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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 ¢ 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
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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

Suggested Citation:

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

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.
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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 d e[dgmax,, , ] range, where
d,,;, 0.001 m is the minimum value of the effective seed
diameter, m; d,,  =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 d e[dgmax,, | range, where d . =0.002 m is the min-
imum value of the effective diameter of the impurity, m;
d,.,=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/s?; temperature — 293 K; pressure — 101,325 Pa. The
calculation scheme of the cylindrical cell trier is presented
in Figure 1.

d,m

dg, m
N\, N, #N0.006 0.004
i 0.003 0.002

t=20s

Figure 1. Calculation scheme of a cylindrical shell trier for numerical modelling in the STAR-CCM+ software package

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 N 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 5°=125.
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Table 1. Levels of variation by numerical modelling factors

Factor
Trier cylinder diameter D, m (x,) Trier cylinder rotation frequency n, Thg number of sgeds and impurities
rpm (X,) in the seed mixture N, pcs (x,)
-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

The minimum 6_, and maximum 6___ values were
determined from the list of values of the angle 0 of seed
exit from the pod.

The number of all components of the seed mixture
N, which were within the minimum 6_, and maximum 6__
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 6 in the
seed mixture, which was within the minimum 6_, and max-
imum 6___ 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 6_, and
the maximum 6___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:

Omin = 0,311838 — 0,0758691 x, — 0,0252283x2 +
+0,246916x, — 0,00964664 x,x, + 0,0125726x2 +
+0,104465 x5 — 0,00984237 x, x5 + )
+0,081428 x,x5 + 0,0366488 x2 ,
Omax = 0,989517 + 0,277431x, — 0,0739117x2 +
+0,499129 x, + 0,0953195x,x, — 0,0359794 x2 —
— 0,00436025x5 + 0,00296865x, x5 —
—0,00305847x,x5 — 0,0160532x2 .

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

@)

Table 2. Results of statistical processing of Equation (1)

Probability

ay, 0.311838 0.00917538 33.9864 4.14411-10%
o -0.0758691 0.0046433 -16.3395 1.0548-10%
a, 0.246916 0.00536162 46.0524 2.41186-10!
a, 0.104465 0.00536162 19.4839 7.70832-10%
a, -0.00964664 0.00656662 -1.46904 0.146645
a. -0.00984237 0.00656662 -1.49885 0.138754
a,, 0.081428 0.00758248 10.739 4.843-10°1¢
a, -0.0252283 0.00804243 -3.1369 0.00256524
a,, 0.0125726 0.00906279 1.38727 0.170097
a,, 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
a, 0.989517 0.0229487 43.1186 1.52231-10%
0 0.277431 0.0116135 23.8887 6.77808-10-3
a, 0.499129 0.0134101 37.2205 1.49665-10%
a, -0.00436025 0.0134101 -0.325148 0.746114
a, 0.0953195 0.0164239 5.80371 2.10038-107
a, 0.00296865 0.0164239 0.180752 0.857125
a, -0.00305847 0.0189647 -0.161272 0.872379
a, -0.0739117 0.0201151 -3.67444 0.000484351
a,, -0.0359794 0.0226671 -1.58729 0.1173
a,, -0.0160532 0.0226671 -0.708216 0.481343
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Comparing the calculated Student’s criterion with
the tabular t, (125)=1.98, insignificant regression coeffi-
cients were rejected. As a result, the Equations (1) and (2)
are transformed as follows:

Bmin = 0,311838 - 0,0758691x; — 0,0252283 x? +

+0,246916 x, + 0,104465x; + 0,081428x, x5 +

+0,0366488x2, 3)

Bmax = 0,989517 + 0,277431 x, —
—0,0739117 x? + 0,499129 x, + 0,0953195 x;x,  (4)

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

can obtain the dependence of the values of the minimum
0, and the maximum 6___of the values of the angles of
seed exit from the cell of the trier cylinder on the research
factors in a decoded form:
Omin =—0,0858955 + 0,12522-D — 0,630707 - D? +
+0,00831824 - n — 0,000124883 Ny + 2,71427 - 5)
+107%n - Ny + 9,1622- 1079 - N2,

Omax =—-0,786462 + 1,43559-D — 1,84779 - . D? +
+0,020566 -n+0,0317732-D-n (6)

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

0, rad

n, rpm
W 0, (N,=2371.4 pcs)
Mo

max

o750 (N=2371.4 pcs)

Figure 2. The dependence of the values of the minimum 6 _; and the maximum 6___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

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 6 _ =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=0.2m, and is 6__ =0.3-0.4 rad. Figure 2 shows that with
an increase in the cylinder rotation frequency, the minimum
seed departure angle 6 _, 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 6___is O 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 6__ .

0.571000

5000
4000
3000 N, pcs

B o (n-30rpm)

min

B 6, (n=30rpm)

2000

Figure 3. Dependence of the values of the minimum 6_, and maximum 6___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 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 6___
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

E. Aliiev and K. Lupko

the seed from the cell 6 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 6__at different values of the diameter of the
cylinder D.

0, rad

40°

n, rpm

50 %

7 5000

" 7 4000
73000

m ©,,.(D=0.6m)

N,, pes

72000

SN m 9, (D=0.6m)
60 1000

Figure 4. The dependence of the values of the minimum 6_, and the maximum 6__ 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 N,

Figure 4 shows that the values of the minimum 6___
and maximum 6___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 6_, 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 N,. Figure 4 demonstrates that
with an increase in the amount of seed material, the mini-
mum angle 6_. 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
0, ., 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 6.

X'

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,=2.27<F=2.49 and F=2.17<F =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 6 _, and maximum 6___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:

N = 235,731 — 47,14 x, + 47,74 x2 + 165,44x, +
+59,26x, %, + 29,8667 xZ + 170,96x; —
—88,6x, x5 + 90,6133x,x5 — 2,20952 x2

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

Y

Table 4. Results of statistical processing of Equation (9)

Coefficient Value Error Student’s t-test Probability
a, 235.731 12.0203 19.6112 5.36449-10%
o -47.14 6.08299 -7.74948 8.13362-10°!
a, 165.44 7.02403 23.5534 1.54678-10-%%
a, 170.96 7.02403 24.3393 2.26924-10-34
a, 59.26 8.60264 6.88858 2.72815-107
a. -88.6 8.60264 -10.2992 2.72282-10°%
a,, 90.6133 9.93347 9.12202 3.02192:10
a, 47.74 10.536 4.53111 0.000025749
a,, 29.8667 11.8728 2.51556 0.0143649
a. -2.20952 11.8728 -0.1861 0.852946
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Comparing the calculated Student’s criterion with
the tabular t (125)=1.98, the insignificant regression coef-
ficients were excluded. As a result, the Equation (7 is trans-
formed as follows:

N = 235,731 — 47,14 x; + 47,74x? +
+165,44x, + 59,26x; x, + 29,8667 x3 +
+170,96x5 — 88,6x,x5 + 90,6133 x,x5 8)
By substituting into equation (10) instead of x —x,
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 6 _, and maximum 6__ rotation angles of the
trier separator cylinder on the research factors in a decoded
form:
N =534,531- 1414,9D + 1193,5D? —
—17,88n+ 19,753 D n + 0,132741n? +

9
+0,03816 N, — 0,2215 D N, + 0,00302044 n N, ®

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, N;=5,000 pcs.

The graphical interpretation of the dependence (9)
is presented in Figures 5-7.

N, pcs

n, rpm

30 B N,=5000 pcs
0.6

Figure 5. The dependence of the values of the number of all components of the seed mixture N, which were within

the minimum 6 _, and maximum 6

max

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 6,
and maximum 6___rotation angles of the trier separator cylinder.

N, pcs

Figure 6. The dependence of the values of the number of all components of the seed mixture N, which were within

the minimum 6_, and maximum 6

max

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 N,

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

cylinder, increases with the increase in the total number
of all components of the seed mass N,. In addition, Fig-
ure 6 demonstrates that the number of all components of
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the seed mixture N, which were within the minimum 6__
and maximum 6___angles of rotation of the cylinder of the

E. Aliiev and K. Lupko

trier separator, increases with an increase in the diameter
of the cylinder D.

N, pcs

n, rpm

Figure 7. The dependence of the values of the number of all components of the seed mixture N, which were within

and maximum 0

min max

the minimum 0

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 N,

Figure 7 shows that the rotation frequency of the cyl-
inder n at the minimum value N, (N,=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 6__
and maximum 6___rotation angles of the trier separator cyl-
inder. As the values of N, 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 N,
affects the amount of seed material N that was within the min-
imum 6_, and maximum 6__: the greater the amount of N,
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, =2.11<F =1.87 and F ;=2.17<F =2.49, respec-
tively. This confirms the adequacy of the obtained models.

The dependence of the relative content of impuri-
ties ¢ in the seed mixture, which was within the minimum
0., and maximum 6 __ rotation angles of the trier separator
cylinder, on the research factors, which was obtained using

the Mathematica programme, has the following coded form:
£=11,9176 - 11,2438 x; + 5,25111 x? +
+1,25032 x, + 0,95207 x; x, — 0,203757 x2 +
+2,28584 x5 + 0,593043 x, x5 — 2,9289x,x; +
+4,12055 x3 (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
ay, 11.9176 0.866702 13.7505 6.51748-10%
£ -11.2438 0.438604 -25.6353 1.06553-10°%
a, 1.25032 0.506456 2.46876 0.0161966
a, 2.28584 0.506456 4.51339 0.0000274407
a, 0.95207 0.62028 1.5349 0.129661
a, 0.593043 0.62028 0.956089 0.34257
a,, -2.9289 0.716237 -4.08929 0.000121504
a, 5.25111 0.759684 6.91222 2.47842-10°
a,, -0.203757 0.856067 -0.238015 0.812618
a 4.12055 0.856067 4.81335 9.21338-10¢

ot

Comparing the calculated Student’s criterion with
the tabular t, (125)=1.98, the insignificant regression
coefficients were excluded. As a result, the Equation (10) is
transformed as follows:

€=11,9176 — 11,2438x, + 525111 x2 +
+1,25032 x, + 2,28584x; —

—2,9289 x,x5 + 4,12055 x2 (11)

By substituting into Equation (11) instead of x —x, the
expressions for research factors in explicit form, one obtains
the dependence of the relative content of impurities ¢ in the
seed mixture, which was within the minimum 6_, and max-
imum 6__ rotation angles of the trier separator cylinder, on
the research factors in decoded form:

€ =44,321— 161,241 D + 131,278 D? +
+0,376244 n — 0,000644556 N, —

—6p2 (12)
—0,00009763 n Ny + 1,03014 - 1076 N¢
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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 (¢=3.02%) are D=0.6 m, n=30 rpm, N,=1734 pcs.

A graphical interpretation of dependence (12) is pre-

sented in Figures 8-10.

0.6 30

n, rpm

B N=1734.46 pcs

Figure 8. The dependence of the relative content of impurities ¢ in the seed mixture, which was within the minimum

mi

0,,, and maximum 6__ 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 ¢ 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 ¢ increases.

Figure 9 demonstrates that the relative content of
impurities ¢ 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 N,. The maxi-
mum amount of seed material (N,=4,000 pcs, N;=5,000 pcs)
is more rationally divided using a cylinder with a larger
diameter, namely D=0.5-0.6 m.

€, %

Figure 9. The dependence of the values of the relative content of impurities ¢ in the seed mixture, which was within
the minimum 6, and maximum 6___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 N,

n, rpm

5000
= N,, pcs
E D-06

601000 m

Figure 10. The dependence of the values of the relative content of impurities ¢ in the seed mixture, which was within
the minimum 6 _, and maximum 6___rotation angles of the cylinder of the trier separator on the rotation frequency of
the cylinder of the trier n and the number of seeds and impurities in the seed mixture N,
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Figure 10 shows that the largest values of the relative
content of impurities € occur in two cases: with the mini-
mum value of the cylinder rotation frequency n=30 rpm
and the maximum amount of seed mixture N;=5,000 pcs,
the relative content of impurities ¢ in the seed mixture is
€=13%; at the maximum value of the cylinder rotation fre-
quency n=60 rpm and the minimum amount of seed mix-
ture N,=1,000 pcs, the relative content of impurities ¢ in the
seed mixture is e=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, =1.84<F =2.49 and F ; =1.98<F =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:

{s(D, n, Ny) = min, (13)

N(D,n,N,) - max.

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:

_N
max(N) _ rmax

max( €)

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, N_=2,722 pcs. With these
parame-ters, the optimisation criteria were equal to
N=251 units, £=5.89%, 6_. =0.22 rad, 6_. =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
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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 6_, and maxi-
mum 6__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 6 _, and maximum 6___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 ¢ in the seed mixture, which was within the minimum
6., and maximum 6__ rotation angles of the trier separator
cylinder. According to the simulation results, the depend-
ence of the relative content of impurities ¢ 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 ¢ and maximising the number of all components of the
seed mixture N that were within the minimum 6 _, and max-
imum 6max 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, N =2,722 pcs. With
these parameters, the optimisation criteria were equal to
N=251 units, £=5.89%, 6_. =0.22 rad, 6_, =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.
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EnpumH BaxTtusap ornu Asnies'?, Kpuctuna OneriBHa JIynko?

