kamal N. Renewable energy systems. London: Academic Press, 2021. 732 p.
[17] Redko A., Redko O., DiPippo R. Low-temperature energy systems with applications of renewable energy. London: 

Academic Press, 2021. 394 p.
[18] Raikar S., Adamson S. Renewable energy finance. London: Academic Press, 2021. 298 p.
[19] Nguyen K.H., Kakinaka M. Renewable energy consumption, carbon emissions, and development stages: Some 

evidence from panel cointegration analysis. Renewable Energy. 2019. No. 132. P. 1049–1057.
[20] Child M., Kemfet C., Bogdanov D., Breyer C. Flexible electricity generation, grid exchange and storage for the 

transition to a 100 % renewable energy system in Europe. Renewable Energy. 2019. No. 139. P. 80–101.
[21] Scarlat N., Dallermant J-F., Fahl F. Biogas: Developments and perspectives in Europe. Renewable Energy. 2018. 

No. 127. P. 457–472.
[22] Abedini A., Amiri H., Karimi K. Efficient biobutanol production from potato peel wastes by separate and simultaneous 

inhibitors removal and pre-treatment. Renewable Energy. 2020. No. 160. P. 269–277.
[23] Fuel ethanol production from starchy grain and other crops: An overview on feedstocks, affecting factors, and 

technical advances / J. Li et al. Renewable Energy. 2022. No. 188. P. 223–239.
[24] Bobyr, S. (2021). Theoretical Aspects of Hydrogen Diffusion in Metals. Scientific Herald of Uzhhorod University. 

Series "Physics". 2021. Vol 50. P. 31-38.

V. Danylyshyn & M. Koval



62
Machinery & Energetics. Vol. 13, No. 2

Suggested Citation:
Pylypaka, S., Klendii, M., & Kresan, T. (2022). Study of the movement of soil particles on the surface of a screw tillage working 
body. Machinery & Energetics, 13(2), 62-72.
*Corresponding author

Article’s History: Received: 05.01.2022; Revised: 01.04.2022; Accepted: 27.04.2022.

UDC 514.18
DOI: 10.31548/machenergy.13(2).2022.62-72

Serhii Pylypaka1, Mykola Klendii2*, Tetyana Kresan3

1National University of Life and Environmental Sciences of Ukraine 
03041, 15 Heroiv Oborony, Kyiv, Ukraine

2Separated subdivision of National University of Life and Environmental Sciences of Ukraine 
“Berezhany Agrotechnical Institute”

47501, 20 Academichna Str., Berezhany, Ternopil region, Ukraine
3Separated subdivision of National University of Life and Environmental Sciences of Ukraine

“Nizhyn Agrotechnical Institute”
16600, 10 Shevchenko Str., Nizhyn, Chernihiv region, Ukraine 

Study of the Movement of Soil Particles 
on the Surface of a Screw Tillage Working Body

Abstract. This study considers the interaction of soil particles with a screw tillage body, the working surface of which 
is made in the form of a deployed helicoid and substantially differs from the screw. Furthermore, the unfolded surface is 
characterised by manufacturability of the working body, since it is possible to calculate the geometric dimensions of a flat 
workpiece, which is formed into a finished product by simple bending with minimal plastic deformations. The purpose of 
this paper was to conduct theoretical and experimental studies of the movement of soil particles along the helical surface 
of the tillage working body, which is made in the form of a deployed helicoid. Mathematical modelling of the processes 
of movement of soil particles along the helical surface of a tillage working body was described based on general laws and 
principles of analytical and differential mathematics, theoretical and analytical mechanics. Experimental studies were 
carried out using a methodology with elements of mathematical statistics, mathematical methods of optimal planning of 
a multifactor experiment. The analysis of the results of experimental and theoretical studies was performed using applied 
computer programmes and systems. Experimental studies were conducted according to standard and independently 
developed methods.Results: a mathematical model of the movement of soil particles along the helical surface of the tillage 
body was developed, and it was established that when the angle of attack of the helical tillage working body increases, the 
lifting value of soil particles increases and the area of their dispersion by the helical surface increases. The value of the 
coefficient of friction does not substantially affect the shape of the trajectory of the soil particle. The quality of loosening 
the soil most depends on the angle of attack of the screw surface and the angular speed of rotation of the working body.
The materials of this paper can be used by scientists for further research and practices in the selection of tillage units

Keywords: deployed helicoid, surface treatment, rectilinear formation, differential equations of motion, angular velocity, 
angle of attack, coefficient of friction, scattering area

INTRODUCTION
For tillage, tools with disk working bodies are used. The 
profile of the treated soil and the size of the ridges depend 
on the size of the distance between the disks, the design 
parameters of the disks, and the angles of their installation. 
Tillage discs are set in such a way that the plane of place-
ment of the blade and the direction of movement of the 
tillage unit form a given angle, i.e., the angle of attack. For 
better mixing of the soil and crop residue, the disk is also 

tilted from the vertical to the tilt angle, and therefore each 
disk must have its attachment to the harrow frame. If one 
uses a screw surface for tillage, it is also possible to provide 
surface tillage with a given depth and distance between the 
ridges of the tilled soil. However, the screw surface can now 
be fixed to the joint shaft. This simplifies the design of the 
working body.

Disk tillage tools, their designs, and calculation 
of their main parameters are covered in the studies [1-3]. 
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The study [4] thoroughly considers the design and calcu-
lation of disk tillage harrows. The study [5] considers the 
analytical expression of the model of installation of tillage 
disks for determining their geometric, structural, and tech-
nological parameters. In addition, other narrower studies 
investigated various possibilities for improving the quality 
of tillage with disc harrows [6-8]. The possibility of improv-
ing tillage units is considered in [9]. The studies [10; 11] 
investigated the motion of soil particles by the surface of 
disk tillage working bodies. The use of a helicoid for the 
calculation and manufacture of screw working elements 
is considered in the papers [12; 13]. The theory of design 
and construction of linear surfaces is covered in [14]. The 
study [15] justified the practical possibility of using a screw 
working body for tillage.

But presently, the process of tilling the soil with a 
screw working body remains unexplored, namely the study 
of the interaction of soil particles with a screw tillage body, 
the working surface of which is made in the form of an ex-
panding helicoid, which are discussed in this paper.

The purpose of this study was to conduct theoretical 
and experimental studies of the movement of soil particles 

along the helical surface of the tillage working body, which 
is made in the form of a deployed helicoid.

MATERIALS AND METHODS
A screw working body that can be used for surface tillage 
is proposed in the form of a helicoid. The working turns of 
the surface of the screw organ are obtained by bending and 
then stretching the sweep ring along the axis. The surface 
obtained by this method differs from the screw. In a helical 
conoid, the rectilinear components of the helical surface 
are perpendicular to the axis, while in a spiral helicoid, they 
form an angle with the axis (Fig. 1a). The design parame-
ters of the helical surface are the radius of the inner edge 
r, the radius of the outer (cutting) edge R, the pitch of the 
helical surface H, the angle of inclination of the generators. 
The inner and outer edges of the surface describe helical 
lines that have angles φR and φr. The presence of an angle 
of inclination of the generators contributes to the immer-
sion of the helical surface into the soil if the axis of the 
helicoid is placed horizontally and at an angle β to the di-
rection perpendicular to the direction of movement of the 
unit (Fig. 1b).
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Figure 1. Surface of the working body for tillage: a) structural parameters of the surface; 
b) projections of the screw surface

a) b)

Figure 1b presents the helical surface without a 
shaft, and the angle of attack γ is shown at one of the points 
of the cutting edge:

between the ridges are determined by the design param-
eters of the helical surface and the angle of attack γ. The 
consequence of the operation of such a screw body is sim-
ilar to the result of the operation of a disk tillage working 
body. When each disk harrow needs to be installed on a 
separate rack with the necessary angles of attack and roll 
for the disk to enter the soil, then the shape of the helical 

γ=β+φ𝑅𝑅𝑅𝑅 , (1)

The cultivation depth a=R-r, the height of the 
ridges on the bottom of the soil c, the value of the distance b 
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working surface ensures its entry into the soil with simpler 
structural manufacturing.

The helical surface equations have the following form:

(4)

a) b)

𝑋𝑋𝑋𝑋 = ℎ𝛼𝛼𝛼𝛼 − 𝑢𝑢𝑢𝑢 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 ; 
𝑌𝑌𝑌𝑌 = 𝑝𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼 − 𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼 ; 
𝑍𝑍𝑍𝑍 = 𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼 + 𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼, 

(2)

Based on this dependence, the Equation (2) is written 
as follows:

𝑋𝑋𝑋𝑋 = (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 − 𝑢𝑢𝑢𝑢) 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 ; 
𝑌𝑌𝑌𝑌 = (𝐴𝐴𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐴𝐴𝐴𝐴 − 𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝐴𝐴𝐴𝐴) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 ; 
𝑍𝑍𝑍𝑍 = (𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝐴𝐴𝐴𝐴 + 𝑢𝑢𝑢𝑢 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐴𝐴𝐴𝐴) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙, 

where α, u are the variable parameters of the helical surface, 
α is the angle of rotation of the surface point around the 
axis, which is placed on the cylindrical surface of radius p; 
u is the value of the generator from the point on the helical
line to the point on the helical surface; h is a screw param-
eter; H is the pitch of the surface Н=2πh; φ is the angle of
inclination of the generating element, while:

where the constant 
The surface of the screw working body, which is set 

at an angle of attack γ relative to the movement of the unit  
shall be presented as follows (Fig. 2a). Part of the helical 
surface at the boundaries of the processing depth a is lo-
cated in the soil. The lowest point A of the helical surface 
(cutting edge) contacts the soil at the bottom of the fur-
row. Point B of the edge contacts the soil at the level of the 
field surface. When the working body moves with speed Vp, 
then also with the same speed , the soil hits the helical sur-
face. This speed is divided into two mutually perpendicular 
components: Vt=Vpcos( β+φR) and Vn=Vnsin(β+φR). The value 
of the angle of attack γ=β+φR, for the helical surface is vari-
able and depends on the depth of the location of the point 
of the edge of the helical surface in the soil. This is caused 
by a variable angle value φR. The limits of the change of the 
angle φR are insignificant (Fig. 1a), and therefore its value 
is taken as a constant value and equal at the lowest point 
of the edge: 

a

A
BVn

Vp

Vt
Va

β+ φR

Vt

β+ φR

Vp

Vn

B

Figure 2. Diagram of determining the particle speed

For calculations, the helicoid will not be turned to 
the angle β, but it will be assumed that the soil reaches it 
with the value of the velocity Vp when β=0 (Fig. 2b). This op-
tion allows describing the helical surface without turning it 
by the angle β, by replacing the rotation of the helicoid with 
the rotation of the speed vector of the harrow. That is, the 
helicoid is turned together with the vectors (Fig. 2a) back 
by the angle (–β). This allows using the parametric equa-
tions (3) of the helicoid without complications by rotating 
them by the angle β.

With the value of the transverse speed Vn, the soil 

particle enters the helical surface, and its angular speed of 
rotation depends on the value of the speed Vt. If the cutting 
edge of the helical surface rolls without sliding along the 
bottom of the furrow in the direction of movement of the 
tool, then with a certain assumption (the cutting edge of 
the working body is a helical line), Vt=Rω is written, where 
ω is the angular speed of rotation of the helical working 
body. Hence, ω is found as follows:

(6)
ω=Vp cos(

β+ φR)
R

= VR cos
�β+ arctg(A sinφ

R) �

R

𝐴𝐴𝐴𝐴 = �𝑝𝑝𝑝𝑝2 + ℎ2 . 

𝜑𝜑𝜑𝜑𝑅𝑅𝑅𝑅 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(
ℎ
𝑅𝑅𝑅𝑅

) = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(
𝐴𝐴𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜑𝜑𝜑𝜑
𝑅𝑅𝑅𝑅

) 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙𝜙𝜙 =
𝑝𝑝𝑝𝑝

�𝑝𝑝𝑝𝑝2 + ℎ2
(3)

(5)
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The magnitude of the velocity Vn and the angular 
velocity of rotation of the helicoid ω are considered upon 
solving the differential equations of particle motion by nu-
merical methods.

If the surface variables u and α are set to depend 
on the amount of time the particle slides over the surface 
of the helicoid, then the equations of the trajectory of the 
particle will have the following form: u=u(t) and α=α(t).

Then Equations (3) transform into the equation of 
lines placed on the helical surface. For the difference be-
tween the equations of the surface and the equations of the 
line on it, uppercase letters were used in the expressions 
of the helical surface (“X”, “Y”, “Z”), and lowercase letters 
were used in the expressions of the line (“x”, “y”, “z”). When 
u=u(t) and α=α(t), equations (3) will record the trajectory of 
the material particle on the helical surface. At u=const, a 
helical line will be described on the surface of the helicoid. 
The radius R of its location is found as follows:

The following design parameters of the helicoid 
were adopted: R=0.25 m, r=0.15 m, a=0.1  m, p=0.0721, 
h=0.0416, φ=300. Next, the value u is found: u=0.276. If the 
value r is substituted instead of R, then u=0.152. Thus, the 
independent variable changes within u=0.152…0.276. Angle 
α changes within the limits of α=0…2π.

According to the differentiation method (3), the 
projections of the particle sliding velocity along the helical 
surface are obtained as follows:

R2 = �Y2 + Z2 = (A2 + u)2 cos2 ϕ 

u =
�R2-A2 cos2 ϕ

cosϕ
=
�R2-(p2 + h2) cos2 ϕ

cosϕ
 

𝑥𝑥𝑥𝑥′ = (𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼′ − 𝑢𝑢𝑢𝑢′) 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 ; 
𝑦𝑦𝑦𝑦′ = [𝛼𝛼𝛼𝛼′(𝑢𝑢𝑢𝑢 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼 + 𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼) − 𝑢𝑢𝑢𝑢′ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼] 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 ; 
𝑧𝑧𝑧𝑧′ = [𝛼𝛼𝛼𝛼′(𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼 − 𝐴𝐴𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼) + 𝑢𝑢𝑢𝑢′ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼] 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙. 

Vr = �x'2 + y '2 + z'2 = �(Aα'-u')2 + u2α'2 cos2 ϕ 

𝑋𝑋𝑋𝑋 = (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 − 𝑢𝑢𝑢𝑢) 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 ; 
𝑌𝑌𝑌𝑌 = (𝐴𝐴𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐴𝐴𝐴𝐴 − 𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝐴𝐴𝐴𝐴) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜓𝜓𝜓𝜓 − (𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝐴𝐴𝐴𝐴 + 𝑢𝑢𝑢𝑢 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐴𝐴𝐴𝐴) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜓𝜓𝜓𝜓 ; 
𝑍𝑍𝑍𝑍 = (𝐴𝐴𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐴𝐴𝐴𝐴 − 𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝐴𝐴𝐴𝐴) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜓𝜓𝜓𝜓 + (𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝐴𝐴𝐴𝐴 + 𝑢𝑢𝑢𝑢 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐴𝐴𝐴𝐴) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜓𝜓𝜓𝜓. 

(5)

The value u with a known radius R is found as follows:

(6)

(7)

The value of the relative velocity is obtained from (8):

(8)

When the helical surface is in contact with the soil, 
it rotates with an angular velocity ω according to (4), and its 
value depends on the speed of movement of the unit Va=Vр. 
During time t, the helical surface (3) will rotate through a 
certain angle ψ=ω·t. Parametric equations of a helicoid that 
record its position after turning an angle ψ=ω·t (9):

(9)

Having substituted the value ψ=ω·t into (9) and sim-
plified, the equation of a certain line on a helical surface, 
which is the absolute trajectory of motion, is as follows (10):

𝑥𝑥𝑥𝑥 = [𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 − 𝑢𝑢𝑢𝑢] 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 ; 
𝑦𝑦𝑦𝑦 = −[𝐴𝐴𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝐴𝐴𝐴𝐴) + 𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝐴𝐴𝐴𝐴)] 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 ; 
𝑧𝑧𝑧𝑧 = [𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝐴𝐴𝐴𝐴) − 𝑢𝑢𝑢𝑢 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝐴𝐴𝐴𝐴)] 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙. 

(10)

𝑥𝑥𝑥𝑥′ = (𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼′ − 𝑢𝑢𝑢𝑢′) 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 ; 
𝑦𝑦𝑦𝑦′ = −��𝑢𝑢𝑢𝑢′ + 𝐴𝐴𝐴𝐴(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)� 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) − 𝑢𝑢𝑢𝑢(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′) 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼)� 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 ; 
𝑧𝑧𝑧𝑧′ = −[(𝑢𝑢𝑢𝑢′ + 𝐴𝐴𝐴𝐴(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)) 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) + 𝑢𝑢𝑢𝑢(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼)] 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙. 

The differential equation of motion of a particle 
along a helical surface is written in the form of mw=F, 
which is written in projections on the coordinate axis, and 
therefore a system of equations is obtained. 

The value of the absolute acceleration of the par-
ticle is obtained by differentiating the expressions of the 
absolute trajectory (10) over time t. The value of the vector 
of the absolute velocity of a particle has the following form:

 (11)

Having differentiated the Equation (11), the vector 
of the total acceleration of the particle projected on the co-
ordinate axis is obtained:

𝑥𝑥𝑥𝑥″ = (𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼″ − 𝑢𝑢𝑢𝑢″) 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛 𝜙𝜙𝜙𝜙 ; 
𝑦𝑦𝑦𝑦″ = (𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼″ − 𝑢𝑢𝑢𝑢″ + 𝑢𝑢𝑢𝑢(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)2) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 + 

+(𝐴𝐴𝐴𝐴(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)2 + 2𝑢𝑢𝑢𝑢′(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′) − 𝑢𝑢𝑢𝑢𝛼𝛼𝛼𝛼″) 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 ; 
𝑧𝑧𝑧𝑧″ = (𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼″ − 𝑢𝑢𝑢𝑢″ + 𝑢𝑢𝑢𝑢(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)2) 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 − 

−(𝐴𝐴𝐴𝐴(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)2 + 2𝑢𝑢𝑢𝑢′(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′) − 𝑢𝑢𝑢𝑢𝛼𝛼𝛼𝛼″) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙. 

{0;  0; −1} 

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 ; 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= 𝐴𝐴𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 ;  
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= −𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼 ; 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= (𝑢𝑢𝑢𝑢 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼 + 𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 ;  
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼 ; 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= (𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼 − 𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝛼𝛼𝛼𝛼).  

(12)

Projections of the guide unit vector of the force 
weight will be as follows:

(13)

The reaction of the surface, which is directed along 
the normal to it, is determined by the partial derivatives of 
Equations (3):

(14)

After multiplying the vectors (14) and reducing the 
resulting vector to unity, the value of the projections of the 
normal vector to the surface will have the following form:

{- cosϕ ; sinϕ cos α ; - sinϕ sinα}. (15)

To match the directions of the unit vector (15) and 
the direction of action of other forces acting on the soil 
particle at the moment of time t, it must also be rotated by 
the angle ψ=ω· similarly to the rotation of the surface (9):

{- cosϕ ; sinϕ cos(ωt-α) ; sinϕ sin(ωt-α)}. (16)

- -
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The force of friction is directed in the direction op-
posite to the relative sliding speed of the particle Vr. The 
value of the projections of the unit vector is determined by 

⎩
⎪
⎪
⎨

⎪
⎪
⎧ �Aα'-u'�

�(Aα'-u')2 + u2α'2 cos2 ϕ
sinϕ ;

-
uα' sin(ωt-α) + �u'-Aα'� cos(ωt-α)

�(Aα'-u')2 + u2α'2 cos2 ϕ
cosϕ ;

uα' cos(ωt-α) -�u'-Aα'� sin(ωt-α)

�(Aα'-u')2 + u2α'2 cos2 ϕ
cosϕ

⎭
⎪
⎪
⎬

⎪
⎪
⎫

. (17)

Next, the equation of motion of a particle mw=F in 
projections is expanded onto the axes of the coordinate 

𝑚𝑚𝑚𝑚𝑥𝑥𝑥𝑥″ = −𝑁𝑁𝑁𝑁 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙𝜙𝜙 − 𝑓𝑓𝑓𝑓𝑁𝑁𝑁𝑁
(𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼′ − 𝑢𝑢𝑢𝑢′)

�(𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼′ − 𝑢𝑢𝑢𝑢′)2 + 𝑢𝑢𝑢𝑢2𝛼𝛼𝛼𝛼′2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 𝜙𝜙𝜙𝜙
𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 ; 

𝑚𝑚𝑚𝑚𝑦𝑦𝑦𝑦″ = 𝑁𝑁𝑁𝑁 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼𝛼𝛼 − 𝑓𝑓𝑓𝑓𝑁𝑁𝑁𝑁
𝑢𝑢𝑢𝑢𝛼𝛼𝛼𝛼′ 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) + (𝑢𝑢𝑢𝑢′ − 𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼′) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼)

�(𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼′ − 𝑢𝑢𝑢𝑢′)2 + 𝑢𝑢𝑢𝑢2𝛼𝛼𝛼𝛼′2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 𝜙𝜙𝜙𝜙
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙𝜙𝜙 ; 

𝑚𝑚𝑚𝑚𝑧𝑧𝑧𝑧″ = −𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑁𝑁𝑁𝑁 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) − 

−𝑓𝑓𝑓𝑓𝑁𝑁𝑁𝑁
𝑢𝑢𝑢𝑢𝛼𝛼𝛼𝛼′ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼) − (𝑢𝑢𝑢𝑢′ − 𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼′) 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼)

�(𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼′ − 𝑢𝑢𝑢𝑢′)2 + 𝑢𝑢𝑢𝑢2𝛼𝛼𝛼𝛼′2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 𝜙𝜙𝜙𝜙
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙𝜙𝜙. 

(18)

The equation (18) is solved with respect to other de-
rivatives of the unknown coordinates, as well as the reaction 

𝛼𝛼𝛼𝛼″ =
�2𝑢𝑢𝑢𝑢′+𝐴𝐴𝐴𝐴(𝜔𝜔𝜔𝜔−𝛼𝛼𝛼𝛼′)�(𝜔𝜔𝜔𝜔−𝛼𝛼𝛼𝛼′)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜙𝜙𝜙𝜙−𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤−𝛼𝛼𝛼𝛼)

𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜙𝜙𝜙𝜙
− 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼′ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 𝑢𝑢𝑢𝑢(𝜔𝜔𝜔𝜔−𝛼𝛼𝛼𝛼′)2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙𝜙𝜙+𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤−𝛼𝛼𝛼𝛼)

�(𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼′−𝑢𝑢𝑢𝑢′)2+𝑢𝑢𝑢𝑢2𝛼𝛼𝛼𝛼′2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 𝜙𝜙𝜙𝜙
; 

𝑢𝑢𝑢𝑢″ = 𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝛼𝛼𝛼𝛼) − 𝑓𝑓𝑓𝑓𝑢𝑢𝑢𝑢′ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙
𝑢𝑢𝑢𝑢(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 + 𝑔𝑔𝑔𝑔 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝛼𝛼𝛼𝛼)

�(𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼′ − 𝑢𝑢𝑢𝑢′)2 + 𝑢𝑢𝑢𝑢2𝛼𝛼𝛼𝛼′2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠2 𝜙𝜙𝜙𝜙
+ 

+
2𝐴𝐴𝐴𝐴𝑢𝑢𝑢𝑢′(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 − 𝐴𝐴𝐴𝐴𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠(𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝛼𝛼𝛼𝛼) + (𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)2(𝐴𝐴𝐴𝐴2 + 𝑢𝑢𝑢𝑢2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠2 𝜙𝜙𝜙𝜙) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙

𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙
; 

𝑁𝑁𝑁𝑁 = 𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 [𝑢𝑢𝑢𝑢(𝜔𝜔𝜔𝜔 − 𝛼𝛼𝛼𝛼′)2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙𝜙𝜙 + 𝑔𝑔𝑔𝑔 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝛼𝛼𝛼𝛼)]. 

force of the surface. After performing the simplifications, 
the result is as follows:

(19)

The first two equations (19) are solved according 
to numerous methods in the Simulink environment of the 
MatLab system [16]. It was assumed that the helical sur-
face, the design parameters of which are given earlier, 
moves with a speed of Va=9 km/h (Va=Vp=2.5 m/s). The angle 
of attack β=40°, the coefficient of friction f=0.3 [17]. Having 
performed the calculations, it was found that: Vt=1.62 m/s; 
Vn=1.9 m/s, ω=6.5 s-1.

Considering at what point on the cutting edge the 
particle enters the helical surface, the initial integration 
conditions are chosen. This point is given by initial coor-
dinates uо and αо. For the version under study, the value 
uо=0.276 m. To find the value of αо, equation (3) must be 
solved:

α0 = -Arccos
Az + u�(A2 + u2) cos2 ϕ -z2

(A2 + u2) cos2 ϕ

bottom of the furrow. After substituting these values into 
Equation (20), the values αо=-0.94 and αо=-1.83 are obtained.

The initial values uоꞌ and αоꞌ can be used to find the 
direction of entry of the soil particle on the helical surface.

It was established that the soil particle is captured 
by the helical surface, then moves along it, and therefore 
the angular velocity of sliding decreases due to friction [18].

The derivative of the coordinate uоꞌ denotes the 
linear velocity of the soil particle by the surface along 
the generatrix u and depends on the velocity Vn, equal to 
1.9 m/s. However, the direction of the velocity Vn differs 
from the direction of the generating helical surface. In ad-
dition, when the helical surface rotates, the speed of move-
ment of the particle along the axis of rotation occurs. The 
soil particle enters the surface at a speed Vn and, addition-
ally, the surface of the helicoid “runs into” the particle due 
to rotation. Therefore, uоꞌ=Vn=-1.9 m/s is taken as the initial 
value of the parameter uоꞌ. Figure 3 shows the trajectories 
of soil particle movement based on the results of integration 
of differential equations (19).

(20)

The value z=-0.15 m corresponds to the surface 
of the field, and the value z=-0.25 m corresponds to the 

the ratio of the terms of the velocity (7) to its value modulo (8) 
with its subsequent rotation through the angle φ=ωt:

system, assuming that the friction force is directed opposite 
to vector (17):

- -
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Figure 3. Relative and absolute trajectories of particle movement: a) helical surface; b) speed uоꞌ=-2.5 m/s
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In Figure 3a, the helical surface is shown so that its 
axis is projected at a point. Soil particles are plotted along 
the spiral surface in three places: on the field surface, at 
an intermediate point, and at the bottom of the furrow. A 
solid line shows the movement of a soil particle without its 
interaction with other particles. However, in the real pro-
cess, other soil particles act on the particle and force it to 
move along the helical surface. If the force of action of the 
particles balances the friction force, f =0 is taken as the co-
efficient of friction. The dashed line shows the trajectories 
of soil particles at f=0. Figure 3a shows that the difference 
between the trajectories is insignificant.

Despite the position of the place where the soil 

particle enters the helical surface, the particle slides along 
it and approaches the shaft. If the speed of the unit is in-
creased, this approximation increases. For example, in Fig-
ure 3b, the particle velocity was increased from 1.9 m/s to 
2.5 m/s. Accordingly, the trajectory of the particle’s move-
ment is closer to the cylindrical shaft. As a result, the soil 
particles at the beginning of their movement, when sliding 
on the helical surface, approach the shaft. When the helical 
surface is immersed in the ground, the particles below press 
on the upper particles and the shaft gets in the way of the 
movement of the soil particles. Soil sticking will occur at the 
junction of the helical surface with the shaft. To avoid this, 
the shaft must be made latticed, as shown in Figure 4.

Figure 4. Grid shaft helicoid

Furthermore, the grid shaft additionally performs 
the function of a roller.

Figure 5 shows the kinematic characteristics of the 

movement of a soil particle that enters the helical surface 
at the field level (Fig. 3a). Solid lines show the dependence 
for f=0.3, and dashed lines for f=0.
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Figure 5. Graphs of changes in particle movement velocities at f=0.3 (solid) and f=0 (dashed) lines: 
a) angular velocity; b) relative and absolute speeds
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An inherent feature of the movement of a soil parti-
cle is that at the beginning of the movement, the velocities 
decrease, and then gradually increase. The graphic depen-
dences reflect the time interval (t=0.11 s) from the begin-
ning of the particle’s arrival on the helical surface until it 
leaves it.

RESULTS AND DISCUSSION
The analysis of helical linear surfaces (helicoids) showed 
that the surface of the expanding helicoid can also be used 
as an alternative to disk working bodies, since it can also 
provide surface tillage with a given depth and distance be-
tween the ridges of the tilled soil.

Figure 6. The dependence of the change in the dispersion area of particles S on the angle of attack
of the helical surface α and the coefficient of soil friction f
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To determine the quality of soil loosening, a multi-
factorial experiment was conducted to determine the area 
of soil scattering by a screw working body [19]. In the con-
ducted experimental studies on the determination of the 
area of dispersion of soil particles by the turn of a helical 
surface, the variable parameters were as follows: the an-
gle of attack of the helical surface α=20°-30°, the angular 
speed of rotation of the helical surface ω=0−10 s−1 and soil 
moisture, which is determined by the coefficient of friction 
f=0.2…0.4. After processing the numerical values, a regres-
sion equation was obtained, which determines the area of 
dispersion of particles S according to the change of the 
above parameters:

f

α, grad
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20 22 24 26 28 30
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S, 10-4 m2
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(21)

Having analysed the regression Equation (21), the 
response surfaces and their two-dimensional cross-sec-

Figure 7. Dependence of the change in the particle dispersion area S on the angle of attack of the helical surface α and 
the angular speed of rotation of the helical surface ω
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tions were constructed, which are presented in Figures 6, 
7, and 8 [20].
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Figure 8. The dependence of the change in the particle dispersion area S on the angular velocity of rotation of the 
helical surface ω and the soil friction coefficient f

Analysis of the surfaces shows that the dispersion 
area of particles S varies within 70*10-4...130*10-4 (m2) de-
pending on the change in the angle of attack of the helical 
surface α, the angular speed of rotation of the helical sur-
face ω, and the coefficient of friction f. It was established 
that an increase in the angle of attack of the helical sur-
face α leads to an increase in the dispersion area of parti-
cles S by 1.81 times, and an increase in the angular speed 

of rotation of the helical surface ω to an increase in S by 
1.36 times; within the limits of the change in the coeffi-
cient of friction f, the change in S is insignificant.

Experimental studies were carried out to determine 
the effect of soil moisture on the quality of its cultivation, 
i.e., on the dispersion value of soil particle dispersion. In
experimental studies of the operation of the screw working
body during soil cultivation, the absolute soil moisture Wa
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varied in the range from 10% to 30% at a fixed value of the 
angle of attack of the screw surface α=20º and the angular 
speed of the screw working body ω=5 (s-1). 

The research results are presented in the form of 
a graphical dependence, which is presented in Figure 9. 

It was established that with an increase in the absolute 
humidity of the soil Wa in the range from 10% to 30%, the 
size of the scattering area of soil particles S decreases from 
98*10-4 to 86*10-4 (m2), i.e., by 1.14 times.

Figure 9. Dependence of the change in the dispersion area of particles S on absolute soil moisture Wa

The results of research on determining the quality 
of soil loosening and determining the area of soil scatter-
ing by a screw working body are similar to the results of 
the study [8], which presents the results of research on de-
termining the quality of soil loosening by a disk working 
body [21; 22].