THCTUTYT OmMiliHuX KyabTyp HallioHanbHOI akamemii arpapHux Hayk YKpaiHu
69055, Bys1. IHCTUTYTCBKA, 1, c. CoHsTuHe, 3amopi3bKa 061., YKpaiHa
[THITIpOBCHKMIL lepsKaBHMIT arpapHO-eKOHOMIUHMI YHIBEPCUTET
49600, Byin. Cepris Edpemosa, 25, M. [IHinpo, Ykpaina

Pe3ynbTaTu UMcenbHOro MofesiloBaHHA npouecy cenapauii
HaciHHEBOro MaTepiany Api6bHOHACIHHEBUX KYNbTyp
Ha UMNiIHAPUYHOMY YapyHKOBOMY Tpi€Epi

AHoTaLifA. AKTyabHICTh JOCTIIKEHHS 3yMOB/IeHa HEOOXiTHICTIO 36i/IbIIIeHHS KiJTbKOCTI IKiCHOTO HaCiHHEBOTO MaTepiany
I piOHOHACIHHEBUX KYJIBTYP, IO HEMOSKJIMBO JOCSTTY 6€3 BaskKJIMBOTO MpoIiecy cerapatlii. Cemapaliist 3acCHOBaHa Ha TEXHiKO-
TEeXHOJIOTIYHUX MIPUHIUITAX PO3AiJIeHHSI HACIHHEBOTO MaTepiaay B 3aJIesKHOCTI BiJl BifMiHHOCTe bi3MKo-MexXaHIYHMUX
BJIACTUBOCTE} OKpEeMUX CKJIaJOBMX HACIHHEBOTO Marepiany. [Iyig cernapaliii HacCiHHS 38 03HAKOI0 AOBXUHMY ITPU3HaueHi
UWIiHAPUYHI Tpiepu. MeTolo NOCTiIKeHHS € BU3HAUeHHS TeOPeTUUHUX 3aKOHOMipHOCTEel 3MiHUM TeXHOJOTiYHUX
rapaMeTpiB Ipoliecy cernapaiiii HaCiHHEBOTO MaTepiany Ipi6HOHACIHHEBUX KYJIbTYD Bif, KOHCTPYKTMBHO-PEXKMMHUX
rnapaMeTpiB UMJIiHAPUYHOTO YapyHKOBOI'O TPi€epa LUISIXOM UMCeIbHOIO MOZIE/I0BaHHS. BUpillleHHS ToCTaBIeHNUX 3a4a4
peanizoBaHo B mporpami STAR-CCM+ Ha 6a3i MmeTozy KiHI[eBUX eleMeHTiB. BpaxoByioun ¢i3nmKo-MexaHiuHi B1aCTUBOCTI
HaciHHEBOTO MaTepiajy, B pe3y/bTaTi ZOCTiIKeHHS OTPMMAHO Bisyasisalliio mpoliecy cenapatlii B 3a1eXXHOCTi Bif, (hakTopis
IOCTiIKeHb: YaCTOTH 00epTaHHs IMIiHapa Tpiepa, fiaMeTpa IWIiHApa Ta KiJIbKOCTi HACIHMH i JOMIIIIOK B HaCiHHEBI
cyMili. 3a pesynbTaTaMy MOZEIOBaHHS OTPUMaHO 3aJIeXKHICTb Y BUIVISIZAL PiBHSIHb perpecii pyroro nopsiiky BiZHOCHOTO
BMICTy JOMIIIOK ¢ Bif, pakTOpiB JoC/IimKeHb. 3 BUKOPUCTAHHSM MTporpamMu Mathematica BupilireHO KOMIIPOMiCHY 3324y,
sIKa MoJIATae B MiHimizarii MmyapTuIutikaTuBHOi QYyHKIIT KpuTepiiB JOCTiIKeHb i BU3HAUYeH] palioHaabHi KOHCTPYKTUBHO-
TEXHOJIOTiUHi TapaMeTpy TPi€pHOro cerrapatopa. MaTepias cTaTTi Ipu3HayeHui 151 HAyKOBLiB, aclipaHTiB, KOHCTPYKTOPIB
CiIbCHKOTOCIOAAPCHKOT TEXHIKY, CTYIEHTIB i haxiBI[iB CiTbCHKOTOCIIONAPCHKOTO BUPOOHUIITBA

Knio4oBi cnoBa: MexaHisallis, cermapaTopu, HaCiIHHEBUIT MaTepia, po3AiIeHHsS
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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
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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

Suggested Citation:

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],

Ie. Antypov et al.

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%.

Cassette

Sealer

Thermometers

Sample wall panel

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).
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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): ® — heat flow sensors; @ — temperature sensors on the inner (“warm”) side of the wall panel;

@ - temperature on the outer (“cold”) side of the wall panel
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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 (10x12x1.2 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 760x2600 mm was
manufactured. Panel thickness 6=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 =5 mm.

When choosing the insulation material, good ther-
mal insulation was the decisive factor. Mineral wool [6]
with a thickness =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,
8=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.

Ie. Antypov et al.

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 7, . is calculated for each month according to [29]
based on the ratio of heat inputs and losses and the numerical
parameter a,, which depends on the inertia of the building:

+ T
Ay = Ao Tho @)
where a,, , is the reference dimensionless numeric parame-
ter, a,, ,=1.0; v is the time constant of the building zone, h;
7,018 the reference time constant, which is taken as 15 h.

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

the cooling period:
Cm
T= )
Htr,adj + Hve,adj + Hve,extra,adj

@)
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where C  is the internal heat capacity of the building or
building zone, W-h/K; H, . is the representative value of
the overall heat transfer coefficient of the transmission,
W/K; H,, ,; is the representative value of the general co-
efficient of heat transfer by ventilation, W/K; H,, ... ., 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 H =0):

ve, extra, adj

24
?zl(Zj:l fve,extra,j,kHve,extra,j,k)

Hue,extra,adj = ¢ , 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
j-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); j 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]:

Cm = CAy )

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

In the case under study, for intermittent (alternat-
ing) heating mode, the energy consumption for heating

Q. v inter» W-h, was found as follows:
~—H, nd, interm

Qunainterm = Ared QHnd,cont 5)
where Q,, ., is the energy demand for continuous heat-

ing, W-h; qa,, , is the dimensionless reduction coefficient
for intermittent heating mode, with a minimum value a,,

and a maximum value a 1:

red: H, hr H, red ©-°

area =1 = burea(Tuo/T)vu(1 = fin), (6

where f,,, is the share of the number of hours per week with
anormal (permanent) set heating mode (not set on alternat-
ing or switched off); b, ., is the empirical correlation coef-
ficient, b, ,=3; 7 is the time constant of the building zone,
h; 1, is the reference time constant for the heating mode,
h; y,, 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, Q,, ., W-h:
a) for the period of use (normal he’ating 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:

QH,nd = (1 - fH,nocg)QH,nd,ocg + fH,nocc QH,nd,nocc (7)

where Q,, .. is the energy demand for heating, W-h, (ei-
ther Q

Q)1 na, cont OF Qi g, incerny)> @SSUMING 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; Q is the energy demand for heating, W-h,

=H, nd, nocc
(either Qy 4 one O Q ), assuming that on all days of

<H,nd,interm:
the month, the reguﬁltion and settings of the thermostat
correspond to the settings of the period of non-use; f,, . 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:

Qgenout = Qais,in/Mac, (8)
where Q. is the produced/generated energy (output en-
ergy) from the generation (accumulation) subsystem, spe-
cifically based on phase-transition heat accumulators [30];
Q,. ., is the energy input to the distribution subsystem; #__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.
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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.
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18
16
1
14 |
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12
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4 8 12 16 20 24

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

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

enclosing structures made of brickwork without insulation

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

t,.°C

N

110

100

80

60

40

20

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.

At_=4-6°C

-50 -40 -30 -20 -10

+20

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 Gceal [16]. Thus, during the operation of the heating
system of a public building in constant mode (Fig. 6a), there

0.0 = Energy consumption of hot water supply systems 0.0

a)

® Energy consumption of heating systems

= Energy consumption of ventilation systems
® Energy consumption of lighting systems

= Energy consumption of cooling systems

Ie. Antypov et al.

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).

0.0

b)

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/m?2.

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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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

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.

the internal temperature of the premises.

(1]

(2]
(3]

(4]
[5]
(6]

[7]
(8]

(9]

REFERENCES
2020 Global status report for buildings and construction. Towards a zeroemission, efficient and resilient buildings and
construction sector. (2020). Retrieved from https://wedocs.unep.org/bitstream/handle/20.500.11822/34572/GSR_ES.pdf.
DSTU-N B V.1.1-27:2010 “Building climatology”. (2011). Kyiv: Derzhspozhyvstandart Ukrainy.
EN 13790:2008. Energy performance of buildings — Calculation of energy use for space heating and cooling. (2008).
Brussels: European Committee for Standardization.
EN 15217:2007. Energy performance of buildings — Methods for expressing energy performance and for energy
certification of buildings. (2007). Brussels: European Committee for Standardization.
EN 15603:2008. Energy performance of buildings — overall energy use and definition of energy ratings. (2008).
Brussels: European Committee for Standardization.
DSTU B V.2.6-189-2013 “Methods of choosing thermal insulation material for building insulation”. (2013). Kyiv:
Derzhspozhyvstandart Ukrainy.
DBN B.2.6-31: 2016 “Thermal insulation of buildings”. (2016). Kyiv: Derzhspozhyvstandart Ukrainy.
Wang, Z., de Dear, R., Luo, M., Lin, B., He, Y., & Zhu, Y. (2018). Individual difference in thermal comfort: A literature
review. Building and Environment, 138, 181-193.
2021 Global status report for buildings and construction. Towards a zeroemission, efficient and resilient buildings
and construction sector. (2021). Retrieved from https://globalabc.org/sites/default/files/2021-10/GABC_Buildings-
GSR-2021_BOOK.pdf.

[10] Lu, D.B., & Warsinger, D.M. (2020). Energy savings of retrofitting residential buildings with variable air volume
systems across different climates. Journal of Building Engineering, 30, article number 101223.

[11] DSTUBEN 15261: 2012 “Calculation of microclimate parameters”. (2012). Kyiv: Ministry of the Region of Ukraine.

[12] DSTU B EN ISO 7730: 2011 “Ergonomics of the thermal environment. Analytical definition and interpretation of
thermal comfort on the basis of calculations of PMV and PPD indicators and criteria of local thermal comfort”. (2012).
Kyiv: Derzhspozhyvstandart Ukrainy.

[13] DSTUBEN 15251: 2011 “Calculated parameters of the microclimate of the premises for the design and evaluation
of energy performance of buildings in relation to air quality, thermal comfort, lighting and acoustics”. (2012). Kyiv:
Derzhspozhyvstandart Ukrainy.

[14] Ding, Y., Zhang, Q., Yuan, T., & Yang, K. (2018). Model input selection for building heating load prediction: A case
study for an office building in Tianjin. Energy and Buildings, 59, 254-270.

[15] Deshko, V., Buyak, N., Bilous, 1., & Voloshchuk, V. (2020). Reference state and exergy based dynamics analysis of
energy performance of the “heat source — human - building envelope”. Energy, 200, article number 117534.

[16] Antypov, L.A., Mishchenko, A.V., Shelimanova, O.V., & Tarasenko, S.E. (2021). Analysis of the influence of the
internal heat capacity of the ZVO building and weather-dependent regulation of ITP on the efficiency of the
heating system in the next mode. Energy and Automation, 5,46-61. doi: 10.31548/energiya2021.05.045.

[17] Deshko, V.I., Bilous, LY., Buyak, N.A., Golubenko, 0.0., & Gureev, M.V. (2019). Influence of heat-inertial features
of protections on comfort conditions at introduction of energy-saving modes of heating in buildings. Scientific and
Technical Collection “Utility Management of Cities”, 3(149), 44-50.

[18] Deshko, V.I., Bilous, LY., & Buyak, N.A. (2019). Influence of intermittent heating modes on the dynamics of energy

consumption and comfort conditions of buildings with different levels of thermal protection. Scientific News of
NTUUKPI, 4, 7-16.

Machinery & Energetics. Vol. 13, No. 2




[19]

(20]

(21]

(22]

(23]

(24]

[25]

[26]

[27]

(28]
[29]

[30]

[31]

[32]

(1]

(2]
(3]

(4]
5]
(6]

(7]
(8]

(%]
(10]

[11]
(12]

Ie. Antypov et al.

Leivo, V., Prasauskas, T., Du, L., Turunen, M., Kiviste, M., Aaltonen, A., Martuzevicius, D., & Haverinen-Shaughnessy,
U. (2018). Indoor thermal environment, air exchange rates, and carbon dioxide concentrations before and after
energy retro fits in Finnish and Lithuanian multi-family buildings. STE, 621, 398-406.

Zukowska, D., Rojas, G., Burman, E., Guyot, G., Bocanegra-Yanez, M.C., Laverge, J., Cao, G., & Kolarik, J. (2020).
Ventilation in low energy residences — a survey on code requirements, implementation barriers and operational
challenges from seven European countries. International Journal of Ventilation, 20, 1-20.

Simanic, B., Nordquist, B., Bagge, H., & Johansson, D. (2019). Indoor air temperatures, CO, concentrations and
ventilation rates: Long-term measurements in newly built low-energy schools in Sweden. Journal of Building
Engineering, 25, article number 100827.

Gou, S., Nik, V.M., Scartezzini, ].L., Zhao, Q., & Li, Z. (2018). Passive design optimization of newly-built residential
buildings in Shanghai for improving indoor thermal comfort while reducing building energy demand. Energy and
Buildings, 169, 484-506. doi: 10.1016/j.enbuild.2017.09.095.

Haddad, S., Osmond, P., & King, S. (2019). Application of adaptive thermal comfort methods for Iranian
schoolchildren. Building Research and Information, 47(2), 173-189.

Yangrui, S., Yuexia, S., Shugang, L., Zhe, T., Jing, H., Jungsoo, K., Parkinson, T., & de Dear, R. (2018). Residential
adaptive comfort in a humid continental climate - Tianjin China. Energy and Buildings, 170, 115-121.
doi: 10.1016/j.enbuild.2018.03.083.

Esmaeilzadeh, A., Zakerzadeh, M.R., & Koma, A.Y. (2018). The comparison of some advanced control methods
for energy optimization and comfort management in buildings. Sustainable Cities and Society, 43, 601-623.
doi: 10.1016/j.scs.2018.08.038.

Nalyvaiko, V., Radko, 1., Zhyltsov, A., Okushko, O., Mishchenko, A., & Antypov, I. (2020). Investigation of thermal
modernized building’s microclimate with renewable energy. ICoRES 2019, 154, article number 07011.

Directive (EU) 2018/844 of the European Parliament and of the Council “Amending Directive 2010/31/EU on the
energy performance of buildings and Directive 2012/27/EU on energy efficiency”. (2018, May). Retrieved from
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018L0844 &from=IT.