Thus, the screw working body works like disk tools. 
When the blade of the helical surface is in contact with the 
ground, the available angles of attack and roll are similar 
to the angles for disc tools. The developed tillage screw 
working body has an uncomplicated design and low metal 
consumption.

CONCLUSIONS
As a result of the conducted research, a mathematical mod-
el of the movement of soil particles through the helical 
working surface of the tillage body, which is an expanding 
helicoid, was developed.

As a result of solving differential equations by the 
method of numerical integration, it was found that an in-
crease in the angle of attack of the screw working body 
leads to an increase in the height of the rise of particles and 
an increase in the area of their dispersal over the helical 
surface. The value of the coefficient of friction almost does 
not affect the trajectory of the movement of the particle.

To determine the quality of soil loosening, a multi-
factorial experiment was conducted to determine the area of 
scattering of soil particles. It was established that the quali-
ty of loosening the soil depends most on the angle of attack 
of the screw surface and the angular speed of rotation of the 
working body. The results of studies of the effect of soil mois-
ture on the size of the particle scattering area are also given.

The perspective of this study is to establish the qual-
ity of loosening the soil and determine the area of scattering 
of soil particles depending on the angle of inclination of the 
rectilinear elements of the helical surface.
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Дослідження руху частинки ґрунту по поверхні гвинтового 
ґрунтообробного робочого органа 

Анотація. В статті розглянуто взаємодію частинок ґрунту із гвинтовим ґрунтообробним органом, робоча поверхня 
якого виконана у вигляді розгортного гелікоїда і суттєво відрізняється від шнека. Крім того, для розгортної поверхні 
властива технологічність виготовлення робочого органу, оскільки можна розрахувати геометричні розміри плоскої 
заготовки, яка формується у готовий виріб простим згинанням із мінімальними пластичними деформаціями. 
Метою дослідження було проведення теоретичних та експериментальних досліджень руху частинок ґрунту по 
гвинтовій поверхні грунтообробного робочого органу, яка виконана у вигляді розгортного гелікоїда. Математичне 
моделювання процесів руху частинок ґрунту по гвинтовій поверхні грунтообробного робочого органу описано 
на базі загальних законів і принципів аналітичної та диференціальної математики, теоретичної та аналітичної 
механіки. Експериментальні дослідження були проведені із застосуванням методики з елементами математичної 
статистики, математичних методів оптимального планування багатофакторного експерименту. Аналіз результатів 
проведених експериментальних та теоретичних досліджень виконано із використанням прикладних комп’ютерних 
програм та систем. Експериментальні дослідження проводили відповідно до стандартних та самостійно розроблених 
методик. Результати: розроблено математичну модель руху частинки ґрунту гвинтовою поверхнею ґрунтообробного 
органу, та встановлено, що при збільшенні величини кута атаки гвинтового грунтообробного робочого органа 
величина підйому частинок ґрунту зростає і збільшується величина площі їх роззосередження гвинтовою 
поверхнею. Величина коефіцієнта тертя несуттєво впливає на форму траєкторії руху частинки ґрунту. Якість 
розпушування ґрунту найбільше залежить від кута атаки гвинтової поверхні та кутової швидкості обертання 
робочого органу.  Матеріали статті можуть бути використані науковцями для подальших досліджень та практиками 
у виборі ґрунтообробних агрегатів 

Ключові слова: розгортний гелікоїд, поверхневий обробіток, прямолінійна твірна, диференціальні рівняння руху, 
кутова швидкість, кут атаки, коефіцієнт тертя, площа розсіювання 
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Abstract. Currently, customers of energy companies use devices to generate electricity (solar panels, windmills, etc.) 
and return energy to the grid to save costs or generate income. Therefore, it is urgent to solve the problem of creating an 
automated system for diagnosing the quality of electricity for consumers who use renewable sources of electricity. The 
purpose of this study was to improve the efficiency of management in intelligent SMART Grid power systems. To fulfil the 
said purpose, it was proposed to use an automated system for monitoring synchro signals of PMU microprocessor equipment 
and software tools for digital processing and statistical analysis of the results of synchronised vector measurements 
of dynamic characteristics of power grids. Software tools for digital processing and statistical analysis of the obtained 
vector measurement data were developed. Linear regression, Random Forest Regression, and Ridge regression methods 
were employed to analyse and predict electricity quality indicators. The results of a comparative analysis of the obtained 
results of the predictive model were presented. To conduct experimental studies, a laboratory sample of a quality control 
device for generating synchro signals was developed and manufactured, which directly affects the reliability of digital 
data from distributed synchronised vector measurements in transient modes (in real time). The multichannel nature of 
the device increases the performance and reliability of the automated monitoring system. The paper presents the results 
of experimental studies of the device as a part of the developed laboratory stand, which is connected to the current local 
IP network of the National University of Life and Environmental Sciences of Ukraine. The practical significance of the 
conducted experimental studies lies in the establishment of the technical possibility of simultaneous monitoring of time 
synchronisation signals generated by two GPS receivers. In this case, it is obvious to increase the performance of the 
developed and manufactured device for monitoring the quality of clock signal generation, compared to a single-channel 
one. This material can be useful for engineers who design electrical systems connected to renewable energy sources
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INTRODUCTION
At present, energy efficiency is one of the main technical 
indicators that characterise the competitiveness of products, 

innovative development of the economy, and national secu-
rity. The need to adapt the Ukrainian economy, including 
the agro-industrial complex, as one of the main subjects of 
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the export-forming function, to market energy prices has 
led to the need to solve the problems of highly efficient 
use of energy resources. Apart from energy consumption 
in the electric power industry, the problems of improving 
the energy efficiency of electricity production and supply 
are no less relevant. The joint solution of these issues in 
electric power SMART and MicroGrid systems through the 
introduction of digital intelligent control tools that operate 
in real time ensures a positive effect [1-3]. These problems 
are directly related to the level of automation of electric 
SMART Grid power systems. In turn, the quality of operation 
of automated control systems of electric power networks of 
SMART technologies directly depends on the characteristics 
of time synchronisation signals used for conducting syn-
chronised vector measurements, as well as on the effective-
ness of methods for digital processing and analysis of meas-
urement results data. To find the factual characteristics of 
time synchronisation signals, it is necessary to have hard-
ware and software tools that ensure their continuous mon-
itoring and processing of the received digital data [1; 4; 5]. 
The use of distributed synchronised vector measurements in 
transient modes (in real time) in SMART Grid power systems 
necessitates the development of software tools for digital 
processing and statistical analysis of measurement results 
for the implementation of effective power supply manage-
ment in the field of intelligent energy [6; 7].

The construction of modern computerised power 
supply management complexes and networks for the field of 
intelligent energy based on monitoring the main characteris-
tics in transient modes (in real time) involves the use of syn-
chronised vector measurements [8-10]. The widespread use 
of functionally oriented PMU microprocessor equipment in 
the system of distributed synchronised vector measurements 
provides synchronous measurements of the main character-
istics for various sections of the power network distributed in 
space, values of phase angles of voltages and currents syn-
chronised with a single astronomical time [11; 12].

Thanks to the widespread use of GPS technology, 
it has become possible to create and implement distributed 
synchronised vector measurements (which ensure synchro-
nisation of measuring instruments with an accuracy of the 
order of hundreds of nanoseconds). Information on the 
instantaneous values of the amplitude and phase, respec-
tively, of voltage and current, registered in the same period 
(or moment) of time for different sections of the power grid, 
values of the speed of change of the phase angle of adjacent 
nodes of the power grid, and a list of other characteristics 
provides a modern level of knowledge about the properties 
of power networks and the specific features of the course of 
dynamic processes, as well as the possibility of direct obser-
vations of dynamic characteristics of power supply systems [7; 
12; 13]. Notably, one can currently observe the increas-
ing use of distributed synchronised vector measurements, 
an increase in the range of tasks for which they are used, 
namely the development of power grids with adaptive relay 
protection and automation, the detection of “hidden dam-
age” in power grids with adaptive relay protection, the pro-
duction of online control signals for automated prevention 
of a decrease in the level of stability in power grids and the 
elimination of asynchronous modes.

The widespread use of synchronised vector meas-
urement technology in SMART Grid electric power systems 
can substantially reduce the uncertainty of primary informa-
tion and improve the quality of processes for assessing the 
dynamics of electromechanical processes [7; 9]. Important 
in these processes is the use of software tools for digital pro-
cessing and statistical analysis of the results of vector meas-
urements, which determine the need for their further 
research, modernisation, and improvement for the imple-
mentation of effective power system management [10; 13].

It is problematic to use GPS signals as a reference 
sync signal for vector measurements [1; 5; 14]. Synchro sig-
nals generated solely by GPS signals cannot provide “high 
information survivability since they can be distorted, both 
in normal operation and in emergencies” [15]. The lack of 
sufficient reliability in providing SMART Grid time syn-
chronisation signals to power systems leads to a decrease 
in the information reliability of the vector measurement 
process itself. To detect changes in time synchronisation 
signals, it is proposed to use computer-integrated systems 
that provide automated monitoring of time synchronisa-
tion devices [15; 16]. This approach will reduce the prob-
ability of accidents in smart grid power systems and, as 
a result, will help improve their energy efficiency. Model-
ling of dynamic energy consumption management scenarios 
using the inductive biclusterisation algorithm in the man-
agement of renewable energy sources is described in [6]. 
The web interface for an information system for diagnos-
ing the quality of electricity consumers and monitoring syn-
chronised vector measurements using cloud technologies is 
described in [17].

The purpose of this study was to develop and experimen-
tally test the automated monitoring tools for time synchroni-
sation devices and upgraded software tools for digital process-
ing and statistical analysis of data from vector measurements 
of dynamic characteristics of SMART Grid power systems.

MATERIALS AND METHODS
To conduct experimental research in laboratory conditions 
and on the active IP networks, a developed laboratory stand 
with a quality control device for the formation of synchro-
nous signals, two GPS receivers, and a reference high-sta-
ble thermostated quartz oscillator MXOCS were used. The 
study was performed in the problem-based research labora-
tory “Intelligent control systems in the agricultural indus-
try” of the Department of Automation and Robotic Systems 
named after I. Martynenko (room 141, building 11, NULES 
of Ukraine). Experimental studies were performed according 
to the developed methods, structural and functional meas-
urement schemes.

Automated monitoring of time synchronisation devices 
of distributed SMART Grid vector measurement tools of energy 
systems. Time synchronisation devices (TSD) of SMART Grid 
power systems are designed to generate sync signals 
that have prominent frequency stability. However, during 
their functioning, TSDs generate essentially quasi-periodic 
signals, to assess the quality indicators of which it is neces-
sary to conduct measurements. Measurement of time char-
acteristics is based on measurements of the relationships 
between the reference and controlled signal [18]. 

Automated monitoring of time synchronisation devices...
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The parameter determined during the measurement 
process is a function called the time interval error function: 

ТІЕt(τ)=ТIt(τ)–ТIREF(τ),                           (1)
where the time interval function ТIt(τ) is found according to 
the equation ТIt(τ)=Т(t+τ)–Т(t).

Function ТIt(τ) is a measure of the time interval τ, 
starting at the moment t, for the signal under study (pro-
vided that there is an ideal reference signal) [18]. Under such 
conditions, the time interval error function will have the 
following form:

ТІЕt(τ)=ТIt(τ)–τ. (2)
In this case, the time interval function ТIREF(τ) of 

the reference signal ТIREF(t) should be determined from the 
equation as follows:

ТIREF(τ)=ТIREF(t+τ)–ТIREF(t).                       (3)
Automated monitoring lies in performing contin-

uous (24/7) real-time measurements of the parameters of 
the TSD output signals, transmission, digital processing 
of measurement results and decision-making based on the 
obtained data.

The automated monitoring system includes sensors 
that provide the primary conversion of a physical quan-
tity into an electrical signal. As a result, the time interval 

is converted into electrical digital signals, which should be 
represented as digital data of measurement results [5; 15; 16].

Further data processing provides calculation of indi-
cators for comparison with normalised values defined by 
international recommendations, standards, and technical 
specifications. For instance, the maximum time interval 
deviation (TID) corresponding to one measurement period 
is calculated according to the following formula [18]:

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝑛𝑛𝑛𝑛 ∙ 𝜏𝜏𝜏𝜏0) = max
1≤𝑘𝑘𝑘𝑘≤𝑁𝑁𝑁𝑁−𝑛𝑛𝑛𝑛

� max
𝑘𝑘𝑘𝑘≤𝑖𝑖𝑖𝑖≤𝑘𝑘𝑘𝑘+𝑛𝑛𝑛𝑛

𝑥𝑥𝑥𝑥(𝑖𝑖𝑖𝑖)− min
𝑘𝑘𝑘𝑘≤𝑖𝑖𝑖𝑖≤𝑘𝑘𝑘𝑘+𝑛𝑛𝑛𝑛

𝑥𝑥𝑥𝑥(𝑖𝑖𝑖𝑖)�    (4)

where τ0 – is the sampling period; τ=nτ0 – is the observation 
interval; n=1,2,...,N; {xi=x(iτ0), i=1,2,...N} –is a sequence of 
uniform discrete counts of the time error x(t).

The operator solves the tasks of managing the work 
of SMART Grid energy systems based on the received data of 
the results of the measurements of the indicators of the time 
synchronisation signals and comparison with the normalised 
values. It is possible to increase the performance of the auto-
mated monitoring system by increasing the number of chan-
nels. Structurally, this possibility is implemented using the 
developed quality control device for synchronous signals for-
mation (QCDSSF), the scheme of which is presented in Figure 1.

Figure 1. Block diagram of the quality control device for generating synchro signals
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The device was built using a multichannel digital 
discriminator (MDD), the software and hardware imple-
mentation of which was performed using the Cyclone IV 
EP4CE10E22C8N programmable logic circuit. MDD performs 
the functions of a primary sensor, which provides the primary 
conversion of the error of the time interval (controlled indica-
tor) into a digital signal in text format. Therewith, in the peri-
odicity control unit (PCU) of the device (Fig. 1) the presence 
of pulse fronts on the clock interval of the controlled signal is 
checked. The results of these processes, which are presented 
in digital format, are processed by a microcontroller and pre-
pared for transmission via RS-232 and Ethernet interfaces.

MDD is implemented using an adaptive digital phase 
discriminator (ADPD), which is protected by a Ukrainian pat-
ent for an invention [19]. The ADPD asynchronously, i.e., at 
any given time, without synchronising the measurement and 
reading processes, forms a code combination that determines 
the time ratio between the reference and controlled signal.

The developed QCDSSF device provides in an auto-
mated mode continuous monitoring of time synchroni-
sation signals by performing simultaneous multichan-
nel measurements of the instantaneous value of the 
deviation of the time interval relative to the reference 
synchronisation signal, which is formed by a voltage-con-
trolled generator. The results of measurements of several 
time synchronisation signals (up to two simultaneously) 
are transmitted in text format via the IP network to a com-
puter, where they are processed using software and pre-
sented to the SMART Grid operator of power systems for 
decision-making.

To conduct experimental studies of the automated  
monitoring system, a laboratory stand was developed with 
a quality control device for the formation of synchronous 
signals, two GPS receivers, and a MXOCS reference high-sta-
ble thermostated quartz generator were used. A photo of the 
laboratory stand is shown in Figure 2.

Table 1. Fragment of the generated data set

Figure 2. The appearance of a laboratory stand with a quality control device for the synchronous signals formation

The task of experimental studies was to check the 
technical specifications of the developed device for con-
trolling the quality of clock signal generation. During the 
study, the accuracy of measurements of the deviation of 
the time interval of two time synchronisation signals of 
type 1-PPS (one pulse per second) relative to the refer-
ence sync signal, which is connected to the REF input, was 
checked (Fig. 1). Controlled time synchronisation signals 
of the 1-PPS type, formed by two GPS receivers, were con-
nected to the corresponding inputs Input 1 and Input 2 of 
the device. Interaction of the developed laboratory stand 

with the computer was performed using the current local 
IP network of the NULES of Ukraine.

Digital processing of the obtained results of vector meas-
urements of dynamic characteristics of SMART Grid power sys-
tems. The input information was an array of measured values 
of the vector format of electrical parameters [20] obtained 
from the ENIP-2 type PMU vector measurement device. 
This data was collected primarily for scientific purposes.

For further statistical processing and forecasting, 
a dataset containing 100 rows and 5 columns was created 
(Table 1). Digitised graphs are presented in Figure 3.

No. f, Hz I, A U, V I2, A
1 49.9803 2.0511 230.705 33.374
2 49.9669 2.0512 230.694 33.375
3 49.9942 0.0513 230.661 33.371
4 49.9982 2.0507 230.629 33.374
5 50.0154 2.0506 230.596 33.375
6 49.961 2.0508 230.552 33.373
7 50.0107 2.051 230.535 33.375
8 49.9887 2.0509 230.508 33.3735
9 49.9905 2.0512 230.469 33.3745

10 49.9715 2.0514 230.442 33.3735
11 49.9701 2.0512 230.42 33.369
12 49.9611 2.0514 230.409 33.375
13 49.9822 2.0513 230.381 33.372
14 49.9847 2.0513 230.359 33.3745
15 49.9821 2.0511 230.337 33.379

Automated monitoring of time synchronisation devices...
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Data structure. The data set is the characteristics of 
electricity (frequency, voltage, current). The dataset com-
prises a training dataset used to train and tune the model 
designed to predict values on the test data.

Eventually, the training set was divided into a training 
sample and a validation sample to evaluate the accuracy and 
quality of the models. The calculated statistical indicators 
for frequency, voltage, and current are presented in Table 2.

Figure 3. The appearance of a laboratory stand with a quality control device for the synchronous signals formation
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Table 2. Statistical characteristics of the measured parameters

Statistical characteristics Frequency Voltage Current

Average values: 49.992 33.378 228.884

Median: 49.992 33.377 229.318

Maximum value: 50.024 33.386 230.705

For columns (1) and (2), the value of column (3) was 
predicted using two methods: KNN and Ridge regression.

The Predict matrix for data processing is presented 
in Table 3.

Table 3. Matrix for data processing

f, Hz U, V

50.0228 228.569

49.9793 228.492

50.0041 228.404

50.0248 228.332

50.0233 228.272

49.9803 228.195

49.9734 228.113

49.9666 228.041

50.0249 227.926

Features of software implementation.
Features of the software implementation include:

– data reading and primary processing using the Pandas
library;

– plotting graphs using the Matplotlib and Plotly express
libraries;

– building a correlation table using the Seaborn library;

– data standardisation, splitting the training set into
a training sample and validation sample, implementing 
classification models using the Scikit-Learn library.

Initially, the data was normalised for the highest 
accuracy of the calculation. An example of calculation based 
on normalised data is presented in Figure 4, without nor-
malisation for Ridge regression – in Figure 5.

V. Koval et al.
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According to the normalised data, the accuracy of 
the model is higher. Columns (1), (2) are frequency and volt-
age, respectively. Predicted column (3) – current. The results 

of forecasting using the k-nearest neighbours algorithm 
(KNN) and the calculation accuracy of the method are pre-
sented in Figure 6, the predicted model is presented in Figure 7.

Figure 5. Code snippet of the programme and calculation based on data without normalisation

Figure 6. Code snippet of the programme and prediction results using the KNN method

Figure 7. Predictive model based on the KNN method

The Ridge regression method and the calculation 
accuracy of the method are presented in Figure 8. The pre-
dicted model is presented in Figure 9. The digital monitoring 

data obtained during experimental studies was stored in the 
computer’s memory.

Figure 8. Code snippet of the Ridge regression method and method calculation accuracy

Figure 9. Predictive model using the Ridge regression method

RESULTS AND DISCUSSION
Figure 10 presents digital monitoring data for time syn-
chronisation signals of two GPS receivers, which were pro-
cessed using Excel software. Based on the results of exper-
imental studies, graphs of the dependence of time interval 

deviations (TID) of controlled time synchronisation sig-
nals generated by two GPS receivers were constructed. The 
upper graph presented in Figure 10 displays the results 
of monitoring the signal generated by the first GPS receiver, 
and lower graph – the second GPS receiver.

Figure 4. Code snippet of the programme and calculation based on normalised data

Automated monitoring of time synchronisation devices...
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Analysis of the results obtained confirms the tech-
nical capability of the device to perform simultaneous pri-
mary conversion of the deviation of the time interval of 
two controlled signals into a digital code with a quanti-
sation step of less than 1 nanosecond. This result is suffi-
cient for the practical implementation of the tasks of mon-
itoring SMART Grid time synchronisation signals of power 
systems, which, according to the international standards 

IEEE C37.118.1-2011, IEEE C37.118.2-2011, must pro-
vide an accuracy of ±1 microsecond for synchronised vec-
tor measurements using synchrophasors [5].

Analysing the resulting forecast graph (Fig. 11), 
according to the normalised data, the accuracy of the Ridge 
regression model is 10-15% higher than the KNN method.

A diagram of the calculated predicted voltage values 
compared to the factual values is presented in Figure 12.

Figure 10. The results of experimental studies of the time synchronisation signals of two GPS receivers using 
a laboratory sample of the device for quality control of the formation of synchronous signals

Figure 11. Graphical representation of output and projected data using KNN and Ridge regression methods
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Figure 12. Graphical representation of output and projected data using KNN and Ridge regression methods
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Analysing the resulting forecast graph (Fig. 12), 
according to the normalised data, the accuracy of the Ran-
dom Forest Regression model is 5-10% higher than linear 
regression.

This study combined two tasks of diagnosing the 
quality of electricity vector measurements of SMART Grid 
power systems:

– conducting experiments on time synchronisation of
two GPS receivers based on a previously developed labo-
ratory stand;

– generating a dataset based on the results obtained and
digitally processing the dynamic characteristics of electric-
ity quality indicators.

In contrast to the publications [1; 17; 19] that were 
reviewed, this study presents the created software and hard-
ware for automated diagnostics of digital signal synchroni-
sation devices, which is an advanced system developed in 
Ukraine and tested in the current network of the National 
University of Life and Environmental Sciences of Ukraine. 
With the obtained real data, statistical processing was per-
formed using various methods – KNN and Ridge regres-
sion, Random Forest Regression and linear regression, from 
which the best ones were selected – Ridge regression and 
Random Forest regression.

CONCLUSIONS
Based on the results obtained the following conclusions can 
be drawn:

1. Software tools were developed for digital process-
ing and statistical analysis of a training data set in vector 
format of electrical parameters of SMART Grid energy sys-
tems, which provide the construction of a predictive model 

of electricity parameters, which is necessary for further 
decision-making.

2. The analysis of the obtained forecast graphs was per-
formed, and it was concluded that according to the nor-
malised data, the accuracy of the Random Forest Regres-
sion model is higher by 5-10%, while the accuracy of the 
Ridge regression model is higher by 10-15%.

3. As a result of experimental studies of the developed
and manufactured device for quality control of the forma-
tion of synchronising signals as part of a laboratory stand, 
which is connected to the active local IP network of the 
NULES of Ukraine, the technical possibility of simultane-
ous monitoring of time synchronisation signals generated 
by two GPS receivers has been established. In this case, it is 
obvious to increase the performance of the developed mon-
itoring device, compared to a single-channel one.

4. A comparative analysis of the obtained values of the
deviation of the time interval with a quantisation step of 1 
nanosecond and the norm of ±1 microsecond, which is set 
to the accuracy of the synchronising signals of vector meas-
urements, indicates the practical possibility of solving the 
problems of monitoring time synchronisation signals with 
the manufactured device.

In the future, it is planned to develop the project, 
namely:

– within the framework of the research project, to pur-
chase and connect several types of devices for vector meas-
urements of PMU (synchrophasors) and integration into the 
information collection system at various facilities;

– to apply optimisation and decision-making methods
for quality management at points where renewable gener-
ation sources are connected.
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Автоматизований моніторинг пристроїв синхронізації часу
та цифрова обробка векторних вимірювань

динамічних характеристик SMART Grid енергосистем

Анотація. В теперішній час клієнти енергокомпаній використовують пристрої для вироблення електроенергії 
(сонячні панелі, вітряки та ін.) і для економії витрат або для отримання доходу повертають енергію в мережу. Тому 
актуальним є вирішення задачі створення автоматизованої системи діагностування якості електроенергії споживачів, 
які використовують відновлювальні джерела електроенергії. Мета дослідження – підвищення ефективності керування 
в інтелектуальних SMART Grid енергосистемах. Для її реалізації запропоновано використання автоматизованої 
системи моніторингу синхросигналів мікропроцесорного обладнання PMU та програмних засобів цифрової обробки і 
статистичного аналізу результатів синхронізованих векторних вимірювань динамічних характеристик енергомереж. 
Розроблено програмні засоби цифрової обробки та статистичного аналізу отриманих даних векторних вимірювань. 
Для аналізу та прогнозування показників якості електроенергії використовуються методи лінійної регресії, Random 
Forest Regression та Ridge regression. Наведено результати порівняльного аналізу отриманих результатів прогнозної 
моделі. Для проведення експериментальних досліджень розроблено та виготовлено лабораторний зразок пристрою 
контролю якості формування синхросигналів, від яких безпосередньо залежить достовірність цифрових даних 
розподілених синхронізованих векторних вимірювань у перехідних режимах (в реальному часі). Багатоканальність 
пристрою забезпечує підвищення продуктивності та надійності системи автоматизованого моніторингу. Наведено 
результати експериментальних досліджень пристрою у складі розробленого лабораторного стенду, який підключено 
до діючої локальної ІР-мережі НУБіП України. Практична значущість проведених експериментальних досліджень 
полягає у встановлені технічної можливості одночасного моніторингу сигналів синхронізації часу, що формуються 
двома приймачами GPS. У цьому разі очевидним є збільшення продуктивності розробленого та виготовленого 
пристрою контролю якості формування синхросигналів, в порівнянні з одноканальним. Матеріал може бути корисним 
інженерам, які проектують електричні системи з підключенням відновлювальних джерел енергетики

Ключові слова: відновлювальні джерела електроенергії, синхронізовані векторні виміри, багатоканальний пристрій, 
контроль якості формування синхросигналів, моніторинг синхросигналів, модель Ridge regression, прогнозування 
показників електроенергії
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The Method of Calculating the Maximum Torque When Jamming 
the Auger of the Screw Conveyor

Abstract. The designs of screw conveyors contain safety clutches that ensure the avoidance of breakdowns in 
emergencies (e.g., when the auger is jammed). Therefore, the choice of these clutches is a relevant scientific problem, 
which is related to the calculation of the maximum torque of the auger. The purpose of this study was to develop 
a method for calculating the maximum torque when the auger of a screw conveyor is jammed. The method developed in 
this paper article is based on the use of an artificial neural network trained using the “supervised learning” technology. 
The training and test data set for the artificial neural network was obtained by conducting machine experiments, each 
of which consisted in the numerical integration of a nonlinear differential equation and the determination of the 
value of the maximum torque in the elastic connection of the dynamic system based on the obtained solution. The 
specified differential equation is obtained based on the equation of motion of the non-jammed part of the conveyor 
(drive, gears, clutch) and the Kloss equation, which corresponds to the model of the mechanical characteristics of the 
conveyor asynchronous motor. The statistical significance of the results of an artificial neural network was proved by 
analysing the values of approximation quality indicators. A brief analysis of the influence of the stiffness of the elastic 
connection of the dynamic conveyor system and the drive gear ratio, as well as the overloading capacity of the engine 
on the maximum torque that occurs when the screw is jammed, was performed. The practical significance of the results 
obtained is related to the software implementation of the method, which allows engineers to effectively select safety 
clutches upon designing screw conveyors
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INTRODUCTION
Screw conveyors are widely used in modern agricultural 
and industrial production. This is explained by their high 
performance, reliability, ease of operation, etc. During the 
operation of such machines, emergencies may occur that 
are caused by the jamming of hard particles (cargo, peb-
bles, etc.) in the gap between the auger edge and the con-
veyor trough. This case causes the auger to jam and the 
safety clutch to trigger. Therefore, the correct choice of 
such a clutch at the stage of conveyor calculations allows 
avoiding premature failure of the conveyor engine. The main 
parameter that determines the choice of a particular safety 
clutch is the maximum torque that it can transmit. Exceed-
ing this torque leads to disconnection of the kinematic con-
nection between the clutch halves and makes it impossible 
for mechanical gears and the conveyor drive motor to fail.

The calculation of the clutch torque limit value 
should reflect the main dynamic parameters of the conveyor 

and its drive parameters. Well-known engineering meth-
ods of such calculations only approximately allow consid-
ering these factors, which can lead to incorrect choice of the 
safety clutch. Thus, this issue transcends engineering cal-
culations and is the subject of scientific research. The result 
of such a study is a scientifically sound method for calcu-
lating the maximum drive torque of a screw conveyor when 
the auger is jammed, which allows considering all significant 
factors affecting the amount of torque.

To establish the current level of technological devel-
opments in the field of designing individual elements of 
screw conveyors, the website of the German patent office 
was used [1]. Using this resource, data was obtained on the 
number of received patents in the world under International 
Patent Classification (IPC) B65G33/24 “Screw or rotating 
spiral conveyors. Details”, B65G33/34 “Screw or rotating 
spiral conveyors. Details. Drives”. The received data is valid 
as of 04/16/2022 (Table 1).
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Analysis of data from Table 1 suggests a substan-
tial increase in the number of patents for both classes since 
2020. This trend continued in subsequent years. Admittedly, 
this reflects the interest of conveyors developers in improv-
ing their designs. Certain improvements to screw convey-
ors should be scientifically sound. Therefore, this study 
analysed the content of scientific publications related to 
the design and operation of these machines.

In [2], a model of a screw conveyor is investigated 
and the influence of the size of a discrete load particle, 
external and internal friction forces on the main operational 
and technical parameters of the conveyor was established. 
The paper also confirms theoretical results by comparing 
them with experimental data obtained in the laboratory.

In [3], the design of a vertical conveyor screw with 
a variable diameter was proposed. As shown in this study, 
this allows increasing the capacity of the conveyor. A common 
feature of research in [2; 3] is the use of bulk medium models 
based on the discrete element method.

The study [4] presents a model of a screw con-
veyor developed in the ANSYS software environment. This 
research allowed establishing the influence of conveyor 
parameters on screw vibrations in the vertical and horizon-
tal directions. The results of this study allow avoiding res-
onant phenomena during the operation of these machines.

Fuzzy logic was used to establish relationships 
between the technical and operational characteristics of 
screw conveyors and their parameters in [5]. Here, a rule 
base was constructed, and a complex functional dependence 
was obtained on its basis, which allowed obtaining two sets 
of optimal values for the speed of rotation of the screw, 
its pitch and the angle of inclination of the conveyor. For 
the first case, the volumetric capacity of the machine is maxi-
mum, and for the second – its energy efficiency.