DSTU 3756-98 “Energy Saving. General Purpose Thermoelectric Heat Flow Converters. General Technical
Conditions (61163)”. (2020). Kyiv: Derzhspozhyvstandart Ukrainy.

DSTU B A.2.2-12: 2015 “Energy Efficiency of Buildings. Method of Calculating Energy Consumption for Heating,
Cooling, Ventilation, Lighting and Hot Water Supply”. (2015). Kyiv: Derzhspozhyvstandart Ukrainy.

Gorobets, V., Antypov, 1., Trokhaniak, V., & Bohdan, Y. (2018). Experimental and numerical studies of heat and
mass transfer in low-temperature heat accumulator with phase transformations of accumulating material. MATEC
Web of Conferences, 240, article number 01009.

Chernykh, L.F., Rodionova, T.Yu., Gorbonos, N.N., & Dats, P.A. (2006). Method for determining the heat transfer
resistance of enclosing structures. Kyiv: NULES.

Tsysar, M. Zakora, O. Babak, A., Ivakhnenko, S., & Zanevsky, O. (2021). Dependence of the Static Strength of Type
Ib Single Crystal Diamonds with Octahedral Habit on Their Size. Scientific Herald of Uzhhorod University. Series
"Physics”, (50), 25-30.

CNMNCOK BUKOPUCTAHUX OXKEPEI
2020 Global status report for buildings and construction. Towards a zeroemission, efficient and resilient buildings
and construction sector. URL: https://wedocs.unep.org/bitstream/handle/20.500.11822/34572/GSR_ES.pdf.
IOCTY-H B B.1.1-27:2010 «bygiBenbHa Kiimartosorisi». Kuis: Jepxkcrangapt Ykpainu, 2011. 130 c.
EN 13790:2008. Energy performance of buildings — Calculation of energy use for space heating and cooling. Brussels:
European Committee for Standardization, 2008. 53 p.
EN 15217:2007. Energy performance of buildings — Methods for expressing energy performance and for energy
certification of buildings. Brussels: European Committee for Standardization, 2007. 31 p.
EN 15603:2008. Energy performance of buildings — overall energy use and definition of energy ratings. Brussels:
European Committee for Standardization, 2008. 43 p.
JOCTY B B.2.6-189-2013 «MeTony BMOOPY TEIUIOi30/SILITHOTO MaTepiary AJisl yTeryieHHs 6yiBenb». Kuis: lepskcTaHmapT
Vkpainu, 2013. 55 c.
IOBH B.2.6-31:2016 «TerioBa isonsiis 6ymiBenb». Kuis: Iepskcranmapt Ykpainu, 2016. 33 c.
Individual difference in thermal comfort: A literature review / Zh. Wang, et al. Building and Environment. 2018. Vol. 138.
P. 181-193.
2021 Global status report for buildings and construction. Towards a zeroemission, efficient and resilient buildings
and construction sector. URL: https://globalabc.org/sites/default/files/2021-10/GABC_Buildings-GSR-2021_BOOK.pdf.
Lu D.B., Warsinger, D.M. Energy savings of retrofitting residential buildings with variable air volume systems across
different climates. Journal of Building Engineering. 2020. Vol. 30. Article number 101223.
OCTVY B EN 15261: 2012. «Po3paxyHOK nmapamMeTpiB MmikpokaimaTy». Kuis: Minperion Ykpainu, 2012. 81 c.
OCTY B EN ISO 7730:2011 «EproHomika TeIJIOBOTO CepefOBMILA. AHAJiTMYHE BM3HAuUeHHS Ta iHTepIpeTalis
TeII0BOro KoMbopTy Ha OCHOBI pO3paxyHKiB rMmoka3HuKiB PMV I PPD i kpuTtepiiB 10KaJIbHOTO TEIIJIOBOTO KOMGbOPTY».
Kuis: MinperioH Vkpainu, 2012. 74 c.

Machinery & Energetics. Vol. 13, No. 2




Analysis of the influence of the internal heat capacity...

[13] OCTY B EN 15251:2011 «Po3paxyHKOBi TapameTpy MiKpOKIiMaTy IpUMillleHb IJis TPOeKTYBAaHHS Ta OL[iHKU
eHepreTUYHMX XapaKTePUCTUK OyiBesb M0 BiTHOIIEHHIO 10 SIKOCTi TOBIiTPSI, TEIIIOBOTO KOMMOPTY, OCBIT/I€HHS Ta
axkyctuku». Kuis: Minperion Ykpainu, 2012. 71 c.

[14] DingY., Zhang Q., Yuan T., Yang K. Model input selection for building heating load prediction: A case study for an
office building in Tianjin. Energy and Buildings. 2018. Vol. 59. P. 254-270.

[15] Deshko . ., Buyak N., Bilous, ., Voloshchuk V. Reference state and exergy based dynamics analysis of energy
performance of the heat source - human - building envelope. Energy. 2020. Vol. 200. Article number 117534.

[16] AnTunos .O., ieHKo A.., enimaHoBa O.., TapaceHKoO .. AHaji3 BIVIMBY BHYTPilIHbOI TEIIOEMHOCTI
6ynisii O Ta morogo3anesxxHoro perymoBaHHs TII Ha eheKTUBHICTb POOOTY CUCTEMU OIATeHHS! B 4epProOBOMY
pexxumi. Enepeemuxa i agmomamuxka. 2021. N2 5. . 46-61. doi : 10.31548/energiya2021.05.045.

[17] ewKo .., imoyc .., ysk H.A., Tony6eHko O.0., T'ypees .. IUB TeIUIOiHEPLiiTHMX 0COOIMBOCTE
OTOpO/IKeHb Ha YMOBM KOMGMOPTHOCTI MPpY BIIPOBaKeHHI €HePTroOIIaHNX PEXXMMIB OMaleHHST B OYIiBJISIX.
Haykoso-mexHiuHuti 30ipHuk «KomyHanvHe 2ocnodapcmeo micmy». Cepisi: mexHiuHi Hayku ma apximekmypa, 2019. T. 3,

149. C. 44-50.

[18] emIKo .., im0YC .., ySIK H.A. TUIMB MTepepuBYACTUX PEKMMIB OTIAJIEHHSI Ha IMHAMIKY eHepronotrpeou ta
yMOBU KOMGOPTHOCTI OyZiBesb 3 pi3HUMM piBHEM TerioBoro 3axucty. Haykoesi eicmi HTYY KIII, 2019. 4. . 7-16.

[19] ndoor thermal environment, air exchange rates, and carbon dioxide concentrations before and after energy retro fits
in Finnish and Lithuanian multi-family buildings / V. Leivo et al. STE. 2018. Vol. 621. P. 398-406.

[20] Ventilation in low energy residences—a survey on code reuirements, implementation barriers and operational
challenges from seven European countries / D. ukowska et al. International Journal of Ventilation. 2020. Vol. 20.

P.1-20.

[21] Simanic B., Norduist B., Bagge H., Johansson D. ndoor air temperatures, CO, concentrations and ventilation rates:
Long-term measurements in newly built low-energy schools in Sweden. Journal of Building Engineering. 2019. Vol. 25.
Article number 100827.

[22] Passive design optimization of newly-built residential buildings in Shanghai for improving indoor thermal
comfort while reducing building energy demand / S. Gou, et al. Energy and Buildings. 2018. Vol. 169. P. 484-506.
doi: 10.1016/.enbuild.2017 .09.095.

[23] Haddad S.,Osmond P .,King S. Application of adaptive thermal comfort methods for ranian schoolchildren . Building
Research and Information. 2019. Vol. 47, No. 2. P. 173-189.

[24] Residential adaptive comfort in a humid continental climate — Tianin China /. Song, et al. Energy and Buildings.
2018.Vol. 170. P. 115-121. doi: 10.1016/.enbuild.2018.03.083.

[25] Esmaeilzadeh A., akerzadeh M.R., Koma, A.Y. The comparison of some advanced control methods for energy
optimization and comfort management in buildings. Sustainable Cities and Society. 2018. Vol. 43. P. 601-623.
doi:10.1016/.s¢s.2018.08.038.

[26] nvestigation of thermal modernized building’s microclimate with renewable energy / V. Nalyvaiko, et al. ICoRES
2019. 2020. Vol. 154. Article number 07011.

[27] Amending Directive 2010/31/E on the energy performance of buildings and Directive 2012/27/E on energy
efficiency: Directive E ~ 2018/844 of the European Parliament and of the Council. RL: https://eur-lex.europa.eu/
legal-content/EN/TT/PDF/uriCELE:32018L0844fromT

[28] TV 3756-98. «<Hepro3bepeskeHHsI. [lepeTBOPIOBaUi TEJIOBOTO IIOTOKY TEPMOEJIEKTPUYHI 3araJIbHOTO ITPU3HAYEHHSI.
arasibHi TexHiuHi yMOBU 61163». uiB: epxkcranmapt Yrpainu, 2000. 54 c.

[29] TY A.2.2-12:2015 «Hepr eTnuyHa eheKTUBHICTD GyZiBesb. €TO I PO3PaXyHKY eHeProCIIOKMBAHHS IIPY OTaIeHHi,
OXOJIOIXeHHI, BEHTUJIALIi1, OCBIT/IEHHI Ta rapsi4oMy BOJIOTIOCTAaYaHHi». UiB: epskcTaHgapT Ykpainu, 2015. 140 c.

[30] Gorobets V., Antypov ., Trokhaniak V., Bohdan Y. Experimental and numerical studies of heat and mass transfer in
low-temperature heat accumulator with phase transformations of accumulating material. MATEC Web of Conferences.
2018. Vol. 240. Article number 01009.

[31] YepuuxJI.., PomioHoBa T.., Top6oHoc H.H., [Tt IT.A. MeToaMKa BU3HaYeHHS OIIOPY TeIUIONepefadi OrOPOKYBaTbHMX
KOHCTpyKUin. uis: HYIIl, 2006. 12 c.

[32] Tsysar, M. Zakora, O. Babak, A., Ivakhnenko, S., & Zanevsky, O. Dependence of the Static Strength of Type Ib Single
Crystal Diamonds with Octahedral Habit on Their Size. Scientific Herald of Uzhhorod University. Series "Physics". 2021.
Vol. 50. P. 25-30.

Machinery & Energetics. Vol. 13, No. 2




Ie. Antypov et al.

€sreH OsnekciioBuu AHTUIIOB, AHaTOJil BacuaboBuu MillieHKO,
Onena BitaniiBua lllerimanoBa, CBiTiiana €EBreHiBHa TapaceHKO

HarionanpHuit yHiBepcuTeT 6iopecypciB i mpupomoKopucTyBaHHS YKpainu
03041, Byn. l'epoiB O60opounu, 15, M. Kuis, Ykpaina

AHani3 BNNuMBY BHYTPILWWHbOI TENJIOEMHOCTI FPOMaAcbKoi 6yaiBni
Ha NapaMeTpu TernJIoBoro KoMpopTy NpUMilleHb Npu po6oTi
CUCTEMM ONaJieHHs B YeproBoMy peXXuMi

AHoTaUif. Y KTiMaTUYHKX yMOBaX YKpaiHM, sIKi XapaKTepU3yI0ThCs JOBTVIM OTIa/TIOBAIbHMM [TEPiOI0M, 3HAUHi eHeprornoTpetu
Ha OTIJIEHHSI TIPU3BOASITH O 3POCTAHHS BUMOT 10J0 eHeproedekTUBHOCTI. CyTTEBOMY 3HMKEHHIO €HeproCIIOKUBAHHS
6yzniBenb mpu 3abe3rneueHHi YMOB KOMGOPTHOCTI CIPUSITMME BKJIIOUEHHSI MOZENi TelaIoBOro KoMdbOpTy JIOIUHU IO
CKJIaJHOI CUCTeMU «JIKePeJIo Telljia — OTOPOyKeHHSs». MeTa 11b0ro JOCIifyKeHHs] — BU3HAUeHHS] YMHHMKIB, SIKi BIUIMBAIOTh
Ha BHYTPIIIHIO TEIUIOEMHICTh Ta, BiATOBiIHO, TeMIOBY iHepIilo OyHiB/i i momaibline BpaxyBaHHS LMX (akTOpiB mpu
OIiHI]i TEIUIOBOTO CTaHy Ta MapaMeTpiB TersioBoro KoMdopty kKiMHaT OymiBiai. O6’€KT HOCTiAKEHHSI — HaBUYaIbHO-
agMiHicTpaTuBHMIt Kopryc HYBIIl Ykpaiun. IIpoBemeHo psifl HOCIiIKeHb, 30KpeMa HaTypHi BUMipy TeIJIOBMUX ITOTOKIB
i TemmepaTyp Ha MOBepXHSX 3pasKiB CTiHOBOI KOHCTPYKIii 6yiB/i BMKOHYBAINUCh B CIeliaIbHOMY KJIiMaTUUYHOMY
KOMIUIEKCi, IKMii N03BOJIsI€ IITYYHO CTBOPIOBATM 30BHIIlIHI Ta BHYTPIIIHI TeNjaoBi yMOBM NpumilieHb. [Toka3aHo, 10
yTeIUIeHHsST KOHCTPYKIii mapom miHonomictupony I1CB-15, ToBmmHow 100 MM, 103BOJISIE 3HUM3UTU TEIUIOBI BTpaTH uepe3
CTiHOBY TaHeJb Majike BIBiui. PO3p0o6/ieHO aJITOPUTM yIIPaBIiHHS IIPOLIECOM BiAITyCKY TEIUIOTH 3 ypaxXyBaHHSIM MOKa3HMKa
BHYTPIIIHbOI TeIJIOEMHOCTI 6yziBii. [TOpiBHSIHO 3 «IiHIHOIO» 3aJIEXKHICTIO 1€ A03BOJIsIE O1/TbII TOUHO KOPUTYBATU Tpadik
BiZITTyCKy TEIUIOHOCISI B CMCTEMY OTIaJIEHHSI IPOMaJIChbKOi GYIiBIi il yac BIPOBAAKEHHS Y€PTrOBOTO PEXUMY il po6OTH.
Miama3oH BigxuieHHS TeMIepaTyp 3HIKYEThCSl Ha 4—6 °C, 110 f103Boauio 3aomanuty 1o 10-12 % crnoxuToi TemnynioBoi
eHeprii Ha MOTpe6yM OmaJieHHs] OO’€KTY HOCTiMKEHHS TMpKU YMOBi 30epeskeHHS HOPMOBAHMX 3HAUEHb BHYTPIIIHBOI
TeMIepatypu npumiiieHb. [lepepuByacTuii pexuM pobOTU CUCTEMU OIaJeHHsS TPOMAAChKUX Oy/iBesb, HOLITbHICTb
SIKOTO OOIPYHTOBaHAa B JAHOMY HOCIIIPKeHHi, MOXe OyTM peKOMeHJOBaHWii 0 BIIPOBAIKEHHS Yy CIOPYyAaX 3aKaaiiB
BMILIOI OCBiTM YKpaiHu

Knio4oBi cnioBa: TerioBa eHepris, eHepromnoTpedu, eHeproeeKTUBHICTb, ONATIOBATbHMIL Tepiof], TeIIoBa iHepIlis,
aJArOPUTM YIIPaBJliHHS, CMCTeMa OIaJeHHSs
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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
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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

Suggested Citation:

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

Volina, T., Nesvidomin, V., & Nesvidomin, A., Babka, V., & Hryshchenko, 1.(2022). Movement of a particle along an inclined
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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

T. Volina et al.

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:

X=w;Y=Rsina;Z=—-Rcosa, (1)

where R is the cylinder radius-constant value; o and u are
the independent variable surfaces, and o 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 a=0 corresponds to the lowest
element of the cylinder, on which the particle will be in the
initial position.