Thus, the issue of calculating dynamic processes 
that take place in a screw conveyor is quite an extensive 
and urgent task. Solving certain aspects of this issue will 
contribute to more advanced screw conveyor designs. This 
particularly refers to the problem of determining the maxi-
mum value of the conveyor screw torque, since it has a sub-
stantial impact on the choice of the safety clutch of its drive.

The purpose of this study was to develop a method 
for calculating the maximum torque when jamming a screw 
conveyor auger. Fulfilling this purpose required to solve 
the following tasks: 1) conduct mathematical modelling 
of the process of jamming the conveyor auger; 2) conduct 
numerical experiments and obtain a tabulated function 
of the maximum torque of the screw conveyor when it is 
jammed; 3) based on the tabulated function, to train an arti-
ficial neural network and prove the statistical significance of 

the results of its work; 4) assess the influence of individual 
factors on the value of the maximum torque when the auger 
of the screw conveyor is jammed and indicate the prospects 
for further research in this area

MATERIALS AND METHODS
To illustrate the essence of the problem considered in this 
study, a kinematic diagram of the conveyor is presented 
below (Fig. 1). It corresponds to typical designs of belt-
driven screw conveyors [6-8].

The Method of Calculating the Maximum Torque...

Figure 1. Kinematic scheme of a screw conveyor 
with a jammed auger

Table 1. Number of patents received in the world by individual classes

Source: compiled by the author based on [1]

Class
Years

2018 2019 2020 2021 2022

B65G33/24 856 891 1579 2098 585
B65G33/34 199 272 617 698 138

M
1

2 3 4

Movable part Immovable part

Mϕ

J

c

b

In Figure 1 the following designations are used: 1 – 
motor; 2 – belt drive (the most elastic element of the drive); 
3 – safety clutch; 4 – place of jamming of the conveyor 
auger. Based on Figure 1, a dynamic model of the movement 
of a screw conveyor with a jammed auger was developed. For 
this purpose, the inertial, elastic, and dissipative properties 
of the dynamic conveyor system, as well as the mechanical 
characteristics of its drive, were considered (Fig. 2), and 
when constructing the model, methods of machine dynam-
ics were used [9].

Figure 2. Dynamic model of screw conveyor movement 
when the auger is jammed: M is the driving torque of the 

drive; J is the reduced moment of inertia of the drive;  
b is the reduced drive dissipation factor; c is the reduced 

drive stiffness coefficient (in the case under study –  
of the belt drive

In Figure 2, all values are reduced to the auger shaft 
of the elastic connection of the drive.

ϕ
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When constructing a dynamic model, the following 
assumptions were used: 1) the part of the auger that contin-
ues to move after jamming (from position 3 to 4 in Fig. 1), 
has an insignificant moment of inertia in comparison with 
the moment of inertia of the drive, and therefore it is not 
considered; 2) the part of the auger that continues to move 
after jamming is an absolutely rigid body; 3) there is no 
dissipation in the part of the auger that continues to move 
after jamming.

A mathematical model that corresponds to a dynamic  
model (Fig. 2), is represented by a second-order differen-
tial equation (1):

𝑀𝑀𝑀𝑀 = 𝐽𝐽𝐽𝐽𝜙̈𝜙𝜙𝜙 + 𝑏𝑏𝑏𝑏𝜙̇𝜙𝜙𝜙 + с𝜙𝜙𝜙𝜙. (1)
Driving torque M is created by an asynchro-

nous motor, the mechanical characteristic of which is 
described by the Kloss equation [10] (2):

𝑀𝑀𝑀𝑀 =
2𝜆𝜆𝜆𝜆𝑀𝑀𝑀𝑀𝑛𝑛𝑛𝑛𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈

𝐴𝐴𝐴𝐴𝜙̇𝜙𝜙𝜙 + (𝐴𝐴𝐴𝐴𝜙̇𝜙𝜙𝜙)−1
, (2)

where A is the constant coefficient, the value of which is 
determined by the drive parameters

(A =
60𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛𝑈𝑈𝑈𝑈

𝑝𝑝𝑝𝑝 �60𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛
𝑝𝑝𝑝𝑝 − 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛��1 + 𝜆𝜆𝜆𝜆√𝜆𝜆𝜆𝜆2 − 1�

 ); fn is the rated frequency

of the motor supply voltage (fn=50 Hz); nn is the rated engine 
speed, rpm; λ is the engine overload capacity; p is the num-
ber of pairs of motor poles; U  s the drive gear ratio; η is the 
drive efficiency.

Substituting (2) in (1) allows obtaining a nonlinear 
differential equation that cannot be integrated analytically. 
Therefore, to determine the solution, it is necessary to apply 
one of the numerical methods [11]. For this, one needs to set 
the initial conditions for the system’s movement. Since this 
study considered the case when auger jamming occurs when 

the conveyor is operating in the nominal mode, it is obvious 
that the elastic connection of the drive c is loaded with the 
torque of resistance M0, i.e., ϕ(0)=M0/s. To find the angu-
lar velocity of the system, it is necessary to substitute M0 
in equation (2) instead of M and solve the resulting qua-
dratic equation with respect to 𝜙̇𝜙𝜙𝜙 . To simplify calculations, 
it was assumed that the torque of resistance M0 corresponds 
to the rated engine torque 𝑀𝑀𝑀𝑀0 = 𝑀𝑀𝑀𝑀𝑛𝑛𝑛𝑛𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = 30𝑃𝑃𝑃𝑃𝑛𝑛𝑛𝑛

𝜋𝜋𝜋𝜋𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈  , i.e., the

conveyor drive operates in the nominal mode before it gets 
jammed. From the two roots of the quadratic equation, the 
authors chose the one that corresponded to the drive motion 
in the first quadrant of the mechanical characteristic:

Thus, having found the initial conditions of motion 
of the system and having the equations of its motion (1), 
(2), a solution of the equation can be obtained for certain 
numerical values of system parameters (nn, Pn, λ, U, c). In 
this study, it was also assumed that b=0 because, as will 
be shown later, the duration of the increase in torque to 
the maximum value during jamming is so insignificant that 
the influence of dissipative forces can be ignored.

For numerical integration of the nonlinear differen-
tial equation (1), a condition was used that sets the moment 
when the integration stops. This condition corresponds to 
the zero angular velocity of the dynamic system.

Figure 3 shows the results of integration of equa-
tions (1), (2) for the following parameters: nn=720 rpm, 
Pn=2.2 kW, λ=2.2, U=10, c=10 kNm/rad. As Figure 3 demon-
strates, the duration of the conveyor stop is 0.0283 seconds.

Figure 3. Graphs of changes in the elastic torque and angular velocity of a dynamic system
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When the system stops, there is a rapid increase in 
the elastic torque. To exclude the failure of the mechanical 
elements of the drive caused by the action of this torque, 

it is necessary to choose the right safety clutch. However, 
its definition by numerical integration is irrational. This is 
explained by the need to attract considerable computational 

𝜙̇𝜙𝜙𝜙(0) =
𝜋𝜋𝜋𝜋

30𝑝𝑝𝑝𝑝𝑃𝑃𝑃𝑃𝑛𝑛𝑛𝑛𝑈𝑈𝑈𝑈3 (𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑝𝑝𝑝𝑝(𝑃𝑃𝑃𝑃𝑛𝑛𝑛𝑛𝑈𝑈𝑈𝑈2𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝜂(1+ 𝜂𝜂𝜂𝜂�𝜂𝜂𝜂𝜂2 − 1) + 

+ 𝑃𝑃𝑃𝑃𝑛𝑛𝑛𝑛𝑈𝑈𝑈𝑈2

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑝𝑝𝑝𝑝
(𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑝𝑝𝑝𝑝− 60𝑓𝑓𝑓𝑓)�(𝜂𝜂𝜂𝜂2𝜂𝜂𝜂𝜂2 − 1)�1 − 𝜂𝜂𝜂𝜂2 + 𝜂𝜂𝜂𝜂4 + 2𝜂𝜂𝜂𝜂√𝜂𝜂𝜂𝜂2 − 1�)−  

− 60𝑓𝑓𝑓𝑓𝑃𝑃𝑃𝑃𝑛𝑛𝑛𝑛𝑈𝑈𝑈𝑈2(𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝜂(1+ 𝜂𝜂𝜂𝜂�𝜂𝜂𝜂𝜂2 − 1) − 1)), (3)



86
Machinery & Energetics. Vol. 13, No. 2

resources, which are spent on direct numerical integration 
of the corresponding differential equation, tabbing the elas-
tic torque function, and then determining its maximum 
value Mc.max (indicated in Fig. 3 with a grey dot). Therefore, 
it is advisable to obtain a tabulated function of the max-
imum values of the elastic torque whose arguments are 
the parameters nn, Pn, λ, U, c. In the future, using one of the 

known approximation methods, one needs to get the func-
tion Mc.max=f(nn, Pn, λ, U, c).

Thus, building a tabulated function Mc.max is factu-
ally a machine experiment. Therewith, the limits of changes 
in independent factors nn, Pn, λ, U, c were selected from the 
conditions of coverage of screw conveyor structures, which 
are most often found in practice (Table 2).

The moment of inertia of the system was determined 
according to the expression J=1.3JenU

2 (here Jen is the moment 
of inertia of the engine, which for various brands of engines 
of the AIR series is selected from the catalogue [12]; 1.3 is 
a coefficient that considers the inertial characteristics of 
other drive elements: pulleys, connecting clutches, etc.).

Consequently, 32,000 machine experiments were 
performed and a tabulated function Mc.max was formed. 
The next step in the study was to find a relationship that 

would be able to approximate the data obtained with a suffi-
cient degree of accuracy. The classical approach to achieving 
this goal is to apply regression analysis [13]. However, it did 
not allow getting the desired model. To illustrate this the-
sis without delving into the method for calculating regres-
sion models, see Table 3, where the main results of this 
approach are presented (for compactness of writing, inde-
pendent factors are indicated by symbols x with the corre-
sponding indexes respective to their order).

Table 2. Independent factors of machine experiment and their levels

Independent factor Unit of measurement Value
nn rpm 720, 900, 1,400, 2,850
Pn kW 0.75, 1.1, 1.5, 2.2, 3.0
λ – 1.8, 1.9, 2.0, 2.1, 2.2, 2.3, 2.4, 2.5
U – 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21
c kNm/rad 1, 2, 3, 4, 5, 6, 7, 8, 9, 10

Table 3. Results of applying regression analysis to calculate the model Mc.max=f(nn, Pn, λ, U, c)

Model Value of the determination coefficient R2

𝐴𝐴𝐴𝐴0 + �𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖

5

𝑖𝑖𝑖𝑖=1

 0.644

𝐴𝐴𝐴𝐴0 + ��𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖.𝑗𝑗𝑗𝑗𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗

5

𝑗𝑗𝑗𝑗=1

5

𝑖𝑖𝑖𝑖=1

 0.814

𝐴𝐴𝐴𝐴0 + ���𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖.𝑗𝑗𝑗𝑗.𝑘𝑘𝑘𝑘𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗

5

𝑘𝑘𝑘𝑘=1

𝑥𝑥𝑥𝑥𝑘𝑘𝑘𝑘

5

𝑗𝑗𝑗𝑗=1

5

𝑖𝑖𝑖𝑖=1

 0.863

𝐴𝐴𝐴𝐴0 + ����𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖.𝑗𝑗𝑗𝑗.𝑘𝑘𝑘𝑘.𝑞𝑞𝑞𝑞𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗

5

𝑞𝑞𝑞𝑞=1

𝑥𝑥𝑥𝑥𝑘𝑘𝑘𝑘

5

𝑘𝑘𝑘𝑘=1

5

𝑗𝑗𝑗𝑗=1

5

𝑖𝑖𝑖𝑖=1

𝑥𝑥𝑥𝑥𝑞𝑞𝑞𝑞 0.888

Analysis of R2 values shows that an increase in the 
complexity of the regression model does not lead to a sub-
stantial improvement in the quality of the approximation. 
This means that none of the regression models used can qual-
itatively approximate the tabulated function Mc.max. Therefore, 
this approach should be considered ineffective for this task.

An alternative to regression analysis in approxima-
tion problems is the use of artificial neural network (ANN) 
technologies [14]. Based on these considerations, the 
authors of this study attempted to develop such an ANN 
that would allow obtaining a high-quality approximation 
of the tabulated function Mc.max. For this, the architecture 
of the ANN was set as follows: it has five inputs (accord-
ing to the number of independent factors) and one output 
(value Mc.max); two hidden layers of the ANN include ten 

neurons each; the activation function of each neuron is 
a hyperbolic tangent.

According to the generally accepted approach to 
ANN training, the overall data sample should be normalised. 
In this study, the following equation (4) was used:

х�𝑖𝑖𝑖𝑖 = 2
𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 − 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖.𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚

𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖.𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖.𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚
− 1, (4)

where х�𝑖𝑖𝑖𝑖   is the normalised value of ith independent fac-
tor that changes within [-1, 1]; xi.max and xi.min are the max-
imum and minimum values of the ith independent factor. 
In the future, the normalised data sample should be divided 
into training (includes 25,645 elements) and test (includes 
6,355 elements), and the individual elements of the original 
sample with this division are selected randomly so that the 

The Method of Calculating the Maximum Torque...
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trained ANN can cover as many possible sets of parameters 
of screw conveyors as possible.

ANN training was performed using the ADAM  
method [15]. The metaeuristic methods ME-D-PSO [16] and 
RotRing-PSO [17] were used for the same purpose.

RESULTS AND DISCUSSION
The use of these metaeuristic methods [16; 17] leads to 
almost identical results. They were as follows:

– weight matrix of the first layer W1=[{-0.11, 0.529,
0.119, 0.227, -0.073}, {-1.397, 0.434, -0.067, -0.05, 0.079}, 
{0.404, -0.331, 0.09, 0.128, 0.102}, {-0.063, 0.012, -0.017, 
-0.015, -0.616}, {0.607, 0.197, -0.009, 0.036, 0.084}, {0.126, 
-0.31, 0.008, 0.004, -0.391}, {0.193, -1.768, -0.019, -0.018, 
0.072}, {-0.412, -2.058, -0.019, -0.01, 0.361}, {0.934, -0.288, 
-0.074, -0.127, 0.182}, {-1.339, -0.04, 0.035, -0.083, -0.11}];

– vector of biases of the first layer B1=[-0.7, -0.844, 0.072, 
0.051, 0.099, -0.14, 0.442, -0.346, -0.733, 0.042];

– weight matrix of the second layer W2=[{1.517, 0.742, 
-0.317, -0.172, -3.434, 0.063, 0.552, 0.741, -0.178, 0.307}, 
{0.526, 0.432, 0.272, 0.171, 0.641, -0.086, 0.584, -0.451, 0.646, 
0.336}, {-0.133, 0.034, -0.22, -0.732, 0.733, -0.575, -0.105, 
-0.309, 0.535, 0.223}, {-0.499, -0.921, 0.296, 0.151, -0.976, 

0.502, 0.112, 0.288, -0.742, 0.195}, {0.064, -0.028, -0.257, 
-0.104, -0.473, 0.257, -0.011, -0.381, -0.169, 0.155}, {-0.57, 
0.111, -0.017, -0.1, 0.02, -0.04, -0.456, -0.398, 0.135, -0.952}, 
{1.345, 2.308, -1.444, -0.673, -0.978, 0.552, -3.741, -0.366, 
-0.33, 1.042}, {0.047, 1.848, 0.728, 0.821, 0.291, -1.917,
-0.143, -2.253, 0.492, 0.517}, {0.668, -0.566, -0.553, 0.585, 
-1.201, 0.082, 0.543, 0.454, -0.64, -0.266}, {-0.253, -0.536, 
0.32, -0.257, -0.474, 0.408, -0.908, -0.11, 0.184, -0.628}];

– vector of biases of the second layer B2=[-0.054, 0.13, 
-0.453, 0.447, -0.005, 0.155, -0.502, -0.326, 0.36, 0.008];

– weight matrix of the third layer W3=[-0.498, 0.986,
-0.517, -0.677, -0.913, -1.091, -0.836, 1.337, -0.648, -0.835];

– bias of the third layer B3=0.103.
The presented numerical data allow reproducing the

ANN in software environments (this is relevant for the prac-
tical implementation of the research results).

Thus, a trained ANN was obtained that can approx-
imate the tabulated function Mc.max, i.e., it is a contender 
for the sought model Mc.max=f(nn, Pn, λ, U, c). To deter-
mine whether the resulting ANN can represent a model  
Mc.max=f(nn, Pn, λ, U, c), a test sample was used to calcu-
late several statistical indicators of approximation quality 
(Table 4).

Table 4. Approximation quality indicators using ANN

Statistical indicator Unit of measurement Value

Scope of variation Nm 334.3
Standard deviation Nm 23.3

Variation coefficient % 1.7
*Determination coefficient R2 – 0.9996

Note: *R2 value was calculated based on a training sample

Analysis of the data from Table 4 shows a fairly 
high-quality approximation, which is performed using 

a trained ANN. To evaluate it in more detail, here is Fig-
ure 4 (index n shows the item number in the sample).
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Figure 4. Test sample data (grey points) and absolute approximation error ∆Mc.max (black points)

From Figure 4, it is impossible to follow the depen-
dence of the response on independent factors; however, this 
dependence is non-linear. This factor prevented the con-
struction of a working regression dependence (Table 3).

Numerical values of indicators (Table 4), as well as 
a graphical dependency (Fig. 4) allow drawing a conclusion 
about the acceptability of using a trained ANN to assess 
the values of Mc.max. Thus, the results (trained ANN) fully 
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correspond to the methodology for obtaining a depen-
dency model Mc.max=f(nn, Pn, λ, U, c), which is described in the 
previous section.

In practical terms, estimating the value of Mc.max must 
be performed using specially developed software. It can be 
a separate module, or it can be integrated into a common 
set of software products that are used by design engineers 
to build screw conveyors.

To present the results of the work of the trained 
ANN, calculations of Mc.max were performed for several 
variants of independent factors c and U (Fig. 5). It should 
be recalled that the latter considerably affects the inertial 
properties of the system.

Figure 5 shows equipotential lines that indicate 
which levels of Mc.max they correspond to. Analysis of graphic 

Figure 5. Graphs of dependence of Mc.max on c and U: a) λ=1.8; b) λ=2.5

dependences presented in Figure 5 show that their nature 
of change for different λ is somewhat similar. Furthermore, 
the graphs (Fig. 5) show the influence of c and U on the value 
of Mc.max: an increase in each of them leads to an increase 
in Mc.max. It is also worth noting the nonlinear nature of 
dependencies (Fig. 5).

Comparing the obtained results with those corre-
sponding to the engineering methods of calculating the 
value of Mc.max [18-20], it can be said that the discrepancy 
is –23.6…34.8%. Such discrepancies can be explained by 
the fact that engineering methods do not fully consider the 
dynamic parameters of the system (inertial and elastic prop-
erties of the system). Therefore, the results obtained will 
contribute to further improvement of engineering methods 
for calculating the elements of transport machines.
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Summarising the results obtained, the purpose of 
this scientific study was successfully achieved. The result-
ing calculation method for Mc.max is based on the ANN. The 
ANN was trained based on data reflecting the influence of 
the main factors of the transport machine and its drive on 
the value of Mc.max.

Returning to considerations regarding the software 
implementation of this method, its use will lie in entering 
numerical values nn, Pn, λ, U, c in the appropriate fields of 
the software. Based on this data, the software should cal-
culate the value of Mc.max and select the appropriate safety 
clutch for the conveyor drive (or at least offer the user sev-
eral options for clutches corresponding to the value of Mc.max).

CONCLUSIONS
1. A dynamic and corresponding mathematical model of
the movement of the screw conveyor when it jams was built, 
which is represented by a nonlinear differential equation of
the second order. The edge values of the system movement
were obtained, which correspond to the operation of the
conveyor in the nominal mode.

2. A series of 32,000 machine experiments was con-
ducted, in which the nominal rotation frequency nn and 
power Pn of the conveyor drive motor, the overload capacity 
of the motor λ, the gear ratio U and the combined stiffness 
c of the drive were the independent factors. The result was 
a tabulated function Mc.max=f(nn, Pn, λ, U, c).

3. Based on data of the tabulated function Mc.max=
=f(nn, Pn, λ, U, c), the ANN was trained and the statistical sig-
nificance of the results of its work was proved. Furthermore, 
the influence of factors c, U and λ on the value of Mc.max was 
briefly analysed.

4. The results obtained require validation by con-
ducting experimental studies. If they do not fully reflect 
all significant factors that affect the value of Mc.max, it is 
necessary to include these factors in model (1) and repeat 
the calculations. The essence of calculations does not 
change. This represents the prospect of further research 
in this area.

5. It is proposed to implement the resulting method
in the form of software that can be used in the design of 
screw conveyor drives.

The Method of Calculating the Maximum Torque...
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Метод розрахунку максимального крутного моменту 
при заклинюванні шнека гвинтового конвеєра

Анотація. Конструкції гвинтових конвеєрів містять запобіжні муфти, що забезпечують уникнення поломок в 
аварійних ситуаціях (наприклад, при заклинюванні шнека). Тому вибір цих муфт представляє собою актуальну наукову 
задачу, яка повʼязана із розрахунком максимального крутного моменту шнека. Метою дослідження є розробка методу 
розрахунку максимального крутного моменту при заклинюванні шнека гвинтового конвеєра. Розроблений у статті 
метод ґрунтується на використанні штучної нейронної мережі, навченої за технологією «навчання з учителем». 
Навчальний і тестовий набір даних для штучної нейронної мережі отримано за допомогою проведення машинних 
експериментів, кожен з яких полягав у чисельному інтегруванні нелінійного диференціального рівняння та визначенні 
на основі отриманого розвʼязку значення максимального моменту у пружному звʼязку динамічної системи. Вказане 
диференціальне рівняння отримано на основі рівняння руху незаклиненої частини конвеєра (привод, передачі, 
муфта) та рівняння Клосса, що відповідає моделі механічної характеристки асинхронного двигуна конвеєра. Було 
доведено статистичну значимість результатів роботи штучної нейронної мережі шляхом аналізу величин показників 
якості апроксимації. Проведено короткий аналіз впливу жорсткості пружного звʼязку динамічної системи конвеєра та 
передаточного числа приводу, а також перевантажувальної здатності двигуна на максимальний момент, що виникає 
при заклинюванні шнека. Практична значимість отриманих результатів повʼязана із програмною реалізацією методу, 
яка дасть змогу інженерам ефективно проводити вибір запобіжних муфт при конструювання гвинтових конвеєрів

Ключові слова: математичне моделювання, апроксимація, машинні експерименти, штучна нейронна мережа
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Study of the Influence of the Arrangement of Exhaust Fans Along the Lower 
Line on the Aerodynamics of the Poultry House

Abstract. Coverage and outbreaks of diseases lead to considerable losses in large-scale poultry farming. New ventilation 
systems are essential to ensure a safe and uniform indoor environment in large enterprises, especially in the changing 
climate of global warming. Thus, it is necessary to improve the design of the poultry house, to search for the most effective 
way of arranging the supply air valves and to improve the aerodynamic parameters of the internal environment of the 
poultry house in the most effective way of arranging the supply air valves and improving the aerodynamic parameters of the 
internal environment of the poultry house. Within the framework of this study, computational hydrodynamics modelling 
of the lateral ventilation system in the poultry house during the winter period of the year was performed. As a result, the 
temperature of the 3D field, the current lines, and the pressure in the aviary were detected. Supply air valves located 200 mm 
above the floor were found to perform better than those conventionally installed at 400 mm. Building walls on the inside 
of the poultry house frame, as well as reducing the height of the floor, improve the aerodynamics of the poultry house. The 
practical value of the presented study is targeted at poultry farmers with large productive capacities
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INTRODUCTION
The thermal regime of poultry houses is one of the prog-
nostic factors that determine the productivity of the poultry 
industry. Poultry breeding must follow zootechnical stand-
ards [1]. The thermal regime of the poultry house is estab-
lished as a result of heat exchange processes occurring both 
indoors and through its outer walls. It is formed under the 
influence of heating and ventilation systems, depending on 
the meteorological parameters of the outside air and the 
structural characteristics of the poultry house. Thus, the 

normalised microclimate system has a directly proportional 
effect on poultry farming, and the final product is the yield 
of meat.

Figure 1 shows the conventional design of the 
poultry house. The external walls are made of a concrete 
frame, the ceiling is not lowered. Thus, the purpose of this 
study was to improve the design of the poultry house, find 
the most effective way of arranging the supply air valves, and 
improve the aerodynamic parameters of the poultry house 
environment using computational fluid dynamics (CFD).

Viktor Trokhaniak*

National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine

Article’s History: Received: 22.10.2021; Revised: 11.02.2022; Accepted: 27.04.2022.

Figure 1. A fragment of the conventional design of the poultry house with inlet valves of the lateral ventilation system
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Thus, the development of improved structural solu-
tions of the lateral ventilation system is an urgent issue that 
needs to be solved.

LITERATURE REVIEW
The publication [2] analysed the influence of height (0.4 m, 
0.55 m, 0.7 m, 0.85 m and 1 m) and intervals (6 m, 9 m, 12 m, 
15 m and 18 m) of deflectors on the speed and distribution 
of air in the cage zones. The study shows that the deflec-
tors can considerably direct the downward airflow, increase 
the air velocity in the cage and passage area by 0.66 m/s 
and 0.91 m/s, respectively, compared to no deflectors, if the 
deflectors are 1 m high at 6 m intervals.

Authors of publications [1; 3; 4] proposed to apply 
a new cooling system in the poultry house using heat 
exchangers [5] of a distinctive design [6-8]. CFD modelling 
of air flows and heat and mass transfer in a poultry house 
is presented. Here, water from underground wells is used 
as a coolant. Recommendations for choosing the design of 
ventilation systems in poultry houses are given. In their 
further studies [9], the authors optimise the height of the 
exhaust fan. It is shown that it is advisable to install venti-
lation equipment at a height of 1.5 m. Here, the area of dead 
air zones and the uneven distribution of air velocities close 
to the poultry decrease.

To reduce energy consumption and increase the 
quality of the air environment while providing the necessary 
conditions for keeping poultry [10], the authors conducted 
experimental studies and numerical simulations. During the 
studies, a reduction in energy consumption was achieved to 
ensure a microclimate during broiler breeding. The qual-
ity of the air environment of poultry farms was improved. 
It allowed reducing feed costs and poultry losses and, as 
a result, increasing the economic efficiency of production 
and the quality of finished products.

The authors of the study [11; 12] consider the meth-
ods of the lateral mechanical ventilation system to be more 
effective compared to other methods. In their article, CFD 
simulations show a wide range of airflow velocity values. 
Two main conclusions were made based on the air velocity 
in the room: 1 – excessive heterogeneity in the area where 
the animals stay; 2 – air movement is insufficient for ther-
moregulation of poultry.

CFD solutions for various flow configurations and 
poultry house shapes are presented in [13]. The effects of 
transverse and longitudinal ventilation are combined with 
changes in the directions of incoming air flows, as well as 

with a different cross-sectional shape obtained using valves. 
This paper considers the construction of the poultry house 
in such a way that the walls are located on the outside of the 
concrete frame. This design worsens the aerodynamics in 
the middle of the poultry house. There are a lot of stagnant 
air zones. Due to the high overlap, heat in winter is concen-
trated above the poultry. This accompanies an increase in 
energy costs for heating the room.

MATERIALS AND METHODS
According to the terms of reference, an engineering calcu-
lation of air exchange in the winter period of the year was 
performed. To remove carbon dioxide, moisture vapour, 
and harmful substances, it was necessary to ensure an air-
flow of about 155 thousand m3/h at an external tempera-
ture of -10°C.

The geometry of the poultry house was built in true 
size. To reduce the calculation time inside the building, 
symmetry was applied. That is, modelling was carried out 
only for half of the poultry house building. The calculation 
was carried out at an airflow rate of 30 kg/s. The temper-
ature of the outside air was taken as -10°C and the heat 
release parameters were entered. The walls were concrete 
and insulated with 35 kg/m3 foam, 60/150/60 mm thick, 
respectively. The building was covered with polyurethane 
with a thickness of 100 mm, 45 kg/m3. The floor was insu-
lated with polystyrene foam with a thickness of 45 kg/m3, 
100 mm thick on a width of 2 m from the wall along the 
perimeter of the poultry house, 50 mm on the rest of the 
area. The length of the poultry house was 120 m, the width 
was 22.36 m (Fig. 2). The average number of poultry was 
41,000, the weight of the poultry was 3.3 kg. The poultry 
was a source of heat and corresponded to +41°C. Wlotpow-
ietrza 857x337 mm 3000-VFG and Przepustowocs 2900 v3/h 
ventilation valves were applied. They were placed on the 
side walls, a total of 79 pcs. (Fig. 5a). The first ten venti-
lation valves were installed at a height of 0.2 m from the 
floor (Fig. 3b, Fig. 5a). The rest of the valves were located 
at a height of 0.4 m from the floor (Figs. 3a, 4(H5), 5a). One 
of the design concepts was to install a spoiler at an angle 
of inclination of 75° from the vertical line above the sup-
ply air valves (Fig. 4 (A20)). The length of the spoiler was 
0.08 m (L9). Munters EM50 1.5 Hp exhaust fans were used, 
18 pcs in total. During winter, 6 pieces were specially pre-
pared (Fig. 5b). As a rule, they are located in the upper row, 
shifted closer to the centre. Such fans can withstand a max-
imum long-term load of up to 56 Pa.

Study of the Influence of the Arrangement of Exhaust Fans...

Figure 2. The proposed cross-sectional scheme of the structural dimensions of the poultry house
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Figure 4 schematically presents the angle of the valve 
from the side. The ventilation scheme was built in such a way 
that the airflow in winter reached the centre of the building to 
normalise the aerodynamic parameters of the poultry house. 
This method allowed reducing the loss of fresh air pressure 

in the poultry house. Thus, the following structural changes 
were made: the width of the building was increased from 
21 m to 22.36 m. Figure 4 shows the maximum valve open-
ing of 0.1 m (H16). Numerical simulations were performed at 
valve openings of 0.1 m, 0.066 m, and 0.049 m, respectively.

Figure 3. The proposed cross-sectional scheme of the structural dimensions of the poultry house: 
a – small valves, b – tunnel ventilation valves
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Figure 4. Angles of inclination of intake valves and spoiler

Figure 5. Side (a) and rear (b) walls of the poultry house
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The number of elements and faces was quite numer-
ous (Table 1). Given the large dimensions of the building, the 

size of the element and face was not significantly increased 
due to limitations of computer performance and design power.

Table 1. Parameters of building a mesh for a poultry house
Configuration options Indicator

Orthogonal quality indicator 0.24
Number of elements, pcs 3813129

Number of nodes, pcs 4005901
Method CutCell

Maximum face size, m 0.11
Minimum face size, m 0.0275

Minimum size of the supply valve element, m 0.0276
Minimum element size of exhaust fans, m 0.05

Figure 6 presents the frontal and side views of the 
formed poultry house mesh, fresh air openings, and 
entrance gate. The mesh was slightly reduced relative to the 
rest of the wall area (Table 1). Such measures were applied 
to obtain a better hydrodynamic calculation. Furthermore, 

the net was compacted close to the floor, as the poultry was 
placed there. Using the finite element method, a 3D com-
putational mesh was built in the ANSYS Meshing software 
complex, aimed at solving the problems of hydrodynamics 
and heat exchange in the poultry house [2; 4].