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

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 . During time t, the cylinder will turn to the
angle ot 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 a. 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 a and u
of the surface by a certain functional dependence, e.g., on
time ¢, 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 a=a(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/s? — 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:

mg:{0;0; -1} 2)

The frictional force f-N is directed opposite to the
velocity vector of the relative movement V - sliding. To
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Movement of a particle along an inclined cylinder rotating around its axis

find the speed V of relative motion, Equation (1) is differ-
entiated with respect to time t. Therewith, it is implied that
a=a(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”:

x, =u';y. =Ra'cosa;z. = Ra'sina 3)

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

Vo= x>+ %+ 2% = Ju'? + R%2a”? 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 V, the sign of the unit direction vector of the
friction force must be changed to the opposite:

u
I {_ Vu'2 + R%a'? . Vu'2 + R%2q"2 T Vu'z + Rza'z} )

! Ra'cos a Ra'sina

Surface reaction Nis 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:

N:{0;—sina;cos a} (6)

At the angular rotation speed o of the cylinder sur-
face during the time t, a turn by an angle of #=—wt (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 O=—wt, the known formulas are applied as follows:

X =u;
Y =Rsinacos8 + Rcosasinb; ™
Z = Rsinasinf — R cos a cos 0.

After simplifications considering 6=-wt, equation (7)
takes the following form:

X =u;
Y = —Rsin(wt — a); ®)
Z = —R cos(wt — a).

Equation (8) at o=o(t) and u=u(t) are the equations
of the absolute trajectory of the particle’s motion. The cyl-
inder turned to the angle 6=-w-t, and during this time the
particle, sliding along the cylinder in the opposite direc-
tion, turned to the angle o=o0(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”:

xg=1u';
Vg = —R(w —a') cos(wt — a); ©)
z, = R(w — a') sin(wt — a).

By differentiating Equations (8), the projections of
the absolute acceleration vector are found as follows:
xq =u";
yd = R(w — a')?sin(wt — @) + Ra" cos(wt — a) ; (10)
n o __ "n2 " .
zg = R(w — a')? cos(wt — a) — Ra" sin(wt — a).

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 6=-w-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:

u
N:{— e
f { _\/ulz + RZaIZ \/ulz +R2(Z'2

I

Ra' cos(wt — a) Ra'sin(wt — a)

\/urz + RZaIZ

}.(11)

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

N: {0;sin(wt — a) ; cos(wt — a)} (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:

!

u
Ra’' cos(wt — a)
Ra'sin(wt — a)

—mg + N Vu'?2 + R?a'?

By substituting acceleration expressions (10)
into (13), a system of three equations will be obtained with
three unknown dependencies: a=a(t), u=u(t), and N=N(t).
It should be used in the case when the initial velocity u’
of particle sliding is specified towards the OX axis. When
u"=u'=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 o"=a"'(t) and N=N(t),
one obtains as follows:

mxg = —fN

mys = —fN + Nsin(wt —a); (13)

mz, = + N cos(wt — a).

a” = %[sin(wt —a) — fcos(wt —a)] — flw —a)? (14)

N = m[R(w — a')? + g cos(wt — a)]. (15)

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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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., o=a’=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

400 a, deg ' '
200 i
ts
O 1 1
0 1 2 3

a)

T. Volina et al.

angular velocities of the cylinder rotation are plotted. Above
is a graph of the change in the angle a, and below - the dif-
ference in the angles wt—a. The horizontal section of the
graph a=o(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 o-t—a shows the
amplitude of oscillations in the angular dimension.

2000 o deg T T

1000

200 wt-a, deg I I

100

-100

b)

Figure 2. Graphs of changes in the sliding angle o and the angle of deviation of the particle o-t—a from the zero value in
absolute motion: a) ®=2 s'; b) ®=10 s

The graphs show that the amplitude of particle vi-
brations increases as the angular velocity of rotation of the
cylinder increases. If at ®=2 s the particle turned by ap-
proximately 35° while rising and descended almost to zero
(i.e., to the lower generator), then at ®=10 s! 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 o of the cylinder rotation, the
particle practically “sticks” and rotates together with it.

400 . T
a, deg

200 7

a)

If, at the initial moment, the particle is given an angular
speed of sliding o’=, 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 =10 s
(the graph is presented in Figure 2b below for the initial con-
ditions a=a'=0). Next, only one initial condition was changed:
=0, a'=w. This substitution substantially changed the na-
ture of the vibrations - their amplitude decreased (Fig. 3a).

19
wt-a, deg ) )

18
17

16

15

b)

Figure 3. Graphs of changes in the particle deviation angle o-t—a from the zero value in absolute motion at =10 s!
and different initial conditions of integration: a) a'=o, a=0; b) a’=0, 0=-15°

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 0=-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 a=—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
o=o-t+a . Then o=, a”’=0. Substituting these expressions
into the differential Equation (14) satisfies it. One gets a
simple equation:

—sinagy — f cos ag = 0, hence ay = —Arctgf. (16)

Thus, the angle a is equal to the angular friction of
the particle on the cylinder surface. For the accepted value of
f=0.3, the angle o =-16.7°. If these initial conditions are met
(o'=0 and o=a =-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.

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 B, 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 B, the following expres-
sions are obtained:

are the parametric equations of the cylinder:

X=ucosf —Rsinficosa;

Y =Rsina; an
Z =—-usinf —Rcos B cos a;
are the projections of the absolute trajectory:
Xq =ucos B —Rsinp cos(wt —a);
Vg = —Rsin(wt — a) ; (18)

zg = —usinfB — R cos B cos(wt — a);
are the projections of absolute acceleration:

Xqp = Rsin B (w — a)? cos(wt — a) + u” cos B — Ra" sin f sin(wt — a) ;
Yap = R(w — a)? sin(wt — a) + Ra” cos(wt — a) ; (19)
Zap = Rcos B (w — a')? cos(wt —a) —u" sin f — Ra" cos B sin(wt — a).

— of the unit direction vector of the friction force f-N:

{Ra’sinﬁsin((ut —a)—u'cosfB )

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

vu'? + R?a'? i {N: sinB cos(wt — a);sin(wt — a) ; cos B cos(wt — a)}(21)
Ra'cos(wt — a
fi: | R o), (20) . . .

| Vu? + RZa”? . Similarly, as for a horizontal cylinder, a system of
lRa’ cos B sin(wt — a) +u' sin J differential equations is compiled considering the rotated

Vu? + R?a’? vectors (19-21):

. Ra'sinBsin(wt — a) —u' cos B .
mxgp = fN NN + Nsinf cos(wt — a);
Ra’' cos(wt — a) (22)
myss = —fN —————+ N sin(wt — a);
Yaf Vi + R7a”

Ra'cos Bsin(wt —a) +u' sinf

mzgp = —mg + fN

+ N cos B cos(wt — a).

Next, the authors substituted the acceleration expressions (19) into (22) and solved with respect to o'=0"(t),

u"=u"(t) and N=N(t):

.9 fa

a" = Ecosﬁsin(wt —a)—

fu

[g cos B cos(wt — &) + R(w — a')?];
(23)

u" = gsinf — ﬁ[g cos B cos(wt — a) + R(w — a)?];
u a
N = m[g cos 8 cos(wt — a) + R(w — a')?].
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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 B of the cylinder

T. Volina et al.

and the angular velocity o 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 $=15° (smaller
than the friction angle, which for f=0.3 is 16.7°).

Figure 4. Absolute trajectories of particle motion along the inner surface of the cylinder at different angular velocities
of its rotation: a) ®=2 s'; b) ®=10 s!

In Figure 5, graphs of speed changes are plotted
u’=V, towards the OX axis. In one case (Fig. 5a), the tilt

0.8

‘/z, m/s T T
0.6f 1
0.4 4

0.2 b

O 1 1 1 1
0 2 4 6 8 10

a)

angle is smaller than the friction angle, in the second
(Fig. 5b) — it is larger.

8 T T T T
v, m/s
6 - -

b)

Figure 5. Graphs of the change in speed u’=V, towards the cylinder axis at ®=>5 s for different angles p of its
inclination: a) p=10°; b) p=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 ®=10 s!, which shows that the particle’s oscillations
are increasing. As the angular velocity o 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

x1073

| u,m

0 1 1 1
0 0.5 1 L5 2
a)

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 p 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 o and the distance
u of the particle movement in the axial direction at ®=20 s!
and the angle of inclination p=45°.

'895 T T T
a, deg

-90
-90.5

-91

-91.5

b)
Figure 6. Graphs of changes in the kinematic characteristics of particle motion at ®=20 s! and the inclination angle
B=45°: a) graph of the dependence u=u(t); b) dependence graph a=o(t)
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Movement of a particle along an inclined cylinder rotating around its axis

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 a=o-t+a , supplementing it with a constant velocity
in the axial direction u’=V =const. Thus, a'=0, o""=0, u”’=0.
Substituting these data into the first two Equations (23), a
system of two equations is obtained as follows:

fwg cos B cos(—ay) _

/VZZ + RZwZ

fV,g cos B cos(—agy)

/VZZ +R2(/)2

After solving system (24) with respect to o, and V,,

one obtains:
1+f2
V, = Rw ]W (25)

0= %cos B sin(—agy) —
(24)

0=gsinf—

ag = —Arctgy/f2cos? B —sinf

The obtained result (25) should be understood as
follows: if a particle hits a cylinder at o, 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
V, 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 o 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 B 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 B, 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  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

TerssHa MukonaiBHa Bosina, Bikrop MukosnaiioBuu HecBimomiH,
Awunpiit Bikroposuu HecBigomiu, BiTasniit Mukosnaiiomuu ba6ka,
Ipuna IOpiiBHa I'puieHko

HarionanpHMit yHiBepcuTeT 6iopecypciB i MpupomoKOpMCTYBaHHS YKpainu,
03041, Byn. T'epoiB O6oponwu, 15, M. Kuis, Ykpaina

MepeMilWeHHSa YaCTUHKM MO NOXMUIOMY LUUAiHAPY,
Lo 06epTaETbCA HaBKOJIO BNacHOI OcCi

AHoOTAaUif. 3arajbHOBIIOMO, 110 YACTUHU CiIbCHKOTOCIIOAAPCHKMX MAIIMH YacTO MAlOTh IIiHAPUYHY dhopmy. Taky
dbopmy, HaTpuUKIAL, Mae KOXyX IMiIIOMHO-TPAHCIIOPTHUX MAalllMH, B SIKOMY 006epTaeTbCsl aKTUBHMI poboumit opras.
Kpim Toro, y 6apabaHHUX 3epHOCYLIApKaX Ta TPi€pax BUKOPUCTOBYETHCS MOXMUINI LVUTIHID, 1[0 06epTaeThCsl HABKOJIO
BiacHoi oci. [Ipu 1IbOMY YaCTUMHKM TEXHOJIOTIYHOTO MaTepiaay B3aEMOZIIOTh 3 06epTOBOIO MTOBEPXHEI0, 110 MPU3BOAUTD
[0 iX KOB3aHHS$, XapaKTep SIKOTO 3aJIeXNUTh Bifl BeIMYMHM KyTa Haxuily LWIiHApa. Y JaHOMY JOCIiIKeHHi MeTogamMu
IudepeHLianbHOI reOMeTpii, BeKTOPHOI anrebpu, TeOPe TUIHOI MexaHiKM Ta YMCeNbHOT0 iHTerpyBaHHs AudepeHIialbHUX
PiBHSIHb PO3IISLAETHCS PYX YACTMHKM TI0 BHYTPIlHi/ MOBEepXHi MOXWJIOTO IWIiHIpA, 1[0 06epTaEThCsl 3 TMOCTITHOIO
KyTOBOIO IIBU/IKICTIO HABKOJIO BJIACHOI Oci. I8l ckinamanus audepeHialbHUX PiBHIHb PyXy BUKOPUCTAHO OCi HEPYXOMOi
CUCTeMU KOOPIMHAT. BCTaHOBIIEHO, 110 HAJIEXKHI BUXiIHI yMOBH, TP SIKUX YACTUHKA O6yIe HepyXOMOIO Ha MeBHiii BifgcTaHi
BiJl HVOKHBOI TBipHOI I[MTiHApa B HampsiMi #10r0 06epTaHHs, MOXKYTh OYTM BU3HAUEHi aHATITUUHO. Y BUMAAKY PyXy IO
MOXMJIOMY LMJIIHJPY YaCTMHKA PYXa€TbCs B TOMY UYMC/Ii B OCbOBOMY HalpsMi 3 OZHOYACHMM 3MEHILIEeHHSIM aMIUITyau
KonmMBaHb. Kpim Toro, 3’1cOBaHO, 1110 3HAYHY POJIb Ma€ KYT HaxXWIy UWIiHApPA. SKIIO OCTaHHil MeHIle 3a KYT TepTs, TO
KOJIMBAHHS MPUIMHSIIOTHCS, PYX YaCTUHKY CTab11i3yeThCst Ta BOHA 3/Ii/ICHIOE IPSIMOIiHilHMIT PYX 31 CTAIOI0 MIBUAKICTIO B
0CHOBOMY HaMpsIMi. SIKIIO KYT HaXWTy UMIiHAPa Ginbliie a60 JOPiBHIOE KYTY TEPTsl, TO YACTUHKA PYXa€ThCS MPUCKOPEHO B
0ChOBOMY HarpsiMi Ta ii pyx He cTabinizyeThes. TAKOX 3HAUHY POJIb Ma€ BeIMUYMHA KYTOBOI IIBUAKOCTI 06epTaHHs. [leBHa
il BeMIMUMHA MPOBOKYE «3aJIUIMaHHSI» YaCTUHKMY, SIKe He 3aJIeXUTh Bif, KyTa Haxwiy uiainapa. OTpuMaHi aHamiTUuHI
3JIEXKHOCTI MOSKYTh Oy TM BUKOPUCTAHI IPY MPOEKTYBAHHI LMTIHIPUUYHMUX POOOUMX OPTaHiB CiTbCbKOTOCIIOAAPCHKUX MaIIMH

Knio4oBi cnoBa: moBepxHsi, 060epTaIbHUI PyX, KOB3aHHS, KYTOBa IIBUAKICTD, NUdepeHIiaabHi piBHIHHS, TPAEKTOPIs
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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

Keywords: 3D printing, mobile robotic platform, numerical calculation, external auger rotor, extruder assembly, power
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].

Suggested Citation:

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

Gritsyuk V., Nevliudov I., Zablodskiy M., & Subramanian, P. (2022). Estimation of eddy currents and power losses in the
rotor of a screw electrothermomechanical converter for additive manufacturing Machinery & Energetics 13(2), 41-49.
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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

Stepper
Motor

Printed

Enciosure
Pellet

Hopper

| Resistors

Metal Insert Extruder Asphalt

Printed Object

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.

XYZ Stepper
Connections USB
| to PC

PCB

b

Figure 1. System design: extruder design (a), control electronics (b)

Source: [11]

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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Metal shaft

Concrete

Figure 2. Design diagram of a permanent magnet motor

Source: [11]

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].

Stator of the
brace module

Outer

auger rotor

Motor
module stator

Hollow shaft

4

&

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].

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 S>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 $=0.88 (n*=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.
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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/m?)
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Figure 5. Distribution of the z-component of the EC density in the wall of the outer hollow rotor at $=0.88 (A/m?)

The largest value of the normal component of the EC
density slightly exceeds the maximum value (4.42 A/mm?)
of the z-component for $=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,
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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.

454107
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Figure 6. Distribution of the normal component of the EC density in the outer hollow rotor at $=0.88 (A/m?)

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)-10° W/m?. 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].
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Figure 7. Distribution of the power density dissipated in the external hollow rotor at $=0.88 (W/m?)

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.
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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

Article’s History: Received: 08.11.2021; Revised: 03.03.2022; Accepted: 27.04.2022.

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

Suggested Citation:

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
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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).

RES

1

1 1
Geothermal Biomass and
power waste

Figure 1. Classification of renewable energy sources
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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

133
12.5% average annual

investment growth

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).
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80%
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Figure 3. Structure of gross energy consumption in the world

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).
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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
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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].

Dynamics of bioenergy growth in Ukraine
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Figure 5. Growth dynamics of the bioenergy sector in Ukraine

Table 1. Energy potential of biomass in Ukraine

Type
of biomass

potential, million
tonnes

Theoretical Economic potential,
million tonnes of

conventional fuel

Share available
for energy, %

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 (dgad wood, wood from forest belts, pruning 11.0 58 2.57
of orchards and vineyards)

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 m*® 55 0.74
Biogas from landfills of household waste 0.4 billion m® 30 0.17
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Type
of biomass

potential, million
tonnes

Table 1, Continued

Theoretical Economic potential,
million tonnes of

conventional fuel

Share available
for energy, %

Industrial and municipal wastewater biogas 1.0 billion m*® 25 0.22
Energy crops:

Poplar, willow, silvergrass 12.6 85 5.76
Peat - - 0.55
Corn (biogas) 2.8 billion m® 85 2.89
Total - - 29.36

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.

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

Substrate Dry matter, %

Organic dry matter,

% Biogas output m3/t

Methane CH, %

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, % DIERIE (1/:31 matter, Biogas output m*%/t Methane CH, %
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]
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Table 4. Biogas yield (substrate-vegetable crops)

Substrate Dry matter, % Organic dry matter, % Biogas output m3/t Methane CH, %
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, % SEII)Z tg;gcf:i/o Biogas output m3/t Methane CH, %
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 CH, %
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- 10.0 85.0 34.0 55.0
ing cattle
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 cow:
w;h%ezgindgaresslifi?lez 8.5 85.0 253 550
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 CH, %
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  analysis of the literature review, it was established that due

the main sources of biogas production are products and  attention was not paid to the processing of waste of plant
waste from crop and animal husbandry. As a result of the = 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).

Anaerobic
fermentation

fermentation mixing
time intensity

1
substrate externa
- and internal
EUINENE I temperature

Figure 6. The main factors affecting the fermentation

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).

Raw materials for biogas

Table 8. C/N ratio of organic waste that can be raw material for obtaining biogas

Nitrogen, %
Animal manure

Carbon-nitrogen ratio, C/N

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.
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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):

(C,H,,0.)n+nH,0=nC.H_0, )

Stage II — acetonogenesis — the reproduction of
acid-forming bacteria (3):

6H,,0,+2CH,0=2CH,COOH +4H,+2C0,,  (3)

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

CH,COOH=CH,+CO0,, 4H,+C0,=CH,+2H,0.  (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.

V. Danylyshyn & M. Koval

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

V. Danylyshyn & M. Koval

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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PO3BUTOK afibTepHaTUBHOI eHepreTUKMU y CBIiTi Ta YKpaiHi

AHoOTaUifl. AKTYa/IbHICTh HAYKOBOT'O JOC/TIIPKEHHST 3yMOBJIEHA IMPOKMM IOMIMPEHHSIM IIPAKTUKM 3aCTOCYBAaHHS YCTAHOBOK
aJbTepPHATUBHOI eHePreTUKM y MaciiTabax ychOro CBiTy 3arajioM Ta YKpaiHu 30KpeMa, a TaKOK HeOOXiqHICTI0 TeOpeTUIHOT
PO3pO6KY Ta MPAKTUYHOTO BITPOBAAKEHHS CYYaCHMUX METOAVK HaJIarokeHHs MexaHi3MiB HeCTaHIapTHOI eHepreTUKA
B YKpaiHi Ta B cBiTi. [0JI0BHOIO METOI0 IIbOTO OC/Ti/I>KEHHST € aHaJTi3 KIIOUOBUX TeHAEHIIi/ pO3BUTKY aJibTepHATVBHOI
eHepreTuKy B YKpaiHi Ta cBiTi y chopMOBaHMX Ha ChOTOAHINIHIN JeHb COLiaIbHO-eKOHOMIUYHMX yMOBax. OCHOBY
METO0JIOTiYHOTO MigX0y V 11iii HAYKOBO-IOCTiAHIiT po6OTi CTAHOBUTH MOEMHAHHSI KiJIbKiCHOTO Ta SIKiCHOT'O METO/IiB
OCTiIKeHb ITUTaHb, ITOB’SI3aHMX 3 aHAJIi30M KJIFOUOBMX HAIIPSIMiB POCTY HECTAHIAPTHUX METO/IiB OTPYMMAaHHS eHeprii
Yy Cy4yacHMX yMOBaX. Y XO/li BUKOHaHHS JaHOi HAYKOBO-IOCIiAHOI po60oTy 6y/10 OTPUMAaHO pe3yIbTaTH, 0 CBiIUaTh IMpo
HasIBHICTh YiTKO CTPYKTYPOBAHOT'O B3a€MO3B’SI3KY MiXK CTyIIeHEM PO3BUTKY aJIbTEPHATUBHUX KEPeJI eHeprii Ta TUIamu
BMKOPUCTOBYBAHOTO B HMX TaJIMBA, & TAKOX PO HASIBHICTh 3HAYHUX IEPCIIEKTUB PO3BUTKY aIbTepHATUBHMUX JIKepesl eHeprii
B YMOBAaX Cy4acHOi YKpaiHu 3a YMOBM SIKiCHOTO iHBECTUIIiifHOTO 3a6e3IeueHHs ITPOEKTIB, 10 Peai3yloThCsl, 3 PO3BUTKY
aJIbTePHATUBHOI eHepreTKy. Pe3yibTaTu, OTpMMaHi B XO/Ii JaHOTO HAYKOBOT'O JOC/iIKEHHS, @ TAKOK chOpPMY/IbOBaHi Ha
iX OCHOBi BMCHOBKM, MalOTh 3HAUHe MMPaKTMUHe 3HAUEeHHS JIJISI Pi3HMX raay3eit yKpaiHCbKOi Ta CBiTOBOI MPOMMCIOBOCTI,
peanbHi TEXHOMOTiUHI MOKIMBOCTI SIKMX JOITYCKAIOTh BUKOPUCTAHHS BiIHOB/IIOBAHMX JI3Kepes eHeprii Ij1s iX 31aTHOCTi
BiJIITOBiZaTH IoTpe6am KUTTEAISTBHOCTI BCiX TUITIB TPOMMCIOBUX MiATIPUEMCTB, /IS IXHBOT'O ITOIAJIbIIIOr0 [TOBHOLIIHHOTO
(yHKIIIOHYBaHHS Ta BUPillIeHHS 6YIb-SIKMX TEXHOJIOTIYHMX 3aBIaHb, 110 CTOSITh ITepe, JaHUMMU ITigIIPUEMCTBAMM

KniouoBi cnoBa: «3eieHa» eHepreTiuka, 6iornaanBo, BiHOBIIOBaHI IKepesia eHeprii, eHeprocoskMBaHHs, eKOHOMIUHMIA
PO3BUTOK, €KOJIOTiUHi ITpo6ieMu
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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
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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

Suggested Citation:

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
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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 gR and ¢r. 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 j to the di-
rection perpendicular to the direction of movement of the
unit (Fig. 1b).

ll \l ‘ Yl\l ‘K Kj \l
l\\ /Il /\,\l 1 ll /\\/]I /Il
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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

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

YZB'HPR’ (1)

The cultivation depth a=R-r, the height of the
ridges on the bottom of the soil ¢, the value of the distance b

Machinery & Energetics. Vol. 13, No. 2

between the ridges are determined by the design param-
eters of the helical surface and the angle of attack y. 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
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working surface ensures its entry into the soil with simpler
structural manufacturing.
The helical surface equations have the following form:
X=ha—-using;
Y=psina—ucos¢cosa;
Z=pcosa+ucos ¢sina,
where a, u are the variable parameters of the helical surface,
a 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 H=27h; ¢ is the angle of
inclination of the generating element, while:
p

N

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

@

cos ¢ =

©)

X =(Aa—-u)sing;
Y=(Asina—ucosa)cos ¢;
Z = (Acosa+ usina)cos ¢,

“4)

where the constant 4 = /p? + h2.

The surface of the screw working body, which is set
at an angle of attack y 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 V ,
then also with the same speed , the soil hits the helical sur-
face. This speed is divided into two mutually perpendicular
components: V=V cos( p+¢,) and V =V, sin(B+¢,). The value
of the angle of attack y=p+¢,, 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 gR. The limits of the change of the
angle ¢R are insignificant (Fig. 1a), and therefore its value
is taken as a constant value and equal at the lowest point
of the edge:
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Figure 2. Diagram of determining the particle speed

For calculations, the helicoid will not be turned to
the angle f, but it will be assumed that the soil reaches it
with the value of the velocity V. when =0 (Fig. 2b). This op-
tion allows describing the helical surface without turning it
by the angle j, 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 (-f). This allows using the parametric equa-
tions (3) of the helicoid without complications by rotating
them by the angle j.

With the value of the transverse speed V, the soil

particle enters the helical surface, and its angular speed of
rotation depends on the value of the speed V.. 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), V=Rw is written, where
w is the angular speed of rotation of the helical working
body. Hence,  is found as follows:

B+ o) pracs ] )
w=V}, cos( R - VR cos R
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The magnitude of the velocity V. and the angular
velocity of rotation of the helicoid w are considered upon
solving the differential equations of particle motion by nu-
merical methods.

If the surface variables u and « 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 a=a(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 o=a(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:

RZ=/Y2 + 72 = (A2 + )2 cos? & ®)

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

_ R2-AZ cos? _ VRZ-(p? + h2) cos? ¢ (6)
cos ¢ cos ¢

u
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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, p=30°. 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
a changes within the limits of a=0...27.

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

x'=(Aa' —u')sing;
y' =[a'(usina + Acosa) —u' cos a]cos ¢; )
z' =[a'(ucos a — Asina) +u' sina] cos ¢.

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

V, = JX'Z +y2+2z2= \/(Aa'-u')z + u2a’2 cos? ¢ d)

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

X =([Aa—-u)sing;
Y =(Asina —ucos a)cos ¢ cosp —(Acos a+usina)cos ¢ siny; C)]
Z =(Asina —ucos a)cos ¢ siny + (Acosa +usina) cos ¢ cos Y.

Having substituted the value y=w-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):

x = [Aa —u]sin¢;
y = —[Asin(wt — a) + ucos(wt — a)] cos ¢;
z = [Acos(wt —a) —usin(wt — a)] cos ¢.

(10

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:

x'=a' —u')sing;

y' =—[(v' + A(w — a")) cos(wt — @) — u(w — @) sin(wt — )] cos ¢;
z' =

[ + A(w — a")) sin(wt — a) + u(w — a') cos(wt — a)] cos ¢.