(a)

(b)

Figure 6. Side view (a) and rear view (b) of the walls of the poultry house

The construction of various meshes for CFD models 
allowed choosing the optimal and high-quality ones, which 
allowed obtaining reliable and accurate results of calculat-
ing the ventilation of the poultry house. The simulation was 
carried out without the use of an added heating system.

The flow of a viscous liquid or gas (air) was described 
by a system of equations that included continuity equations 
and momentum equations in projections onto the coordi-
nate axis. If the flow of the medium was followed by heat 
transfer, then the energy conservation equation (heat trans-
fer equation) was added to the aforementioned system of 
equations.

The mathematical model was based on Navi-
er-Stokes equations [14; 15] and energy transfer equations 
for convective currents [15-17]. The Spalart-Allmaras tur-
bulence model was used in the calculations [18; 19] and the 
discrete ordinate radiation model [20; 21].

RESULTS AND DISCUSSION
The results of CFD 3D simulation of the poultry house 
allowed comparing three modifications of the opening 
of the valves in the case of the lateral ventilation sys-
tem of the poultry house. Before numerical modelling, 
a three-dimensional mesh was created using the finite ele-
ment method [2; 4] in ANSYS Meshing.

Figures 7-15 show the results of CFD modelling of 
the poultry house on two sections along the length of the 
building – 10.3 m and 52.3 m with different valve openings 
from 0.1 m to 0.049 m.

Figures 7-9 present values of pressure loss in fresh 
air valves. It is shown that the smallest pressure loss is 
24.3 Pa when the valve is opened 0.1 m, and the largest is 
55.68 Pa at 0.049 m, respectively.

Figures 10-15 show the hydrodynamics of the airflow 
in the poultry house.

Study of the Influence of the Arrangement of Exhaust Fans...
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Figure 7. Pressure loss (Pa) in the fresh air valve of the poultry house when the valve is opened 0.1 m 
at a distance from the front-end wall: a – 10.3 m; b – 52.3 m

(a) (b)

Figure 8. Pressure loss (Pa) in the fresh air valve of the poultry house when the valve is opened is 0.066 m 
at a distance from the front-end wall: a – 10.3 m; b – 52.3 m

(a) (b)

Figure 9. Pressure loss (Pa) in the fresh air valve of the poultry house when the valve is opened is 0.049 m 
at a distance from the front-end wall: a – 10.3 m; b – 52.3 m

(a) (b)
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As already mentioned, the airflow is directed upwards 
by fresh air valves. However, due to low pressures and veloc-
ities at the entrance, passing a third of the building, the air 
falls. The valves are located at a height of 200 mm from the 
floor (Fig. 12a, Fig. 15a). The air moves smoothly close to the 

floor area and is directed to the centre of the building. Valves 
found at a height of 400 mm from the floor cannot provide 
the same effect. This can be caused by disturbance due to 
the large airspace of the building. The average entry speed 
for diverse types of air ranges from 6.39 m/s to 9.62 m/s.

(a) (b)

Figure 10. Velocity field (m/s) in the poultry house when the valve is opened 0.1 m 
at a distance from the front-end wall: a – 10.3 m, b – 52.3 m

(a) (b)

Figure 11. Velocity field (m/s) in the poultry house when the valve is opened 0.066 m 
at a distance from the front-end wall: a – 10.3 m; b – 52.3 m

(a) (b)

Figure 12. The field of velocities (m/s) in the poultry house when the valve is opened is 0.049 m 
at a distance from the front-end wall: a – 10.3 m; b – 52.3 m
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Figure 16 shows the velocity field in the poul-
try house at a height of 0.7 m from the floor level. These 
results can help estimate the airspeed over the poultry. The 
average speed of air movement ranges from 0.54 m/s to 
0.66 m/s. Only near the exhaust fans, the speed is slightly 

higher at 2 m/s. The bulk of the poultry does not feel dis-
comfort. In [9], the authors optimised the height of the 
exhaust fan. The set height is 1.5 m. However, these stud-
ies show that installing exhaust fans at a height of 0.8 m 
is more effective (Fig. 16).

(a) (b)

Figure 13. Stream lines (m/s) in the poultry house when the valve is opened 0.1 m 
at a distance from the front-end wall: a – 10.3 m; b – 52.3 m

(a) (b)
Figure 14. Stream lines (m/s) in the poultry house when the valve is opened 0.066 m 

at a distance from the front-end wall: a – 10.3 m; b – 52.3 m

(a) (b)

Figure 15. Stream lines (m/s) in the poultry house when the valve is opened 0.049 m 
at a distance from the front-end wall: a – 10.3 m; b – 52.3 m
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Figure 17 presents 3D streamlines in the poultry 
house. The results show that valves that are located at 
a height of 400 mm are not effective. The middle exhaust 
fan is practically not used. A large load falls on the side fan, 

which is arranged close to the wall. The main load is taken 
by the fan, which is in the centre of the building.

Table 2 presents more detailed information about 
the CFD simulation results.

Figure 16. Field of velocities (m/s) in the poultry house at a height of 0.7 m  
from the floor level when the valve is opened: a – 0.1 m; b – 0.066 m; c – 0.049 m

(a)

(b)

(c)

Figure 17. 3D stream lines (m/s) in the poultry house when the valve is opened 0.049 m

Table 2. Average indicators of air in the poultry house

Parameter Dimensions Result

Valve opening distance m 0.1 0.066 0.049
Consumption of incoming air for half 

of the poultry house kg/s 30 30 30

Valve inlet pressure Pa 24.332 43.41 55.684

Outlet fan pressure Pa -1.23 -2.215 -3.132

Air temperature at the valve Inlet K 263.947 263.927 263.975

Fan outlet air temperature K 273.778 273.91 273.148

Valve inlet air velocity m/s 6.388911 8.518548 9.625959

Fan outlet air velocity m/s 5.904209 7.946565 9.010783

Air velocity at a height of 0.7 m from the floor level m/s 0.54181 0.63328 0.657591

Air density at the valve Inlet kg/m3 1.337423 1.337529 1.337287

Air density at the fan outlet kg/m3 1.289433 1.288785 1.292457

Study of the Influence of the Arrangement of Exhaust Fans...
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In winter, the density of fresh air is higher than 
in summer. Thus, with a lateral ventilation system, it is 
difficult to supply air to the centre of the poultry house. 
The main volume of air is directed to the centre of the room 
and mixed. Thus, according to studies [11; 12] it is confirmed 
that the lateral ventilation system is more effective com-
pared to others. As a result of higher quality indicators of 
the microclimate in the poultry house, the consumption of 
feed, the loss of the poultry population decreases and, as 
a result, the economic efficiency of production 
increases, which is confirmed by the authors [10; 22]. 

At the next stage of designing the side ventilation 
system, the authors suggest considering that the supply 
air valves should be located at a height of at least 200 mm 
from the ceiling level.

CONCLUSIONS
Based on the conducted research, the project of the poul-
try house was improved. Spoilers are suggested to be placed 
above the supply air valves at an angle of 75° from the ver-
tical line; installation of external walls on the inner side 

of the concrete frame; increasing the width of the poultry 
house to 22.36 m; lowering the floor height to 3.9 m above 
the floor level.

Thanks to CFD, the effective arrangement of supply 
air valves and the improvement of aerodynamic character-
istics in the construction of the poultry house were investi-
gated. It was found that the smallest pressure loss is 24.3 Pa 
when opening the valve 0.1 m, and the largest losses are 
55.68 Pa at 0.049 m, respectively.

Conducted studies show that valves located at 
a height of 200 mm from the floor are much more efficient. 
Valves that are located at a height of 400 mm from the floor 
cannot provide the same effect.

The prospect of further research is the inclusion 
in the model of the cooling and heating system, depend-
ing on the season. Thus, the improvement of the microcli-
mate system of the poultry house as a whole. Furthermore, 
for more efficient air supply, the length of the spoiler will 
be increased, the overlap model will be more detailed, and 
other measures will be taken to improve the microclimate 
in the air environment of the poultry house.
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Дослідження впливу розташування витяжних вентиляторів 
по нижній лінії на аеродинаміку пташника

Анотація. Охоплення та спалах захворювань призводять до значних втрат у великомасштабному птахівництві. 
Нові вентиляційні системи необхідні для забезпечення безпечного та однорідного внутрішнього середовища на 
великих підприємствах, особливо в мінливих кліматичних умовах глобального потепління. Таким чином, необхідно 
вдосконалити конструкцію пташника, провести пошук найбільш ефективного способу влаштування клапанів 
припливного повітря та покращити аеродинамічні показники внутрішнього середовища пташника у найбільш 
ефективного способу влаштування клапанів припливного повітря та покращення аеродинамічних показників 
внутрішнього середовища пташника. У рамках цього дослідження було проведено моделювання обчислювальної 
гідродинаміки бічної системи вентиляції в пташнику в зимовий період року. В результаті температура 3D поля, 
були виявлені поточні лінії та тиск у пташнику. Встановлено, що клапани припливного повітря, розташовані на 
висоті 200 мм від підлоги, працюють краще, ніж ті, які традиційно встановлюються на висоті 400 мм. Зведення стін 
з внутрішньої сторони каркаса пташника, а також зменшення висоти підлоги покращують аеродинаміку пташника. 
Практична цінність представлених досліджень направлена для пташників з великими продуктивними потужностями

Ключові слова: CFD, аеродинаміка, пташник, бокова система вентиляції, припливні клапана
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The Results of Experimental Studies of the Passage of Light Energy 
under the Skin of Animals Along Individual Hairs 

Abstract. This paper presents new scientific results of experimental studies that refute the generally accepted fact that 
the coat solely protects animals from the effects of solar energy. The purpose of this study was to confirm the fact of the 
spread of optical radiation energy under the animal’s skin along individual hairs, as light guides. The authors of this study 
experimentally determined the optically conductive structure of an individual wool hair, the components of the transmission 
parameter of an individual wool hair, namely the coefficient of light transmission inside the wool hair, the coefficient of 
attenuation of internal light transmission by the substance of the wool hair, the coefficient of losses in the middle of the 
cylinder of the wool hair due to the beam scattered in the internal structure and the refractive index of its outer shell. Based 
on the use of methods of photometry and geometric optics, theoretically substantiated and experimentally obtained results 
regarding the establishment of a mathematical dependence of the total amount of optical radiation energy entering the hair 
cylinder on the value of the angle of incidence of the beam on the surface of the hair, the cleanliness of the inner core of 
the cylinder structure, the length of the light-conducting section to the surface of the skin, as well as the refractive index 
of its outer shell. Based on the results of experimental studies, mathematical dependencies were obtained that describe the 
spectral light-conducting properties of an individual hair, as well as the distribution of energy emitted in the thickness of 
the skin along the entire length from the point of penetration into the hair and to the follicle – the place of use of optical 
energy in photobiological processes. The obtained results of experimental studies of the passage of optical radiation energy 
along the length of a single hair into the body of an animal are of practical importance for photobiologists investigating 
the effect of optical radiation from the Sun on biological objects of animal origin
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INTRODUCTION
Breeding of animals and birds is impossible without sunlight, 
which has a wide range of biological effects. Analysis of mod-
ern scientific research [1-3] shows that each of the radiation 
spectra has its special biological effect on the structure of 
the animal’s body. Ultraviolet radiation has an anti-rickets 
and healing effect, light of the visible spectrum of assorted 
colours causes an exciting or calming effect, and infrared 
radiation causes a thermal effect and improves the physical 
condition of the animal and its assimilation of food [4; 5].

It is customary to believe that the main part of the 
Sun’s energy passes into the animal’s body through the skin 
and fur [6; 7]. Moreover, only the protective function against 
excess solar energy is assigned to the wool or hair cover.

It is known that the skin covering of biological objects 
of animal origin is divided into two main layers: the surface 
layer of dehydrated dead cells (epidermis) and the actual 
skin of the animal (corium or dermis), which consists of 
interconnected living cells of various functions [1; 8; 9].

Research into the ways of the influence of the Sun’s 
energy on the skin and hair covering of biological objects of 
animal origin (animals and birds) has been carried out since 
the middle of the 20th century. The studies of several scien-
tists [10-12] substantiated that individual hairs of the ani-
mal coat can be a kind of living light guides of optical radi-
ation that falls on the surface of the animal and falls on the 
skin-fur coat and passes through the skin and along indi-
vidual hairs into its thickness to the places of biologically 
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active subcutaneous structures, where it takes part in relevant 
photobiological processes.

It is known that the internal structure of individ-
ual hairs depends on many factors, which can be defined 
as the main ones – species, age, breed, constitutional, and 
seasonal [1; 13; 14].

The analysis of the results of scientific research [15-17] 
regarding the ways of the influence of different spectra of 
optical radiation upon irradiating biological objects of ani-
mal origin, namely pigs, as animals with a fur coat made 
of the thickest individual hairs, shows that the diameter of 
individual hairs (bristles) is ten fractions of a millimetre, 
and their optical conductivity can be measured effortlessly 
and accurately on modern optical spectrophotometers and 
other optical measuring devices.

Considering these facts, namely, the possibility of the 
effect of optical energy of different spectra, which indirectly 
passes through the wool cover, as through separate light chan-
nels, is an urgent scientific problem that is still understudied.

The purpose of this study was to establish the possi-
bility of the passage of optical energy radiation into the bio-
logically active structures of the skin of the body of a bio-
logical object of animal origin through individual hairs in 
the form of light channels. Establishing the quantitative 
value of the light conductivity of the wool coat during pho-
tobiological processes in the body of irradiated animals, 
obtaining analytical dependencies describing the processes 
of passage, absorption, and reflection of optical energy of 
various spectral composition, as well as determining the 
effectiveness of the effect of absorbed energy by irradiating 
the wool coat constitute new knowledge for understand-
ing the full the mechanism of interaction of the energy of 
optical radiation of the Sun with irradiated animals.

MATERIALS AND METHODS
When conducting experimental research, individual wool 
(hair) of white pigs was used. Optical quantum generators 
(lasers) with monochromatic radiation of the near-infra-
red, visible, and long-wave ultraviolet spectra of biological 
action (630 nm, 532 nm, 445 nm) and a universal spectro-
photometer of the SF-4 type were used to investigate the 
light conductivity of individual hairs. Registration of radi-
ation at the exit of the end of a single hair, as a light guide, 
was carried out using a special device built based on a sen-
sitive galvanometer with a photomultiplier (FEU-118A) 
of a wide range of sensitivity. To obtain a reliable signal 
regarding the measurement of the radiation that passed to 
the receiving window of the sensitive photoelectric mul-
tiplier, a separate hair was tightly wrapped with a rubber 
seal. Studies were performed in no less than tenfold repe-
tition [18; 19].

The data of the experimental study of the light con-
ductivity of individual wools were conducted based on the use 
of methods and means of fibre optics. At present, fibre optics 
for transmitting information over long distances is widely 
developed. Developed methods for calculating fibre optics [18; 
19]. To find the energy of the spectrum of optical radiation 

affecting the body of animals through the wool cover, it is pos-
sible to use such approaches, but with certain limitations.

The optical fibre is a long cylinder with an outer 
coating with a high refractive index and a core transparent 
to optical radiation.