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

x" = (Aa" —u")sing;

y" = ([Aa" —u" +u(w— a")?) cos(wt — a) cos ¢ +
+(A(w — a)? + 2u' (w — a") —ua") sin(wt — &) cos ¢ ;
z" = (Aa" —u" + u(w — a')?) sin(wt — a) cos ¢ —
—(A(w —a)? +2u'(w — a") —ua") cos (wt — ) cos ¢.

12)

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

{0; 0; —1} (13)

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

1D
ax . ax .
; E——somd),aa—Asmcp,
Y Y .
P —aZ— cos ¢ cosa,aaz— (usina + Acos a) cos ¢; (14)
—=cos¢sina;— = (ucosa — Acos a).

ou oa

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:

(15)

{-cos ¢;sind cos a;-sin ¢ sina}.

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 ¢, it must also be rotated by
the angle y=w- similarly to the rotation of the surface (9):
(16)

{-cos ¢ ; sin ¢ cos(wt-a) ; sin ¢ sin(wt-a)}.

Machinery & Energetics. Vol. 13, No. 2
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The force of friction is directed in the direction op-
posite to the relative sliding speed of the particle V. The
value of the projections of the unit vector is determined by

(Ad-u)

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

sin¢;

V(Ad-u)? + uZa? cos? ¢

ud’ sin(wt-a) + (u'-Aav) cos(wt-a)
- c

os¢; . 17)

V@Aa-u)? + u2a? cos? ¢
ua cos(wt-o) -(u'-Aa') sin(wt-a)

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

mx" = —Ncos¢p — fN

J(Ad-u)? + u2a’? cos? ¢

os ¢

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

(Aa’" —u")

sing;

J@a —u)2 +ua'? cos? ¢

ua' sin(wt — a) + (u' — Aa’) cos (wt — a)

my"” = Nsin¢ cosa — fN

J@Aa' —u)? +u2a’ cos? ¢

cos ¢; (18)

mz" = —mg + N sin ¢ sin(wt — a) —
ua’ cos(wt — a) — (u' — Aa’) sin(wt — a)

0s ¢.

J@a’ —u')?2 +u2acos? ¢

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

" _ (2u’+A(w—a’))((u—u’) cos ¢p—g cos(wt—a)

ucos¢

— fa'sing

u(w — a’)? cos ¢ + g sin(wt — @)

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

u(w—-a’)?cos p+g sin(wt—a)
Ja"™-uN2+u?a’? cos? ¢

y

(19)

u" = gcos ¢ sin(wt —a) — fu' sing

J(@a —u)? +u2a’? cos? ¢
N 24u" (w — a’) cos p — Ag cos(wt — @) + (w — a’)2(A% + u? cos? ¢) cos ¢

ucos ¢

)

N =msin¢ [u(w —a’)?cos ¢ + gsin(wt — a)].

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 V =9 km/h (V,=V =2.5 m/s). The angle
of attack f=40°, the coefficient of friction f=0.3 [17]. Having
performed the calculations, it was found that: V,=1.62 m/s;
V=1.9m/s, v=6.5s".

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 u, and «,. For the version under study, the value
u,=0.276 m. To find the value of ao, equation (3) must be
solved:

Az + u/ (A2 + u?) cos? ¢ -z2 (20)

(A% +u?) cos? ¢

oy = -Arccos

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

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

The initial values u 'and « ' 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 u ' denotes the
linear velocity of the soil particle by the surface along
the generatrix u and depends on the velocity V, equal to
1.9 m/s. However, the direction of the velocity V _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 V, and, addition-
ally, the surface of the helicoid “runs into” the particle due
to rotation. Therefore, u '=V =-1.9 m/s is taken as the initial
value of the parameter u . Figure 3 shows the trajectories
of soil particle movement based on the results of integration
of differential equations (19).

Machinery & Energetics. Vol. 13, No. 2
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Figure 3. Relative and absolute trajectories of particle movement: a) helical surface; b) speed u '=-2.5 m/s

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

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.

S, 10 m?

0.2 20

a)

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 0=20°-30°, the angular
speed of rotation of the helical surface ®=0-10 s! 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:

a, grad

b)

Figure 6. The dependence of the change in the dispersion area of particles S on the angle of attack
of the helical surface a and the coefficient of soil friction f
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Figure 7. Dependence of the change in the particle dispersion area S on the angle of attack of the helical surface a and
the angular speed of rotation of the helical surface »

$=9.97+4+3.46-a+1.76-w-4.64-a-f

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

@1

tions were constructed, which are presented in Figures 6,
7, and 8 [20].

0.4

f

0.3

0.2

Figure 8. The dependence of the change in the particle dispersion area S on the angular velocity of rotation of the
helical surface o and the soil friction coefficient f

Analysis of the surfaces shows that the dispersion
area of particles S varies within 70*10+...130*10* (m?) de-
pending on the change in the angle of attack of the helical
surface «, the angular speed of rotation of the helical sur-
face w, and the coefficient of friction f. It was established
that an increase in the angle of attack of the helical sur-
face a 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 » 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 W,
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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 «=20° and the angular
speed of the screw working body w=5 (s).

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 W, in the range from 10% to 30%, the
size of the scattering area of soil particles S decreases from
98*10* to 86*10* (m?), i.e., by 1.14 times.

S10+,
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Figure 9. Dependence of the change in the dispersion area of particles S on absolute soil moisture W,

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 aresult 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.

v
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Oocnip)keHHA pyXy YaCTUHKMU FPYHTY NO NoBepXHi rBUHTOBOIO
FPYHTOO6pO6HOro po6o4oro opraHa

AHoTAaUiqA. B cTaTTi po3I/sIHYTO B3a€MO/i10 YaCTUHOK I'PYHTY i3 TBUHTOBUM I'PYHTOOOPOOHMM OpraHOM, po60oUa IOBEPXHS
SIKOTO BUKOHAHA Y BUIVISZIi PO3TOPTHOTO Treflikoiza i CyTTeBO Bipi3Hs€eThCS Bif miHeka. Kpim Toro, 17151 pO3ropTHOI NOBEPXHi
BJIACTMBA TEXHOJIOTIUHiCTh BUTOTOBJIEHHSI PO6OUOTO OPraHy, OCKiIbKM MOKHA PO3PaxyBaTy reOMeTPUYHI PO3Mipy IMJIOCKOT
3aroTOBKHU, sika (DOPMYETHCSI Y TOTOBUIT BUPiO MPOCTUM 3TMHAHHIM i3 MiHiMaJIbHUMU IIACTUYHUMM Tedopmaiismu.
MeTo10 OOCTiIKeHHS OY/I0 TPOBeNeHHSI TeOPeTUYHMX Ta eKCIIepMMEHTaIbHUX JOCTIIKeHb PyXY YaCTMHOK I'PYHTY IO
TBUHTOBI /1 OBEPXHi IPYHTOOOPOGHOTO pOOGOYOTO OPraHy, sika BUKOHAHA Y BUITISIAL PO3TOPTHOTO reslikoifa. MatemaTuvHe
MOZeTIOBAHHS MPOIIECiB PYXy YaCTMHOK I'PYHTY 10 TBMHTOBIIi MOBEPXHi rPyHTOOGPOOHOrO POOOUOTO OPraHy OMKUCAHO
Ha 6a3i 3arajgbHMX 3aKOHIB i MPUMHLMITIB aHATITUYHOI Ta AUdepeHIialbHOI MaTeMaTUK, TEOPETUYHOI Ta aHATITUYHOI
MexaHiku. EkcriepyMeHTaabHi OCTiIKeHHS Oy/u IIPOBeeHi i3 3aCTOCYBaHHSIM MEeTOAMKH 3 eJleMeHTaMy MaTeMaTUYHO
CTaTUCTUKY, MaTeMaTUIHUX METO/iB ONTUMAJIbHOTO IIJIAaHYBaHHS 6araToGakTOPHOTO eKcliepuMeHTY. AHali3 pe3y/ibTaTiB
MIPOBeIeHNX eKCTIIepUMeHTaTbHUX Ta TEOPETUYHNX SOC/iIKeHb BUKOHAHO i3 BUKOPUCTAHHIM MPUKIATHUX KOMIT IOTEPHUX
mporpam Ta cucreM. ExcriepyMeHTanbHi JOCTIIKeHHS TPOBOAMIIN BiATIOBIIHO 10 CTaHAAPTHUX Ta CAMOCTIIHO pO3p06IeHMnK
MeTonuK. Pe3ynbraTi: po3po6iaeHo MaTeMaTMUHy MOZEb PyXy YaCTUHKM I'PYHTY I'BMHTOBOIO IOBEPXHEI0 IPYyHTOOOPOGHOTO
Oprasy, Ta BCTAHOBJIEHO, IO MPU 36i/bliIeHHI BeJIMUMHM KyTa aTaky TBMHTOBOTO TPYHTOOOPOOGHOrO PO6GOYOro opraHa
BeJIMYMHA MiAiOMY YaCTMHOK IPYHTY 3pOCTa€ i 36iMbIIYEThCS BeMMUMHA TUIOMII iX pO330cepelskeHHS TBUMHTOBOIO
noBepxHel0. BennunHa KoedillieHTa TepTs HECYTTEBO BIUIMBAE HA GOPMY TPAEKTOPii pyXy YaCTUMHKU I'PYHTY. SIKiCTbh
PO3MyIIyBaHHS IPYHTY HaiibisbIlle 3aleKUTh Bif, KyTa aTaky 'BUHTOBOI MOBePxHi Ta KyTOBOi HIBUIKOCTI 06epTaHHS
pobouoro oprany. Marepianau CTaTTi MOXKYTb OyTM BUKOPUCTAHI HAYKOBILISIMU JJIsI MTOJAIBIINX TOCTIIKEHb Ta MPAKTUKAMMU
y BU6Opi I'PyHTOOOPOOHMX arperaTisB
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Automated Monitoring of Time Synchronisation Devices
and Digital Processing of Vector Measurements
of Dynamic Characteristics of SMART Grid Power Systems

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

Keywords: renewable energy sources, synchronised vector measurements, multichannel device, quality control of synchro
signal generation, monitoring of synchro signals, Ridge regression model, forecasting of electricity indicators
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INTRODUCTION innovative development of the economy, and national secu-
At present, energy efficiency is one of the main technical rity. The need to adapt the Ukrainian economy, including
indicators that characterise the competitiveness of products,  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].
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The parameter determined during the measurement

process is a function called the time interval error function:

TIE (t)=TI,(t)-Tl(v), 1)

where the time interval function TI(z) is found according to
the equation TI (t)=T(t+1)-T(t).

Function TI(t) is a measure of the time interval t,
starting at the moment ¢, 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:

TIE, (x)=TI (x)-. 2)

In this case, the time interval function TI (1) of
the reference signal TI .(t) should be determined from the
equation as follows:

TI . (O=TI . (t+7)-TIL . (D). 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

V. Koval et al.

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]:

MTIE(n*1y) = max [

max | max 2 min x@] @

k<isk+n

where 1, - is the sampling period; t=nt, - is the observation
interval; n=1,2,...,N; {x=x(it), 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.

Multichannel digital discriminator (MDD)
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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.

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.

Table 1. Fragment of the generated data set

No. f, Hz LA UV 12, 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
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Figure 3. The appearance of a laboratory stand with a quality control device for the synchronous signals formation

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.

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.

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

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

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

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.
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In [288]: |from sklearn.linear_model import Ridge
model = Ridge()
model.fit(X_train_norm, Y_train)
model.score(X_train_norm,Y_train)

Out[288]: ©.4774677178673772

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

In [2092]: model.fit(X_train, Y_train)
model.score(X_train,Y_train)
Out[28%9]: @.45478562883711784

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

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

In [2066]:

Out[2@6]:

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.

model.score(X_train_norm, Y_train)

0.6012372304007943

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

In [267]: model.predict(X_prednorm)

Out[207]:
33.3798, 33.3815])

array([33.3764, 33.3723, 33.3761, 33.3794, 33.383 , 33.38 ,

33.3798,

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.

In [2068]: from sklearn.linear_model import Ridge
model = Ridge()
model.fit(X_train_norm, Y_train)
model.score(X_train_norm,Y_train)

Out[288]: ©.4774677178673772

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

In [21@]: model.predict(pred)

Out[218]: array([33.38373138, 33.38484514, 33.38446656, 33.38488939, 33.38508343,

33.3853977 , 33.38576735, 33.386087@6, 33.38666132)])

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.
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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

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.

33.39

33.385

33.38

33.375

Voltage U,V

33.37

33.365

Measurement number

—o—base —@—knn

~—Ridge

5 6 7 8 9

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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ABTOMaTU30BaHMI MOHITOPUHI MPUCTPOIB CUHXPOHI3aLii Yacy
Ta undppoBa 06po6Ka BEKTOPHMX BUMIpPIOBaHb
AVHaMIYHUX XxapaKTepucTtnk SMART Grid eHeprocucrem

AHoTAaUiq. B TenepiliHiit yac KIi€HTU eHeproKOMITaHiii BUKOPUCTOBYIOTh MIPUCTPOI /i1 BUPOOIEHHS eIeKTPOeHePTii
(coHsuHi MaHesi, BITpsAKY Ta iH.) i 7151 eKOHOMIT BUTpAT ab0 [1s1 OTPMMaHHSI JOXOAY ITOBEPTal0Th €HepTilo B Mepesky. Tomy
aKTyaJbHUM € BUPIillleHHS 3ajaui CTBOPEHHS] aBTOMaTM30BaHOI CMCTeMM [1ialrHOCTYBaHHS SIKOCTi e/IeKTPOeHeprii CIIoK1BaviB,
SIKi BUKOPMCTOBYIOTD BiTHOBJIIOBAJIbHI JIKepesia efleKTpoeHeprii. MeTa qociyKeHHs — MiABUIIeHHS e(eKTUBHOCTI KepyBaHHSI
B iHTenektyanbHux SMART Grid eHeprocucremax. Iy ii peasnisalii 3ampornoHOBaHO BUKOPUCTAHHS aBTOMATMU30BaHO1
CHCTeMY MOHITOPMHTY CMHXPOCUTHAJIIB MiKpoIpoIiecopHoro obnagHanHs PMU ta mporpamMHmx 3aco6iB 1mbpoBoi 06po6ku i
CTaTUCTUYHOTO aHaJli3y Pe3y/bTaTiB CMHXPOHI30BaHMX BEKTOPHMX BUMipIOBaHb IMHAMIYHMX XapaKTepUCTUK eHeproMepesk.
Po3po6ieHo rporpamMHi 3aco6u 11bpoBoi 06poOKYM Ta CTATUCTUYHOTO aHaTi3y OTPUMaHMX JAaHMX BEKTOPHUX BUMipIOBaHb.
JI71s1 aHaTi3y Ta MTPOTHO3YBaHHSI MTOKA3HMKIB SIKOCTi elIeKTpOeHepTii BUKOPMUCTOBYIOThCSI METOIM JiHiliHOI perpecii, Random
Forest Regression Ta Ridge regression. HaBeeHO pe3y/bTaTy MOPiBHSUIBHOTO aHAi3y OTPUMAHMUX Pe3y/lbTaTiB MPOrHO3HOI
Mopenti. [l mpoBeeHHs eKCIIepUMeHTATbHUX JOCTiIsKeHb PO3P06/IeHO Ta BUTOTOBIEHO 1a60paTOPHMIL 3pa30K MIPUCTPOIO
KOHTPOJTIO SIKOCTi (DOPMYBaHHSI CUHXPOCUTHAIB, BiJl SKMX 6e3MocepelHbO 3aIeKUTh JOCTOBIPHICTb MPPOBUX JAHUX
PO3MOAIEHUX CUHXPOHI30BaHMX BEKTOPHUX BUMIipIOBaHb y MepexigHuX pexkuMax (B peaqbHOMY uaci). BaraTokaHalibHICTb
MIPUCTPOIO 3a6e3Meuye MigBUIIeHHS MPOSYKTUBHOCTI Ta HAiHOCTI CMCTeMM aBTOMAaTU30BaHOTO MOHITOpUHTY. HaBeneHo
pe3y/IbTaTy eKCIepruMeHTATbHUX AOCTiIKeHb MTPUCTPOIO Y CKIali pO3p06IeHOTr0 Ta60paTOPHOTO CTEHY, SIKUI MiAK/IIOUeHO
Ilo nitovoi nokanbHoi IP-mepexi HYBIIl Ykpainu. [IpakTuuHa 3HauyLiCTh MPOBEEHNX eKCIIepMMeHTaAbHUX JOCTi/IKeHb
TIOJISITAa€ y BCTAHOBJIEHI TEXHIYHOT MOSKJIMBOCTI OHOUYACHOTO MOHITOPMHIY CUTHAJTIB CMHXPOHi3allii yacy, o GopMyoThCs
nBoma npuiitmauamu GPS. YV 11boMy pasi oueBUIHUM € 36iTbIIeHHs MPOLYKTUBHOCTI pO3PO6IE€HOTO Ta BUTOTOBIEHOTO
TIPUCTPOIO KOHTPOJIIO SIKOCTi (DOPMYBAHHS CMHXPOCUTHATIB, B MOPiBHSIHHI 3 OMHOKaHAIBHMM. Martepian Moske 6yTy KOPUCHUM
iHXkKeHepaM, SIKi TPOEKTYIOTb eJIEKTPUYHI CUCTeMU 3 MiIK/II0YEHHSIM BiTHOBIIOBAJIbHUX I)KepeJl eHepreTUKM

KrnouoBi cnoBa: BiIHOB/IOBaJIbHI [IKEpesia eIeKTPOeHePrii, CMHXPOHi30BaHi BEKTOPHI BUMipH, 6araToKaHaIbHUI IIPUCTPIit,
KOHTPOJb SIKOCTi (hOpMYBaHHSI CMHXPOCUTHAJIIB, MOHITOPMHI CMHXPOCUTHAIB, Mozesb Ridge regression, mporHo3yBaHHS
TIOKa3HUKIB eJleKTpoeHeprii
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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

Suggested Citation:

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).

Romasevych, Yu., Loveikin, V., & Malinevsky, O. (2022). The method of calculating the maximum torque when jamming
the auger of the screw conveyor. Machinery & Energetics, 13(2), 83-90.
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Table 1. Number of patents received in the world by individual classes

B65G33/24 856 891

1579

2098 585

B65G33/34 199 272

617 698 138

Source: compiled by the author based on [1]

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].

Movable part

Immovable part

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

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].

¢ M
< < :
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

S
b

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

M=]d+bd+ce. Q)

Driving torque M is created by an asynchro-
nous motor, the mechanical characteristic of which is
described by the Kloss equation [10] (2):

_ 2AM,Un

A+ (Ad)
where A is the constant coefficient, the value of which is
determined by the drive parameters

60£,U

p (60f” nn) (1+AV22-1)

of the motor supply voltage (f =50 Hz); n_ is the rated engine
speed, rpm; A is the engine overload capacity; p is the num-
ber of pairs of motor poles; U s the drive gear ratio; 7 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

@)

A=

); f, is the rated frequency

Yu. Romasevych et al.

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 M, i.e., ¢(0)=M/s. To find the angu-
lar velocity of the system, it is necessary to substitute M,
in equation (2) instead of M and solve the resulting qua-
dratic equation with respect to ¢ . To simplify calculations,
it was assumed that the torque of resistance M, corresponds
to the rated engine torque My, = M, Un = 3—Un 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:

$(0) = 30pP, U3(nnp(P UnA(1+ W2 —1) +

22— 1)(1— 22+ 2% +22VA2 - 1)) -
— 60fP,U*(NA(1+ Ay/22 —1) — 1)) 3)

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 (n,, P , 4, U, ¢). 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: n =720 rpm,
P =2.2 kW, A=2.2, U=10, c=10 kNm/rad. As Figure 3 demon-
strates, the duration of the conveyor stop is 0.0283 seconds.

1500 r

1000

/

cp, Nm; ¢+100, rad/s

500
7

0

\

™

0.000

0.005 0.010 0.015 0.020 0.025

t,s

Figure 3. Graphs of changes in the elastic torque and angular velocity of a dynamic system

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
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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 M_  (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 n , P , , U, c. In the future, using one of the

known approximation methods, one needs to get the func-
tionM,_=fin,P,A U,c).

Thus, building a tabulated function Mc.max is factu-
ally a machine experiment. Therewith, the limits of changes
in independent factors n , P , 4, U, ¢ were selected from the
conditions of coverage of screw conveyor structures, which
are most often found in practice (Table 2).

Table 2. Independent factors of machine experiment and their levels

Independent factor Unit of measurement

Value

n, rpm 720, 900, 1,400, 2,850

P, kW 0.75,1.1,1.5, 2.2, 3.0

2 - 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

The moment of inertia of the system was determined
according to the expression J=1.3], U? (here ], 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 3. Results of applying regression analysis to calculate the model M___ =f(n , P,, 2, U, ¢)

Model Value of the determination coefficient R?

5
Ay + Z Aix;
i=1

0.644
5 5
A + Z Z A 0.814
=1 j=1
5 5 5
ot Z Z Z Ay jrXiXj Xy 0.863
i=1 j=1 k=1
5 5 5 5
Ao + Z Z Z Aj jkqXiXj X Xgq 0.888

i=1

-
Il
N
=
Il

1 g=1

Analysis of R? 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 M_ . 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 M, . 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 M__ ); two hidden layers of the ANN include ten

c.max:

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:

=2 — Ximin -1, (4)
xl max — Ximin

where ¥; is the normalised value of i" independent fac-
tor that changes within [-1, 1];x, andx, = 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
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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 W =[{-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 B =[-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 W,=[{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,
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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 B,=[-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 W,=[-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 B,=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 M_, _,i.e., it is a contender
for the sought model M___=f(n , P, 1, U, c). To deter-
mine whether the resulting ANN can represent a model
M_  =f(n,P, 1, U,c),atest 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 334.3
Standard deviation 23.3

Variation coefficient 1.7

*Determination coefficient R? 0.9996

Note: *R? 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).

5000 |

4000 ¢

Nm

3000 |

c.max’

)

c.max

2000
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“

0 1000 2000 3000 4000 5000 6000

n

Figure 4. Test sample data (grey points) and absolute approximation error AM

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).

o (Black points)

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 M_ . Thus, the results (trained ANN) fully
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correspond to the methodology for obtaining a depen-
dency model M_ _=f(n,P 2, U,c),whichis described in the
previous section.

In practical terms, estimating the value of M_ _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 ¢ 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 M___ they correspond to. Analysis of graphic

c.max

dependences presented in Figure 5 show that their nature
of change for different 1 is somewhat similar. Furthermore,
the graphs (Fig. 5) show the influence of c and U on the value
of M_:anincrease in each of them leads to an increase
inM_  .Itis 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 M_[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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Figure 5. Graphs of dependence of M

Summarising the results obtained, the purpose of
this scientific study was successfully achieved. The result-
ing calculation method for M___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 M_ .

Returning to considerations regarding the software
implementation of this method, its use will lie in entering
numerical values n , P, 1, U, c in the appropriate fields of
the software. Based on this data, the software should cal-
culate the value of M_ _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 M

c.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.

0N cand U: a) 1=1.8; b) 2=2.5

2. A series of 32,000 machine experiments was con-
ducted, in which the nominal rotation frequency n, and
power P, of the conveyor drive motor, the overload capacity
of the motor /, the gear ratio U and the combined stiffness
c of the drive were the independent factors. The result was
a tabulated function M_,_=fin,P , 1, U, c).

c.max

3. Based on data of the tabulated function M =
=fln,, P , 2, U, c), the ANN was trained and the statistical sig-
nificance of the results of its work was proved. Furthermore,
the influence of factors ¢, Uand 4 on the value of M_, _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 M_, ,itis
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.

5.1t is proposed to implement the resulting method
in the form of software that can be used in the design of

screw conveyor drives.
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I0piit OnekcanapoBuy PomaceBuu, Bsuecias CepririoBuy JIoBerikiH,
Oner ImuTtpoBu4y MaiHeBCbKMUI

HarrionanpHMit yHiBepcuTeT 6iopecypciB i mMpypomoKopuUCTyBaHHS YKRpaiHu
03041, Bysn. T'epoiB O6oponu, 15, M. Kuis, Ykpaina

MeTop po3paxyHKy MaKCUMaJIbHOroO KPYTHOMO MOMEHTY
Npu 3aK/IMHIOBaHHI LUHEKa rBUHTOBOro KOHBeEpa

AHoTauiq. KoHCTpyKIIii TBUHTOBMX KOHBEEPIB MiCTATh 3aM00KHI MydTH, 1110 3a6€311€UYI0Th YHUKHEHHS TIOJIOMOK B
aBapiffHUX CUTYyaLlisSX (HAIPUKIIAL, IPY 3aKIMHIOBAHHI IHeKa). ToMy B1bip 11X My(T npeficTaBisie cO6010 aKTyalbHY HAYKOBY
3ajauy, ska I0B’s13aHa i3 po3paxyHKOM MaKCMMaIbHOTO KPyTHOTO MOMEHTY LiIHeKa. MeTolo JoctiiskeHHS € po3pobKa MeTony
PO3paxyHKy MaKCMMAaIbHOTO KPYTHOTO MOMEHTY MIPU 3aK/IMHIOBAHH] IIIHEKAa TBUMHTOBOTO KOHBe€epa. Po3pobieHnit y cTaTTi
MEeTO[I, [PYHTYETHCS Ha BUKOPUCTAaHHI HITYYHOI HEJIPOHHOI Mepeski, HaBUeHOI 38 TeXHOJIOTi€l0 «HaBYaHHS 3 yUUTEIeM».
HaBuanpHMit i TeCTOBMIT HAGIp JAHMX AJIS IITYIHOI HEMfPOHHOI MepeXXi OTPMMAaHO 3a IOTIOMOTO0 ITPOBeAeHHST MaIlMHHUX
€KCITIePUMEHTIB, KOKeH 3 SIKMX TIOJISITAB Y UMCeNbHOMY iHTerpyBaHHi HeJliHiliHOTO AudepeHIiaTbHOTO PiBHSHHS Ta BU3HAUEHH]
Ha OCHOBi OTPMMAaHOI0 PO3B’SI3Ky 3HaUeHHS MaKCMMa/IbHOTO MOMEHTY Y IIPY)KHOMY 3B’S13KYy JIMHaMiuHOi cucreMu. BkazaHe
IudepeHIiaabHe PiBHSIHHS OTPMMAaHO Ha OCHOBI PiBHSIHHS PyXY He3aK/JIMHEHOI YaCTMHM KOHBeepa (TIpMBOJ, Ilepeaaui,
mydra) Ta piBHsIHHS Kiocca, 110 BifmoBinae moaesni MexaHivHO1 XxapakTepuCTKM aCMHXPOHHOTO ABUIYHA KOHBeepa. Byio
JOBeIeHO CTaTUCTUYHY 3HAUMMIiCTh Pe3y/IbTaTiB POOOTH IITYUHOT HEIfPOHHOI MepeXi IIISIXOM aHali3y BeTMUMH TOKA3HMKIB
SIKOCTi anpokcuMaliii. [IpoBeieHO KOPOTKUI aHai3 BIVIMBY KOPCTKOCTI MIPY;KHOTO 3B’S13KY AMHAMIYHOI CCTEeMI KOHBeepa Ta
repelaTOYHOr0 YKciIa IPUBOLY, @ TAKOX I1epeBaHTaKyBaIbHOI 3aTHOCTI IBUTYHA Ha MaKCUMaJIbHUI1 MOMEHT, 1110 BUHMKAE
MIpM 3aK/IVMHIOBaHHI IIHeKa. [IpakTMyHa 3HaUMMiCTh OTPMMAaHMX Pe3y/IbTaTiB [TOB’s13aHa i3 MPOrpaMHOI0 peasli3alli€lo MeTozmy,
SIKA JACTh 3MOTY iHKeHepaM edheKTUBHO MTPOBOAUTH BUOIp 3aM06KHMX My(T P KOHCTPYIOBAHHS TBUHTOBMX KOHBEEDIB

Kno4yoBi cnoBa: mareMaTuyHe MOOe/JII0OBaHHS, aHpOKCI/IMaIIiﬂ, MallMHHi EKCIIepMMEHTH, IITyYHa HeﬁpOHHa Mepelka
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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

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

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

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).