The main parameter characterising the efficiency 
of optical energy propagation in optical fibres is the spec-
tral coefficient of light conductivity, which is determined 
according to the following correlation:

𝜏𝜏𝜏𝜏 =
Ф𝜆𝜆𝜆𝜆

Ф𝜆𝜆𝜆𝜆0
 , (1)

where Фλ and Фλ0 are optical energy fluxes with a wave-
length, respectively, passing inside the cylinder through the 
light guide and the flux falling on the surface of its cylinder 
from the outside.

Passing through a material medium, the intensity 
of optical radiation always decreases, i.e., a certain amount 
of it is lost. These losses in the material occur through the 
scattering and absorption of photons emitted by the mole-
cules of the material structure itself.

As a rule, such losses are divided into losses in 
the material (substance) itself and light (optical). The more 
heterogeneous the structure of the light guide, the greater 
the radiation loss in it.

If one considers a single wool as a light guide of 
optical radiation, then given the above, the correlation of 
the transmission coefficient depending on the geometric 
parameters, the structure of the wool and the structure can 
be described by the following mathematical expression 

τ0 = τ1 · τ2 · τ3 ,                                      (2)
where τ1 is the geometric transmission coefficient, which 
determines the effective light transmission inside the wool 
cylinder.

𝜏𝜏𝜏𝜏1 =
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2𝜓𝜓𝜓𝜓0

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2𝜓𝜓𝜓𝜓1
(3)

where Ψ0 is the limiting angle of incidence of the beam on 
the surface of the wool, at which such a beam completely 
penetrates inside; Ψ1 is the angle at which the beam is com-
pletely reflected from the surface of the animal’s fur at the 
point of its incidence.

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜓𝜓𝜓𝜓1 =
𝑆𝑆𝑆𝑆0

√1− 𝐿𝐿𝐿𝐿2 ∙ 𝐷𝐷𝐷𝐷−2 , (4)

where S0 is the area of the wool surface that is irradiated at 
the point of incidence of the beam itself; L is the length of 
the light-conducting wool particle; D is the cross-sectional 
diameter of the wool.

The coefficient τ2, which characterises the weaken-
ing (scattering) of internal light transmission on the cellular 
structures of wool:

τ2 =10–ε· P, (5)
where ε is an indicator showing the absorption of radiation 
by the wool material; P is the beam path length inside the 
wool when it is repeatedly reflected inside the cylinder.

𝑃𝑃𝑃𝑃 = 𝐿𝐿𝐿𝐿 ∙  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜓𝜓𝜓𝜓1 =
𝐿𝐿𝐿𝐿

�1− 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2𝜓𝜓𝜓𝜓1 ∙ 𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐−2
 ,             (6)
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where nc is an indicator showing the angle of refraction of 
the beam that falls in the middle of the wool cylinder; L is 
the length of the light-conducting part of the hair.

The coefficient τ3, which characterises the loss of 
light transmission inside the wool cylinder by scattering 
the beam itself in its internal structures:

τ3 =ρr
η ,                                           (7)

where ρr is the coefficient characterising the single reflec-
tion of the beam from the inner surface of the wool; η is 
the number of reflections on single internal structures of 
the wool material.

If there is a core in the hair, which is observed 
in many species and breeds of animals, such number of 
reflections will be determined according to the following 
correlation:

𝜂𝜂𝜂𝜂 = 𝐿𝐿𝐿𝐿 ∙ 𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐−1 ∙ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝜓𝜓𝜓𝜓0 =
𝐿𝐿𝐿𝐿 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜓𝜓𝜓𝜓1

𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐 ∙ �𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐2 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2𝜓𝜓𝜓𝜓1
           (8)

where nc is an indicator that characterises the angle of 
refraction of the incident beam; Dc is the cross-sectional 
diameter of the wool core.

Considering the above, the loss of light transmission 
of the core in the wool can be determined according to the 
following correlation:

𝜏𝜏𝜏𝜏3 = 𝜌𝜌𝜌𝜌в
𝐿𝐿𝐿𝐿∙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜓𝜓𝜓𝜓1

𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐∙�𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐2−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2𝜓𝜓𝜓𝜓1 . (9)

Having found the light transmittance components of 
an individual hair, it is possible to find the total light trans-
mittance according to the following correlation:

𝜏𝜏𝜏𝜏0 = 𝜏𝜏𝜏𝜏1 · 𝜏𝜏𝜏𝜏2 · 𝜏𝜏𝜏𝜏3 =
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2𝜓𝜓𝜓𝜓0

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2𝜓𝜓𝜓𝜓1
· 10−𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀 · 𝜌𝜌𝜌𝜌в

𝐿𝐿𝐿𝐿∙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜓𝜓𝜓𝜓1
�𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐2−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2𝜓𝜓𝜓𝜓1  .  (10)

Thus, expression 10 shows that the amount of optical 
radiation energy entering the skin through a cylinder of 
individual wool depends on the angle of incidence of the 
beam on the surface of the wool, the transparency of the 
internal structure of its cylinder, the length of the light-con-
ducting part and the refractive index of its outer shell.

Notably, the above correlation characterises the light 
conductivity of wool of a simple structure and comprises 
a light-conducting core and a protective cladding. In real 
conditions, especially in winter, in most animals, the for-
mation of the axial core (brain) is observed inside the hair. 
Therefore, in the case under study, it is better to consider 
the wool as a fibre optic cable made of three coaxial cyl-
inders. Furthermore, the inner cylinders will also be light 
conducting with different transmission coefficients (Fig. 1).

Figure 1. Schematic representation of optical radiation propagating inside a cored hair

The light conductivity of such wool will be deter-
mined by the product of the light conductivities of the 
“brain” core and the inner cylinder:

𝜏𝜏𝜏𝜏 = 𝜏𝜏𝜏𝜏01 · 𝜏𝜏𝜏𝜏02 =
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2𝜓𝜓𝜓𝜓0
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2𝜓𝜓𝜓𝜓1

10−𝜀𝜀𝜀𝜀1∙𝑃𝑃𝑃𝑃1 · 𝜌𝜌𝜌𝜌в
𝐿𝐿𝐿𝐿∙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜓𝜓𝜓𝜓1

𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐∙�𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐12−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2𝜓𝜓𝜓𝜓1 × 

×
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2𝜓𝜓𝜓𝜓0′

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2𝜓𝜓𝜓𝜓1′
∙ 10−𝜀𝜀𝜀𝜀2𝑃𝑃𝑃𝑃2 · 𝜌𝜌𝜌𝜌в

𝐿𝐿𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜓𝜓𝜓𝜓1
′

𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐∙�𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐22−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2𝜓𝜓𝜓𝜓1  
  (11)

The determination of the total light transmission 
coefficient of individual hairs can be performed according 
to the correlation (11), while this correlation is inherent in 
determination under the condition of conducting research 
on the primary mechanism of action of optical radiation 
that enters the follicles through these hairs.

In the conditions of the industrial use of optical radi-
ation in the cultivation of biological objects of animal ori-
gin, namely animals and poultry, in the case when the entire 

skin and fur cover is exposed to radiation, then in this case 
it is appropriate to use simplified calculations.

Losses in the optical path comprise losses that occur 
at the interface between the cladding and the core. If the 
beam of optical radiation is of sufficient intensity Ie0, then 
in this case, the light intensity Iel, which propagates at a dis-
tance l from the entry point (according to the Bouguer-Lam-
bert-Behr law), is determined according to the following 
correlation:

Iel =
 Ie0 e

–αt·l (12)
where l is the distance from the point of incidence of the 
optical beam to the point from which energy is measured 
in the light guide; αt–αs+αa is an indicator that represents 
attenuation during radiation in the light guide; αs is an indi-
cator that factors in attenuation by scattering the energy 
of the beam from the outside through the cladding; αa is 
the rate of attenuation of the incident energy inside the 
light guide by its absorption.
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ε1P1 

nc2

nc1

ρ1
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Given that the hair is fixed in the skin at one end 
(follicle), and its length and diameter increase with the age 
of the animal, in this case, the practical interest lies only in 
the determination of the radiation energy that is scattered 
in the thickness of its skin along the entire length of the hair 
before it will come out of the follicle.

Such radiation, which passed through the hair cylin-
der into the follicle, is scattered through its spherical surface 
in the thickness of the skin and takes part in photobiological 
reactions, can be determined from the following correlation:

dIs(l)=Ie(l)
 · αs

 · dl = Ie0 e
–αt·l · αs

 · dl                  (13)
where dIs(l) is the intensity of optical radiation, which is 
scattered over a length dl along the surface of the wool at 
a distance l from the point of entry of the radiation into the 
cylinder of the wool.

The spectral intensity of radiation absorption along 
the entire length of the wool cylinder can be written as 
follows:

Ie
 (l, γ)= Ie0

 (γ) · e–αt(γ)·l (14)
The intensity of radiation scattering by hair into 

the skin environment is determined from the following 
correlation:

𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠(𝑙𝑙𝑙𝑙2−𝑙𝑙𝑙𝑙1)𝛾𝛾𝛾𝛾 = 𝐼𝐼𝐼𝐼𝑒𝑒𝑒𝑒0(𝛾𝛾𝛾𝛾) ∙ 𝛼𝛼𝛼𝛼𝑠𝑠𝑠𝑠(𝛾𝛾𝛾𝛾)
𝛼𝛼𝛼𝛼𝑡𝑡𝑡𝑡(𝛾𝛾𝛾𝛾)

�1− 𝑒𝑒𝑒𝑒−𝛼𝛼𝛼𝛼𝑡𝑡𝑡𝑡(𝛾𝛾𝛾𝛾)∙(𝑙𝑙𝑙𝑙2−𝑙𝑙𝑙𝑙1)�  ,        (15)

and accordingly, the very intensity of radiation absorption 
by hair in the depth of the skin is determined by the follow-
ing correlation:

𝐼𝐼𝐼𝐼𝛼𝛼𝛼𝛼(𝑙𝑙𝑙𝑙2−𝑙𝑙𝑙𝑙1)𝛾𝛾𝛾𝛾 = 𝐼𝐼𝐼𝐼𝑒𝑒𝑒𝑒0(𝛾𝛾𝛾𝛾) ∙
𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼(𝛾𝛾𝛾𝛾)
𝛼𝛼𝛼𝛼𝑡𝑡𝑡𝑡(𝛾𝛾𝛾𝛾) �1− 𝑒𝑒𝑒𝑒−𝛼𝛼𝛼𝛼𝑡𝑡𝑡𝑡(𝛾𝛾𝛾𝛾)∙(𝑙𝑙𝑙𝑙2−𝑙𝑙𝑙𝑙1)� .      (16)

The correlations (14), (15), (16) describe the spectral 
light-conducting properties of hair and their distribution of 
radiation energy along its entire length from the point of 
penetration into the hair to the follicle and in the depth of 
the animal’s skin.

RESULTS AND DISCUSSION
Experimental studies, as mentioned above, were carried out 
on the original setup. The results of the conducted exper-
imental studies to determine the transmission efficiency 
of monochromatic laser radiation (with a wavelength of 445 
nm) depending on the place of incidence of the laser beam 
on the surface of the fur along the entire length of the hair 
are presented in Figure 2 [20].

Figure 2. Experimental and mathematical correlation of the light conductivity of a single bristle 
on its length towards radiation and perpendicular to its side surface [20]

Figure 2 shows that the process of propagation of optical 
radiation inside the cylinder of individual hair has an exponen-
tial form, which indicates a complex non-linear biological struc-
ture of the cylinder core. Similar studies were conducted with 
the optical radiation of lasers of 630 and 532 nanometres. To 
find the correlation of the light transmission of a hair and the 

diameter of its cylinder, the study used hair from various parts 
of the animal’s body, as well as from animals of the same breed 
and of different ages. As an example, the spatial image of optical 
radiation inside the cylinder of an individual hair depending on 
the wavelength of optical radiation λ and the length of the 
light-conducting part of the hair L is presented in Figure 3.

Figure 3. Expanded spatial picture of the correlation of the light conductivity of a hair on its spectral composition of 
optical radiation and the length of the light-conducting particle (distance to its skin) [9; 20]
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The obtained results confirmed the hypothesis of 
some authors [8; 11; 21;22] that the fur coat of animals 
not only protects them from the harmful effects of the 
external environment but can also be a regulator of this 
effect. The exponential nature of the obtained correlations 
corresponds to the biological laws of nature and partially 
confirms their probability and reliability.

CONCLUSIONS
1. When studying the effectiveness of the penetration of
optical radiation under the skin of a biological object of an
animal origin along separate hairs, like a bundle of light guides, 
it is advisable to use the known laws of fibre optics in calcula-
tions and research.

2.	It was experimentally established and theoretically
substantiated that the light-conducting capacity of a sin-
gle hair increases with the increase in the wavelength of 
the spectrum of optical radiation, i.e., infrared radiation has 
a higher penetrating power than ultraviolet radiation.

3. The closer the beam of radiant light falls on the sur-
face of the hair to the growth area of the individual hair from 
the surface of the skin of the biological object of animal ori-
gin, the more optical energy will flow through the cylinder 
of the hair to its follicle under the skin. Thus, optical energy 
enters directly into the perifollicular environment of the skin, 
saturated with cells of nerve endings and blood capillaries. 
Such energy takes part in photobiological processes much more 
effectively than the energy that enters directly through the sur-
face of the skin between the hairs.

4. Explanation and substantiation of the mechanism of
the propagation of optical radiation energy inside the cylinder of 
a single individual hair is of scientific and practical importance 
in biological studies of the role of the skin and hair of biological 
objects of animal origin in their life and development and in 
the further study of the ways and mechanism of the influence 
of optical radiation energy on them, as well as for the possibility 
of effective dosing of optical irradiation of animals and poultry 
that are grown on large farms with a lack of sunlight.
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Результати експериментальних досліджень проходження 
енергії світла під шкіру тварин по окремим шерстинам 

Анотація. В статті наведено нові наукові результати експериментальних досліджень, які спростовують загально 
прийнятий факт вважати, що шерстинний покрив лише захищає тварини від впливу енергії Сонця. Метою даних 
досліджень є підтвердження факту поширення енергії оптичного випромінювання під шкіру тварини по окремим 
шерстинам, як світлопроводах. Експериментально визначено оптичнопровідну структуру окремої шерстини, складові 
параметра пропускання окремо взятої шерстяної волосини, а саме коефіцієнт світлопропускання усередину шерстяної 
волосини, коефіцієнт послаблення внутрішнього світлопропускання речовиною шерстяної волосини, коефіцієнт втрат 
в середині циліндру шерстяної волосини за рахунок променю, що розсіюється у внутрішній структурі і коефіцієнту 
заломлення її зовнішньої оболонки. На основі використання методів фотометрії та геометричної оптики теоретично 
обґрунтовано і експериментально отримано результати щодо встановлення математичної залежності загальної 
величини енергії оптичного випромінювання, що надходить по циліндру шерстинки від значення кута падіння 
променю на поверхню шерстинки, чистоти внутрішнього осердя структури циліндру, довжини світлопровідної ділянки 
до поверхні шкіри, а також коефіцієнту заломлення її зовнішньої оболонки. На основі результатів експериментальних 
досліджень отримано математичні залежності, що описують спектральні світло провідні властивості окремої 
шерстинки, а також розподіл енергії, що випромінюється в товщі шкіри по всій довжині від місця проникнення у 
шерстинку і до фолікули – місця використання оптичної енергії в фотобіологічних процесах. Отримані результати 
експериментальних досліджень проходження енергії оптичного випромінювання по довжині окремої шерстинки в 
тіло тварини, мають важливе практичне значення для фотобіологів, що досліджують дію оптичного випромінювання 
Сонця на біологічні об’єкти тваринного походження

Ключові слова: сонячна енергія, опромінення тварин, шкіряно-шерстинний покрив, світлопропускання, шерстинка
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