\§ L

s

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,
0.55m, 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 m%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/m?>. The floor was insu-
lated with polystyrene foam with a thickness of 45 kg/m?,
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.
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Figure 2. The proposed cross-sectional scheme of the structural dimensions of the poultry house
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Figure 3. The proposed cross-sectional scheme of the structural dimensions of the poultry house:
a - small valves, b — tunnel ventilation valves

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.

Dimensions: 7

. A2 255°
[ 1 H16 olm
12 [ Hs 04m
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B 00m  k X
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Figure 4. Angles of inclination of intake valves and spoiler
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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].

5,000 (m)

(b)

e

i
W
i

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.
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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— 10.3m; b -52.3 m
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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
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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
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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 - 10.3m,b - 52.3m
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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
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As already mentioned, the airflow is directed upwards  floor area and is directed to the centre of the building. Valves
by fresh air valves. However, due to low pressures and veloc-  found at a height of 400 mm from the floor cannot provide
ities at the entrance, passing a third of the building, the air ~ the same effect. This can be caused by disturbance due to
falls. The valves are located at a height of 200 mm from the  the large airspace of the building. The average entry speed
floor (Fig. 12a, Fig. 15a). The air moves smoothly close to the  for diverse types of air ranges from 6.39 m/s to 9.62 m/s.
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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 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
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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
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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

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).
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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; ¢ — 0.049 m

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,

Velocity
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2.00
I b
1.60

1.40
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060 e
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Figure 17. 3D stream lines (m/s) in the poultry house when the valve is opened 0.049 m

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.

40.00 (m)

20.000

3

.

Table 2. Average indicators of air in the poultry house

Parameter Dimensions Result
Valve opening distance m 0.1 0.066 0.049
Consum;;tfl:)}rlleolf éﬁlc:rl;l;lr;i gér for half ke/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
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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

V. Trokhaniak

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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BikTop IBaHOBUY TpoxaHsK

HauionanbHuit yHiBepcuTeT 6iopecypciB i MpUpoJOKOPUCTYBAHHS YKpaiHK
03041, Bysn. TepoiB O6oponu, 15, M. Kuis, Ykpaina

JocnipXeHHs BNJIMBY pO3TallyBaHHS BUTS)KHUX BEHTUNATOPIB
no HMXXHIN NiHii Ha aepoAMHaMiKy NTalHMKaA

AHoTaUia. OXOIUIeHHS Ta CIIa/IaXx 3aXBOPIOBAHb IMPM3BOISTD N0 3HAYHMX BTPAT Y BEJIMKOMACIITAGHOMY ITTaXiBHUIITBI.
HoBi BeHTM/IALIiTIHI cucTeMM HeOOXiAHi 1)1 3a6e3reueHHs 6€3MeYHOr0 Ta OAHOPIAHOT0 BHYTPIiIIHLOTO CepeoBuIla Ha
BEJIVIKMX ITiAIIPUEMCTBAX, 0COOIMBO B MiHJIMBUX KIIMaTUUHMX YMOBAX I7106aIbHOTO MOTEIUTiHHS. TaKMM YMHOM, HEOOXiTHO
BIOCKOHQJINTY KOHCTPYKIIifO ITTAITHMKA, TPOBECTY IOIIYK Hai6i/bll e(heKTUBHOIO CITOCOOY BIAIITYBAHHS KIalaHiB
MIPUILIMBHOIO MOBIiTPSI Ta MTOKPAIIUTHA aepOaMHAMIUHI TOKa3HMKY BHYTPILIHbOTO CEpeIOBUINA IITAIIHMKA Y HAM6iIbII
e(eKTUBHOIO CIIOCOOY BIALITYBAHHS KJIallaHiB IIPUIIMBHOIO MOBITPs Ta MOKpalleHHS aepOoAMHAMIUYHMX ITOKa3HUKIB
BHYTPILlTHBOTO CEPeAOBUINA MITAIIHNKA. Y PAMKax I[bOTO AOCTiKeHHS 6YJI0 TPOBEIeHO MOETIOBAHHS 00UMCIIOBAIbHOT
rizpoguHaMiky 6iuHOI cCTeMM BEHTWISII] B ITATHUKY B 3MMOBMI1 Ilepiof, poKy. B pesynbraTi Temneparypa 3D mois,
Oy BUSIBJIEH] ITOTOYHI JIiHii Ta TMCK Y NMITAIIHUKY. BCTaHOBJIEHO, 1110 KJIallaHU MPUILIMBHOIO ITOBITPSI, pO3TallIOBaHi Ha
BucoTi 200 MM Bif, miajiory, paiiooTh Kpalle, HiXK Ti, SIKi TpaguiIiiiHO BCTAHOBIIOIOTHCS Ha BMCOTi 400 MM. 3BeieHHS CTiH
3 BHYTPIIIHbOI CTOPOHM KapKaca MTAITHMKA, 8 TAKOK 3MEeHIIIeHHS BMCOTH ITi[IJIOTM MTOKPAILyIOTh aepOAMHAMIKY ITalllHUKA.
[IpakTUYHA IiHHICTh MPECTaBAeHNX JOCTiIKeHb HAITPaBJIeHa [JIs MTAIIHMKIB 3 BEJIMKYMY ITPOLYKTUBHUMMY MOTY>KHOCTSIMM

KniouoBsi cnosa: CFD, aepoayHaMika, ITaIIHUK, GOKOBA CMCTeMa BeHTUIIAL], TPUIUIMBHI KIarnaHa
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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

It is known that the skin covering of biological objects

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.

Suggested Citation:

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 20 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
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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:

D,

FT o @
where ®, and @,  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

T,=T,T, T, 2)
where 1, is the geometric transmission coefficient, which
determines the effective light transmission inside the wool
cylinder. -

= sin“y, 3)

17 sin2y,
where ¥ is the limiting angle of incidence of the beam on
the surface of the wool, at which such a beam completely
penetrates inside; ¥, 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.

, So
siny =75 4
where S 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 t,, which characterises the weaken-
ing (scattering) of internal light transmission on the cellular
structures of wool:

7,=107%, (5)
where ¢ 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.

L

J1—sin2y; -n, 2 ©

P=L-secy; =
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where n_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 1,, which characterises the loss of
light transmission inside the wool cylinder by scattering
the beam itself in its internal structures:

=p,", )
where p_ is the coefficient characterising the single reflec-
tion of the beam from the inner surface of the wool; 7 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:

L-siny,

=L-D. " tgpy = 8
n Y sy, ®)

where n_is an indicator that characterises the angle of
refraction of the incident beam; D_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:

L-siny,
T3 = pyPe s, 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:

L-sinyy

.2 T—
_sin’yo 1072 . pnd=sinps (10)

37 sin?yy

Tg=T ‘T T

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 studyj, 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).
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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:

) L-sinyy
= . _sm Yo —&1'P1 .  Dey/ngq2—sin?y
T=To1 "To2 = sinZy 10 P eVitar 1 X
1
. Lsin,’
San.(/)O’ Py (11)
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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 I, then
in this case, the light intensity I , which propagates at a dis-
tance [ from the entry point (according to the Bouguer-Lam-
bert-Behr law), is determined according to the following
correlation:

I=I e (12)
where [ is the distance from the point of incidence of the
optical beam to the point from which energy is measured
in the light guide; o,~a +o is an indicator that represents
attenuation during radiation in the light guide; o is an indi-
cator that factors in attenuation by scattering the energy
of the beam from the outside through the cladding; o is
the rate of attenuation of the incident energy inside the
light guide by its absorption.

Machinery & Energetics. Vol. 13, No. 2

v



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:

dr(h=IL()-o -dl=I e~ a_dl (13)
where dI (I) is the intensity of optical radiation, which is
scattered over a length dl along the surface of the wool at
a distance [ 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:

L, )= 1 () - e (14)

The intensity of radiation scattering by hair into
the skin environment is determined from the following
correlation:

L. Chervinsky et al.

as(y) _ (T
Isty=tyy = leo @) " 25 (1 — em @) (2mt),

a(y) (15)

and accordingly, the very intensity of radiation absorption
by hair in the depth of the skin is determined by the follow-
ing correlation:

(16)

ag(y) (1 _ e—at(]/)'(lz_ll))-
a:(y)

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.

Ia(lz—ll)y =leo(¥) -

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].

7= 16.18¢ 04651

L, mm

id 56 68 80

97 104 116

correlation coeffitient, k = 0.95

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 A and the length of the
light-conducting part of the hair L is presented in Figure 3.

L, mm 578

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.

2.1t 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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Jleonipn CremanoBu4 YepBiHcbKUii, IBaH IlerpoBuu Pagbko,
Biraniit AgamoBuu HanmBaiiko, Onekcanzp Bomogumuposuy OKyIko

HarionanpHMit yHiBepcUTET GiopecypciB i mpupomoKoprcTyBaHHS YRpainm
03041, Byn. l'epoiB O6opounu, 15, M. Kuis, Ykpaina

Pe3ynbTaTu eKcrnepuMeHTaNnbHUX AOCNIMKEeHb NPOXOAXKEeHHS
eHeprii cBiTNa Nig WKipy TBapUH Mo OKPeMUM LUepCTUHAM

AHoTauif. B crarTi HaBejeHO HOBi HAYKOBi Pe3y/IbTaTi eKCIIePUMEHTATbHUX JOCITIKeHb, SIKi CIIPOCTOBYIOTh 3aTA/IbHO
TIpUIHITUI GaKT BBaXKATH, 1[0 [IePCTMHHMIL TOKPUB JIMIIIe 3aXUIIA€ TBAPMHM Bif BIUIMBY eHeprii CoHLsl. MeTOIo JaHUX
JLOCTiJIKeHb € MiATBepAKeHHs GaKTy MOMMPeHHS eHeprii ONTMYHOrO BUIIPOMiHIOBaHHSI MiJ] IIKipy TBAPMHY 110 OKPEMUM
LIepCTUHAM, SIK CBITIONpoBoJax. EkcriepyMeHTanbHO BU3HAYEHO ONITUYHONIPOBIIHY CTPYKTYPY OKPEMOI IIePCTUHY, CKIal0Bi
rapamMeTpa IIPOIyCKaHHS OKPeMO B3SITOI [IePCTSHOI BOIOCKHMY, a caMe KoeillieHT CBITVIONPOIyCKaHHS yeepeIMHY IepCTSHOL
BOJIOCUHM, Koeil[ieHT moc/1abIeHHs BHYTPIIIHBOTO CBITJIONPOITYCKAHHS PEYOBIHOIO IIEPCTSIHOI BOMIOCUHY, KoedillieHT BTpaT
B CepelMHi IWIIHAPY WEePCTSIHOI BOMIOCMHY 32 PaXyHOK IPOMEHIO, L0 PO3CIIOETHCS y BHYTPILIHIN CTPYKTYPi i KoedilieHTy
3aJI0MJIeHH 11 30BHILIHbO1 06010HKK. Ha OCHOBI BUKOpUCTaHHS MeTOAIB OTOMETpii Ta reOMETPUYHOI ONTUKY TEOPETUIHO
OBI'PYHTOBAHO i eKCIIepUMEHTAIbHO OTPMMAaHO Pe3Y/IbTaTH IIOI0 BCTAHOBJIEHHS MaTeMaTUYHOI 3a/IeXKHOCTI 3arajibHO1
BeJIMUMHY eHeprii ONTUYHOTO BUIIPOMiHIOBAHHSI, 10 HALXOAUTD 10 UWIIIHAPY IIePCTUHKY Bifl 3HaUeHHSI KyTa MaiHHSI
TIPOMEHIO Ha [TOBEPXHIO MIePCTMHKM, UMCTOTY BHYTPIIIHBOTO OCEPAst CTPYKTYPY LMITIHAPY, JOBXMHY CBITIONPOBIAHOI OiISTHKA
10 TIOBEPXHi IIKipH, a TAKOXK KoedillieHTy 3a7I0M/IeHHS i1 30BHIITHBOI 06010HKM. Ha OCHOBI pe3yibTaTiB eKCIiepUMeHTaTbHUX
JOCTigKeHb OTPYMMAaHO MaTeMaTMUYHi 3a/1e)KHOCTI, 10 OMMCYIOTh CIIeKTPaIbHI CBIT/I0 IPOBiAHI BIaCTMBOCTI OKPEMOI
LIEPCTUHKMY, a TAKOX PO3IOJIiJ eHeprii, 110 BUIIPOMIHIOETHCS B TOBIL MIKipy IO BCii AOBXMHI Bif, MiCLl TPOHVMKHEHHS Y
IIePCTUHKY i 10 Posiky/v — MiCIIsT BUKOPUCTaHHS ONITUYHOI eHeprii B poTobionoriunmx mpoiiecax. OTpuMaHi pesynbTaTu
eKCIIepMMEeHTaIbHUX JOCIiIKeHb IPOXOI)KEeHHS eHepril ONTUYHOTO BUIIPOMiHIOBAaHHS IO AOBXVMHI OKPeMO]I LIEePCTUHKY B
TiJIO TBAPMHI, MAIOTh BaXK/IMBE MIPAKTUUHE 3HAUEHHSI 1711 POTOGI0MOTIB, 110 JOCTIKYIOTb Jit0 ONTUYHOTO BUIIPOMiHIOBAHHS
CoH1ig Ha 6iooTiuHI 06’€KTY TBAPMHHOTO TTOXOIKEHHS

KrnouoBi cnoBa: coHsiuHA eHeprisi, OIPOMiHeHHSI TBAPVH, IIKIPSTHO-IIIEPCTYUHHNIA TOKPUB, CBIT/IOMPOITYCKAHHS, IIEPCTUHKA
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